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EcrecTBeHHBIE MaTepHuaIbl U BelllecTBA 0071a1al0T NIIPOKUM HAOOPOM 3JIEKTPOMArHUTHBIX
CBOICTB BO BCEM 3JIEKTPOMArHUTHOM ciieKTpe. HecMOTpst Ha ZJOCTYIIHOe pa3Hoo6pasue, Ipupoaa
He MpeI0CTaBIIa HaM BCce BO3MOKHbIE MHCTPYMEHTSI JIJIs1 YIIPABJIEHUsI 3JIeKTPOMAarHUTHBIMU
BOJIHAMH U PeaIN3aI[i BeeX (PU3NUECKH BO3MOKHBIX 3(pbekToB. TOMBKO HCII0Ib30BaAHNE
HCKYCCTBEHHBIX KOMITO3UTHBIX MAaTEPUAJIOB MOXKET IIPEIOCTABUTH IOJIHBIA KOHTPOJIb HAJ
3JIEKTPOMATHUTHBIMU CBOMCTBAaMU MaTepraioB. Hanpumep, B TO BpeMsi Kak 3P beKTht
MIPOCTPAHCTBEHHOU TUCIIEPCHH CJ1a0bI B IPUPOIHBIX MaTeprasaX, OHU MOTYT ObITh 3HAUUTETIHHO
yCUJIEHBI B KOMITO3UTHBIX MaTepHasax (MeTaMaTtepuasax). MeTaMaTepuasibl COCTOAT U3
BKJIFOUEHHH, Pa3Mephl KOTOPBIX MaJIbl, HO COIIOCTABUMBI € paboUei JJIMHOHN BOJIHBI, UYTO
[I03BOJISAET JOOMBATHCSA B HUX CUIBHBIX 3Q(EKTOB IPOCTPAHCTBEHHOH /IUCIIEPCUH, TAKHIX KaK
OMaHU30TPOIINS, ICKyCCTBEHHBIH MAarHETU3M U THPOTPOIIUS.
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MIPOCTPaHCTBEHHOH ucnepcueil. MeTarnoBepXHOCTH IIPECTABIIAIOT OO0 ABYXMepHbIE MaCCHBBI
cy6BOJIHOBBIX BKJIIOUEHUH, CIIPOEKTUPOBAHHEBIE /I YIIPABJIEHUS 3JIEKTPOMATrHUTHBIM
uzydeHreM. IlepBas IOJIOBHHA AMCCEPTALINH COJIEPIKUT TEOPETHIECKUH 0630p obstacTu
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IIpeaucinosue

Hawa pearvrocms — caoeno uepa. Moi 6ce uepaem no eé npagusam. Mo, ne snaem, novemy mac
MAHEM K 3emae, HO Mol 3HAEM, YN0 3MO 00HO U3 NPABUA. MU NPAEUNL CAMDBLE
YHUBEPCAADHBLE; OHU OCTNAIOMCA HEUSMEHHBLMU U HE 3ABUCAM OM 0BWECME U UUSUAUSAUUL.

HUma amoti uepe — Quauxa.

Hamnast paboTa ObLTa IpOBeIeHa Ha Kadeape 3IeKTPOHNKY U HAHOUHYKEHepUn Y HUBEPCUTETA,
Aanro, dakybreTa 3JIEKTPOTEXHUKH.

41 xoTes OBl BBIpA3UTh CAMYIO HCKPEHHIOI 0JIar0JJapHOCTD MOEMY PYKOBOIUTEIIO, TPOMECCOPy
Ceprero A. TperbsikoBy. Bes Balero pykoBogcrsa 1 MOCTOSIHHOM IIOMOIIN 9Ta JUCCEPTALMS HE
Obl1a ObI BO3MOXKHOM. 91 odeHb IeHi0 Bamm MHOrOYHCIeHHDbIE HAYYIHBIE COBETHI U JUCKYCCUH C
Bamu, u3 KOTOpPBIX sT MHOrOMY Hay4dujcsi. MHe Bce erle MHOTOMY IIPEJICTOUT HAayIuThcs oT Bac.
st MeHst ObLIO OOJIBITION YeCThIO W HpuBWIerueit paborars B Bartmeit rpyriiie u BHOCUTH CBOA
BKJI&J B €€ BBICOKOKAJIECTBEHHbBIE UCCASIOBaHUsI. MHe HpaBUTCS APYKECKUN 1 MeXK Ty HAPOTHBII
JIyX TPYIIBI, & TAaKyKe OUeHb BaKHbIE CEMUHAPBI. BbI BHOCUTE B HUX PEITAIONINN BKJIA/I.

A xoren 6b1 100IATOAPUTH CBOETO BTOPOI'O PyKOBOUTE ST B ['OMEIbCKOM TOCYIapCTBEHHOM
yuusepcurere uM. Ppanrucka Cropunbl (Benapyces), npodeccopa Uropst B. Cemuenko. 51 ouenn
6aromapen Bam 3a To, uTo Bbl mo3HakoMuIn MeHsI ¢ 00JIaCTHIO METAMATEPHUAJIOB U IPEITOKIIN
MHE HECKOJIbKO BayKHBIX HallpaBJIEHWIl mMcciefoBanuii. Bbl Bcerma roToBbl MOMOYb MHE KaK IT0
aKaJeMUIeCKNM, TaK ¥ 110 IPAKTUIECKUM BOIIPOCAM.

EcTb emé HeckoJIbKO JIPYruX JIIOMEH, KOTOpbIe OKa3aJil 3HAYNTE/ILHOE BINAHNE Ha MO aKa-
JeMudecKkuii myTh. IIpexkae Bcero, aTo Moil yunTenb GU3MKKA B cTapiieil mkose, Asekceit H.
[TaBnos. Ero BbIgarormumecs: HABLIKKA MPENOIaBAHNS U IVIyOOKOe MOHMMaHue (DU3UKUA OIPeIesIn-
g moe Oynytree. 4 6aaromapro Bamepusa H. Kammast u npyrux BbIIAIONIAXCS TPOdECCOPOB 1
npernogapareseil I'oMmenbckoro rocyaapcrBertoro yuupepcurera uM. Opanmucka CKOPUHBI, KO-
TOpBIE MPEIOCTABUIN (PU3UIECKoe 00pa30BaHMe Ha BBICOKOM YPOBHE BO BpeMsi MOeil y4eObl B
yuuBepcurere. ¢ ouenb Osaromapen Cepreio A. XaxoMOBY 3a ITOMOIIb B MHOIOUNC/IEHHBIX ITPaK-
THYECKUX U aKaJIEMUIECKUX BOIPOCAX, & TAK¥Ke 38 ero XOPOIInii u 060apsiroIuil oMop. 1 Takke
6aromapen npodeccopy Mapruny Berenepy n Anjgpeacy Bukbepry 3a mpeaocTaBaeHHYIO MHE
BOBMOXKHOCTb M3YUUTh Pa3INIHble METObI HAHOOOPAOOTKN W ONTHIECKUX U3MEPEHU BO BpeMsi
Moeil HayuHO#l craxkupoBku B TexHosorndeckom mHCTUTYTEe Kapicpys. W mocientee, HO He Me-
Hee BaxkKHoe: s XoreJ1 661 mobaarogaputh Koncranruna P. Cumosckoro u Uropst C. Hedemosa 3a

MHOT'OYMCJICHHbIE BaKHbIE€ HayYIHbIE O6cy}K,H6HI/IH B TedeHne MOUX JOKTOPCKHUX I/ICCJIG,Z[OB&HI/IIU/I.



41 xorest 6bI BBIPA3UTH CBOIO HJIATOJAPHOCTD BCEM MOUM COTPYAHUKAM U JApy3bsim: Uropro Da-
usiey, FOmecy Pamaun, Ceernane IIerkoBoit, Moxammany Anbye, Ane-/Inaz Pybuo, Moxammaty
Camxany Mupwmyce, JTo-Xyn Kson, Ampy Dibcakka, Ern Bexmacy, Yeame Mupse, JTumurprocy
Hapymmcy, Muxanny OwmenbsinoBuay, Ceprero Kocysnpaukosy, Mpure Hedemoroii, ['puropuro
[Itunpraer, @y JIuy u lygeny Banr.

YV MeHs TaK MHOI'O BOCIIOMUHAHWII O IPUSTHOM U 3aXBaTbIBAIOIIEM BPEMEHH, IPOBEJICHHOM C
BaMu BceMu. Most ocobast 6J1aroJJapHOCTb TaK»Ke MOMM JIYUIIUM APy3bsaM AHjapero BopruceHko u
Uropro @ansieBy. HeBO3MOXKHO onmcaTh, HACKOJIBKO CHJIBHO U 3HAUUTEBHO OHU TOJJIEPXKUBAJIH
MeHsI Ha IPOTSI>KEHUHU BCeil MOel >KU3HU.

S xoren GBI OOJATOAPUTL MOWX IIPEIBAPUTEIbHBIX dKcrepToB, Maprno CusibBepuHbs u
Humurpruoca CoyHaca 3a THIATEIbHOE U3yYeHHe STOH JIMCCEePTAIIHN.

Bo Bpems aT0it MOKTOPCKO# pabOTHI s TOJIyun/I (PUHAHCOBYIO MOIEPKKY OT JIOKTOpaHTyPbI
Aanro ELEC, ®onna Hokua u Qonjya Jijist HayKu U TexHoJioruu Y HuBepcurera Aanaro. ¢ oueHb
[PUBHATEJICH 38 ITY MOIJIEPIKKY.

Camast Terutast 61aroJJapHOCTb MOUM JoporuM pomuresisiM Haranbe u Ceprero, Teryuike Eiene,
opary Unbu u nBoropoanoit cectpe Exarepune 3a nx 6e3rpaHuvHyIo 100pOTY U JIIOOOBbL KO MHE,
MIOCTOSTHHY O TIOJJIEP2KKY U [IPUCYTCTBUE B MOEH Ku3Hu. st MeHsT ceMbsi UMeeT TIepBOCTEIIeHHOe
suadenue. ¢l ocobenno burarogapen moeit 6abyiike JIopMuie, Koropasi Obla IIPUMEPOM HAUBBIC-
meit MOpaJin JIJTd MEHS.

Haxkownery, s1 xo1y BbIpa3uTh MCKPEHHIOK 0JIAN0IapHOCTH MO BO3JIIODJIEHHON »KeHe XyeH.
Harmra Berpeda pazjesuia MO XKU3HB Ha J[BE YACTU: HEIOJHOE «J[0» U OYeHb CUACTIUBOE <«II0-

CJIe».



OryiaBjieHne

Cnoucok A66peBuatyp

Cnucok Ob6o3HaueHmit

1 Bgsegenwue

I O630p obslacTu uccaegoBaHUIA

2 YacroTHas gucriepcus

3 IIpocTpaHcTBEeHHasi JAUCHEPCUS

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

Maxkpockonuueckne ypapuenus: Makcsesia

[TpocTpancTBenHasi IUCIIepCUs IEPBOTO MOPSIKA U OMAHU30TPOIIHS
[IpocTpancTBeHHAsST JUCTIEPCHS BTOPOI'O TOPSIIKA W UCKYCCTBEHHBI MarHETU3M .
[IpocTpancTBennast JUCHEPCUs BBICIIUX [TOPSIKOB .

Bxitouenust OnaHU30TPOIHBIX MATEPUAJIOB .

Knaccudukaryss OuaHn3oTpoHbIX MaTEPUATIOB

Ob6pailiieHne BpeMeH! U HEB3AUMHOCTD B 3JIEKTPOIUHAMUKE .

[IpocTpancTBennast ”HBEpCUsi U HEB3aUMHbIE OMAHU30TPOITHBIE MATEPHUAJIBI .
OrpaHuveHnst Ha MaTEPUAJIBHBIE [TAPAMETPHI .

Pacnpocrpanenue BoJiH B OMAHIM30TPOITHBIX MATEPUAIAX U IKCTPEMAIbHAS OUAHY-

30TPOoIIn:A

4 MetamaTepuaJjbl U POJIb ITPOCTPAHCTBEHHON JAUCHEPCUN

4.1
4.2
4.3
4.4
4.5
4.6

OTpunaresbHOe MPETOMIICHHE .

Cy06BostHOBast (DOKYCUPOBKA U TpaHCHOPMAIIMOHHAST OIITHKA
Cpejibl 13 MIPOBOJIOB

Bparrosekast qudpakimst u 971eKTPOMATHUTHBIE KPUCTAJLITBI
MeTramoBepxHOCTH

Mogenn roMOreHU3aIud JIJIS METAIIOBEPXHOCTEH .

II Pe3yabTaThl uccjieoBaHuii

5 OT,IIeJ'II)HbIe 61/IaHI/130Tp01'[HbIe BKJIIOYE€HUA

5.1

5.2

CriocobbI ompeieIeHnst TTOIIPU3yeMOoCTel
5.1.1 Hayunsrit BKJIaJ aBTOpa
Yucro 6uaHU30TPOITHBIE PACCENBATEN

5.2.1 Hayunslif BKJaJ aBTOpa

14

17

18

21
21
23
25
27
27
30
34
37
41

44

49
49
52
54
56
o8
63

68

69
69
70
72
73



Oeanasaenue

6 MeTanoBepxHOCTU C ITPOCTPAHCTBEHHO! JUCIIepCUeil 1 NX IPUMEHEHUS 76
6.1 IIpospaunble BHe pe30HAHCA TPAAUEHTHBIE OTPAKATET! . . . . . . . . . « . . . . . 76
6.1.1 Hay4ubIil BKIAI ABTOPA . .« « .« ¢ o o v v v e e et e e e 78

6.2 “HeBHIUMBIE” MOTTIOTHTEII . . . .« v v o v e v e e e e e e e e e e e e e e e 79
6.2.1 HayuHblil BKIAT aBTOPA . « « « « « v o v ettt e e e e 80

6.3 TouHoe MPOEKTUPOBAHUE METAIIOBEPXHOCTEN It yIIPABJICHUS BOJHOBBIM (DPOHTOM 82

6.3.1 Hayuoblil BKIAT aBTOPA . .« « « « « v v v e e e e e e e e 84
7 BroiBoabl 89
JImreparypa . . . ... e 89
IIT Ily6aukarmum aBTOpa 100



Crmicok A6O6peBuaryp

EMNZ
TE
BIIT'®
CBY
qulIl

marepamisl ¢ € = 0 n o = 0 (‘epsilon-near-zero materials’)
[IOIIEPEYHBINA JIEKTPUIECKUN

BBICOKO-UMIIEJIAHCHAS] IIOBEPXHOCTH I'PUOOBUIHON (DOPMBI
CBEPX-BBICOKHE YaCTOTHI

9aCTOTHO-N30UpaTebHasT TOBEPXHOCTH



Crucok obo3HaueHunit

a JIMHEHHBI pa3Mep BKJIIOYEHHs [m]

ap KOMILJIEKCHBIH KO PUITTEHT

a; Ga3uUCHBIE BEKTOPBI CHCTEMbI KOOD/IMHAT

aij ~ TeH30p BOCIPHHMYHBOCTH BToporo pamra [F -m™!]

@jji; ~ TEH30p BOCIPUUMYUBOCTH TPeThero panra [F]
Qjjkl  TEH30p BOCIPUUMYMBOCTH deTBepTOro panra [F - m]
O [IEPUOJIMIHOCTH MAaCCHBa IIPOBOJIOB [m]

BEKTOP MAarHUTHOro MHAyKiwn [T

T w
=

BEKTOpP MarHUTHOIO MHAyKIuu BHYTpu oobema V' [T

jos]
[e]
=1
=+

BEKTOD MarHUTHOIO MHAYKIMH cHapysku oobema V' [T]
CKOPOCTD cBeTa [m - s~ 1]
BeKTOp 3ytekTpideckoit nuaykium [C - m~?]

[EPUOINIHOCTD PeIeTKN [m]

IS o °

JIMaroHaJibHas MaTpUIla
IEPUOJNYHOCTDb PEIIeTKU BJI0JIb T-OCU [m]

pacCcTOodHNEe ME2KJTy COCEIHUMU BKJIIOYEHUAMUN B IIEPUOJIUIECKOM MaCCHUBE [m]

&~ = 9 U
8

TOJIIIMHA [IJIACTUHBI [m)]

anexTpuHeckoe mose [V - m~!]

= =

av  9JIEKTPUUECKOe TI0Jie, YCPEHeHHOe ¢ JIBYX CTOPOH MeTarosepxuocTu [V - m™1]
E,  sJeKkrpuueckoe Tojie BOJHBI, DACCESHHOM B 0bpaTHOM Hanpasiernn [V - m™!]
Eext  BHemmHee syekTpudeckoe mose [V - m™!]

E¢ 3JIEKTPUHUECKOE TOJIe BOJIHbI, PACCESHHON B MPAMOM HampasaeHun [V - m L]

E; 3/IeKTPHUYUECKOe ToJIe maaomeii somsr [V - m™ 1]

E., ss1exkrpuueckoe mose BHyTpH obbema V [V -m™]

Eout  97eKTpudeckoe Tosie cHapysKu obbema Vo [V - m ™!

E, 3/IeKTPUIECKOe 110JIe OTPazKeHHoi BosHbI [V - m™ 1]

Ef  orpaxennoe sgeKTpuueckoe HoJe Jyisl IAJeHs BIOAbL N Hanpasaenuii [V - m™!]
Esc  paccesHnoe smekrpmdeckoe mosie [V - m™!]

E; 3IeKTPIIecKoe ToJie Tpote et Bommbt [V - m ™!

Eic TIPOTITe IIITee 3IEKTPUIECcKoe TIoJie JITs TIaJleHust BI0Jb +n Hampasennii [V - m™1]
Eian TaHreHIMAJbHASI COCTABJISIIONIAs TOJHOTO JIEKTPUIECKOIO HOJIs HA

MeTanosepxuocTn [V - m™]



Oeanasaenue

F cuna [N]
H MarauTHOe moste [A - m~!]
H, BHEITHee TofMaramauBaiomee mose [A - m~!]

H,, MarmuTHOe T0Jie, YCPEJIHEHHOe ¢ JBYX CTOPOH MeTarosepxHocTn [A - m™!]

H; MarHITHOE ToJie TaJaionteil BosHel [A - m ™!

H,  MarmmTHOe TIoJie OTPasKeHHOi BOIHEI [A - m™1]

Hy. MarmmTHOe 1ojie paccestHHoit BoHbl [A - m™!]

H;  marmuTHOe HoJe nporiesmeit Bomusl [A - m™1]

Hi,, TaHreHnuagbHasi COCTABISAIONIAS IIOJTHOIO MAPHUTHOTO MOJIst Ha

MeTarosepxHocTH [A - m 1]

I 9JIeKTPUIeCKuii TOK [A]

T eJIMHUYHAST MaTpUIla (Iuajia)

T norepevHast eIMHUIA JTaIa

7 AHTUCUMMETPUYHAS MATPHIA

Je yCpeIHeHHas MOBEPXHOCTHAS IIIOTHOCTH 3JIeKTPIIECKOro Toka [A - m™!]
Jeov  IUIOTHOCTB 3IEKTPHYECKOTO TOKa BHYTpH obbema V' [A - m™2]

Jext  YCDejHeHHast BHeNTHss (CBsI3aHHAasl) IJIOTHOCTD 3JEKTPHYECKOro Toka [A - m™ 2]
Jind  yCpenHeHHast MHYIIUPOBaHHAsI (U3-3a MOJISIPU3AIHN) [IJIOTHOCTD

SIeKTPHYECKOTO TOKa, [A - m 2]

. ycpeHeRHas TOBePXHOCTHAS TIOTHOCTh MArHUTHOTO ToKa [V - m™ 1]
Jmyv  IWIOTHOCTH MATHUTHOTO TOKa BHYTpPH obbema V [V - m™2]

T JIUaJIa BEKTOPHOTO TIPOU3BEICHUS

7 MHIMasT eJIMHUTIA,

K MaTpuIla mpeodpa3oBaHmIit

K.  BekTOp, JBOWCTBEHHBIN K AHTUCUMMETPUYHON YaCTH TEH30pa KUPAIbLHOCTH
K, KO3 PUIIIEHT OMera-CBsI3n

k BOJTHOBO# BeKTOp [m ']

ko BOJTHOBOE UHCJIO B BakyyMe [m 1]

ky, BOJTHOBOI BEKTOD BOJIHDI, PACCESHHON B 06PATHOM HaIpaB/eHuy [m ']
k¢ BOJTHOBO} BEKTOD BOJIHDI, PACCESHHON B MPAMOM HaTpaBIeHuH [m ']

BOJTHOBOE HHCJIO MaIaforeii BoHbI [m 1]
IJIA3MEeHHOe BOJHOBOE YUC/I0 [m™ 1]
BOJTHOBOE {ICJI0 OTPAyKeHHOH BOJHBI [m 1]

BOJTHOBOE YHCJIO TIPOTIIe el BOTHL [m ™!

1
kp
Ky
Kt
M MarreTusamus [A - m~?]
M MAaTpPHUIla C HYJIEBBIM CJIEI0M
Mg  HOBEPXHOCTHAs IUIOTHOCTH MAHUTHOI mossipusaln [A]
m MaTrHUTHBI ,[LI/IHOHBHBIIZ MOMEHT B O6O3HaLIeHI/15[X7 HCIIOJIb3YEMbIX B
muccepramyn [V - s - m]

m IIPOU3BOJIBHOE IEJI0€ IHUCJIO

10



Oeanasaenue

Meoyy  MAHUTHBIN JIMIOJIBHBI MOMEHT B TPaJMIIMOHHBIX 0003HAUEHUSIX [A - m2}

N obbeMHast KOHIIeHTPAINA BKJIIOUeHni B MaTepuaie [m )

N CUMMETPUYIHAST MATPHUIA

n eJIMHUYHBII BEKTOD, OIPEJIEJIsIIONIUil HOpMAaJIb K MOBEPXHOCTH

n [IOKA3aTeJIb IIPEJIOMIICHUST

Ngc eIMHUIHBI BEKTOP B HAIIPABJIEHNN HAOJIOMEHUST PACCESTHHOTO ITOJIsT

P IJIOTHOCTD 3IeKTPUHECcKOii mosisipuzarun [A - s - m™2]

Pg TIOBEPXHOCTHAS IJIOTHOCTH 3JICKTPIIECKOl moapusanmn [A s - m™!]

p JIEKTPUIECKUI TUMOJBHBI MOMEHT [A - s - m]

pi SJIEKTPUIECKUN JTATIOIbHBIE MOMEHT, MHYTUPOBAHHBIN TP BO30YKIEHUN BOJIHOI,
naJakoneit Bosb tz-ocu [A - s - m)]

Q npousBosbHas muddepeHImpyeMas BeKTopHas BemanHa, [A - s - m !

q ssekrpudeckuii 3aps [C]

Ry, K03 PUIUEHT OTPaXKEHUsI JJIsi BOJIH, PACIPOCTPAHSAIONINXC B +2-HaIIPABICHUAX

r KOOPJMHATHEIl BEKTOD [m]

ro KOODJIMHATHBIN BEKTOP HMEHTPAJLHON TOUKY [m)]

7] KO3 (DUIMEHT JTOKAJIHEHOIO OTPAYKEHUS

Tsc PaCCTOsTHIE MEXK/Iy PACCEHBAIONIMM 3JIEMEHTOM M TOUKOMH Hab/roeHust [m]

Ty paJInyc MPOBOJIOKY [m]

S sexrop IloitaTunra [W - m~2

S TJI0MAb TOBepXHOCTH [m?]

T OIIepaTOp ONEPAIMU TPAHCIIOHUPOBAHMS

t BpeMst [s]

Vv obbem [m?]

V. BEKTOP, AyaJIbHBIA K aHTUCUMMETPUYIHON 49aCTU TEH30pa HEeB3aUMHOMN
MaFHHTO3ﬂeKTqueCKOf/i CBA31

Va K09 MUIMEHT MArHUTOJIEKTPUIECKOI CBsI3N (MMUTHPYIOIIHI HCKYCCTBEHHOE
HepeMereHue )

v ckopocTh [m - s~ 1]

Vor TpyIIoBast CKOPOCTh [m - s~ 1]

Vph dazopas ckopocTb [m - s

Xij MHHUMast 9acTh Z-napamerpos [

A XapaKTePUCTUIECKUTT MMIIeJIAHC [aIalonell BoJIHbI [()]

Zij Z-napamerpsl (1]

Zy XapaKTEePUCTUIECKUIT MMIIEJIAHC OTParKEHHON BOJIHBI [()]

Zs HOBEPXHOCTHBI uMIenanc {1

Qe TEH30p JM3JIEKTPIIECKO TToapu3yeMocTH [s - m? - Q1]

Qe [MaIa KOJLTeKTHBHO IM3JIeKTPIYECKOl ospusyeMocTts [s - m? - Q1]

anaroHaJbHasg KOMIOHEHTa AUAIbl KOJJIEKTUBHON IMIJIEKTPUIECKOit

nossipuzyemoct [s - m? - Q1

11
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HeIMArOHaJIbHAS KOMIIOHEHTA, Ua/bl KOJLUIEKTUBHOMN JI3/IeKTPHIECKOiT
nosngpusyemoctn [s - m? - Q71

TEH30D JIM3JIEKTPIIECKOH TIOJITPA3yeMOCTH C Pa3MePHOCTBIO obbeMa [m?]
TEH30D 3JEKTPO-MAarHUTHOM TIOJAPH3YeMOCTH [s - m?]

JMa/Ta KOJITeKTHBHOI 3/IEKTPO-MATHUTHOM TOJIPU3YeMOCTH [s - m?]
AnaronaJibHasd KOMIIOHEHTa Jna/Jabl KOJLJIEKTUBHOI SﬂeKTpOMaFHI/ITHOﬁ
NOJIAPU3YeMOCTH [8 - m?]

HeIMArOHAIbLHAS KOMIOHEHTA, JIa Ibl KOJJIEKTUBHON 3JIEKTPO-MarHUTHOMN
noNIAPU3yeMocTH [8 - m?]

TEH30D 3JIEKTPO-MArHUTHOMN TIOJITPU3YEMCOTH C Pa3MEePHOCTBIO 06beMa [m?]

TEH30D MArHUTO-3IeKTPUYECKOil HOJIAPU3YeMCOTH [s - m?]

JMaJTa KOJIIEKTHBHOI MarHUTO-3/eKTPHIECKOil MoIsapu3yeMocTn [s - m?]
JIMaroHaJIbHAsS KOMIOHEHTA JUaIbl KOJLUIEKTUBHON MArHUTO-3IeKTPHYECKOIT
TOJIAPU3YeMOCTH [s - m?]

HeIMATOHAJIbHAS KOMIIOHEHTA, JINa bl KOJLIEKTUBHON MArHUTO-3/IEKTPUIECKOiT
HOJIIPU3YeMOCTH [8 - m?]

TEH30D MArHUTHOI Hmoapu3yeMocTs [s - m? - ()]

AT KOJIIEKTHBHOI MarHUTHO mospusyemocT [s - m? - €]

JinaroHaabHast KOMIIOHEHTa JINaJbl KOJJIEKTUBHON MarHuTHON

nosigpusyeMoctn [s - m? - Q]

HeIMATOHAJIbHAS KOMIIOHEHTA, JTUa bl KOJLIEKTUBHON MArHUTHOI

nossrpuzyemoctn [s - m? - Q)

TEH30DP MATHUTHOII HOJIAPHU3YEMOCTH C PA3MEPHOCTHIO 0bbema [m?]

CKaJISIPHBII ITapamMeTp, MOAETUPYIONIMI 3JIEKTPUIECKYIO KBAAPYIIOJbHYIO
nosisipu3oBanHocTh [F - m]

NIOCTOSIHHAST PACIIPOCTPAHEHHs BOJIHBI, HECyTIel SHEPruio B +2 HalpasJeHnn [m ']
IIOCTOSIHHAS PACIPOCTPAHEHNs BOJIHDI, HECyIeil SHepruio B —z HampasjeHnn [m ']
CKAJISIPHBIN [apaMeTp, MOJIeIUPYOMuil NCKyCCTBeHHY 0 MarauTusanuio [F - m]
BCTIOMoTaTeTbHas Auaja [m?]

BCIIOMoTaTe IbHas Tuajia [m?]

Hempra-dyuknust Jupaka

Henbra-dyuxmus Kporekepa

SIS TpIIecKast MpoHuTaeMocTs [F - m~!]

TEH30D JM3JIEKTPIIeCKOil TporuTaemocTd [F - m™1]

JIM3JIEKTPIYecKas IPOHUIAEMOCTh BakyyMa, [F - m™]

TEH30p JANJIEKTPUIECKOH MPOHMUIIAEMOCTH OOIIel JTNHEHHOW OMaHn30TPOITHOM
cpensr [F-m™!]

JII3JIEKTPIIECKast TPOHUIIAEMOCT KOMIIO3UTHOM cpeipl [F - m™1]

TEH30D JIM3JIEKTPUYECKOil TPOHUIAEMOCTH HeB3anMHuoil cpepr [F - m™1]
TEH30pP JIMAJIEKTPUIECKOIl IPOHUIIAEMOCTH MaTepuasa B MCXOMHON cucTeme
koopymHat [F - m™?]

JIISJIEKTPUYIECKasi IPOHUIIAEMOCTD [IPOCTPAHCTBEHHO-IMCIIEPCUOHHOI cpejipl [F - mfl]
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TEH30D JUJIEKTPUIECKON TPOHUIIAEMOCTH IIPOCTPAHCTBEHHO-TUCIIEPCUOHHOMN
cpeapr [F-m™!]

HoIepevYHas KOMIOHEHTa TeH30pa JUJIEKTPUIECKOl IIPOHUIIAEMOCTH OJIHOOCHOM
GuanuzorpomnHoit cpepl [F - m™1]

TEH30D JUJIEKTPUIECKON IPOHUIIAEMOCTH MaTepuaJia B IpeobpasoBaHHON CUCTEMe
koopmHAT [F -m™!]

JIM3JIEKTPIYecKas TIPOHUIAEMOCTh B0/ z-Hampasjerns [F - m~1]

ko3 durment s3pdeKTUBHOCTH

o0IIMii TeH30p OGMAHU30TPOIINH, MOJIEJUPYIONIU MATHUTO-3JIEKTPUIECKYIO CBSA3b
BOJITHOBOH mMmIteianc [€2]

BOJIHOBOIT mMItetanc Bakyyma (2]

BOJIHOBOI MMIIE/IAHC BOJIH, PACIPOCTPAHSIONIMXC B +2-HanpasseHun ()]

yroi najenust [rad]

yros orpazkeHusi [rad]

yroJ npesiomsienns [rad]

O1Hii TeH30p OMAHM30TPOIINU, MOJIEJIUPYIONIHIi 3JIEKTPO-MATHUTHYIO CBA3H
napaMeTp KUPaJbHOCTH

TEH30P KUPAJIbHOCTH

CUMMETPUYHAsS 9aCTh TEH30pa KUPaJIbHOCTH

CHUMMETPUIHAA KOMIIOHEHTA OJHOOCHOM B3aWMMHOM OMAHU30TPOIIHON JIHa bl
JUITMHA BOJIHBI [m)]

JUIMHA BOJIHBI B BakyyMme [m]

MarHuTHas IpoHnIaeMocts [N - A72]

TEeH30p MarHnTHOI mponunaemoctu [N - A~

MarHUTHAsT TPOHUTAEMOCTDb Bakyyma [N - A~2]

TEH30p MArHUTHOM IMPOHUIIAEMOCTHU OOIIel JTuHeHON OMaHM30TPOITHON

cpenpt [N - A~2]

TEH30p MAarHATHOI MPOHUTIAEMOCTH HeB3auMHoil cpepl [N - A 72

TEH30pP MArHUTHON MPOHUIIAEMOCTH MATEPUAJIa B UCXOJHON cuCcTeMe

koopzunat [N - A7

TonepeYHas MAarHUTHAsS TPOHMIAEMOCTD OJHOOCHOI GruanmsoTpornHoii cpeabl [N - A~2]
TEH30p MArHUTHOl MPOHUIIAEMOCTH MaTepuaJja B Ipeodpa3soBaHHOI cucTeMe
koopyuaar [N - A~

napamMeTp B3auMHoi GuanuzoTpormn [ 1]

TeH30p B3amMHoil GuanuzoTpormn 271

yCpe/HeHHas BHEINHsAs (CBA3AHHAsA) IJIOTHOCTH 3JeKTpideckoro 3apaa [C - m™3]
yCpeTHEHHAsT WHIYIIMPOBaHHAs (M3-3a MOJISPU3AIINH) TJIOTHOCTD JIEKTPHIECKOTO
sapaza [C-m™3]

BpeMst [s]

JIoKasbHast asa OTpasKeHHON BOJIHbI

JIoKaJIbHast (ha3a MpoIIe el BOJTHbI

TEH30D JIUAJIEKTPHIECKOIl BOCIPUUMYNBOCTY MOBEPXHOCTHU [m]

13
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TEH30D JIEKTPO-MAarHUTHON BOCHPUMMYIMBOCTH ITOBEPXHOCTH [m]
TEH30D MarHUTO-3JIEKTPUIECKON BOCIPUUMIUBOCTH TOBEPXHOCTH [m]
TEH30D MAarHUTHON BOCHPUMMYHMBOCTH IIOBEPXHOCTH [m]
JIX3JIEKTPUIECKasT BOCIPUMMIYUBOCTD

HEB3aMMHBII OMaHU30TPONHBIN TEH30D

CUMMETPUYHAs YaCTh TEH30Pa HEB3aMMHON CBA3H

CUMMEeTpUYHAsT KOMIIOHEHTa OJHOOCHOU HEB3aWMHON OMAaHM30TPOITHON 1A ThI
IPOU3BOJIBHBII TEH30D MaTepuasa, HAlpUMep, TeH30D JIUJIEKTPUIECKOIt
IPOHUIAEMOCTH UJIM KUPAJIbHOCTH

yriosas gactota [rad - s7!]

YTJIOBas 9acTOTa PEKMMa MOTHOTo moryontenns [rad - s~ 1]

YIJIOBas 9acTOTa 3JEeKTPUHUeCKOTo pe3oHanca [rad - s71]

YIJIOBasl 9acTOTa MATHUTHOTO pe3onanca [rad - s~ !]

OIIEepaToOp KOMILIEKCHOTO CONPAZKEHUST

muddepennnran GyHKITTHT

POU3BOJIHASL 10 BDEMEHU

OIIEPATOP IPMHUTOBOIO COTIPSIZKEHHSI

OIIPEIC/TUTE> MATPUIBI

orrepaTop MHUMOI 9acTn

HabIa-0IrepaTop

JaCTHAsl IIPOU3BOJIHAS 110 KOOPJMHATE T

OIIepaTop peaabHoOll JacTn

cJie]T MaTPUIIHI
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I'maBa 1

BBenenne

N3ydenne B3auMOmefiCTBUS 9JI€KTPOMArHUTHBIX BOJIH C BEIIECTBOM SIBJIAETCA BarKHBIM IIpeIMe-
ToM usnku. C OIHON CTOPOHBI, OHO BBLIMTOJIHIAET KOTHUTHUBHYIO (PYHKITAIO, OObSICHSIS, MOYEMY
CYIIECTBYIOIINE MATEPUAJIBI BEIyT cebsi UMEHHO TakKuM obpasoMm. Harpumep, modemy Mbl BUIAM
pa3HBIE I[BETA U SIBJISETCsI JIU [BET BHYTPEHHUM aTpudyToM o0bekTa. C JIpyroit CTOPOHBI, U3y-
YeHrne B3aMMOJEHCTBHUS 9JIEKTPOMAIHUTHBIX BOJIH C MaTe€pUEil BBIIMOIHAECT BayKHYIO TPUKJIATHY IO
GYHKINIO: TPOEKTUPOBAHNE MATEPUAJIOB C TPeOYyEeMbIMHU JIEKTPOMATHUTHBIMU CBONCTBAMU, Ha-
[IPUMeED, TOJIOTPAMMBI, JIMH3BI, 8 TaK¥Ke TIOBEPXHOCTH, OTPaXKaIoIe DOJIbIIe CBETA, 9eM OObIIHBIE
3epKajia u T. .

BzanmogeiicrBre MaTeprasioB ¢ 9JeKTPOMATHUTHBIMEA BOJHAMU MOYKHO IIPOCTBIM 00OpasoM
OINCATDH C TIOMOIIBIO PACCESHUsT BOJH HA UX aTOMax M MOJIeKyaax. V3-3a HHEPIIMOHHBIX CBONCTB
9JIEKTPUIECKUX 3aPsiJIOB OTKJIUK PACCEsSTHUST PA3JIMUeH Ha PA3HBIX dacToTax. DddeKT 3amas3 ibl-
BaHUs OTKJINKA HA JIEKTPOMArHUTHOE BO30YKIEHNE HA3BIBACTCA 4acmommol ducnepcueti. Haun-
foJiee CUIbHOE Paccesiiie IMPOUCXOIHUT, KOTJIa 9acTOTa BHEITHUX BOJIH COBIIAET C XapaKTepPHOI
9aCcTOTON MaTepuaJa, MPpU KOTOPOM €ro BKJIIOUEHUsT PE3OHUPYIOT. XapaKTEPUCTUIECKOE BPEeMsI
9JIEKTPOHHBIX IIEPEX00B B aTOMAaX U MOJIEKYJIaX OOJIBIMMHCTBA IIPUPOIHBIX MATEPUAJIOB CPABHU-
MO C BeJIMIUHOMN, 0OpATHON YacToTe BUIUMOTO cBeTa. [loaToMy Takme MaTepuasibl UMEIOT Pe30-
HaHCHBIE B3aUMOJIEHCTBHsI CO CBETOM, U MBI MOXKEM BHJIETh pa3Hble mBera. [lockobKy paccestHue
BOJIH Ha MaTepua/iax 3aBUCUT HE TOJBKO OT UX CBOMCTB, HO M OT CBOHCTB CaMOI0 I AOIIEero
cBeTa, IBeTa, KOTOPble Mbl BHJIMM, HE SIBJISTFOTCSI HEOTHEMJIEMBIMHU ATPUOYTAMU MATEPHUAJIOB U
MOT'YT U3MEHSIThCS IIPU PA3HBIX OCBEIIEHUSX. XOPOIIUM IIPUMEPOM SIBJISIETCS AJIEKCAHIPUTOBBII
KaMeHb, KOTOPBIIi IMeeT pa3Hble IBETa IPU PA3HOM OCBEIIEHMH. B MUKPOBOJIHOBOM JIHAIIa30HE
3¢ deKTh Pe30HAHCHOTO B3aNMOJIEHCTBHUS BEIECTBA C BOJHAMU IIPEUMYIIIECTBEHHO 00yCIOBICHBI
OPHMEHTAIHOHHON MOJISTPU3YEMOCTBIO TTOJISTIPHBIX MOJIEKYI.

HecmoTpst Ha TO, 9TO CyIIECTBYEeT MHOYKECTBO H3BECTHBIX IPUPOIHBIX MATEPUAJIOB C Pa3-
JIMTIHBIMHA 3JIEKTPOMArHUTHBIMI CBOMCTBAMHM, UX OTKJIMK IO-IIPEXKHEMY OYeHb OrPpAHUYIEH, ITO He
[TO3BOJISIET BBISIBUTH BCE IMOTEHIIMAIbHBIE BO3MOXKHOCTH U BOJIHOBBIE 3ddekTrl. HanBuoe perre-
HUEe 3TOM TPobJIeMbl MOXKHO OBLJIO ObI HANTH, €Cjiu ObI MBI MOTJIM TOYHO CIIPOEKTUPOBATHL CBOII-
CTBa OTJEJIbHBIX ATOMOB U MOJIEKYJI OOBEMHBIX MATEPUAJIOB, T. €. UX PasMep, IPOCTPAHCTBEHHOE
pacmpejiesieHne B KPUCTAJINIECKON pelreTKe, XUMUIEeCKN COCTaB, a TaK:Ke paclpeesieHne u
dopmy atekTporHOro "obstaka". XoTs 3TO pelreHne HEPEAJIUCTUIHO Ha JTAHHOM 9Talle Pa3BUTHS
TEXHOJIOTU, OHO JIAeT HaM IIPEJICTABIEHNE O MAKPOIPOEKTHPOBAHUN OTIEIBHBIX COCTAB/ISIFOIITIX
(BruOUeHuit) BermecTsa. JeficTBUTEIEHO, TEOPETUIECKH BO3MOXKHO CKOHCTPYUPOBATH MAKPOCKO-
nuyeckue "aToMbl pa3Mepbl KOTOPBIX JOCTATOYHO BEJIUKHU, YTOOBI MX MOYKHO OBLIO JIETKO H3TO0-
TOBUTb U OTPEryJIMPOBaTb, U B TO K& BPEMsI OHH JOCTATOYHO MAJIBI 110 CPABHEHWIO C JJIMHOM

BOJIHBI ITa/aroIIero m3JydeHund. B rakom ClIydae TpexXMepHasd KPUCTAJJIMYeCKasd peHieTKa 3TUX

15



Puc. 1.1: Mumoctpanus addekTa mpocTpaHCTBEHHON ANCIEPCHH Ha, MIPUMEPE MeTaJLIHIECKO-
ro KOJIBIA, ODJIYIE€HHOTO IIJIOCKON BOJIHOW C BOJIHOBBIM BEKTOPOM K U 3JIEKTPUUECKUM ITOJIEM
E. DutekTpudeckoe 1osie UHIYIUPYET IUPKYJIUPYIONHi TOK J BHYTpH KOJIbIIAa, TAKUM 00Pa3oM
cO3/1aBasi MATHUTHBIIT MOMEHT.

"MakpoaToMOB" (€ EPUOANTHOCTHIO MEHBIIEH, YeM JINHA BOJIHBI), MOXKET ObITh TOMOI€HI3UPO-
BaHa U ONMCAHA KaK OOBIYHBIN MaTepuas ¢ MUKPOCKOIMIECKIME cocTaBsomumu. "Makpoaro-
MBI"MOTYT OBITH CJeJIaHBI U3 JOCTYIIHBIX MaTEPUAJIOB C MPOW3BOJIBHON (DOPMOI U COJleprKaHu-
eM, HallpuMep, AUSJIEKTPUIECKUX cdep OIpeIe/IEeHHOIO pajnyca. Pernrerky MO:KHO BHEJIPHUTH BO
BHEIIHIOIO CPeJIy, HallpUMep, IU3JIEKTPUK. Peryinpys cBoiicTBa "MakpoaToMOB MOXKHO HACTPOUTD
X PE3OHAHCHYIO TaCTOTY JIJid YBEJINMYICHUA B3aHMOILeI71CTBHH BenieCcTBa C IaJatonuM U3J1yYeHU-
€M. 9Ta naesd MpoeKTUpPyeMbIX TpéXMeprIX KOMIIO3UTOB C Cy6BOJIHOB]::IMI/I MaKPOCKOIIMIEeCKUMU
BKJIIOUEHHUSIMU JIEXKUT B OCHOBE KOHIIEIIIMM MeTaMaTeprasioB. MeraMarepuaJibl, aKTUBHO H3Y-
gapmuecs ¢ 2000 — 2001 1. [1, 2|, manmum MHOXKecTBO cdep MPUMEHEHHs! ¥ PACIINPUINA HAIIe
[OHUMaHUe 3JeKTpoMarsernsma [3,4]. Brirouenusi MeraMaTepuasioB IOJIYy YU HOBBIH TEPMUH
"Mera-aToMbr".

Konnemnmusi MeTaMaTrepuaJioB TECHO CBSI3aHA, ¢ KOHIEIIINEH NpoCmpaHcmeenHot ducnepcu.
Korna pasmep paccenmBare el W pacCTOAHUS MEYKTy HUMHA CTAHOBSTCS CPABHUMBIMUI C JJIHHOMN
BOJIHBI, KOMIIO3UT, HOCTpOGHHbeI n3 HUX, O6HaﬂaeT HEJIOKaJIbHBIM OTKJIMKOM IIOJIAPU3aIlliN 1, KaK
IpaBUJIO, HE MO2KET 6I)ITb OIIMCaH HUCKJIIOYUTEJIbHO B TEpMHHaX 3J'IeKTpI/I‘{eCKOI71 IIPOHUITaEeMOCTHU
M MarHUTHOH npoHunaemoctu. HarmsaaeiM npumepoM sddekTa IpocTpaHCTBEHHON IUCIIEPCHI
SIBJISIETCST OTKJIMK METaJIIMIECKOT0 MPOBoJa B popMe 3aMKHYTON MeT/Iu, 00JIyIeHHOrO IIJIOCKOM
BoJiHOI. Eciu mjmua najaromnieir BOJHBI HAMHOTO OOJIbINE PAINYCa HET/IN, IJIEKTPUIECKOe M0JIe
BOKpPYT CI/IMMeTpI/I‘{HOIU/I neTii MO2KHO CYHUTaTb PaBHOMEPHBIM H, Cjaea0oBaTe/IbHO, OHO HE HMHIY-
[UpyeT NUPKYJIUPYONHe TOKU B MPOBOjE (MarHUTHAs moJisipu3aliust He Bo3Hukaer). OHako,
eCJIn JIJIMHA T IA0Iell BOJIHBI paBHA JBOMHOMY IUAMETPY METJIH, JIEKTPUIECKHe I0JIsT Ha IIPO-
TUBOIIOJIO?KHBIX CTOPOHAX IET/IN KOJIEDIIOTCS B IpOTHBO(dga3€e, TeHepupysl MUPKYIUPYIONIe TOKI
B IIPOBOJIE, W TIETJIsl CUJILHO MATHUTHO ToJisipusyercs (cm. Pucynok 1.1). Takum o6pasom, ec-
s 3 PeKTaMu TPOCTPAHCTBEHHOM ANCIIEPCUH B MaTepuaJe IpeHedpedsb Helb3sI, TO €ro OTKJINK
Oy/leT 3aBUCATH OT AMIUINTY/BI I OPUEHTAIMH BOJHOBOTO BEKTODPa majarorieii BosHbl (cm. [ra-
BY 3 js Godtee 110pob6HOIT nHbopMmanun). [IpocTpancTBeHHAs JUCIIEPCHs] ChIMPAJIA PEIIAOILY IO

POJIb B 00J1ACTU METAMATEPHUAJIOB U IMO3BOJIMIA MOJYIUTh TAKNE HOBBIE 3aXBaThIBAOININE dPdeK-
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ThI, KAK UCKYCCTBEHHBI MATHETH3M C UCIIOJb30BAHUEM JUIJIEKTPUKOB U METAJIOB, THPOTPOIIHSI,
ONITUYECKAsT aKTUBHOCTH U Omanmsorponus. OHU, B CBOIO OYepe/b, OTKPBIIU CIIOCOD peajm3a-
MU MaTepHaJoB ¢ OTPUIATEbHBIM uHIeKcoM |1, 2|, mram-uesuaueky [5], GuaHU30TPOIHYIO
HUTHJIBHOCT [6, 7], M TUTAHTCKYIO ONTHYECKYI0 aKTUBHOCTD [8].

B mocnieinee BpeMst HHTEHCUBHO M3YYalOTCs TBYMEPHBIE KOIIMM METaAMATEPHUAJIOB, TaK HA3bI-
BaeMble MeTartoBepxHocTu. OHU MPEICTABIAIOT COOO JIByMEpHBIE MACCUBBI BKJIIOUEHUN, BKJIIO-
4€HHbIE B CJIOH JM3JIEKTPUKA. XOTs IIPOCTPAHCTBEHHAS JINCIIEPCUS B BUJIE UCKYCCTBEHHOT'O Mar-
HETU3Ma MMHAPOKO MCIIOJIB30BAJIACh B M3BECTHBIX METAIIOBEPXHOCTSIX, OYEHb OIPAHMIEHHOE UUC/IO
pabor uzydaso GuaHuzoTponuo (caabas IPOCTPAHCTBEHHAs JUCIEPCUsI EPBOIO MOPSIIKA, CM.
[Taparpad 3.2 B 1poeKTHPOBAHUU METAIIOBEPXHOCTH. DTa TEMa SBJISETCA OCHOBHBIM IIPEJIMETOM
HACTOAIIEeN uccepranun. V3soxkenne cojiepkanus UIET B CJIEyIONeM Hopsjke. [asebl 2 u 3 co-
JieprKaT KJIacCHIecKylo TeOPHUIO YaCTOTHOM (BpEMEHHOI1) 1 IPOCTPaHCTBEeHHOI ucepcuii [9-11].
B mux obcyxaaercs kiaaccudukanus buanuzorponnn (Kak (GopMbl IIPOCTPAHCTBEHHON Juciep-
cUM) U OrpaHWYeHuil Ha mapaMeTpbl Marepuasa. [JaBa 3 3aKaHIMBAETCs 0030POM IIOCTIETHUX
HCCIIEJIOBAHII MATEPUAJIOB € IPE3BbIYAHO BBIPAYKEHHOI Onanm3oTporueil (Tak Ha3piBaeMast O-
AHM30TPOIHAS HUIMJIBHOCTE). [J1aBa 4 mnpejcraBisier KpaTKuii 0630p U3BECTHBIX METaMaTepHa-
JIOB, B KOTOPBIX [IPOCTPAHCTBEHHAS! JUCIIEPCUsT UT'PAET PEIIAOILYI0 POJIb.

B nociieiaux By X riiaBax pacCMaTPUBAIOTCS HOBbIE PE3YJIbTATHI, IOy YeHHBIE B 9TOH [uccep-
taruu. [J1aBa 5 cpaBHUBaeT TPAJUIUOHHBIE METO/IbI OIIPEIEJIEHUS TOJIAPUIYEMOCTEN OMHOYHBIX
MeTaaToMOB (HEOOXOMMasl IPOIe/yPa IPU HPOEKTUPOBAHUK METAIIOBEPXHOCTEN) ¥ ONUCHIBAET
aJIbTEPHATUBHBIN METOJI, OCHOBaHHBIN Ha pesysbrarax [lybsukaruu 1. HoBblit MeTos, B oTimane
OT TPEIBAYIIUX IOJXOMOB, IPUMEHUM JIjis ODIIEro JMHEHHOro OGHAHU3OTPOIHOIO JUIOJIBEHOTO
paccemBaresisi. Kpome toro, B I'mae 5 u [lybnukamuu 2 uccieoBaHbl 3JIEKTPOMATHUTHBIE OTPa-
HUYCHUSI HA CBONCTBA OOIEro OMaHM30TPOITHOrO paccenBaTeisd. [lokazano, 1To, XOTs MacCUBHBII
paccenBaresb 6€3 MoTepb ¢ YUCTHIM OGUAHIU30TPOITHBIM OTKJIUKOM (IIPSIMbIE 9JIEKTPUYECKIE 1 MAar-
HUTHBIE TOJISIPU3AIMOHHBIE 3(DMEKTHI MOJHOCTHIO MOIABIECHBI) HE MOXKET CYIIECTBOBATD, Pacce-
UBaTEJIb, ¥ KOTOPOro OMOHAHU30TPOIHbIE 3(PDEKTHI TOMUHUPYIOT HAJ, OCTAJbHBIM, B IIPUHIIMIIE,
MOXKET CYIIECTBOBaTh. Tak:ke B TJIaBe MPUBOIUTCS IIPOEKTHPOBAHNE TAKOTO PACCEUBATEIISI C IKC-
TpeMaJIbHOI ITPOCTPAHCTBEHHON jiuciiepcueil mepBoro mopsijika. [iaBa 6 aHaIM3upyeT OCHOBHBIE
UJIEN JIBYX CUHTE3UPOBAHHBIX OMAHU3OTPOIHBIX METAIIOBEPXHOCTEN: YaCTOTHO-U30UPATEIHHOTO
rpajenTHOro orpaxkaress ([Iybaukanuu 3 u 4) ¥ MUPOKOIOJOCHOIO HPO3PATHOIO MOTJIOTH-
ress (I[Tybmukanus 5). [IpocrpancTBeHHast qucnepcusi B 060MX METAIIOBEPXHOCTSAX HEOOXOIMMA
JUUTsT JIOCTUKEHUST TPO3PATHOCTH BHE PE30HAHCA, UTO TO3BOJISET UCIIO/IH30BATh METAIIOBEPXHOCTH
B KaCKaJlaX C HECKOJIBKUMU ycTpoiicTBamu. [JiaBa 6 Takke KPATKO OIKMCHIBAET TOYHBIA CHHTE3
PPAJIMEHTHBIX METAIIOBEPXHOCTEN JIJIsl MJIeaIbHOTO yIPABJIEHUST BOJHOBBIM (PPOHTOM B PEXKU-
Max OTpakeHusi u nponyckanus. Pesynabrarsr [lybmukanuu 6 1eMOHCTPUPYIOT DyHIAMEHTAIb-
HYIO BaXHOCTh ITPOCTPAHCTBEHHON JUCIIEPCUN B TAKUX METAIIOBEPXHOCTSX. B KadyecTBe J0Ka3a-
TeJILCTBA KOHIIEIIUU, OIITUYECKAs METAIIOBEPXHOCTD JIJIsi UJIEAJIHLHOIO aHOMAJBHOTO OTPAYKEHUS
crpoekTupoBana u u3Mmepena B [lybaukaruu 7. BbiBoabl 0000IAI0T Pe3y/IbTaThl, OJIYIeHHbIE B

JIICCEPTAIIN.
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YHacte 1

O0630p obJacTu uccjieJJ0BaHUiA
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I'maBa 2

YHacroTHasa aucrepcus

WNuepnus spisiercs byHaMeHTATIBHBIM 3(DMEKTOM JII000r0 (PU3nIecKOro 00beKTa, BhIPayKeHHBIM
KaK COIPOTHUBJIEHNE OOBEKTa JIIOOBIM M3MEHEHHUSM €r0 CKOPOCTU WJIM HAIIPABJIEHUS JBUKEHUS.
WNuepnmonHast Macca — 9T0 KO3 PUIMEHT, ITPOITOPIIHOHATBHBIN CHIe 9TOro cornporubjerus. O0b-
eKT ¢ OOJIbIlell MHEPIMOHHOM Maccoit TpebyeT OOJIbIIeil CUJIbI JIJIsT U3MEHEHUsI CBOel CKOPOCTH,
1eM 00BEKT ¢ MeHbIell Maccoit. MoxKeT Jin CyIecTBOBaTh OE€3bIHEPTHBIH 00bEKT? DTO 03HAYAJIO
Obl, 9TO €ro MHEPIIMOHHAST MACCa, COCTOSIIAS 3 MACCHI [TOKOsT (MHBAPUAHTHOIT) U PEJIITHBUCTCKOIT
Macchl (BO3pacTaloleil co CKOPOCThIO), paBHa HyJII0. Bosiee Toro, npuMeHsist BHEIHUI TOTIOK K
TaKOMYy OOBEKTY, €er0 CKOPOCTh OyJIeT HMPEBBLIMIATH CKOPOCTH CBETA B TEUEHUE KOPOTKOTO IE€pU-
0/1a BPEMEHU, 9TO IPOTHUBOPEUUT aOCOJIIOTHOMY IIPEJIEJIy CKOPOCTU PACIPOCTPAHEHUS SHEPIUU,
[POJINKTOBAHHOMY T€OPHeil OTHOCUTEILHOCTH.

WNHueprinoHHbIe CBOMCTBA JIEKTPUYECKUX 3aPSI/IOB B aTOMAaX M MOJIEKYJIaX CHJIBHO BJIUSIIOT Ha
9JIEKTPOMATHUTHBIE CBOMCTBA BCEX MaTepPUAJIOB. JlefCTBUTE/IBHO, W3-38 WHEPIMH OJISAPU3AIIHS
(cMerneHme 3apsijia) B MaTepuasaxX MPOUCXOIUT BCETa ¢ HEKOTOPOil 3a/1ePZKKOii 110 OTHOIIEHUIO K
MPUIOKEHHOMY BHEITHEMY 9JIEKTPUIECKOMY TOJII0. AHATIOTUTIHO, KOT/A TPUIOKEHHOE MOJTe HCTe-
3aeT, UH/YIIUPOBAHHAS MMOJISIPU3AIUN B T€UeHNEe HEKOTOPOIO BPEMEHU IMPOJIOJIZKAIOT OCTABATHCS
HeHyJ1eBOi. Takum 0O6pa30oM, CBI3b MKy BEKTOPOM 3JIEKTpUYeCKOl mHAyKuu D B Marepuasie
u BHermHuM 1ojieM E He MruooBeHHA.

PaccmoTpuM HaruIsiIHBIN IPUMED UMITYJILCHOIO BO3/IEHCTBHS BHEIITHErO JIEKTPUYECKOTO I10-
Jist Ha cpeny. Bremnrree nosie E BosHukaer B MoMmeHT Bpemenu t = 0, neiicTByeT Ha cpeiy B
TeUeHHe OIPEIEJIEHHOrO BpeMeHu df, a 3aTeM MIHOBEHHO HUCUYE3AET. 31EeCh IIPEJIIOIaraeTcsi, ITo
9JIEKTPUIECKOE TI0JI€ TPOCTPAHCTBEHHO OJTHOPOIHO (JJIMHA BOJHBI HAMHOTO GOJIBIIE, YeM pa3Mep
BKJIIOUCHUI CpeAbl U IIePUOAUIYHOCTD pemeTKH), a cpefa ABAAeTCd JMHEHHON M HEMarHUTHOM.
VBenuuenne nonsgpuzoBanHoctu cpenbl dP mpomnoprnonansuo Edt u B MoMeHT BpeMenu ¢ Mo-

JKeT ObIThL 3aIlICAHO KaK

dP(t) = eox(t)E(0)dt, (2.1)

rie dbyHkiws X(t) HA3BIBAETCS BOCHIPUUMYMBOCTBIO U 3aBUCHT OT CBOWCTB CpEJIbl U BPEMEHH t,
IPOIIEIINEro ¢ Hadaja UMITYJIbCa 10 MOMEHTa HaOJIIOIEHHSI, €) SIBISETCS SJIEKTPUIECKON IPOHU-
[[AEMOCTBIO BaKyyMa. DTa (PYHKIMS JIOJKHA OBITH paBHa Hy/I0 1pu ¢t = (0 U3-32 WHEPIIMOHHBIX
CBOMCTB 3JIEKTPUYECKUX 3aPAJOB, 8 TaKKe IPpU ¢ = 00 U3-3a HeM30eKHON HEHYJIEBOM TUCCUIIAIIII
SHEPIUH BO BCEX MaTepHasax.

Eciin BHelHee 1mojie MPUKJIAABIBAETCS B TeUEHHE IJINTEJHHOIO IEPHOLa BPEMEHH, yIO0OHO
pas3buTh ero BozneiicTBHEe Ha HEOOJbINNE OTPe3KW BpeMmeHn dt, UTO SKBUBAJEHTHO IIOCJIEI0BA-
TEJILHOCTU HMMILYJIbCHBIX BO3JEHCTBUil, paccMOTpeHHBIX Bbiie. Anajornano (2.1), yBenndenue
HOJISIPU30BAHHOCTH B MOMEHT BpeMeHU ¢ u3-3a npejplayiiero nmiyibca E(t')dt’ moxuo BbIpa-

suth Kak dP(t) = egx(t —t')E(t')dt’. Tlonnas nonsipuzosantocts P(t) B MoMmeHT ¢ npejcrasiisier
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coboil cyrepro3unuio djieMeHTapHbIX nopnuit dP 1o sToro momenTa:

t

P(t):eo/x(t—t’)E(t’)dt’. (2.2)

—00

3/ech HHTErpupoBaHue HadMHaeTcs ¢ ¢ = —00, 9ToOB! ydecTh 001t 9 PeKT OT BHEIIHero mo-
JIsI, KOTOpoe B 00IIeM cjlydae MOYKeT ObITh HPUJIOXKEeHO B Jioboe Bpemsa B nponutoMm t'. Baxkno
OTMETUTD, UTO BEPXHUI IIPEJIeS UHTErPUPOBAHUS — 3TO TEKYIIUl MOMEHT BPEMEHU ¢, KOTJa U3Me-
psIeTCs MOJIAPU30BAHHOCTD. VIHBIMU cJIOBaMU, TOJISIPU30BAHHOCTD, HH/IyTUPOBAHHAS B MaTepuaJe
K MOMEHTY ¢ ONpPEJe/IsSIeTCs TOJIBKO MPEABLLY MU MOMEHTAMU BpeMenu ' < t W He 3aBHCHT OT
BO30Oy2kKAeHUil B OyaynieM. Takum oOpazoM, 3JIEKTPOMArHUTHAS TOJIAPU3AINAA MATECPUAJIOB TIO/I-
YHHSIETCs TAKOMY (DYHJIAMEHTAJLHOMY SMIIMPUIECKOMY 3aKOHY, KaK npunuun npusunrocmuy [12].

Samenss t’ gepe3 t — T apHeHne (2.2) MOXKHO 3allicaTh KakK
b

x(T)E(t — 7)dr, (2.3)

y
I
3
0\8

a JJICKTpUYIECKad NHAYKIUA B MaTepHruaJje CTAHOBUTCA paBHOﬁ

D(t) = eoE(t) + P(%)

o [16(7) + X(7)B(E - 7)dr
0 0 (2.4)

= /e(T)E(t — 7)dT,
0

rie (1) = €o[0(7) + x(7)] u §(7) saBasiercs neavra-dyukimeii Iupaka. [Ipeobpasosanue Oypbe

0benx CTOPOH ypaBHEHUS

D(t)e?“tdt = [ e(r)dr | E(t —7)e“idt (2.5)
o[ ]
JlaeT IpocTyo Gopmyiy:

D(w) = ¢(w)E(w), (2.6)

IJle w — yIVIOBas 9acToTa U
oo
€(w) = /E(T)ejde. (2.7)
0

Taxum 06pazom, 3JIEKTPUIECKUE IIPOHUIIAEMOCTHU BCEX MATEPHUAJIOB ABJISIOTCH (PYHKIIUSIMUA YACTO-
TBI, T. €. UMEIOT “acmomuyto ducnepcuro. Takas auciiepcusi MOJTHOCTBIO OIpe/iesisieTcst DyHKIUe
BOCIIPUMMYHNBOCTU MaTepraJja. B 3aBUCUMOCTHA OT BHYTPEHHEH CTPYKTYPbI MATEPUAJIA JIEKTPU-
Jeckas MPOHUIIAEMOCTb MOYXKET ObITh OIMCAHA, PA3JIUIHBIMU KAHOHUYIECKUMU MOJIEISIMY, TAKUMHI
kak Mogenu Hebas u Jlopenrta.

Ananormunsre BBIBOJIBI MOT'YT OBITH 3aIIMCAHbI TAKKE JJIgd MAarHUTHOT'O OTKJ/IMKa, a TaK>Ke ou-
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AHM30TPOITHOMN CBsI3U (OIMCAHHON HUXKE), HOCKOJIBKY BCe 9T 3D MEKThI MOMIMHSIIOTCS IPUHITAILY
OPUIHHHOCTH. JacTOTHas IUCIIEPCHs ABJISIeTCs PYyHIAMEHTAJIbHBIM CBOMCTBOM BCEX MaTepHa-
JIOB, 00YCJIOBJICHHBIM MHEPIOHHBIMA CBOHCTBAMHU MX COCTABJSIONMX (BKoUeHnit). 'nnorernte-
cKuit MaTepuaJ 6e3 YJaCTOTHOM TUCIIEPCUN JIOJIZKEH COCTOSTh U3 JIEKTPUIECKUX 3aPsI/IOB HYIEBOM
MAaCChl, OJIHAKO JTF00AsT 3JIEKTPUUECKHU 3apsi?KeHHasT JacTHUIa UMeeT TaK Ha3bIBAeMyIO HEHYJIEBYIO
9JIEKTPOMAIHUTHYIO Maccy (B JIONMOJIHEHHE K TPABUTAIMOHHOI Macce) [13].

N3-3a orpanmyeHHOTO BBIOOPA €CTECCTBEHHBIX BEIECTB B MPHUPOJE Ha MPAKTHUKE HE BCErIA
MOXKHO HAfTH MOAXOJANINEe MaTepuasbl ¢ TpeOyeMmoil 3JIeKTPUIEeCKON W MArHUTHON MPOHUIA-
eMOCTSIMHA Ha, OIpejiesieHHoil yacTtore. Hampumep, B ONTUYECKOM JUAalla30HE HET MaTepuasioB
C CUJIbHBIM MArHUTHBIM OTKJIMKOM. 103TOMYy OYeHBb 9acTO NMPOEKTUPOBAHUE MPOCTPAHCTBEHHON
JUCIIEPCUN B UCKYCCTBEHHBIX MaTepuaJlax ABJIACTCA €IMHCTBEHHBIM PEIleHueM JJId JOCTUKEeHUS

HOBBIX 3(p(HEKTOB B3aMMOIALHCTBUS BOJH C MaTepueil.
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I'maBa 3

IIpocTpancTBeHHass Aucnepcud

3.1 Makpockonudyeckue ypaBauenuss MakcBeJslia

Bce paznoobpasne KaaccuaecKux 3J1eKTPOMArHUTHBIX SBJICHNI OMIChIBAETCS ypaBHeHuAMU Makc-
BesL1a. BanMomeiicTBIe BOJTH ¢ MaTepUAJIbHBIMU CPEeIaMu I0/Ipa3yMeBaeT OrPOMHOE KOJIMIECTBO
3apsSKEHHBIX YACTHUIL, TIOITOMY IJIsl €r0 OIMMCAHUA TPeOYIOTCsI MAKPOCKOIIMYECKIE YPABHEHHS 110~
Jist. Makpockonnmdeckas Bepcusi ypaBHeHHiT MaKkcBeia MmoJiydeHa U3 MUKPOCKOIIMYECKUX YPaB-
HEHUI, TPeIoaras, 9TO BCEe BEJIUUNHBI YCPEIHSIOTCA IO JIEKTPUIECKA MaJIbiM obbemam. B

6azoBoil hopMe MaKpocKonuueckne ypaBuenus MakcBesiia 3alnuCbiBalOTCs

OB 1 OE
VxE=-"""  ZVUxB=ce +Jind + Jext,
8 ot o O Oy Tomd T e (3.1)

eV - E = ping + pext, V-B =0,

TIE Pind ¥ Jind UHOYUUPOBAHHDIE N3-3a TTOJISIPUBAIIN YCPETHEHHBIE JIeKTPUIECKHUHN 3apsi/T U ILJIOT-
HOCTDb TOKA, TOTJIA KAK Pext U Jext — COOTBETCTBYIOIIUE BEJIMIUHBI, OITUCHIBAIONINE GHEUHUE 3PS~
JIbI ¥ TOKH (Te, Ha KOTOPbIE HE BJIUSIOT 110JIs1 ). 3/1eCh yPaBHEHMUsI 3aIIMChIBAIOTCS B TEPMUHAX HEIIO-
CPEJICTBEHHO U3MEPSAEMbIX BEJIMUUH: JIEKTPUUIECKOro 1ojisi E u BekTopa MarHUTHOW WHIYKITUK
B. O6bruHoe pasjenieHne 3JIeKTPUIeCKUX 3apsiIOB Ha WHIYIMPOBAHHBIE M BHEIIHUE [TO3BOJISET
9JIEFAHTHO BKJIIOYATHL BCE MUKPOCKOIHYIecKne 3M@MEKThI MOIAPU3aIid B MaTePUaIe B MaKPOCKO-
nudeckue PyHKIUNA IJIOTHOCTH 3jeKTprudeckoii P u maraurHoit M 1o/sipu3oBaHHOCTEIA.
PaccMmoTpuM mHIyIIMpOBaHHBIE W BHEITHHUE 3aps/bl BHYTPU MaTepHaJja OTIAe/bHO. B oTcyT-
CTBHE BHEITHUX 3apAJIOB (JEKTPHYECKH HEHTPAIBHBI MaTepruas) ero OONHii 9JIeKTPUICCKUil

3apd/l paBE€H HYJ/IIO, 9TO O3HaAYaeT

/pinddV =0, (3.2)
v
rae V — obbema marepuasa. Takoe HHTErpaJbHOE BLIPAXKEHHE CIIPABEIJIMBO JIJIs MATEPUAJIOB C
IPOU3BOJILHOI (POPMOIL, UTO BO3ZMOYXKHO, €CJIM YCPEeJIHEHHYIO HHAYIIMPOBAHHYIO IJIOTHOCTD 3apsia

Pind MO2KHO BBIPDA3UTDH KaK PAaCXOJUMOCTH HEKOTOPOI'O BEKTOPa:
Pind = -V P) (33)

rie P = 0 BHe Marepuasa. TOT BEKTOP OOLIYHO 0003HAYaETCsl KaK P 1 Ha3bIBaeTCsl BEKTOPOM
HOJISIPU30BAHHOCTH MaTepuasa. JleficTBUTeNIbHO, TIOTHOCT 3JEKTPUYIECKOro 3apsja B (dopMe
(3.3), uaTerpupoBanHasi 0 06beMy V', KOTODBIi OXBATBIBAET MaTepHas (HO HE KacaeTcs ero),
BCeria yJI0BaeTBopsieT ypasuernio (3.2). Pusmaeckuii cMmbics BekTopa P — 00beMHast I0THOCTD

JIAIIOJIBHBIX MOMEHTOB, UH/IYI[MPOBAHHBIX B MaTepuaJse, Bo30y K/ aeMOM BHEIIHUMY 1oJsimu [14].
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3.1. Maxpockonuueckue ypasnenus Maxceeana

COXpaHeHI/Ie NHAYTUPOBAHHOI'O 9JIEKTPHUYICECKOI'O 3apda O3HaYaeT, 9TO

agi;d +V - Jinga=V- <Jind - 0P) =0 (3.4)

ITociieinee ypaBHEHUE BBINIOJIHAETCs, €CJAU BBIPAXKEHHE B CKOOKAX PaBHO POTOPY HEKOTOPOit

dyHKIUN:
P
Jind — %t =V x M. (3.5)

Orta beHKL[I/IH HMeeT 3HaUYeHNE IJIOTHOCTH MarHUTHOMN IIOJIAPU30BAHHOCTH B MaTepuaJie. Ucnon-

sya (3.3) u (3.5), makpockonuveckue ypaaenust (3.1) MOryT ObITh 3amucaHbl Kak

VXE:—%]?, v x (/]Z—M) :;(60E+P)+Jem, .
V- (e0E + P) = pext, V-B=0.
Haxomer, ucnosib3yst oObranbie 0003HATEHUS
D =¢E + P, B = p(H+ M), (3.7)
MaKpOCKOIINIeCKre ypaBHeHust MakcBesa B cpejie 3aIal0TCsT BBIPAXKEHIEM
VxE:—%]:’, VxH:%It)+Jext, (3.9)

V.D=pet, V- -B=0.

Kaxk obbsicasiiocs B [15], pasmesienne MHIYIMPOBAHHOIO TOKA Ha JIEKTPUYECKUE U MAIHUT-

Hble YacTH, IPOJMKTOBAHHOE ypaBHeHueM (3.5), He siBjisieTcsi yHUKaJIbHBIM. JleiicTBuTebHO, 1e-

!/
peolipeie/isisl HOIsSpU3aIlMOHHbIe II0THOCTH KaK PP = P +V x Q and M' = M — , OHH BCe

eme To4HO yjoBierBopsiior (3.3) u (3.5). 3mech, Q — npousBosbHAS ,H,I/ch(bepeHHI/Ipa}éeMaH BEK-
TopHas BesqmunHa. B coorBercTBum ¢ (3.6), ypaBHeHus: MakcBesia HHBAPUAHTHBI OTHOCHTEIHEHO
CJIEIYIONIEro Mpeobpa3oBaHust MaKpocKonndecknx Bemaud noyta D u H:

D'=D+VxQ, H’:H+8—Q. (3.9)

ot

Takum o6pazom, Mmakpockonieckue Besimannbl o1 D and H B (3.7) He onpeieieHbl 0THO3HAY-
Ho. OIHAKO 5TOT BBIBOJ, HE O3HAYAET, YTO ypaBHeHUs1 MaKcBeia, IpuMeHsieMble JJIs KOHKPETHOM
CpeJibl, He UMEIOT €INHCTBEHHOTO perrennsd. boJsiee Toro, 9ToObl HANTH pelrenne Jjist MOJId BHYT-
pHU Ccpeabl, Hy?KHO TAaKKe€ PACCMOTPETL 3JCKTPOMArHUTHBIC I'DAHUYHBIC yCJIOBUA Ha TI'PAHUIAX
paszjiesia. DTU yCJIOBHs 3aBUCST OT BbIOOpa coorHomenuii (3.7). [losTomy, ecsiun nepeonpeneurs
BekTopbl D u H B coorBercrBun ¢ (3.9), rpaHuvHbIC yCIOBHs Tak:Ke OYyT W3MEHEHbI, HO pe-

merne Jyist mosieit E u B OymyT octaBaThbest OMMHAKOBBIMUI JIJTsT KAXKIOW TOYKH CPEJIbI.
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3.2. Ilpocmpancmeennas ducnepcus nepeozo nopadra u 6uGHUIOMPONUA

3.2 IlpocTpaHcTBeHHas /IUCIIEPCUS TEPBOro Mopsiaka U OuaHU30-

TPOIUA

Jlasiee pacCMOTPUM B3aMMHBIE MATEPUAJIBI, T. €. MATEPHUAJIBI, CBONCTBA KOTOPBIX HE U3MEHSIIOTCS
npu obparenun Bpemenu. [IpuMepaMu Takux MaTepHUAJIOB SBJISIOTCH IUIJIEKTPUKA U METAJLIIBL.
Hepsaumubie Marepuasbl, Takue Kak (hbeppOMArHETHKN W HAMATHUYECHHAs IJ1a3Ma, OyIyT pac-
cMoTpeHBI B Paznere 3.7.

[IpocTpancTeenuble guctepcruoHHbie 3MdEKThl BOSHUKAIOT, KOTJIA JIJIMHA, BOJHBI 9JIEKTPOMAr-
HUTHOTO U3JIyYEHUsI B MaTepuajie CPABHUMA C Pa3MEepaMU €r0 COCTABJISIIONINX UM PACCTOSTHUEM
MeXK/Jly HUMH. B 5TOM ciiydae, 9TOObl HAWTH WHIYIIMPOBAHHBIN IUIIOJBHBIE MOMEHT BO BKJIIO-
YEeHUU MaTepuaJia, HeJOCTATOYHO 3HATH JIOKAJIbHOE JIEKTPUUYECKOE 110Jie B OfHOi Touke. Heob-
xoauMa nH(MOpMAIs 00 JTEKTPUTICCKOM IOJIe BO BCeM 00beMe, 3aHNMAaeMOM BKIIOUEHUEM. JTO
SKBHUBAJIEHTHO TOMY, UTO JIOCTATOYHO 3HATH BEKTOP SJIEKTPUUECKOTO IOJI U BCE €ro MPOCTPaH-
CTBEHHBIE NPOU3BOJIHBIC B OJIHOIl TOUKE BKJIIOUEHUsI (HAPUMED, B €r0 MeOMETPUYECKOM IEHTDE
B I'(). DJIEKTPUUIECKOE TI0JI€ B JPYTUX TOYKAX C KOOPAWHATAME I' MOYKET OBITH BBIPAYKEHO Uepes3

psi Teitopa, 3aMCAHHBIN /11T IEHTPAJIbHON TOYKMN:
1
E(r +rg) = E(ro) + V;E(ro)r; + 5VijE(r0)rjrk +... (3.10)

rae V; olpeieisieT IPOCTPAHCTBEHHYIO IPOU3BOAHYIO 110 1. IloBropsiromuecst nHieKcel 0603Ha-
9al0T CyMMHPOBAHNE B COOTBETCTBHU C OOBIYHBIME TE€H30PHBIMI 0603HAYCHUSAME. Eciin joKaib-
HO€ 110JIe BOKDYT' BKJIFOYEHHs] MOYKET OBbITh AlIIPOKCHMHPOBAHO KaK JIOKAJBbHOE IOJIe IIJIOCKOM
BOJIHBI, MOXKHO II0Ka3aTh, YTO BTOPOIi, Tpernii u nocse/yomniye wieHbl B (3.10) mMeoT nopsi1ok
(a/NE(ro), (a/N)?E(rg), ..., coorBercTBenno (a — pa3Mep BKIIOYEHHS W A — JJIMHA BOJHBI B
MaTepuase).

Cisi3b MexKJ1ly TOJISIPU30BAHHOCTBHIO Marepuasia P u BHemHuM ssekrpudeckuM nosem E, a
rakxke Mexy D u E, aBistercst B 0bmieM ciydae HesloKaJabHOI. [Ipyn MOHOXpOMATHYIECKOM BO3-
Oy 2KIeHIH 3JIeKTpryecKas NHAYKIws D; n MarauTHOe 110/1e H; B IpOCTPaHCTBEHHO-IUCIIEPCHOHHOI

AHU30TPOITHON CpPejie NPeJICTaB/IeHbl ¢ oMoInbio [9-11, 16|

D, = (60(5@' + aij)Ej + aijk(VkEj) + aijkl(VleEj) + ...,

1
H; = —B;,
Ko

(3.11)

rje d;; ABIdeTcs jaenbTa dynknueit Kponekepa, a;j, Giji, U Q;jk ABIAIOTCA TEH30PaMU BOCIPH-
MYHABOCTH.

JIerko yBUIETH, 9TO B CIydae, KOTJa BKJIIOUEHUs] MaTepuaja OUeHb MaJjibl IO CPABHEHUIO C
JUIMHON BOJIHBL (@ < A), BCe WJEHBbl C IIPOCTPAHCTBEHHBIMH IIPOM3BOAHBIME B (3.10) MOXKHO
npenebpeub u ypasHenus (3.11) ymporiaiorcesi 10 M3BECTHBIX MaTe€pPHAJIbHBIX COOTHOIIEHUN B

OOBIYHOM (JIOKaJIbHO OHI/ICI)IBaeMOM) ANDJIEKTPUKE!

1
D; = (e0dij + aij) E; H; = %Bi. (3.12)

31ech a;j — TEH30p BOCIPUIMYHBOCTH, KOTOPBIil OOBIMHO 0003HAYAETCsA KaK Xj; (0OpaTuTe BHU-
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3.2. Ilpocmpancmeennas ducnepcus nepeozo nopadra u 6uGHUIOMPONUA

Puc. 3.1: VunocTpaliusi ©30TPOIHOIO0 KUPAJIBLHOIO CJIOSI, MPEJICTABJISIONIEro coboit Herepro-
JUYECKYIO PelIeTKY CJIy4ailHO OpUEHTUPOBAHHBIX MeTaJIJIMYEeCKUX CliUpaJieil, BCTPOeHHBIX B JIU-
JIEKTPUK.

Mamue, 970 Jajee ¢;; 0003HAUEHNs UCIOIb3YIOTCS [JIsi TEH30Pa BOCIPUIMYNBOCTH).

B upubimKkeHnn OpOCTPAHCTBEHHOMN JIMCIIEPCUH TIEPBOrO TOPsiKa (T. €. KOIJa TOJBKO IHep-
BbIME JByMs1 4ieHamu B (3.10) Hesb3si ipeHebpetds) orHomieHust (3.11) MOryT ObITH YIIPOIIEHBI
C TIOMOIILIO MHBAPUAHTHOCTU ypaBHeHuii Makcsesia pu npeobpazosannu (3.9) B Tak Ha3bIBa-

emple coornormrennst Ilocra [10,17,18|:

1

:T
B-j¢ -E. (3.13)
Ho

D=¢E-j¢-B, H
rje € u E ABJISIIOTCA TEH30POM JIUSJIEKTPUIECKON ITPOHUIIAEMOCTH U B3aUMHBIM OHMAHM30TPOII-
HBIM TE€H30pPOM, COOTBETCTBEHHO. [Ipn 3TOM mpeamomaraeTcst, ITo MoJIe MEHSIeTCS BO BpEMEHH 10
rapMOHUYECKOMY 3aKOHY elwt, IIpocTparCTBEHHO-INCIIEPCUOHHBIE MATEPUAJIBI, KOTOPBIE MOJIE -
PYIOTCsI MaTepUaIbHbIME COOTHOIIeHUsAME (3.13), HA3BIBAIOTCSI B3AUMHBIMU GUGHUZOMPONHHLMU
WIA KUPaAbHbMU MaTepraiaMi. Ha mmepBbIit B3MVIsiT U3 9THUX COOTHOIIEHWI MOXKET OKA3aThCs,
ITO TOJISIPU3AINOHHBIE 9PPEKTH B ONAHN30TPOIHBIX CPpegaX JIOKAJIbHBI: BCE BEKTOPHI MOJIeH CBsI-
3aHbl BbIpaKCHUAMU B O,Z[HOfI 1 TOI »Ke TOYKe IIPOCTpaHCTBa. Bonee TOTr'0, COOTHOIIICHU A IVIOI‘yT
OBITH MCTOJIKOBAHBI TAKUM 00pa30M, 9TO 3JIEKTPUUIECKAs MTOJISIPU30BAHHOCTD B OMAHU30TPOITHOM
MaTepuase HHIYIUPYEeTCs KaK BHEITHUM 3JIEKTPUYIECKUM, TaK U MAUHUTHBIM HOJIsiME ( «GuHAD-
HasT» WIN JBOJHAs MOJISIPU30BaHHOCTE). Ha camoM Jese s1eKTprudeckas HOIsIPH30BAHHOCTD He
ABJIdeTCsd CJIeJCTBUEM B036y}K,ZLeHI/ISI MAar'HUTHBIM IIOJIEM B Ha,HpHMyIO, a BbI3BaHa L[I/IpKy.HHI_H/Ieﬁ
ssiekTpudeckoro mojs E kak aro Buguo u3 (3.11). Takum obpasom, nossipusanuonubie 3¢ dex-
THI BO B3aUMHBIX OMAHU30TPOITHBIX MaTepHaJiax ABJISIIOTCA HEJIOKAJIbHBIMY, I TAKHE MATEPUAJIBI
MPOSIB/ISIIOT IPOCTPAHCTBEHHYIO JTUCIIEPCUIO TIEPBOTO HOPSIIKA.

Knaccuaeckum npumepoM OMAHM30TPOITHON CPEIbl SIBJIAETCA UCKYCCTBEHHBIN KOMIIO3UT, CO-
JepKalluii TpeXMEePHBI MacCUB METAJLINYECKAX CIHAPaJIell BHYTPH AUSJIEKTPHIECKOIO MaTepU-
anma (cm. Puc. 3.1). Ilpeamosoxkum, 910 9TOT KOMIO3UTHBINA 00paser] obJIydaeTcs MaIaoreil
BOJIHOM, /IMHA KOTOPOW CpaBHEMA C pa3MepaMu Kaxkj1oil cunupaju. B sTtom ciaydae majaro-
ee 3JIEKTPUIECKOe TOoJIe MepeMeraeT CBOOOIHBIE 3JEeKTPOHBI BIOJIb CIIMPAJILHOTO BKJIIOUEHUS

(smemenTa), Bo36yx1ast 3 HEKTUBHBIA MAIHUTHBIA MOMEHT (IUPKYJIUPYIONIHA TOK) B CIIUPAJIH.
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3.8. Ilpocmpancmeennas ducnepcus 6mopozo nopadka U UCKYCCMBEHHBIT MAZHETMUIM

MHO>KeCTBEHHBIE MHJIYIIUPOBAHHBIE MATHUTHBIE MOMEHTBI BO BKJIFOUEHHSX TPUBOIAT K MAKPO-
CKOIIMYECKON MArHUTHON IOJIAPU30BAHHOCTH Komio3uTa. C JIpyroil CTOPOHBI, IaJafollee DJIeK-
TPUYECKOE II0JI€ TaKXKe PeHEPUPYeT FJeKTPUIECKUN TUIOJbHBIN MOMEHT B KaXKJIOM BKJIFOUEHUMH.
DTOT JIEKTPUIECKU TUIOJIBHBI MOMEHT BBIZBAH 08YMA PA3AUNHOMUY 3D DEKTaMU: 0OBITHOI 1T0-
JISPU30BAHHOCTBIO BO BHEITHEM 3JIEKTPHYECKOM I10J1e (JIOKAJIBHBIN 3hdeKT) u om0 HuTe IbHOM
MOJITPU30BAHHOCTHIO M3-32 KOHEYHOIO pa3Mepa CIUPAJIH W HEPABHOMEPHOI'O NHUPKY/IUPYIOIMIEro
ssreKTpudeckoro nosst B popme V x E (memokambuslit addexr). Kak 6ymer nokazano B Ilapa-

rpade 3.6, CymecTBYIOT U IPyTrHe BaXKHbIE CPE/IbI, 0018 /1a101ne ONAHN30TPOITHBIMU CBOMCTBAMH.

3.3 IlpocTpaHCcTBEeHHas AWCIEPCUs BTOPOTO MOPAJIKA U NCKYCCTBEH-

HBI MarHeTu3M

JpyruMm BasKHBIM IOHATHEM 3P@EKTOM IIPOCTPAHCTBEHHAsS OMCIEPCH:A BTOPOrO IOPSIKa. XO-
Ts1 9TO Oojee cyabbIit 3(pMHEKT MO CpaBHEHMIO C AUCIEPCUEl IEPBOrO MOPSIKa, OH MOXKET CTaThb
IPeobJ1aIaI0IIUM J1J1sI IPAaBUJILHO CIIPOEKTUPOBAHHLIX BK/II0YeHnii. Harnpumep, pesonarop B ¢pop-
Me JIBOHOrO pasoMKHYyTOro Kojblia |19, 20| mposiisier sipko BeIparkeHHbIH ¢ deKT npocrpas-
CTBEHHOI IUCIIEPCUH BTOPOrO HOPSAKA. Y YUTHIBAA TOJBLKO HEPBLIC JBa YICHA ¢ IPOU3BOIHLIME
B (3.10) u npumensis npeobpasoBanus (3.9), MOXKHO HOIY9IUTD CJIEIYIONIAE MaTepUaIbHbIE COOT-

somenus [10,11]:

. 1 — w?poy .
D=¢E—jB+p8VV - E, H=——""-"B - j¢E, (3.14)
Ho
rre €, £, B, U 7y CKaJsIpHbIE IMapaMeTPhl, OIPEeIEeIsIONINe BKIa I COOTBETCTBYIONIErO MMOJIsIPA3alli-
OHHOTO 3 deKTa. ITU COOTHOIIEHHUS OBLIIN MOJIYIEHBI [JIT U30TPOIHON Cpeibl, OHAKO aHAJIO-
TUYHBIE PE3YIBTATHI MOTYT OBITDH IOJIYYEHBI I ODIIEro Caydas aHu30TPOIHOM cpeibl. CpaBHHI-

Basi 9TH COOTHOMIEeHus ¢ (3.13), MOXKHO 3aMeTUTD, YTO JUCIIEPCUST BTOPOTO TOPSIJIKA TPUBOIUT K

2

JABYM jionoaHuTeabHbIM wieHaMm SVV - E u MB KOTOpBIE OIUCHIBAIOT COOTBETCTBEHHO
MTOJISIPU30BAHHOCTL B BHUJIE SJIEKTPUIECKIX KBaﬂg)enoneﬁ 1 MArHUTHBIX JIUIIOJBHBIX MOMEHTOB.
Takum obpazom, 3pDHEKThI FTIEKTPUIECKON KBAIPYIIOILHON OJIIPU30BAHHOCTH, a TaAKXKe UCKYC-
CTBEHHOI'0 MarHETU3Ma BO B3AMMHBIX MATEPUAJIAX SIBJIAIOTCS IIPOSIBICHUSIMU IIPOCTPaHCTBEHHOMN
JIHCIIepcuu BTOporo mopsaka. Ciearyer OTMETHTDb, 9TO XOTsI MCKYCCTBEHHBIH MAarHETU3M CXOXK C
€CTEeCTBEHHBIM MarHeTU3MOM (PepPPOMAarHUTHBIX MATEPHUAJIOB, OHU SBJISTIOTCS PA3HBIMU SIBJIEHMSI-
MU: HEJIOKAJbHBIM B3aUMHBIM 9(D@PEKTOM U JOKAJIHHBIM HEB3AMMHBIM 3(PPEKTOM.

B nogasiisrommem 60IbIIMHCTBE HCCJIEI0BAHNI IIPOCTPAHCTBEHHON JIUCIIEPCHI BTOPOI'O TOPS -
Ka JIJIsl IPOCTOTHI pACCMaTPUBAIOTCS MATEPHUAJIBI C ITPEHEOPEXKUMO MaJILIMIA CBOMCTBAME KBaIpy-
MTOJILHON TTOJISIPU3AIAHN, TAK KAK B 9TOM CJIydae TPAHUTHBIE YCJOBHUS T€ YKe, 9TO U JJIsT OOBITHOMN
AHM30TPOIHON Cpejbl. Jljisi M30TPOIMHBIX MaTEPUAJIOB 0e3 KBaJIPYIIOJIBHBIX MOJISIPU3AIIMOHHBIX
CBOICTB OOBIYHO 3AIIMCHIBAIOTCS MATEPHAJIbHBIE COOTHOIIEHNUsT (1I0C/Ie PellleHus] JIMHEHON cucTe-

mbl ypasaenuii) (3.14) D u B) B cienyromeit dopme:

D = ¢E — j/eopoxH, B = uH + j\/eoporE, (3.15)
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3.8. Ilpocmpancmeennas ducnepcus 6mopozo nopadka U UCKYCCMBEHHBIT MAZHETMUIM

Puc. 3.2: Pesonarop, cocrosiuii n3 ABOAHOIO pasOMKHYTOIO KOJIbIA, BO BHEIIHEM JJI€KTPHIE-
ckoM 1oste Egyt crostueit Bosmel. Pesonarop pacnosoxen (a) B mydnoctu u (6) B y3je 3J1eKTpU-
YECKOrO OIS

e €5 = €+ pué? (HHIEKC «S» COOTBETCTBYET MPOCTPAHCTBEHHOM mucnepcnn), 11 = o/ (1—w?uo7y),
u Kk = {1/ \/€0fto ABIISETCS HAPAMETPOM KHPAILHOCTH. DTa (hopMa MaTepPUAIbHBIX COOTHOIICHHIA
VIUTHIBAET KaK OMAHU30TPOIIMIO, TaK W MCKYCCTBEHHBIN MaraeTn3M. COOTHOIIEHUsT OIUCHIBAIOT
M30TPOIHBIE KUPAJIbHBIE MaTePHUAJIbl U B3AUMHBIE MATHUTHBIE MaTepHuaJibl. 1locseaune ObLIn 1u-
poko usydens! [1,2,19,20] u3-3a 0TCyTCTBUS IPUPOJHBIX MATEPHAJIOB C MATHUTHBIME CBOHCTBAMI
(4 # 1p) B OITHYECKOM JMAIIA30HE.

[TpumepoM MaTepuaja ¢ BBIPayKEHHOHN JIMCIIEpCHeil BTOPOro IMOPSAIKa SIBASETCS KOMIIO3UT,
COCTABJIEHHDIN U3 IBOMHBIX PA3OMKHYTBHIX PE30HAHCHBIX KOJIEIl, IOKA3aHHBIN Ha PUCYHKE 3.2.

Y005l 0T/I€JIBHO PACCMOTPETH PA3IUUIHbBIE MOJIAPU3aINOHHDbIE 9D (PEKTHI OHOIO BKIIOUEHUS,
BO3OYIIUM €ro CTOsgYell IJIOCKOH BOJIHON. B mepBoM cilydae MyYHOCTh SJIEKTPUIECKOTO N0 Byt
HAXOJUTCs B IEHTPE BKJIIOUEHHsI |[KaK [MOKA3aHO Ha pHC. 3.2a|, & 9JIeKTpUIeCKue TOKU, WHIY M-
poBaHHBIE B 000X KOJIbIIAX J1 1 Jo, MUPKYyIUPYIOT B IPOTHUBOIIOIOXKHBIX HAIPAB/IEHUAX. TaKoe
pacipe/ie/ieHne TOKa COOTBETCTBYET 3JIEKTPUYECKOH MOJIAPU3aINK BKIIOYeHUs (MHLYIUPOBaH-
HBII 9JIEKTPUIECKUil JIUTIOJIbHBI MOMEHT P), & MArHUTHAS [IOJISPU30BAHHOCTD (3ddexT pucnep-
CHU TIEPBOTO MOPsiZIKa) TOJaBieHa. Bo BTOPOM mpuMepe BKIIIOYEHHE ITOMEIIAETCS B IIYyIHOCTD
MAarHUTHOTO TIOJI CTOsT9ell BOTHBI. Kak 00CYy2KJIa/I10Ch BBIIE, MArHUTHOE II0JI€ He IIepeMeInaeT
3JIEKTPOHBI — OHU IIE€PEMEIIAIOTCs T10J, BO3JACHCTBUEM BUXPEBOTO JIGKTPUUECKOTO moJjist. Pucy-
HOK 3.20 oToOpaskaeT paclpee/ieHie 3JIeKTPUIECKOro MMOJIsi B MECTe BKJIIOYEHUsI ISl 9TOrO CJIy-
qas. [Ipu TakoMm 00JIyIeHNM WHIYINPOBAHHBIE TOKU B KOJIbIlaX J1 1 Jo MUPKyIUPYIOT B OJTHOM U
TOM K€ HAIPABJEHWUHU, YTO [IPUBOJAUT K CUJIILHOMY MarHUTHOMY MOMeHTY m (3dbdexT aucnepcun
BTOPOI'O MOPsiJIKa). B To 2Ke BpeMsl TaKoe PacIpeieieHre TOKa TIOJIAB/ISET JJIeKTPUIECKUI JIUTIOJb
(acbbekT mucnepcun nepBoro nopsiyika). TakuM 06pa3oM, KOMIO3UT U3 JBORHBIX PA3OMKHYTHIX
KOJIBIIEBBIX PE30HATOPOB MOYKET MPOSIBJISATH CUJIbHBIE MATHUTHBIE (IMAMATHUTHBIE [ < [lo VA
napaMarHuTHBIE [t > (i) B 3aBUCHMOCTH OT YACTOTBHI) M YMEPEHHDIE JIEKTPHYIECKIE CBONCTBA,
TOr/[a KaK ero OMaHU30TPOIHbIE CBOMCTBA MPAKTUIECKU OTCYTCTBYIOT. D(DPEKT NCKYyCCTBEHHOTO
MarHeTu3Ma M3-3a IPOCTPAHCTBEHHON MUCIEPCUU CJAeIyeT OTJIMIaTh OT €CTeCTBEHHOIO (eppo-
MarHeTu3Ma, KOTOPBIM 03HAYAET, 9TO MaTepuaJl MMeeT HEHYJIEBYI0 HAMArHUYEHHOCTH JTayKe B

OTCYyTCTBHE BHEUIHETO MAarouTHOI'O ITOJIA.

27



3.4. Ilpocmpancmeernnas ducnepcus 8ulCUWUL NoPAdkos

KsagpynosbHble nojsipusanuoHibie 5 }MeKThl MOI'yT ObITh BasKHbBI B CpelaX, BKJIIOYEHUS KO-
TOPBIX CUJILHO BO3OYKIAIOTCA HEOJHOPOIHBIM I'apMOHUYECKHIM II0JIEM, U IIPH 9TOM CJ1a00 BO3OY K-
JAIOTCs OJHOPOIHBIM nosieM (Hanpumep, [21] u Ily6uukarnus 2). TonosaurenbHble 06Cy 2K IEHs

sroro addexTa npuseaensl B [laparpade 5.2.1.

3.4 IlpocTpaHcTBEeHHasi AUCIEPCUS BBICIINX ITOPAIKOB

[TpocTpaHcTBeHHAs] JIUCIIEPCUsST TIEPBOIO U BTOPOTO TOPSAKOB (6€3 KBAAPYIOJBHOIO BKJIaja)
OOBIYHO HA3BIBAETCS CAGOBIM IDMEKTOM JHCIepcuu. 31ech Ha3BaHue <«CIadbiil apdekT» 03Ha-
JaeT, YTO MaTepuabHble COOTHOIIEHUS /TSI MATEPUAJIOB € TAKOH MPOCTPAHCTBEHHON HCIIEpCH-
eil He BKJIIOYAIOT IIPOU3BOJIHBIE IOJIsI B sIBHOM BHJIE U [I09TOMY <«KaXKyTCsl» JIOKAJIBHBIME (CM.
O6cyxenune B [Taparpade 3.2). C apyroit cTOPOHbBI, TEDMUH «CUJIbHASI TPOCTPAHCTBEHHASI JIHC-
Hepcusi» OTHOCUTCS K CJIydalo, KOrJa MPOU3BOIHBIME GoJiee BBICOKOrO mopsijika B psije (3.11)
HeJTh3sT MpeHedpedh U, CJIeI0BATEIHLHO, OHY TOSIBISIIOTCS B MATEPUAILHBIX COOTHOIIEHNX. botee
TOTO, B 9TOM CJIydYae TPAHUIHBIE YCJIOBHUS HA TPAHUIE PA3/Ieaa CPeJT YCIOKHIIOTCS U BKIIOYAIOT
npoussousle nosst |10].

B ciydae cpesibl ¢ 0bIIUMEU TUCTIEPCHOHHBIMU CBOHCTBAME MATEPUAJLHBIE COOTHOIIEHMS MO-
ryT OBITH 3alMCAHBI B TPOCTOi (hOpMe B TMPEIMOJOKEHIH, ITO CTPYKTYpa TOJIsT B Cpejie TaKast

XKe, KK y MOHOXPOMATUIECKOH 110ckoit Bomubl B = Egel (Wi—kT)

. B aTtom ciygae muddepentin-
POBaHUE MO OTHOMIEHUIO KV, = /0Ty, CBOAUTCS K yMHOXKEHUIO Ha —jk,,. [losromy cooTHOmIe-

uust (3.11) moxkuO mepenmcars Kak 9]

s\l

D=¢k)-E, B=yuH, (3.16)

rie e(k) - Tensop, 3amannbiit hopmyIIoii
eij(k) = 6051']‘ + a;; — jaijkkk — aijklkkkl + ... (3.17)

Takum 06pazoM, TP IJIOCKO-BOJHOBOM BO30Y2KJIEHUN MaTepUAJIbHbIE COOTHOIIEHUS MOTYT OBITh
3alcaHbl B BUJIE POPMAALHO JIOKATBHOTO MPEJICTABICHUS, & TEH30D IJIEKTPUIECKON MPOHUIA-
€MOCTH 3aBHCHT OT BOJHOBOTO BEKTOpa K IIOCKOI BOJIHBI (€CTECTBEHHO, OH 3aBHCUT TAKXKe OT
YACTOTHI W M3-3a YACTOTHOMN JINCIIEPCHN).

[TockoJIbKY OCHOBHBIM ITPEIMETOM HACTOSIIEN TUCCEPTAITNY ABJISIETCS TPOCTPAHCTBEHHAS JTUC-
repcust IEPBOro MOpsi/iKa (GUAHM30TPOINsI) B METAIIOBEPXHOCTSX, BaxKHO OOCY/INTH Kiraccuduka-
[IUIO PA3JIMYHBIX BUJIOB OMAHU30TPOIHBIX 3(hDEKTOB, a TaKKe BKIIOYEHU MaTepPHaJIoB, KOTOPBIE

X PEaIN3yIoT.

3.5 Bxkirouenuss 6MaHU30TPOITHBIX MAaTEPUAJIOB

PaceMoTpuM aHU30TPOIIHBINA MaTepuaJt co c1aboii IPOCTPAHCTBEHHON uciepcueil (mpucyTersy-

0T JUCIIEPpCUOHHBIC YJICHBI IIEPBOI'O U BTOPOI'O HOpH,HKOB), OIIMChIBaeMbl€ MaTCpHUaJIbHbIMI COOT-
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3.5. Brarouenus 6uanu3omponHulr Mamepuanos

HOIIIEHUSIMU B CJIEJIYIONIEM Bijie (MX MOXKHO BBIBECTH aHAJIOTMYHO cooTHoIeHnsiM (3.15)):

D=%¢ -E-jJaur-H,  B=% -H+jJeaur -E. (3.18)

B npubnukenun HU3KONW KOHIEHTPAIMHN BKJIIOUEHU TapaMeTpbl 3(POEKTUBHON 3JIEKTPUIECKOiT
[POHUIAEMOCTH, MATHUTHON POHUIIAEMOCTH U KUPAJIBHOCTH MOIYT OBITH 3allMCAHBI Kak [22]

G=col + Negdns, = pol + Npolg, 7= N Gom, (3.19)

o :v :V
rae N — oObeMHas KOHIEHTpalus BKIIOUEHUN MaTePUATIA, oy, (s U Qg — TEH30DBI JUJIEK-
TPUIECKOM, MATHUTHON M MarHUTO-3JIEKTPUIECKON MOJIAPU3YEMOCTEN ¢ PA3MEPHOCTSIMEI 00beMa,
u | = §;j — e UHUYHLIN TEH30p B TPeXMEPHOM IpocTpaHCTBe. IIpuanMas Bo BHHMaHHe (3.7),

MaTepHuaJIbHbIE COOTHOIIEHUS MOTYT OBITh IIPeOOPA30BAHBI B CJICAYIONIYIO MUKPOCKOIMYECKYIO

dbopmy: Ly .
p = 6ane ' E _.]\/ eolu’oaem ' H7
=V . —V
HoMcony = U0y, * H + JV EOHO (aem)T - E,

e p = P/N — sjiekrpudeckuii JUNONBHBIE MOMEHT KaXKJOrO BKJIIOUEHUSI U Moy = M /N

(3.20)

— COOTBETCTBYIOIIMI MATIHUTHBIN JUIIOJILHBIH MOMEHT, 3alIMCAHHBLIA B OOBITHBIX OOO3HATEHUAX
(Meony = IS, tme I — TOK meTin ¢ MIOMma/ b0 S, CO3AIONMI MATHUTHBI MOMEHT). DTH CO-
OTHOIIIEHUS] O3HAYAIOT, YTO B IPOCTPAHCTBEHHO-IUCIIEPCHOHHOM MaTepHUaJie KarKJI0e BKJIIOYEHUE
MOXKET OBITH JIEKTPUYECKM ¥ MArHUTHO IOJIAPU30BAHO KAK JIEKTPUIECKUM, TaK M MAIHUTHBIM
HOJIIME. B IefiCTBUTEILHOCTH PealbHbIM MEXaHU3MOM IOJISPU3AINE ABJISETCS IPOCTPAHCTBEH-
Hasl IUCIEPCHsl, OXHAKO OIMCAHUE IOJSIPU3AINNA B JIOKAJbHBIX IOJIAX 3HAUUTE]BHO YIIPOIIAeT
TeopeTnydeckuil anajmu3. VHOrma yIo0HO mepeornpeie/inTh TeH30PbI MOJISIPU3YEMOCTH U IIPEeJICTa-
BUTH MUKpOCKonnueckue ypapaerus (3.20) B cie/yromenm Bujie 6e3 KOHCTAHT (3aMETHM, YTO STH

0603HaYeHUsT JJIsi IOJIIPU3yeMocTeil Gy/IyT UCIOIb30BAThCS daee 6 mekcme QuCCepmayu):
(3.21)

rae m = [ioMcony-

B ecrecTBEeHHBIX HEMAarHUTHBIX MaTepuaJjax MOJSPU3AIMOHHBIN OTKJIMK IIPEUMYIECTBEHHO
OIIPEJIEJISIETCS DJIEKTPUYECKON TOJISIPU3YEMOCTBIO ATOMOB M MOJIEKYJT (lee. VI3-3a 3JIEKTPUYECKH
MAaJIbIX Pa3MepoB aTOMOB (a < A), MArHUTO-3JIEKTPUIECKUE oy U MATHUTHBIE Oy HOJISIPU3Y-
€MOCTH ITPEHEOPEKNMO MaJibl, TaK K€ KakK U cjaabble 9P@PEeKThl TPOCTPAHCTBEHHON IUCIIEPCHI
a/\ u (a/\)? nopsakos. [IpupoaHBe MATHATHBIE MATEPHAJBI TIPOAB/IAIOT OMOTHATEIHHO CHTh-
HBI MATHUTHBIH MOJISIPU3AIMOHHBI OTKJINK (HE M3-32 MPOCTPAHCTBEHHOW JMCIEDPCHN), OJIHAKO
OH MPOUCXOUT TOJILKO HA HU3KMX YacToTaxX. CUIBHBIN MOJISPU3AIUOHHBIN OTKJIUK MOYXKET OBIThH
JIOCTUTHYT B UCKYCCTBEHHBIX KOMITO3UTAX (MeTaMaTepraJiax), pe30HAHCHBIE BKIIOUYEHUsT KOTOPBIX
COITOCTABUMBI C JIJTHHOM BOJTHBI. POpMa U BHYTPEHHSISI CTPYKTYpPa BKJIIOUEHUH MOI'YT OBITH CIIPO-
€KTUPOBAHBI JIJIs YCUJIEHUST CIIeITnMDIIecKuX 3P HEKTOB MOMIPUIAINN, U B 9TOM CJIYHIae BEJTHINHA
HOJISIPU3YEMOCTH BKJIIOUEHHUsT He orpannanBaiorcs (a/A)" mopsiakom (rae m = 1,2).

TunuyHoe BK/IIOYEHHE C CUIIBHON 3JIEKTPUIECKO TOJISIPU3YEMOCTBIO (lee IIPEJICTABIISIET COOOIH
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Puc. 3.3: T'eomeTpus pasinyYHbIX B3aNMHBIX OMAHM30TPOIHLIX BKJIIOYCHHI. BHENHee s/1eKTpu-
geckoe 1ojie Eqyy HHIyIHMpyeT MarHUTHBIE MOMEHTHI M BO BKJOUeHHsiX. (a) IIpaBoBuTKOBast
KUpaJibHas KaHOHWYIecKasi crupasib. (6) Owmera-Bkiodenue ¢ dhopmoit 6yksel ) . (B) Ckpyuen-
Hoe oMmera-Bkiovenue. (r) OpHoocHoe omera-riouenue. (1) KupaibHoe Britodenue ¢ hopmoi
TJIAAKON CHUPAJIN.

PE30HAHCHBIN TPSIMON METAJIMIECKAN TPOBOJ, JJIUHON OKOJIO A / 2. Pezonarop B hopme JIBOIHO-
ro pa3oMKHYTOro KoJiblia (cM. Puc. 3.2) obsaaer 60bII0NH MATHUTHOR MOJISIPU3YEMOCTHIO (i -
EcrecTBenno, uTo BK/IIOYEHNE ¢ MATHATO-3JIEKTPUIECKON TIOJIAPU3YEMOCTBIO ey, JTOJIZKHO B HEKO-
TOPOM CMBICJIE COUETATH XapPAKTEePUCTUKH ITUX IBYX d71eMeHTOB. Kak BuIHO u3 (3.20), CYIIECTBY-
0T ABa OCHOBHBIX IIpUMEpa MaFHHTO—SHeKTpH‘{eCKOﬁ CBSI3U B 3aBUCUMOCTH OT B3aHMMHOI opuen-
TAIlUU TIOJISI U JIUIOJIBHOIO MOMEHTa, KOTOPBI MHJyIHMPYyeTCsi 3TUM IoJieM. llepBblit ipumep,
KOT/Ia MOMEHT U TIOJIEBbIE BEKTOPHI KOJLUIMHEAPHBI, MOXKET OBITH PEAIIM30BAH C TIOMOIIbIO KAHOHI-
9ecKoil MeTaJlsInIecKoil TpexMepHoil ciimpasiu [23], nokasaunnoii Ha puc. 3.3a. Ilpu Bo3OyxeHIn
BEPTUKAJIBHO OPUEHTUPOBAHHBIM JIEKTPUIECCKUM IT0JIEM TOK, HHIYIIMPOBAHHBIN B IIPOBO/IE, 00pa-
3yeT MeT/I0, COOTBETCTBYIONIYI0O MAIHUTHOMY MOMEHTY BJIOJIb BHEITHET'O 3JEKTPUIECKOTO ITOJIS.
HampaBjierne MarauuTHOro MOMEHTA, & TAKZKe 3HAK MAarHUTOIEKTPUIECKON TOITPU3yEeMOCTH, 38~
BUCAT OT HaKPYTKHU CIIMPAJIbHOTO BKJ/IIOYCHU . BO BTOPOM CII€eHapun HHILyHHpOBaHHbeI MOMEHT "
BEKTOPHI II0JIsI OPTOTOHAIBHBL. JTO MOXKHO PEAJIU30BATh, OPUECHTHUPYS HETJIIO CIIUPAJINA B JIPYroil
IJIOCKOCTH, KakK IoKa3aHo Ha puc. 3.30. Takast mockasi reoMeTpusi, KOTOpasl JacTO YIIOMHUHA-
ercs Kak omera-cdopma [24] (kak rpeveckas Gyksa (2), obecredMBaeT MArHUTO-3JIEKTPUIECKYIO
MOJISIPU3AIIIO, OPTOTOHAJIBHYIO BO30Y XK IAOIIEMY ITOJIF0. 3HAK MarHUTO-3JIEKTPUIECKON TTOJISIPH-

3YEMOCTHU MOXKHO U3MEHUTDb, CKPpYy4YUBas €TI0 BKJIIOYCHHUA, KaK ITOKa3aHO Ha PHUC. 3.3B. O,ILHO—
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3.6. Kaaccupurayus 6uanu3zomponiss mMamepuaios

OCHBI#i (M30TPOIHBIN B IJIOCKOCTH) OMEra-OTKJIMK MOXKeT ObITh JOCTUIHYT OObEIMHEHUEM JBYX
OPTOrOHAJIBHBIX OMera-BKJ/oueHuii [cm. Puc. 3.31).

Chenyer OTMETUTH, YTO KAHOHMYECKAsl CIUPAJb HEe ODECHeYMBAET YUCTLIA KOJUIMHEADHBIH
OTKJIMK MAarHUTO-3JIEKTPUYIECKOi mosisgpusaruu. JleficTBUTeIbHO, ec/i OHA BO30Y2K/1a€TCs BHEIII-
HUM MAHUTHBIM II0JIEM BJIOJb OCH 2z [cM. puc. 3.3al, 9IeKTpUYecKuil TOK, WHJIyIUPOBAHHBIN B
POBOJIOKE, 06pa3yer JBa JEKTPUYECKUX JIMIOIBHBIX MOMEHTa (OOJIBINOii MOMEHT BJIOJIb OCH Z
U MaJIblif MOMEHT BJIOJIb ocH ). TakumM o6pa3oM, KaHOHIYECKas CIIUPAJb 0bIa1aeT ABYMs pas-
JINYHBIMU TOJIIpU3AMOHHBIMI 3 dekTamu. C Apyroifl CTOPOHBI, MOYTH YUCTasi KOJJIHHEAPHAST
MAarHUTO-3JIEKTPUYIECKAs TOJIAPUAINT MOXKET ObITh JIOCTUTHYTA B IVIAJIKONW CIUPAJIU C OOJIbIINM

91CI0M 060pOTOB (Ha MPAaKTUKE JIOCTATOYHO JBYX 0OOPOTOB), MMOKA3aHHON Ha puc. 3.3

3.6 Kuaccudukaius 6MaHN30TPOMHBIX MaTepPUaJIOB

st ynoberBa KiaaccuunupyeM MaKpPOCKOIIMYeCKUE MATEPUAJIBbI ¢ OMAHU30TPOIIHBIMUA CBOHCTBA-
MH B 3aBUCHMOCTH OT (POPMBI T€H30pa KHPAJILHOCTH K B cooTHomennsax (3.18). [TpoussosbHbit

TEH30D BCeryia MOXKeT ObITh mpejicraBieH kak |10, 25]
F=rl+ M, (3.22)

rie k = tr{k}/3 siBIsI€TCS KOMILIEKCHBIM KUPAJIBbHBIM IICEBIOCKAISPOM (CM. Gosiee moapobHYTO
undopmanuo B Ilaparpade 3.8) u M - MATPUIA C HYJIEBBIM CJIJIOM (CyMMa JMArOHAILHBIX
ssteMeHTOB). Moxuo jokasars [10], 4To mokaszarTesb £ OTJIMYEH OT HYJIsi, TOJIBKO €CJIH MaTepH-
aJI IMeeT 3ePKAJbHO-ACUMMETPUYHYIO CTPYKTYPY WJIH, IPYTUME CJIOBAMHE, €CJIA MATEPUAJ U €T0
3epKajbHOEe N300parkeHne He MOIYT ObITh HAJIOXKEHBI JIPYT Ha JIpyTa (HAIPUMED, PYKa UeJI0BEKA).
CulelyeT OTMETHUTD, 9TO BBIIIEYIIOMAHYTHIN Pe3y/IbTaT CBA3aH CO Beell CTPYKTYpPoil MaTepuasa, a
HE C OJIMHOYHBIMU BKJIIOYCHUAMN. MaTeprasibl ¢ OTJINYHBIM OT HyJIs IOKA3aTEIEM K HA3hIBAIOTCS
KUupasvhoimu (0T TPEIecKOro XeLp, “pyka”) GHaHU30TPOIHBIME MarepuajaMu. TakuM o6pasoMm,
HE BCe MaTepuaJibl, O6pa3OBaHHbIe KUPpaJIbHBIMH BKJ/IIOYCHUAMU, ABJIAIOTCA KHUPaAJbHBIMHA (Ha—
npumep, [lybaukanust 5), u Ha060pOT, HE BCe KUPAJbHbIE MaTEPUAJIbI COCTOIT U3 KUPAJIbHBIX
BKJIIOYeHuit (Hampumep, [26]). Marepuasibr ¢ HeHYIEBBIM TOKa3aTeIeM H30TPOIHOM 3JIeKTpOMAr-
HUTHOW KAPAJILHOCTHU KT MOYKHO MEOPEMUMECKY, 6C€200 TIOCTPOUTD € IMIOMOIIBIO MACCUBA, OIHOOC-
HBIX MHOTOBUTKOBBIX CIIMpAaJIeil OJIMTHAKOBOM HAKPYTKU, PACIOJIOKEHHBIX C PABHOM IJIOTHOCTHIO
BJI0JIb OA3UCHBIX €JIMHUYHBIX BEKTOPOB B pelleTKe (aJbTepHATUBHO, CIHUPAIH MOI'YT OBITH pac-
IpeJIe/IeHbl CJIydailHbIM 00pa3oM, Kak mmokaszano Ha Puc. 3.1).

ManI/IILa ﬁ C HyﬂeBBIM CJIeIOM MOZKeT 6bITb BCer/ia pa3JiozKeHa Ha CyMl\/Iy CUMMETPUIHBIX

n aHTUCUMMETPUIHDBIX qJacTein:

M=N+J, (3.23)

rie N = (ﬁ + ﬁT) /2 — cuMMeTpHUHAs MATPUIA U J = (ﬁ - ﬁT) /2 — aHTHCHMMeTpHIHAs
Marpuia. Marpura N MosKeT GbITb BCEr/Ia JArOHATIN30BAHA TyTEM IPeoOPA3OBAHNSA CHCTEMBI
KOOpJAMHAT. [Ipyrumu ciioBamu, MOKHO HAfiTH TaKylo CHCTEMY KOOD/JHMHAT C GA3UCHBIMH BEKTO-
paMI &;, B KOTOPOil MaTpuiia N HMeeT OTIMMHble OT Hyls KOMIOHEHTBI TOJIBbKO Ha IVIABHOM

JauaroHaJ . TakuM oOpasoM, OTJIMYHAA OT HYJIS CUMMETpUIHas MaTpuia N MOXKeT OBITH CMO-
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3.6. Kaaccupurayus 6uanu3zomponiss mMamepuaios

JIeJIMPOBAHA, OHOOCEBBIMHU KHUPAJIbHLIMU BKJIIOYEHUSIMU, OPUEHTUPOBAHHBIMY BJIOJIb Oa3UCHBIX
BEKTOPOB &; (B 00IeM ciydae ¢ MOTEpPsSIMU TPH KOMILJIEKCHBIX BEKTOpa &; MOTYT ObITh pasJio-
JKEHBI Ha JIEBATH JEHCTBUTEIBHBIX Oa3MCHBIX BeKTOPOB). Ciiefl AMaroHaIM30BAHHON MaTPHUIHL,
TaK K€ KaK M HUCXO/IHON MaTpUILbI ﬁ, JOJIZKEeH ObITh PaBeH HYyJII0. BBINMIeyIIoMsaHyToe CBONCTBO
03HAYAET, YTO KAPAJbHbIE BKJIIOYEHHUs, OPUEHTUPOBAHHBIE BJIOJIbL OA3MCHBIX BEKTOPOB &; HOJIXKHBI
UMeTh Pa3HyIo HaIlPaBJIEHHOCTH, YTOOBI MOJIHAS KHPAJIbHOCTH MaTephaja CKOMIIEHCHPOBAJIACD.
Warepecno, aro marepuai ¢ kK = 0 u N # 0 IposIBJIsTeT TAaKOH KUPAJIbHBIA 9(pdeKT, Kak 3JIeKTPO-
MarouTHasd aKTHUBHOCTDL JIJIsd KOHKPETHBIX Ha.HpaBJIeHHfI PacCIIpoCTpaHeHUA (KOI‘IL& HallpaBJIeHUE
PaCIPOCTPAHEHUST TIEPIEHIUKYJISIPHO JIIOOOMY BEKTOPY &;), HECMOTpPsl Ha TO, YTO MaTephaJj He
SIBJISIETCS KUPAJILHBIM. Biiarogapst TaKoMy IOBEIEHIIO TaKe MaTePUaJIbl HA3bIBAIOTCS ICEBI0KHU-
pasnbabivu  [10]. Ha camoM jieste, BKIIIOYEHHsI [ICEBIOKUPATBLHOIO OUAHM30TPOIIHOTO MaTepUasa
He 00513aTeJIbHO JIOJKHBI UMETh 3€PKaJIbHO-aCUMMeTPHUHYI0 reoMerpuio (T.K. £k = 0) u MoryT
UMeTh Pa3/IMYHbIe JIBYyMEpHbIe reoMeTpuU. HeKoTopble puMephl IICEBI0OKNPAIbLHBIX MATEPUATIOB
— KOMIIO3UTHI CO CIIEIUAJIBHO PACIIOIOKEHHBIMU OMera-BKJIIOUeHUsIME |25], a TakzKe MeTarnoBepx-
HOCTH, COCTOSIIIIE U3 «ILJIOCKUX KUPAJIbHBIX» 3JIeMEHTOB [27].

[Tpou3BOILHDBIN AHTUCUMMETPUUIHDBIN TEH30D

B 0 —bg by
J=1b3 0 —b (3.24)
~by by 0

B TPEXMEpPHOM IIPOCTPAHCTBE B HEKOTOPOIl CcHCTeMe KOOPJMHAT MOXKHO OXapaKTepU30BaTh JIy-
AJLHBIM eMy BekTopoM b = [by;bo;b3]? (cM. Taxwxe obcyskenne B ITaparpade 3.8). B obmem
cydae JIyaJibHbI BEKTOP MOXKET ObITh KOMJIEKCHBIM U [TO3TOMY Pa3jIaraeTcs Ha JBa €IUHUIHBIX
BEKTOpa, YMHOXKCHHBIX Ha peajbHble U MHUMBIE KOHCTaHTHI, T.e. b = Kb’ + jKob”. 9Tun nsa
BEKTOPA OIPEIEJISIOT JBE OCH B IPOCTPAHCTBE, BOKPYT KOTOPBIX MaTEpPHUaJ UMEET BpaIlaTe/IbHY O
cUMMeTpUIO (OTKJIMK MaTepuasia He MEHsIeTCsl IIPU OOJIyYeHUH ero BJIOJIb ITUX OCel BOJHAMHU C
IPOU3BOJILHOI moJisipusanueit). Kpome Toro, o6/ryueHHbIN BIOJIb OCeil, MaTepuaJl IMposiBJisier Ou-
AHM30TPOIHBI OTK/IMK OMera-Tuia (HHILyIHPOBAHHBII MOMEHT OPTOrOHAJICH BHEIIIHEMY IIOJIIO).
[TosTOMYy /U151 MOJIe/INPOBaHKs MaTepuaJsia ¢ aHTUCUMMETPUYHBLIM TeH30POM KUPAJIbHOCTH K = j
cJIelyeT TMOCTPOUTH TPEXMEPHBIN KOMIIO3UT U3 OJJHOOCHBIX OMEra-BKJIFOUEHW, OpUEHTHUPOBaH-
HBIX BJ0JIb BeKTOpoB b’ u b”. IIpumep ogHoOoCHOrO OMera-Bk/IOUeHnst n300pakeH Ha Puc. 3.3r.
Takue GUaAHU30TPOIHBIE MaTepHaJbl Ha3blBarOTCA oMera-cpegamu  [10]. Baxkuo ormerursb, 9T0
B OTJINYHE OT KUPAJIbHBIX 3(PPEKTOB, oMera-3p@PeKThl He MOTYT HAOJII0IaThCAd B U30TPOITHBIX
KOMIIO3UTAX. JTO OOBSICHAETCSI TEM, UTO OMEra-CpeJla BCETIa UMEeT aCUMMETPUIHBIE CBOWCTBA
OTHOCUTEJILHO HAIIPABJIEHUST PACIIPOCTPAHEHUsI BOJTH. TakuM 00pa3oM, eCiu HOCTPOUTH KOMIIO3UT
OJIHOOCHBIX OMeTra-BKJIIOYEHU, OPUEHTUPOBAHHBIX BJOJIb TPEX KOOPAUHATHBIX BEKTOPOB, TO MUK-
pockornndeckre omera-3deKTsl Oy/IyT CKOMIIEHCHPOBAHBI HA MaKPOYPOBHE, U KOMIIO3UT OyleT
BeCcTH cebsi TaK, KaK ecJii Obl OH OBLIT CIeJIaH TOJIBKO U3 3JIEKTPUIECKU- U MATHUTO-TOJISTPU3YEMbIX
BKJIIOUEHUH (Xee # 0, Qnm 7# 0, U Qe = 0). DTOT npuMep OBLT peaJu30Bal B JBYMEPHBIX MeTa-
[IOBEPXHOCTSAX B [28].

XOTsI CyIIEeCTBYIOT TOJIBKO TPU OCHOBHBIX KJIACCA B3AMMHBIX OMAHU30TPOITHBIX MAaTEPUAaJIOB

(KUpaJIbHBI, ICEBOKUPAJIBHBII 1 OMera-Marepual ), Ha IpaKTUKe pa3paboTaHHbIe GUAHIU30TPOII-
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HbIe MaTePHUAJIbl 9aCTO 00JIaIaI0T CBOMCTBAMU, KOTOPHIE O0bETUHSIIOT CBOMCTBA PA3HBIX KJIACCOB.
PaznoxuM 9/1eKTpOMArHUTHBIN OTKJINK IPOM3BOJILHOIO MaTepHaJia Ha TPU OCHOBHBIX KJIACCa
[10,25]. Anasorugnasi ujesi Obliia HEJABHO MPEJJIOXKEHA JJisl OTAeJbHBIX MeTaaroMoB |21, 29).
CorniacHo 3TOM mjiee, NPOU3BOJILHBIN JIMHEHHBIA CJIa00UCIIEPCUOHHDBIA METAaTOM MOXKET OBITh
pPa3JI0’KeH Ha HECKOJIbKO OCHOBHBIX «MOJyJIeii». DTa KOHIIEHIHS 0], HA3BAHHEM <«MaTepUaTpO-
HUKa» 00ecednBaeT yHUBEPCAJIbHBIN My Th JJIsi TOHUMAHUS M, BO3MOXKHO, IIPOEKTUPOBAHUSA Ma-
TEPUAJIOB C OOIUME JIEKTPOMATHUTHBIMU CBONCTBAMM.

YT00bI IPOSICHUTH MPEJICTABICHHYIO KJIACCU(PUKAIINIO OMaHU30TPOIHBIX 3(PHEKTOB, PACCMOT-
PUM IpUMEpP MaTepHaJia ¢ IPOU3BOIbHLIMI OMAHU30TPOIIHLIMI CBOMCTBAMHM, Yeil TEH30D KUPAJIb-

HOCTH K (6e3pasMepHblil) B HEKOTOPOil cUCTeMe KOODJMHAT 3ajaeTcst (popMyJoii

2 1 j
E=1 2 -—1-j|. (3.25)
—j 1+ 2

KoMIeKCHbI TEH30p KHPaJIhHOCTH COOTBETCBYET MaTEPUAJTy ¢ HEHYJIEBON INCCUTIAIIEN SHEPTUN
win aktuBHOMY Marepuaiy. Cienyst pasioxenusiv (3.22) u (3.23), JaHHBIH TEH30D MOKET OBITH

IIpeJICTaBJIEH B BUJIE CJEIYIONIEH CyMMBI:

oo 0 0 j
E=2I+1{1 0 0|+ |0 0 —-1-—j]|. (3.26)
00 0 —j 143 0

[Tepsbrit €nen 2? COOTBETCTBYET U30TPONHON KUPAJbHON MAarHUTO3JIEKTPUYICCKON CBA3U U MOXKET
OBITH peain30BaH C HMCIOJB30BAHUEM KOMIIO3UTA, Ubsl dJIEMEHTApHAs siuefika COCTOUT U3 TPeX
OJIHOOCHBIX CIIUpaJiell, OpUEHTUPOBAHHBIX BJIOJIb OA3UCHBIX BEKTOPOB, KAK MMOKA3aHO Ha pUC. 3.4a.
Crnupanm H0KHBI OBITH ¢ TPaBOl HAKPYTKOM, YTO COOTBETCTBYET TOJIOKUTEIHLHOMY TMApaMeTPy
KupaabHoCTH Kk = 2. Pasmep sjieMeHTapHOil stuefiku (epuojnIHOCTh KOMIIO3UTA) JIOJI?KEH OBbITh
COOTBETCTBYIONUM 00PAa30M OTPETYIUPOBaH JJjist 00ECIIeUeHUsT 38 JAHHON CUJIbI KUPAJIbHON CBS3H.

CummerpudHas 9acTh T€H30pa KUPAJbHOCTH C HYJIEBBIM CIeoM B (3.26) MoxkeT OBbITH Jua-

TOHAJIM3UPOBAHA B CJIEAYIONINI TEH30D

-1

D=0 (3.27)
0

o o O
— o O

B HOBO# cucTeMe KOOpPAUHAT, Yb1 6A3UCHBIE BEKTOPHI a; BBIPAYKAIOTCs Yepe3 UCXOIHbIe Oa3UCHbIE
BekTOpH Kak a1 = [—1;1;0]7, ag = [0;0;1]7, u ag = [1;1;0]7. Taxum 06pasom, CHMMETPIIHYTO
gacTh TeH30pa B (3.26) MOXKHO MOJIEJMPOBATH SJIEMEHTAPHOl sI9eiiKoil ¢ OJ[HON JIEeBOBUTKOBOI
OJIHOOCHOI#i CIHMPAJIBIO, OPUEHTUPOBAHHON BIOJIL ocu a1 (KomioHenTa D1y = —1) u ojHO# npa-
BOBUTKOBOI1 OJIHOOCHOII CIIMPAJIBIO, OPUEHTHPOBAHHOI BI0JIb ocu ag (KommonerTa D3z = 1). Dra
sJIeMeHTapHasl siuefika mokasaHa Ha puc. 3.46. OueBHIHO, YTO, Kak 0OCYKIAJ0CH BBIIIE, ITO
He eMHCTBEHHAsI BO3MOXKHasl (pusmueckast peajusaiusi. Cjeayer OTMETHTD, UTO dJIeMeHTapHasT

sgdeiika ABJISIETCS B oeJioM HeKHpaJIbHOfI. DTO JIETKO IIPOBEPUTDH, PACCMOTPEB eé 3€pKaJIbHOE n300-
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Puc. 3.4: Kounenryanbaasi peajusals IIPOX3BOIBHOIO B3aUMHOIO GHAHU30TPOIIHOIO MaTepH-
ajla ¢ UCIOJIb30BAHIEM OCHOBHBIX 9JIEMEHTOB. B cepoit paMke m306pakeHa sjieMeHTapHast saeii-
Ka. DJIEMEHTapHBIE STYCHKN MOl mpyomye (a) n30TPOIHbIH KHPaIbHBIH OTKINK, (6) HCeBIOKH-
PaJIbHBIN OTKJINK (IIPaBO- U JICBOBUTKOBBIE CIHPAJIE 0O0O3HAYEHBI TEMHO U CBETJIO CHHUM IIBETAMHE
COOTBETCTBEHHO), 1 (B) OJJHOOCHBII OMera-OTKJINK (BKJIIOUEHUs 63 IOTEPD U C MOTePSIMI 0003HA-
YeHbl TeMHO M CBETJIO 3€JICHLIM IIBETaMM COOTBeTCTBeHHO). (F) KOHHGHTyaﬂbHaﬂ QJIEMEHTapHaAd
stueiika GUAHU30TPOIIHOIO MaTepHasa ¢ MArHUTO-3JIEKTPUUECKOI CBA3bIO, OIUCHIBAEMOI ypaBHe-
rueM (3.26).

pazkeHue (B JIIO0OI MJIOCKOCTH) ¥ CPABHUB €0 C UCXOHOMN SIeHKOI.

AnTrcuMMeTprYIHAS YacTh B IpejcTaBieHnn (3.26) OMuChIBACTCS JyaabHBIM BEKTOPOM, 3a-
[UCAHHBIM B HCXOJHON cucreMe KoopjuHaT, Kak b = [1 + j; j;O]T. DTOT KOMILJIEKCHBII BeK-
TOP MOXKHO PA3JIOKHUThH Ha JUHEHHYI0 KOMOMHAIMIO BEIIECTBEHHBIX €IMHUYHBIX BEKTOPOB b =
Kb + jK»b” = [1;0;0]7 + V2 - [£ £ ;0]7. Takum 06pa3soM, aHTHCHMMETPUIHEIA TEH-
30p B (3.26) MoxKeT OBITH CMO,ILeJII/IpOBaH aﬂeMeHTapHoﬁ SAYEHKON ¢ JByMsi OJTHOOCEBBIMU OMera-
BKJIIOYCHUSIMH, KaK TIOKa3aHo Ha puc. 3.48. OIHO N3 BKIIIOYEHUIT JOKHO ObITH Oe3 moTeph (Bere-
crBerHOe K1) M OPHEHTUPOBATHCS BJOJIL BeKTOpa b/, a apyroe mo/ekHO GbITh ¢ moTepsMu (010~

kuresbHoe MunMoe jKo) u opuentuposarhes Baosb b”. [ockonbky Ky # Ko, 1Ba BKIIOUEHUST
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3.7. Obpawenue 8pemety, U HEB3GUMHOCTND 6 INEKMPOOUHAMUKE

JIOJIKHBI 00J1aJIaTh PA3HON CUJION MarHUTOJIEKTPUIECKO cBst3n. O6a BKJIIOUEHUs OIPEIEIISIIOT
CKOPOCTh PaCIPOCTPAHEHUsI U YPOBEHb OTepb B Marepuadse [10].

Takum 06pa3oM, GHAHU30TPOIHBIN MaTepUas ¢ TEH30POM KHPAJbLHOCTH K, 3aJaHHbiM (3.26),
MOKeT OBITH CIIPOEKTUPOBAH HA OCHOBE 3JIEMEHTAPHON sTIeiKr, 00beINHSIIONel Bce paHee orpe-
JleJieHHbIe BKJIOUeHusi. KoHedHas s/ieMeHTapHast siueiika mokasaHa Ha puc. 3.4r. Kak Bumno u3s
PUCYHKa, 9JEKTPOMAIHUTHBIA OTKJIUK MaTepUaJja MOYKHO JIEMKO OIPEIeJUTh I Pa3HbIX Ha-
npaBjieHuil 00JTydenus nagaorneit BoaHoit. Hampumep, MakcnMa/ibHOE TIOTJIONIEHIE B MAaTEPUaJIe
BOBHUKaET, KOT'/ZIa 3JIEKTPOMaroduTHBIEC BOJTHBI PaCIIPOCTPaHAIOTCA BJI0JIb 6I/ICCGKTpI/ICbI yryia Me2K-
Jy OCSIMHU +& W ¥, KOIJia BOJIHBI CHJIBHO B3aHUMOJEHCTBYIOT C BKJIIOUEHUSIMA BOOOPOKAEMOTO
omera-sjemMenTa. Jljist TOro Ke HalpaBjeHUsl PACIPOCTPAHEHNS MOXKHO TaK»Ke JOCTHYh Hambo-
Jiee BBIPAXKEHHBIH 3P @DeKT ONTUIecKoil aKTUBHOCTH B MaTepuaje. B 3ToM ciydae majarorniast
BOJIHA He BO30YKJaeT JIEBOBUTKOBYIO CIHPaJh, HO BO30YKJAeT TPU IPABOBUTKOBBIE CIIHPAJIH
(BIoJIb Oceil T U Y, a TakyKe BJIOJIb OUCCEKPUCHI MEXK/Iy HalpasjieHuMu +y u —x). Bojee Toro,
HaWBBICIIIEE YMEHBIIIEHNE OMEra-OTKJIMKa JOCTUTAETCs JJIsT BOJIH, PaCIPOCTPAHSIONINXCA BIOJIb
OCH 2, KOTJIa OMEra-BKJIIOUEHUsT CJ1a00 BO30Y K IEHBI.

Taxum obpaszom, Kjaaccudukalys OMAHU30TPOIHBIX 3PHEKTOB OUYeHb BaKHA HE TOJBLKO C
TEOPETUIECKOM TOYKHU 3PEHUsI, HO U KaK IIPAKTUIECKUNA METOI /I Pa3pabOTKH OOIIMX B3AMMHBIX

MaTepruaJioB C 3aJJaHHBIMU 3JIEKTPOMarHUTHBIMNI CBOIiCTBaMM.

3.7 (Obpanieane BpeMeH! U HEB3aMMHOCTH B 3JIEKTPOJAMHAMUKE

CaoiicTBa CUMMETPUN MaTepHUAIbHBIX COOTHOLIEHUI IpK OOpAIlleHUH BPpEeMEHH 1 IIPOCTPAHCTBEH-
HOl MHBEPCHUE UMEIOT pPeIlatolee 3HaYeHNe JIJIsT MaTepUAJIOBEIeHNs. SHAHUE CBOWCTB CUMMETPUH
JIAHHOTO MaTepuaJa MO3BOJISIET CYJIUTh O €r0 BHYTPEHHe!l CTPYKType W CBONCTBAX ee COCTaBJIsI-
IOIIUX. DTO 3HAHNE OCOOCHHO BAazKHO IJIsl IPOEKTUPOBAHU METaMaTEPUAJIOB C TPEOYEMBIM DJIEK-
TPOMArHUTHBIM OTKJIMKOM. 3Hasl 3aJaHHBI OTKJIUK, MOXKHO ITOJIYIUTEH ODILYI0 MH(MOPMAIIIO O
CBOMCTBAX METAATOMOB (JIOJIKEH JIM OH OBITh CJIeJIAH U3 JIUIJIEKTPUKOB, METAJIOB, JIMOO MarHu-
TOB U T. JI.) u uX (opMbI (CBOHCTBA 36PKAJIBHON CUMMETPUN ).

Paccmorpum cHadasia obpaliieHne BpeMeHd B 9JIeKTpoMarierusme (B JaabHeiinem obpaiieHue
BPEMEHH [0/[pa3yMeBaeT NHBEPCUIO HAIIPABJICHNs BpeMeHH ). Y paBHeHusT MakcBesia CuMMeTpr-
HBI OTHOCUTEIHHO 00pallleHny HalrpaBienns redenust Bpemern dt — —dt (d¢ nosoxkuresibHO, eciin
BpeMsl T€YET OT MPOIILIOro K OYyIeMy ), T. €. , BCE 3JIEKTPOMATHUTHBIE IIPOLIECCHI, IIPOUCXOIAIINE
B 3aMKxHymol cucreMe 6e3 morephb (6€3 KaKnx-inbo BHEIHUX UCTOYHUKOB WJIM 1M0JIel), oOpaT-
MBI BO BpDEMEHU. JTO yTBEPKIECHUE CIIPABEIJINBO KaK JJIsT MUKPOCKOIIMIECKHX, TaK U IJIsi MAKPO-
CKOIINYeCKUX ypaBHeHuii MakcBesia B IPEIIIOI0KEHUN JIMHEHHOCTH CPeibl (3aMeTUM, YTO OHO
HEIIPUMEHUMO K «aKTUBHBIM» CPeJiaM, TIOCKOIbKY OHM MTOJIPA3yMEBAIOT CyIIECTBOBAHNE BHEITHUX
10 OTHOIIEHUIO K CHCTEME UCTOYHUKOB, HAPYIIAIONIMX BPEMEHHYIO cuMMeTpuio). OOBIYHO cunTa-
eTcsl, YTO IPU U3MEHEHNH HallpaB/eHus BpeMenn dt — —dt, SJIeKTpUIecKuil 3apsi He U3MEHSIET-
cst (JeTHasT BeJIMUMHA [IPU MHBEPCUN BDEMEHH ), B TO Ke BPeMs N3MEHSeTCsI 3HAK JIEKTPUIECKOr0
TOKa (HeueTHasl BeJIMUMHA IIPU WHBEPCUHM BPEMEHH ), TaK KAK 9TO BPEMEHHAasl IIPOU3BOJIHAST 3apsi-
Jia. DKBUBAJEHTHBIE YTBEPIKICHUST CIIPABE IIUBLI U JIJIsT COOTBETCTBYIOMINX BEJTMUUH IIJIOTHOCTH P

u J. Crout 3aMeTUTh, ITO CYIIECTBYET aJbTEePHATUBHAS JOTOBOPEHHOCTD, UYTO IJIEKTPUIECKUI 3a-
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psiJl Ha CAMOM JIeJle MEHSIeT 3HaK [IPH MHBEPCUM BPEMEHH, 4TO B PABHOM cTereHn Bo3MoxkHO [10],
HO 9TOT CJIydail 37ech paccMmarpuBaTbes He OyaeT. Tak kak cuia Jlopenia, neficTByoias Ha

JIEKTPUICCKUN 3apsif ¢ (IBUAKYIIHICSA ¢ JINHEHHON CKOPOCTBHIO V)
F=¢qE+¢qvxB (3.28)

[IOCTOSTHHA TTPH OOPAIEeHNN BpeMeHH (yCKOPEHUe SBJISIeTCS 9eTHBIM HapaMeTPOM ), SJIEKTPUIECKOe
nosie B noBapumanTHo, a MaruuTHas uHAyKiua B menser 3uak. Temepb MHBAPUAHTHOCTD MaK-
pockonmyeckux ypaaenuii Makcpesia npu obpainennu Bpemenn odesuaa u3 (3.8). 13 3akona
laycca cirestyer, uTo asiekTpudecKkas nHyKius D siBIsieTcsi 9€THBIM [TapaMeTpoM IIpu obpairie-
HUW BpEeMeHH, a n3 3akona Ammepa maruauTHoe nose H sBisieTcst He9éTHBIM.

Ecnu paccmarpruBaemasi 3/1eKTPOMarHuTHAsT CHCTEMa, HE3AMKHYTasl, TAK ITO Ha HeE IefCTBY-
0T KaKWe-TO BHEIIHUE BO3MYIIEHUS, U OHU HABJISAIOTCT HEYEMHbLMU TI0 OTHOIIEHUIO K oOparie-
HUIO BPEMEHH, CUMMeTpHUs ypaBHeHnT MakcBeJuta Ipu BpEMEHHO MHBEepCUY HapyIaeTcs. Takue
BHEIITHUE BO3MYIIEHUsI MOI'YT ObITh HEIJIEKTPOMAIHUTHON IPUPO/IBI, & TAKKe JIEKTPOMATHUTHOM
(B 9TOM CJlydae OHM JIOJZKHBI ObITH BHEITHUMM 110 OTHOIIEHUIO K cucreMe). IIpumepoM BHemHUX
HUCTOYHUKOB SIBJISIETCS CTATHYECKOE MArHUTHOE moJjie. Takume MaTepuaJibl KaK MeTaJLIbl U (dpeppo-
MarHeTUKH, PA3MEIIEHHBIE B TAKOM BHEIITHEM I10J1e, OY/IyT UMETh PA3IUIHBIN OTKJINUK JJIsI PA3HBIX
HAIIPABJIEHUI TeYeHUs BPEMEHH B CHCTEME. DTOT BBIBOJ, CIIPABE/JIUB IIPU IIPEJIIOIOKEHIH, YTO
[TOMATHIINBAIOIIEE 11016 NHBAPUAHTHO 10 OTHOIICHUIO K TEIEHUIO BPEMEHH, TOCKOJIbLKY OHO STB-
JIETCS BHEITHUM II0 OTHOITIEHUIO K paccMaTpuBaeMoii cucteMe. MarepuaJibl, KOTOpbIe 00J1a1aI0T
PA3HBIM 3JIEKTPOMATHUTHBIM OTKJIUKOM IIPU OOPAIEHUN BPEMEHH, HA3BIBAIOTCS HE83AUMMHBLMU.

PaccmoTpum kitaccudeckuil ONTHYECKUN MPUMED, WIIIOCTPUPYIONIUN PA3HUILy MEXKJY B3a-
UMHBIMI U HEB3aUMHBIMU MATEPUAIAMHU. XOPOIIO U3BECTHO, UYTO KUPAJIbHBIE MaTEPUAJILI, TAKUE
KaK PaCTBOPHI caXapa, UMEIOT Pa3Hble ITOKA3aTeJN ITPEJIOMIIECHUS JIJI JIEKTPOMArHUTHBIX BOJIH C
JIEBOIUPKYJISIDHOM U ITPABOIUPKYJIsIpHOI nosisspusaniueit. [Ipuanna sroro s dekra 3akiodaercs
B TOM, 4TO B KHPAJbHBIX MaTepHasax IIPaBO- U JIEBOBUTKOBbIE BKJIIOYEHUsI HAXO/ATCH B PA3HBIX
nporopiusax. PaccMoTpum city4ail, Korma cjoit KupajJbHOro MaTepuaJia OCBEIIeH JTUHEHHO T0JIs-
PU30BaHHOI BOJIHOM, KaK MOoKa3aHo Ha puc. 3.5a. [laaromas BoHa MOXKET OBITH IIPEICTaBICHA
B BUJI€ CYMMBI JIByX BOJIH C IPOTUBOIOJIOXKHBIMUA ITUPKYISPHBIMU [TOJISPU3AIUSAMA U PABHBIMU
dazaMu. ITU BOIHBI PA3IUIHON IMOJSAPUAIUU [TPOXOJAT Yepe3 MaTepHasl ¢ PA3HBIMU CKOPO-
CTSIMH, 9TO HMPUBOJAUT K paszHocTu (a3 Mexay uHumu. Ha BTOpOM pasiesne cpeji CyHepIo3uius
JIBYX NUPKYJISPHO MOJISPU30BAHHBIX BOJIH C PA3JIUIHBIMU (Da3aMu IIPEeJICTaBIsSeT cOOON JIMHEN-
HO TOJISPU30BAHHYIO BOJIHY C HAKJIOHEHHOW OCBIO MOJIApU3AIuu. TakuM 00pa3oM, KUpAJbHBIE
MaTepruajbl BPAIAIOT TJIOCKOCTD TMOJISTIPU3AINHN BOJIH, PACIPOCTPAHSIONINXCS Tepe3 HUX. DTOT
apdeKkT HazbIBAETCHd ONTUIECKON aKTHUBHOCTHIO WU M30TPOIHBIM dddexTom ruporponun. [lo-
CKOJIbKY KHUPAJIbHbIE MATEPUAJBI sIBJSIOTCA B3aUMHBIMU, [MAJIAIONIAs BOJIHA, MIPOIIEIINAs depe3
MaTepuaJi, Ipu 00palleHnn BpeMeHu Oy/IeT BO3BPAIIAThCs Ha3a/ [ OJIMHAKOBO, a €€ BEKTOPHI ITOJIs
OyyT 06pa30BBIBATH OJIHU U Te ¥Ke CJIejbl B mpocTpancTse [cm. Puc. 3.50].

Anajoruvsblil 3¢pdeKT BpaleHus! IJI0CKOCTH MMOJISTPU3AIUN HAOJIOAAETCsI ISl BOJIH, [TPOXO-
JSIUX Yepe3 MArHUTOONTHIECKUe (TUPOTPOIHBIE) MaTepUaJbl, IIOMEIIEHHbIE BO BHEIIHEE MOJI-

maranauBaoriee noje Hy (Heuérublii napamerp). Bparenne mosisipuzanun B TaKUX MaTepHaIax
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__ KHWpaJIbHBIH CJIOH

)

a

Puc. 3.5: Pacnpocrpanenne BoJIH B IPOTUBOIOJIOKHBIX HAIPABJICHUSX depe3 (a—0) B3auMHBbIIT
KUPaJIbHBIA CJIOU 1 (B*F) HEB3aNMHBII MArHUTOOITUYIECKUit cioit. [Ipospadnble MUInHIAPHI 000-
3HAYAIOT I'PAHUIBI CJIOEB. KpacHble U CHHME CTPEJIKH 00O3HAYAIOT JIEKTPUIECKHE TIOJIST BOJIH C
JIEBOI M IIPaBOil MUPKYJIAPHON MOJIApUA3alueil COOTBETCTBEHHO.

[POUCXOIUT BCJIEJACTBUE aHU30TPOITHOI'O TEH30pa IIPOHUIAEMOCTH 1 Ha3biBaeTcs dddexkrom Da-
pajiest [em. Puc. 3.58|. Ero moxkHO Hab/110/aTh, HAIIPUMED, IPU TIaJIEHUN CBETA Ha CJIOH MArHUTO-
OITUYECKOI'O MaTepuaja. B oTudne OT paHee pacCMOTPEHHOTO B3aUMHOIO CJIydasi, HaJIA0Nast
BOJIHA IPU M3MEHEHUU BPEMEHU HUCIBITBIBAET PA3JIMYHOE BJIUSIHHUE CO CTOPOHBIM HAMArHUYEHHO-
r0 MArHUTOOIITHYECKOIO MATepHaJia, a CJIebl BEKTOPOB moJieil He coBnajaror (cm. Puc. 3.5r].
DTOT 3DDEKT SABIIETCS HEB3ANMHBIM U SIBJISIETCST OCHOBON OYEHB BAYKHBIX DJIEKTPOMATHUTHBIX
YCTPOMCTB, TAKNX KaK U30JISATOPHI U IMUPKYJISATOPHI.

Ha mepBblii B3I/ MOYXKET TOKA3aTHCS, UTO HEB3AUMHbBIE MATEPUAJILI HAPYIIAIOT CUMMETPHUIO
obparrieHusi BpeMeHu, u ypaBHeHus Makcpessia He 0OpaTUMBI 110 BPEMEHH. DTO ITPOUCXOJIAT I10-
TOMY, 9TO pacCMaTpUBaeMast CUCTEMA He sIBJISeTCs 3aMKHYTOi. Kcim 106aBUTh B cCHCTEMY TaKKe
MCTOYHUK TIOIMATHAYUBAIOINIETO TOJISI, OHA CTAHET 3aMKHYTOU M CUMMETPUS WHBEPCUU BPEMEHU
OyIeT BBITOTHSATBCS. [lelicTBUTE/IbHO, JIFOOOH UCTOYHUK CTATUYIECKOI'O MATHUTHOTO MOJIS JIOJIYKEH
BKJIIOYATH B ceDsi HEKOTOPBIE MUPKYIUPYIOIINE JIEKTPUIECKIE TOKH, KOTOPBIE IOJJIEPKUBAIOT
9TO I0JIe: OH MOXKET ObITH JIEKTPOMATIHUTOM C KATYINKOW COJIEHOWJIA WJIM HPUPOJHBIM MarHU-
TOM, COCTOSIIIUMHU U3 YIOPSIOUEHHBIX MUKPOCKOIIMYECKUX TI€Te/Ib TOKOB (MArHUTHBIX JIUIIOJbHBIX
MOMEHTOB), 06pPa30BAHHBIX BPAIIAIONIMMUCS 9JIEKTPOHAMU. TakuM 06pa30M, IIPU U3MEHEHUH Bpe-
MEHU B 9TOH JIEKTPOJUHAMUIECKON CUCTEME TOKHU, KOTOPbIe 00PA3yIOT CTATUYIECKOE MATHUTHOE
110Jie, U3MEHSAT CBOM HAIIPABJIEHUS U 110JIe HAMArHUIUBaHUs OyIeT M3MeHeHo Ha obparHoe. B atom

cJlydae pacipoCcTpaHeHue BOJIHBI BHYTPU (DEPPOMATHUTHOIO MaTepHUa/ia, CTAHOBUTCS OOPATUMBIM
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Z

Z

Puc. 3.6: IIpeobpasoBanue (a) nctuHHOro BeKTOpa 1 (6) MCEBAOBEKTOPA IIPU IPOCTPAHCTBEHHOI
unBepcun (y-och obpataercs ). [Ipoekin BEKTOPOB Ha IIOCKOCTH LY OTOOPAYKEHBI B BUJIE CEPBIX
TCHEH.

BO BpPEMEHU.

JpyruMu npuMepaMy HEB3aUMHBIX MATEPUAJIOB SABJISIOTCA HAMAarHUYeHHAas I1a3Ma U HaMar-
HuueHHbIN rpaden. HeBzanMmubiit oTBET MOXKET ObITH JIOCTUTHYT U JPYTUMHU CIIOCODAMU: C TIOMO-
IO MATEPUAJIOB, IBUKYIINXCI C HEKOTOPON CKOPOCTHIO, HEMATHUTHBIX aKTUBHBIX MaTEPHUAJIOB,
MMATHUPYIOIIUX IIPEIECCUIO CIMHA SJIEKTPOHOB B ecrecTBeHHbIX MaruuTax 30,31, u HesmueitHbIX

MaTepraJioB [32].

3.8 IlpocTrpaHcTBeHHass MHBepCUs U HeB3aWMMHbIe OMAHU3O0TPOII-

HbI€e MaTepuaJibl

AHaJIOFI/ILIHO AHU3O0TPOITHBIM MaTepuaJiaM HEB3aUMHbIC Sd)(beKTbI MOT'yT Ha6.HIOI_LaTbCH TaK>Ke U1
B OU-M30TPONIHBIX MaTepuasax. Kak obcyxkmanoch B maparpade 3.7, HeOOXOIUMBIM YCJIOBHEM
CYIIECTBOBAHUsI HEB3AUMHBIX 3(hDEKTOB B MaTepuase SBJSeTCS TO, YTO €ro OTKJIUK 3aBUCHT OT
BHEIITHETO TIapaMeTpa, KOTOPBIH UMeeT HEYEeTHYIO 110 OTHOIIEHUIO BpeMeHH cuMMeTpuio. O THAKO
JUTST TOCTHXKEHHUsT HEB3aUMHOI'O OMAHM30TPOITHOIO OTKJINKA OIPEJIEJIEHHOIO THIIA CJIEyeT TaKKe
YUYATBIBATH IIPOCTPAHCTBEHHBIC CBOMCTBA CUMMETPUN BKJIIOYCHUN.

PaccMoTpuM IPOM3BOJIBbHBINA BEKTOP & = (zX + Gyy + 0.2 B CHCTeMe KOOpJMHAT TyZ (X, y, n
z — Ga3ucHbIe eMHIYHBIE BeKTOpa). [Ipu mpocTpancTBeHHON HMHBEPCHH, T. €. KOT/Ia OJIHA U3 oceil
KOOPIMHAT MeHsIeT 3HaK, KOOPINHATHI BEKTOPA MEHSIIOTCSI OIpee/IeHHbIM obpazom. Hampumep,
ec/I OChb 1 MeHsIeT HallpaBJeHue, BEKTOP B HOBOII cucreme Gyer umerb dpopmy a’ = a,x — ayy +
a,Z. DTO Tpeobpa3oBaHUE KBUBAJCHTHO 3€PKAJIBHONW MHBEPCUU BEKTOPA B UCXOJIHOM cHCTeMe
KOODJIMHAT OTHOCUTEJILHO IIocKocTH Zz-plane [em. puc. 3.6a]. Takum o6pazom, npeobpasoBamue

MIPOEKITNI BEKTOPA 3312eTCsT (POPMYJIOi

az =a ay = —a a, =a,. (3.29)
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BekTopbl, KOTOpLIE IOIYUHAIOTCA 3TOMY IIPABHIY HIPeoOpa3oBaHusl, HAZBIBAIOTCS UCTUMHbLMLU
BEKTOPaAMU WJIA YETHBIMU BEKTOPAMHE 110 OTHOIIEHMIO K IIPOCTPAHCTBEHHOM NHBEPCUU KOODIMHAT.
dusnyuecKre BEKTOPBI, TaKue KaK JUHeHad CKOpoCThb, cuiia 1 JuddepeHnnaibiblil onepaTop V
ABJIAOTCA NCTUHHBIMN BeKTOpaMI/I.

Jlajiee paccMOTPUM BEKTOD, ABJISIONIUIICS Pe3yJILTATOM BEKTOPHOI'O MPOU3BEICHHUA JIBYX UC-
TUHHBIX BEKTOPOB, T. €. a = b xc. B ncxo/Hoit cucreMe KOOpJARHAT 3TOT BEKTODP UMeeT CJIe Ly IOt
BT

a = (byc, — b.cy)x + (brcy — bpcz)y + (bpey — bycy)z. (3.30)

[Tpu npocTpancTBeHHO nHBEpCcHE KoopAuHaT (0ch y obparaercs) 0ba HCTUHHBIX BekTOpa b u ¢

npeoGpasytorcs no (3.29), a ux BekropHoe npoussesenne ' = b’ x ¢/ umeer cienyommit Bu;:

/

a = —(byc; — byey)x + (bzcy — bycr)y — (byey — bycy)z. (3.31)
CurenoBarebHO, Ipeobpa30BaHe BEKTOPA & B 9TOM CJIydae OLUCHLIBACTCS (hOPMyIIOii

ay = —al, ay = aj,, a, = —a,. (3.32)
Ha pucynke 3.66 m306parkeHa MpOCTPAHCTBEHHAST HHBEPCUsT TAKOTO BEKTOPA. 3aMETUM, 9TO ITO
npeobpas3oBaHue OTJIMIAETCsI OT 1peobpasoBanus, 3aganHoro (3.29). Takum 06pasom, BEKTODHI,
KOTOpBIE (DOPMUPYIOTCST KAK BEKTOPHbBIE IPOU3BEICHUS JIBYX UCTUHHBIX BEKTOPOB, IIPE0bPa3yoT-
¢Sl TIPU TMIPOCTPAHCTBEHHON WHBEPCUN WHAYE, YeM MCTUHHBIE BeKTopa. OHI HA3BIBAIOTCS Nceddo-
8EKMOPAMU NI HEIETHBIMU BEKTOPAMU OTHOCUTE/ILHO IIPOCTPAHCTBEHHOM nHBepcuu. Kak BuiHo
Ha puc. 3.60, IpU TPOCTPAHCTBEHHON MHBEPCUU IICEBJIOBEKTOP IIPEOOPA3yETCsl B CBOE 3€PKAJIb-
HOE M300parKeHue ¢ JOMOJTHUTE/ILHBIM U3MEHEHHeM ero 3Haka. Ciie/lyeT OTMETUTD, 9TO pa3Indue
B CBOHCTBAX MCTUHHBIX BEKTOPOB U ICEBJIOBEKTOPOB 3aMETHO TOJIBKO IPU IPOCTPAHCTBEHHOM
WHBEPCUU W HE TOSIBJISIETCS IPHU ITOBOPOTHBIX MPeOOpa30BaAHUSIX KOODUHATHONW cUCTEMBbI. AHa-
JIOTUYHO, MOXKHO TIOKa3aTh, UTO BEKTOPHOE IPOU3BEJIEHNE MCTUHHOTO BEKTOPA U IICEBIOBEKTO-
pa MPUBOJUT K UCTUHHOMY BeKTOpY. [IprMepoM 1ceBIOBEKTOPOB B 3JIEKTPOIUHAMUKE SBJISICTCS
BEKTOp MarHuTHON uHaykiwn B. JleiictBurensho, cormacHo (3.28), cuita, JeicTBYIOMAs Ha JBH-
KYIANCS SJCKTPUICCKUN 3apsi/l CO CTOPOHBI MHAYKINU B MoXKeT ObITh UCTUHHBIM BEKTOPOM,
TOJIBKO ecyii B siBJIsieTcs [CeBI0BEKTOPOM. DTOT BBIBOJ, OCHOBAH HA IIPEJIITOJIOKEHUN, UTO 3aPsi]]
q SABJSETCS UCTUHHBIM CKAJISIPOM, T. €. UYE€THBIM IIapaMETPOM OTHOCUTEJIHLHO IIPOCTPAHCTBEHHOM
HHBEPCUN. DTO TIPEIMOIOKEHNe, HECMOTPsT Ha TO, YTO OHO OOBITHO JIEJIAETCS, He 00sI3aTeNbHO
BEPHO. HpI/IMepOM IICeBIOCKaJIdpa ABJIAETCA KOMILJIEKCHBII ImapaMeTp KUPaJIbHOCTU K YIIOMAHY-
TeIi B naparpade 3.6. [Ipu npocTpancTBEHHOM 00pAIeHUN KHPAJIBbHOI'O H30TPOITHOIO MATEPHUAJIA,
00pa30BAHHOIO, HAIIPUMED, CIIMPAJbHBIMYU BKJIIOUEHUSIMU, 3HAK ITapaMeTpa KUPAJIbHOCTUH MaTe-
praia U3MEHSIeTCsI, TaK KaK HAKPYTKa croupaseil m3MeHseTcsi. AHATOTHYIHO BEKTOPAM M CKAJIsI-
paM, IICEeBIOTEH30PbI IIPeoOpPa3yI0TCs IPU TPOCTPAHCTBEHHON MHBEPCUN KAK UCTUHHDBIE TEH30PHI
¢ JIONIOJIHUTEIbHBIM ODpAIlleHneM 3HaKa.

Ucnonb3yst Beipazkenue it cuiibl Jloperna (3.28), MOXKHO cZieJaTh BBIBOJ, YTO SJIEKTPH-
yeckoe nosie E aBisiercss mcTUHHBIM BeKTOpoM. M3 Makpockonnyeckux ypasHenuit Makcsesa

ciaenyet, uro H — nceBnoBekTop, a D — uCTUHHBIA BEKTOP.
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[TpuauMasi BO BHUMAaHNE BBINIEYIIOMSIHYTHIE CBOMCTBA CUMMETPUN BEJIMYUH 3JIEKTPOMATHUAT-
HOT'O II0JIS 110 OTHOIIEHUIO KO BPEMEHH U IIPOCTPAHCTBY, IepeiieM K pacCMOTPEHNIO MaTePUaIhb-
HBIX COOTHOIIEHUIT /IS B3AaMMHOIO OMaHU30TpomHOro Marepuasia (3.18). BzanmuocTs oTKImKa
MaTepuaja Tpebyer, 4ToObl TeH30pbl JN3JICKTPUIECKON MPOHUIAEMOCTH €5, MAIHUTHOI IIPOHMU-
[AEMOCTH [i ¥ KUPAJLHOCTH K He 3aBHCEJU OT KaKOI'o-JuOO0 BHEIIHEro HeYeTHOIo IapaMeTpa.
[IpeacraBuM TEeH30p KMPAJBHOCTH B aAMaIHON (hopme:

F=FE+r)2+F-F)/2=Fs+Ka x I, (3.33)
rJie IepBhlil 4ieH kg u Bropoit wien K, x 7 [IPEJICTABISIOT COOOI, COOTBETCTBEHHO, CUMMETPUY-
HbIE U AHTUCHMMeTpHUHBIE nuajbl, a K, - BEKTOp, [yaabHBIl K aHTHCHMMETPUIHON 1uaje (CM.
rakzke [Taparpad 3.6). MarepuasibHble COOTHOIIEHUST /It OOIIUX B3AUMHBIX CPEJI 3alIUChIBAIOTCS

B CJIeJIyIOIIEeM BUJE:
D =% E—j/emu Fs+Kax 1) H, B=7 H+j/eopo(Fs—Koax1)-E.  (3.34)

U3 06oux ypaBHEHUI CJIEJIYeT, UTO Kg JOJKHO ObITH HCeBI0mua0i (i ncesaorersopom ), a K,
HUCTUHHBIM BEKTOPOM, MTOCKOJIBKY 00€ CTOPOHBI KAaXKJI0I'0 YPABHEHUsI JIOJIPKHBI OBITH BEKTOPAMU C
TOH YKe caMoil IpoCTpaHCTBEHHOM cuMMeTpueil. HampumMep, paccMOTpuM mepBoe BblpazkeHnue. B
9TOM ciryvae quajHoe Boipaxkenue (ks+ K, XT) ABJIAETCH IICEBIOANAJION, a €€ CKaJIAPHOE IIPOU3BE-
nenwe c riceBaoBekTopoM H IpUBOINUT K UCTUHHOMY BEKTOPY, KOTOPBI IMEET TY 2Ke CUMMETPHIO,
qro 1 BekTop D B JIeBoit YacTu BbIpaxkeHusi. Takum 00pa3oM, u3 MPOCTPAHCTBEHHON CUMMETPUH
MaTepuaJIbHbIX COOTHOIICHUI CIIelyeT, YTO CUMMeTpUYHasl YaCTh TeH30Pa KUPAJILHOCTU OTJINYHA
OT HYJIsl TOJIBKO B KOMIIO3UTAX C 3€PKaJIbHO-aCUMMETPUIHON BHYTpeHHel cTpyKTypoii. C apyroii
CTOPOHBI, JJIgd CO3JaHUsA B3aUMHOI'O MaTepHaJia C aHTUCUMMETPUYIHBIM 6I/IaHI/ISOTpOHHbIM TEH-
30POM CJIEJIyeT UCIIOJIb30BATh BKJIIOUEHUs ¢ 3€PKAJIbHO-CUMMETPUIHBIMU (DOPMaMU, HAIIPUMED,
OMera-BKJIIOUeHUSIMEU. DTH BBIBOJIbI COTJIACYIOTCs C pedyJibratamu naparpada 3.6.
MarepuasibHble COOTHOIIEHUs Jijisi OOl HeB3aMMHOM OUAHM3OTPOIHON cpejbl (6e3 1mpo-

CTPAHCTBEHHOI JINCIIEPCUH TIEPBOTO MOPsiJIKA) 3aIlMChIBAIOTCS Kak [10]

D=% E+ e (Xe+VaxI)-H, B=7%, H+ Jeou (x.— Vax1)-E,  (3.35)

rIe €, U [i, SBJISIIOTCS JUAJAMUI JIU3JICKTPUIECKON MPOHUIIAEMOCTH U MATHUTHO ITPOHUIIAEMO-
ctu (MHJIEKC «N» COOTBETCTBYET HEB3AMMHOCTH), Yg U Vg X T smasiorcs CUMMETPUYHBIMUA U aH-
THCUMMETPUYHBIMYA YaCTIMU OOLIEH HEeB3auMHOM JUalbl 3JIEKTPOMAarHUTHON cBsi3u. Vcxons us
CBOMCTB OOpallleHUsl BPEMEHU 3TUX MaTepUAIbHBIX COOTHOIIEHUH, BUAHO, 9YTO 00e 4acTU HEB3a-
UMHO JaJabl JOJIZKHDBI 6I)ITb HEYCETHBIMU 110 BpeMeHU W/, APYT'UMU CJI0OBaMM, OTKJIMK MaTe-
puaJia JOJZKEH 3aBUCETh OT BHEIIHEr0 HEYETHOrO MapaMeTpa (HalpuMep, MOJAMArHUIUBAOIIErO
1oJ1s1). V13 mpocTpaHCcTBEeHHON CHMMETPHN MaTepUabHbIX cOOTHOIIeHM (3.35) ciieryer, 9To crM-
METPUYHAS JMAJA Yy SBISETCS MCEBIOIMAI0MN, a V, — NCTHHHBIM BEKTOPOM. TakuM 06pasom,
cBoOicTBa HpOCTpaHCTBeHHOﬁ CUMMETPHUN COOTBETCTBYIOIIUX JMa/ B HEB3aUMHDBIX 6I/IaHI/IBOTpOH—
HBIX MaTepHhaJiax SKBUBAJECHTHBI CBONCTBAM BO B3aMMHBLIX MareprajaxX. OIHAKO B HEB3aUMHOM

cJlydae CBOWCTBA MaTephaJsa TAK¥Ke 3aBUCAT OT BHEIIHEIO HEYETHOrO mapamerpa (0ObITHO Mar-
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a 0

Puc. 3.7: Teomerpusi HeB3aMMHBIX OMAHU30TPOIHBIX BKo4YeHuii. (a) OJHOOCHOE BKJIIOUEHUE
Tennerena. (6) OHOOCHOTO MCKYCCTBEHHO JBUXKYIIeecs BKioueHue. Peppurosas cdepa 060-
3HAYEHAa 3€JIEHBIM IIBETOM. BKIIIOUeHHsI BO30YKIAIOTCS IAMAIOIIM JIEKTPHUYecKUM mojeMm E;.
ﬂ;ﬂﬂ ACHOCTHU IOKa3aHbl TOJIBKO T€ MalHHUTHBIE MOMEHTBHI I, KOTOPble MHAYIMPOBaAHHBI BCJIE/I-
CTBHE HEB3aUMHBIX 3(EKTOB.

HUTHOI'O HOJ'[H), KOTOprfI ABJIAETCdA IICEBJOBEKTOPOM M JIOIIOJTHUTEJIbHO M3MEHAeT 3HaK Jra/Ibl
[pU TPOCTPAHCTBeHHON wmHBepcuu. [loaroMy mjis mOCTpoeHUsi HEB3AUMHOI'O MATEPHUAJa C CHM-
METPUYIHO GMAHU30TPONHON JUAION Y4, €r0 BHYTPEHHSsSI CTPYKTYPa JIOJZKHA OBITH 36PKAJTBHO-
cumMeTpraHOit. Takme MmaTepmalibl WM Cpenbl OBLIN HAa3BAHBI B UecTh bepHapma Tesmerena,
KOTOPBIN IPEUIOXKNA UICI0 JICKTPOMAIHUTHOIO I'MpaTopa Kak JIEMEHTApHON dA4YelKu Jij1d Ta-
kux cpej [33]. He3auMuble 6MaHU30TPOIIHBIE MATEPUAJIBI ¢ AHTUCUMMETPUYHOMN 1uaioil V, X ?,
HAIPOTUB, JOJKHBI UMEThb CTPYKTYPY, KOTOpasi He MOXKET OBITh COBMEIIEHA C €€ 3ePKaJIbHBIM OT-
paxkeHneM. DTOT KJIacC cpel ObLI HA3BaH MCKYCCTBEHHON «IBIXKYyIeiics» cpenoit. HecmoTpst Ha
TO, 9YTO TaKasl CcpeJla HaXOAUTCA B COCTOAHUN ITOKOI, eé S.HGKTpOMaFHI/ITHbeI OTKJIUK 9KBUBAJICH-
TEH 3JIEKTPOMAarHUTHOMY OTKJ/IMKY OOBIYHOIO MaTepraJsia, KOTOPBIi I0-HACTOSIIEMY JIBUYKETCS C
HEKOTOPOI CKopocThio vV = V, (nHcTHHHBIT BekTop) [10,34].

Pucynok 3.7 m306pakaeT reoMeTpuio HEB3AMMHBIX OMaHU3OTPOIHBIX BKJIIOUEHHUI, KOTOPHIE
MOryT 6I)ITb HCIIOJIb30BaHbl B Ka9eCTBE 9JIEMCHTAPHBIX A9€C€K B KOMIIOBUTHBIX MaTepuaJjiax yKa-
3aHHBIX JBYX TUIIOB. O6a BKIIOYEHUsT COCTOAT U3 heppuToBoit cdepsl (hpeppur siBisieTcsi HeIpo-
BOJIAIIAM TOK B OTJIMYUE OT JIPYTUX MATHUTHBIX CIUIABOB), HAMATHUYIEHHON BHEITHIM MATHUTHBIM
mosteM Hg 1 pacnoJioxkeHHO BOJIM3M METAIMIECKUX IIPOBOJIOK OIPEIEIEHHON (hOPMBI. DJIEK-
TPUYECKOE T0JIe TIAJIAIOIIell BOJHBI BO30YKIaeT JIEKTPUIECKUI TOK BJIOJIb IPOBOJIOB, KOTOPHIA,
B CBOIO 0odYepeb, BO3OYXKIaeT IIepeMeHHOe MarHUTHOE II0JIe BOKPYT IIPOBOJIOB. DTO MAIHUTHOE
10JIe UHIYIUPYeT MarHUTHBIA MOMEHT B (beppuTOBOii chepe. AHAIOrMYIHO, MaJa0Iee MarHUTHOE
1oJ1e BO30Y2K/IaeT JIEKTPUIECKUI JUITOBHBIN MOMEHT B IIPOBO/AX U€pPe3 HAMATHUIEHHOCTDH ce-
pbl. HaBeteHHBIIT MOMEHT BKJIIOUEHUsI, TOKA3AHHBIN Ha pUC. 3.7a COHAIIPABJIEH C 3JIEKTPUIECKUAM
I0JIEM, BBI3BABIIUM €r0. DTO BKJIIOUEHNE ObLIO BIIEPBBIE MPEJJIOKEHO B [35] 1 9KCIIepuMeHTaIbHO
nporectuposano B [36]. Cieyer orMeTuThb, 4TO B JONOJHEHUN K HEB3AUMHOMY OTKJIMKY, BKJIIOUe-
uue Testerena obsialaer TakKe B3aMMHBIMU OUAHU30TPOIIHBIMU CBOHCTBAME (COOTBETCTBYIOIIH-

MH OJIHOOCHOMY OMera-BKJIIOUeHHUI0). Britouenne, n3obpazkeHHoe Ha puc. 3.76, HHOT/Ia HA3BIBAIOT

41



3.9. Oeparuverus Ha MAMEPUAALHBLE NAPGMETDD

HCKYCCTBEHHBIM JIBHKYIIUMCsI 3jieMenToM [35]. TloMuMmo HeB3auMHOTO GHAHU30TPOIHOIO OTKJIH-
K&, OHO IIPOSIBJISIET B3aUMHbIE KUPaJbHbIE 3D (EKThl U3-3a €ro 3epKaJIbHO-aCUMMETPUIHOM hOp-
MBbI. AHAJTUTHYIECKUE MOIIPU3YEMOCTH HEB3ANMHBIX BKJIIOUCHUI, MOKA3AHHBIX HA pUC. 3.7 ObLIH
onybsmkoBaHbl B [37]. Bosee mo1po6HOe 06Cy K IeHIe MOJIsIPU3yeMocTeli HeB3aUMHbIX BKIIIOYEHHI
MOXKHO HaiiTu B naparpade 5.1.1.

CyMMupys npejcTaB/IeHHbIE PE3YJIbTaTh, 3aIIUIIIeM MaTePUATbLHBIEC COOTHOIIEHUS JIjIsT ODIIEro
OMaHU30TPOIIHOTO MaTepHUasa ¢ BOSMOXKHBIMU B3AUMHBIMUA U HEB3ANMHBIMU MATHUTOIJIEKTPUIE-

ckumu cpojicramu [10]:

D=% E+am®X—j5) H  B=h, H+ Joux+i7"-E (336

rie R = s+ Ko x T u X = Xs+ Va X T TEH30PbI KHPAJbHOCTU M HEB3aMMHOCTH, COOTBETCTBEHHO,
€ U ﬁg — AUAJIbl TUAJIEKTPUIECKON U MATHUTHON ITPOHUIIAEMOCTH MaTepuaJia ¢ o0IuM 6naHu30-
TPOIHBIM OTKJIMKOM (MHJIEKC «g» COOTBETCTBYET ODIIeil JinHeiiHol cpeje). 3ameTum, uTo dhopma
MarHUTOJIEKTPUYIECKON JTUAJIbI B 9TUX MATEPUAJIBHBIX COOTHOIIEHUSX He SBJISETCS €IMHCTBEHHO
BepHOIT u ObLIa BhIOpaHa IjIsi yI00OCTBa Ha OCHOBE ONPDAHUYEHUI HA MATEpPUAJIbHBIC apaMeTPhI
(moppobuee cM. B maparpade 3.9).

BaxkHo orMeTHTh, 9TO HEB3auMHast OMAHU30TPONUS HE siBJIAeTCs 3DMDEKTOM TPOCTPAHCTBEH-
HOIT fucnepcun. B oTyimdue oT B3aUMHBIX IPOCTPAHCTBEHHO-IUCIIEPCHBIX BKIIOYEHU, I/Ie MArHITO-
9JIEKTPUYIECKUN 1 MATHUTHBIH OTKJIUKNA MOT'YT BOSHUKATH TOJIBKO M3-33 UX KOHEUHBIX Pa3MepPOB,
HEB3aMMHbBIE BKJIFOUEHUS [TPOSIBJISTIOT 9TU OTKJ/IMKH JIaKe B JIOKAJBHO OJIHOPOHBIX BHEITHUX I10-
JsX (KOD/Ia pasMep JEeMEHTOB IPeHeOPEKIMO MaJI TI0 CPABHEHUIO ¢ JINHOM BoJiHbl). Hanpumep,
B PACCMOTPEHHBIX BK/IIOYEHHSX Ha OCHOBE (DEPPUTA OTHOPOJIHOE SJIEKTPUIECKOE 10JIe BO30Y XK 1a-
eT JIEKTPUIECKHIT TOK B IIPOBOIAX, KOTOPBIE, B CBOKO OYEPE/Ib, HHIAYIIUPYIOT MarHUTHBIE MOMEH-
Tl B (heppuToBoit cepe. Takum obpazom, OMaHU3OTPOIHBIE CBOMCTBA OOIIEil Cpesbl MOT'YT OBITh
BBI3BaHbI 3(hPeKTaMu TPOCTPAHCTBEHHON JUCIEPCUH WJIM HEB3aUMHON MArHUTO-3JIEKTPUIECKO

CBA3bBIO.

3.9 OrpaHnyeHnsa Ha MaTepuaJbHbIE TTapaMeTpPhbl

Cy1iecTBYIOT TPH BaXKHBIX OIPAHIIEHNST HA MaTepUAJIbHbIE TapaMeTPhl IPOM3BOJIBHON JTUHEHHOM
cpennl. [lepBbie nBa orpaHuveHUs CJICAYIOT M3 3aKOHA COXPAHEHUsI SHEPTUU U MPOCTPAHCTBEH-
HOIl CHMMETpHUM CTPYKTYPBI Cpeibl. B ollpeieIeHHOM CMBIC/IE 3TH OTPAHUYEHHUs] HE SIBJIAIOTCSI
YHUBEPCATBHBIMHE, TIOCKOJIbKY OHH MPUMEHUMBI TOJIBKO K HACCHBHBIM cpefaM [38| u Kk Marepua-
JIaM CO CHEIHAIbHON KpucTajuiorpaduieckoil cummerpueii. TpeTbe orpaHnyenne yHUBEPCATIBHO,
[IOCKOJIBKY OHO CJIEJIyeT U3 JIMHEHHOCTH CPeIbl M CUMMETPHUU OOpallleHusI BPEMEHM ypaBHEHMI
Makcsesa.

3aKOH COXpaHEHUsI SHEPTUH, IPUMEHsIEMBbIil /1T OMaHM30TPOIHBIX CpeJl 6e3 MoTeph ¢ MaTe-
pUATBHBIMU cOOTHOIIeHUsIMU (3.36), IUKTyeT cJiejyoline OrpaHnYeHnsl Ha UX MaTepUasbHbIe
napameTpsl [10]:

:T = :T

€ = &, fig = Mgs R="h, (3.37)

||
Il
<

e CUMBOJIBI * "' 00603HaYAIOT KOMILIEKCHOE U IPMUTOBOEC COIIPAZKEHUA. HOSTOMy B MaTepua-
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Je 6e3 noTepb Kak B3aMMHBbIC K TaK U HEB3aUMHBLIC Y OMAHM3OTPOIIHBLIC HMapaMeTphbl ABJISIOTCS
YICTO BENIECTBEHHBIMU TeH30paMu (110 9TOH NpuYnHe MHUMAsT eJIUHUINA ObLIa MOMEIIeHa mepe/y
B3aMMHBIM TeH30poM B (3.36)). ToT ke BBIBOJ HPUMEHHM K CHMMETPUYIHBIM YACTSIM TEH30DOB
JMIJIEKTPHIECKON €g M MAIHUTHO(! IPOHUIIACMOCTE ﬁg, a COOTBETCTBYIOIINE AHTUCUMMETPUIHBIE
HaCTHU ABISIOTCI YACTO MHUMBIMHU.

MatepuajibHble apaMeTpPbl CPEIbl CO OMPEJCTIEHHON KPUCTAJLIOrPapUIECKOl CUMMeTpHeil

TIOJIMHAIOTCA JOIIOJTHUTEJILHBIM OI'DaHMYCHUAM, BhIPpaz>KCHHBIM KaK

p— p— p— :T
V=K ) K , (3.38)
€CJIX OHU OIIMCBIBAIOTCA MCTUHHBIM TeHSOpOM %8
p— p———— p— :T
O =det{K}K -9 - K , (3.39)

€CJT OHY OIUCHIBAIOTCS TICEBIOTEH30pOM. B 3ToM ciydae E SIBJIIETCS. HEKOTOPBIM MaTEPUABHBIM
apaMeTpoM, TAKUM KaK TEH30D JUJIEKTPUIECKO IIPOHUIIAEMOCTH MM KUPAJIHLHOCTH, K sapns-
eTcst MaTpuIleil mpeobpa3oBaHusi, KOTOPasi OIpe/IesisieT IIPOCTPAHCTBEHHOE Ipeobpa3oBaHue, pu
KOTOPOM OTKJIUK CPeJIbl HE U3MEHSIETCH, a det{?} ABJISETCS OIPEACTUTEIeM MaTPUIILI IIpeobpa-
zoBanusa. Hanpumep, Marpuia npeobpa3oBanust i KOMIIO3UTa, 0OPA30BAHHOIO CIIUPAJIbLHBIMU
BKJIIOUCHUSIMHU, OPUECHTUPOBAHHBIMU KaK Ha pHUC. 3.3a, ABISECTCS JUATOHAJIBHON ¢ MATPUIHBIMU
snementamu K11 = 1, Koo = —1, u K33 = —1 (B cucreme KOOp/IMHAT, YKa3aHHOI HA PUCYHKE, UH-
JIEKChI 1, 2 1 3 COOTBETCTBYIOT OCSIM T, Y, U 2). B aToM cirydae, ncnosnsysi (3.38) u (3.39), MoxKHO
HAlTH ApaMEeTPB MaTepHaia, OMMCHIBACMbIC HCTHHHBIMI TeH30PaMit (&g 1 [iy), KOTOPDIE JIOJK-
HBI IMETh CJIeLyTONIe HyJIeBble KOMIIOHEHTBHI M3-3a IIPOCTPAHCTBEHHONW CUMMETPUU KOMIIO3UTA!
P12 = Y13 = P91 = P31 = 0 31€CH E obosnauaer € u fig). C JAPyroii CTOPOHDI, MCEBOTEH30D
KMPaJIbHOCTU K, UMeeT JIpyTue HyJeBble KOMIIOHEHTBI k1] = Koo = Ko3 = K3z = k33 = 0. Baxk-
HO OTMETHUTH, 9TO orpanmienns cummverpuu (3.38) u (3.39) MoOryT OLITH IPHUMEHEHLI TaKyKe K
MUKDPOCKOIIMYECKAM ITapaMeTpaM, TAKAM KaK HOJISIPU3YEMOCTh BKJIIOYCHUIA.

Tperbe orpannveHre Ha MaTepuasbHbIE APAMETPhI CPeJibl 00YCIOBIEHO cuMMeTpreil 00pa-
IIeHNs BpeMenn B ypasHenusax Makcsesna. OHO 0OBIYHO BBIParKaeTcst B BUJIE TEOPEMbI B3aUMHO-
ctu Jlopentia. 9ta Teopema GOpPMyJIUPYETCs s TaPbl HCTOYHUKOB C IIOTHOCTsiME ToKa J 4 u J g,
koropsle coznator nosst E4 u Ep [38,39] (eM. mumocrpanuio va Puc. 3.8). Teopema ruacur, aro
BO B3aMMHBIX CpeJlax peakius 110Jisi E 4 Ha HCTOYHUK C IJIOTHOCTBIO TOKa J g JI0J2KHA OBITH TaKOM
’Ke, Kak 11 nois Ep Ha ucrounuk ¢ J 4. Jpyrumum ciioBaMu, B3auMOAECTBUS MEXKLy JIH000M
napoii 3JIEKTPOMArHUTHBIX UCTOYHUKOB SBJSIOTCS B3aMMHBIMU. DTa (GOPMYJIUPOBKA, 110 CYTH,
He Iojpa3yMeBaeT o0paTuMoCTH TedeHusi Bpemenu dt — —d¢ (aHAJIOrMYHO IEpeMOTKe BUJIEO)
BCEX 3JIEKTPOMAIHUTHBIX IMPOIECCOB B Cpejie. BMecTo Toro reopema umumupyem oOpalieHne
BpPEMEHH 3aCUET U3MEHEHUsI MECTaMU PACIOJIOKEHUsT UCTOYHUKOB (df Beera 1moJIoxKuTe e ).

Peaknus monsg E4 Ha HCTOYHUK ¢ IJIOTHOCTBIO TOKa Jp onpeaensercss o0beMHbIM UHTErPa-
aoM [40]:

(A, B) = / B, JpdV, (3.40)
VB
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Puc. 3.8: DiekrpoMmarunrHOE B3aMMOIEHCTBHE MEXKIY MAapOil HCTOYHUKOB C INIOTHOCTSIMHU TOKA
J AU J B-

rje oobem Vi comepxkut ucrounuk B, u dV — snement obbema. Takum obpazom, Teopemy B3a-

NMHOCTH ﬂopeHua MOZKHO 3allCaTb B BUJIE

(A, B) — (B, A) = /EA-JBdV—/EB-JAdV:O, (3.41)

Vap Vas

rae Vap — obbeM, comepxKkamuii ucrounuku A u B. Teopemy MOKHO 0600IIUTEL TaK2Ke Ha, OOIILYIO
OUMAHU30TPOIHYIO CPeJly ¢ BO3MOXKHBIME HeB3aumMHbIME 3dbdexkramu [41], cunrast, uro nose Ep
MIOPOKIEHHOE MCTOYHUKOM B ompenesercs B cpeiu, B KOTOPOil Bpems ObLio obpareno. Kak
obcyxkaaock B maparpade 3.7, B obpallleHHOI BO BpPeMEHH cpejie BCe BHEITHUE HeB3auMHbIE
napaMeTpbl (0003HAYMM X JIJIsi KOMIIAKTHOCTH BEKTOPOM HaMaruumdeHHocT Hg) MeHsIOT 3HaKH,
1 MaTepHuabHbIe IapaMETPBI MOI'YT OBIThH 3aIIMCAHBI KaK E(—Ho)-
3amuieM MaTepuasbHble COOTHOIIEHUsI I OOIeil OHAHM30TPOITHON CpeJibl B CJIETYIOIIEeM
BUJIE:
D=¢ -E+9 H, B=7,-H+(-E. (3.42)

Baech, B ormane or (3.36), HUKAKUX IPEJIIOJIOKEHU O MATHUTO-3JIEKTPUIECKON JUAJIE CIIeTIaHO
He 6bu10. Vcmonb3yst cranapTHble MaHumy sun ¢ ypasHeHusimu Makcsesuta (38,39, 41], mis

Ou-aHU30TPOITHON Ccpeibl, onuckiBaeMoii (3.42), yciosue (3.41) MOXKHO 3amucarb B CJIeJlyIONIeR

dopwme:

/(EA-JBEB-JA)dV: /(EAXHBEBXHA)-dS

Vagp SaB

+jw / {Bp - [ (~Hy) ~ &(Ho)] - B4~ Bp - [C (~Ho) + 9(Hy)] - H, (343)
Vas

+Hp - [J (~Ho) + C(Ho)] - Ea — Hp - [fiy (~Ho) — Fi, (Ho)] - Ha JdV = 0,

rie SAp — 3aMKHyTasl IOBEPXHOCTh o0beMa Vg, BekTop dS HampasiieH u3 oobema Vap. Boibu-

past JI0CcTaTO4IHO GOJIBIIONH 00beM V4 p, MOBEPXHOCTHBIN MHTErpaa B (3.43) obpaimaercst B HYJIb.

44



8.10. Pacnpocmpanerue 80aH 6 OUGHUSOMPONHBLT MAMEPUAAAT U IKCTPDEMANDHAA
buaruzomponua

eficTBUTE/IbHO, CUUTAs, YTO CPeJla MMeeT HeHyJIeBble OTEePH SHEPIUU Ha JUCCUIIAIUIO (Cpeja
6e3 ToTeph SABJISIETCsT TEOPETHYIeCKOoil abcTpakiueit), Beananna mwiorHoctu momaoctn E4 x Hp
yOBIBaeT OBICTpee, €M KBAJIPAT PACCTOSIHUAS JI0 TMOBEPXHOCTH SAp W MOITOMY Ha JOCTATOIHO
DOJIBIITOM PACCTOSTHUN TOBEPXHOCTHBIN MHTEIPAJI CTAHOBUTCSI IIpeHeOpeKuMo MaJjbiM. CooTHoIITE-
aue (3.43) JOJKHO BBITOJIHSATHCS JIJisl IPOM3BOJILHO BHIOPAHHOIO 00beMa V4 p, 9TO BO3MOXKHO,
TOJILKO €CJIM BCE BBIPAXKEHHs B KBaJIPATHBIX CKOOKAX TOXKIECTBEHHO paBHLI HyJI0. IlosyueHHbIe
TpebOBaHUsST IPEACTABIAIOT cob0it 0600IeHHbIe oTHOmEeHNsT OH3arepa-Kasumupa 118 MaTepu-

aJIbHBIX HapaMerpos [41-44]:

G(Ho) = 7 (—Hy), Ti,(Ho) =7 (~Hg), (Hy) = —C (—Hp). (3.44)

:T
Bnech koncrpykuus tuna ¢ (—Hp) obozHauaeT TPaHCIOHUPOBAHHDINH TEH30p MATEPUATHHOIO
mapamerpa 1) JJI TOil ¥Ke CpeJibl, KOTJIa Bee BHENIHIE HeB3auMHBIC TTapaMeTphl H3MEHUIN 3HAK.
Ecmu cpena ssamvua (Ho = 0), To ypasrenns (3.44) ympommarorcss 10 €g = €,, flg = fg, 1

¥ =—C . B aToM cilyuae MaTepHaIbHBIE COOTHOMEHHS CTAHOBATCS SKBIBATEHTHEMH (3.18) pi
samene U = —Jj\/€olto R

[Tostyuum MaTepuasbHble cCOOTHONIEHNs B BUIe (3.36). [IJ1st 3TOro MOXKHO PA3/I02KHUThL MATHUTO-
sexTpireckie Tersopsl na U(Hg) = C1x, (Ho) + Coky (Ho) 1 C(Hy) = CsXy(Ho) + Cyra (),
re X1 o U K1,2 0003HAYAIOT HEB3ANMHBIE I B3aUMHbIE 9aCTH COOTBETCTBEHHO, it C'] 4 — HEKOTODBIE

KOMILIEKCHBbIe KOHCTaHTHI. [Tociieinee Boipaxkenue B (3.44) 3ammuceiBaeTcst Kak
Cle (Ho) + Czlil(Ho) = C3X2 (HQ) - C4I€2 (Ho), (3.45)

IJIe MCIIOJIb30BAJIICH CBOHCTBA obparenust Bpemenn s3anMuoil ko (—Hy) = Ra(Ho) n HeB3anmHoi
X2(—Hp) = —X2(Hp) cpen. Ypasuenue (3.45) MoxKeT ObITH BBIIOJIHEHO TOJBKO B TOM CJIydae,
ecJIn HeB3auMHble / B3aUMHBIE WIEHBI B 00EUX JAaCTSAX yPaBHEHHsI PABHBI (B IPOTUBHOM CJlydae
npu u3Mmenennn Hy, ypasaenne e BbinosHsiercst). Takum o6pasoM, CyIIECTBYIOT CJIe/IyIOIIne
orpanmyenusi: C1 = C3, Oy = —Cy, X1 = §2T =X, U R = Eg = R. Boibupas C1 = \/eojuo 1
Co = —j+/€ojto, MaTepuabHble COOTHOIICHHs (3.42) IPUHUMAIOT TOT 2Ke BHJ, 9T0 U B (3.36).
Coornommennst Onzarepa-Kasumupa MOryT ObITH TakKe 3alUCAHbL JJIsi MUKPOCKOIIMYECKIX

nosisipusyemocteii [10,45]:
Oee(Ho) = 0ee(—Ho),  @mm(Ho) = @ (—Ho),  ame(Ho) = — 0, (—Ho). (3.46)

OFpaHquHI/IH Ha MaTepHuaJIbHbIC ITapaMETPBbl UT'PAIOT BazKHYIO POJIb IJId U3YYIEeHUA CyHIeCTBYIO-

X MaTepHruaJioB, a TaKzKe IJId pa3pa60TK1/1 HOBBIX KOMIIO3UITMOHHBIX MaTepuaJioB.

3.10 PacnpocrpaHeHne BOJIH B OMaHM3O0TPOIIHBIX MaTepHAaJIax M

IKCTpeMaJibHasE OMaHU30TPONUS

BH&HH3OTpOHI/IH — BazKHad CbI/IBI/I‘IeCKaﬂ KOHIEIIUA, KOTOPad paCIInpsA€eT Hallle IOHNMaHHUeE 3JIEK-

TPOMarHeTu3Ma B Pa3JIUYIHbIX CpelaXx. Ora KOHIIEIIINA IIPUBEJIa KO MHOXKECTBY BazKHbBIX ITPUJIO-
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JKEHU, HEJIOCTUKUMBIX C ITOMOIIBIO aHU30TPOITHBIX MATEPHAJIOB. UTOOBI OIPEIe/IUTh BO3MOXK-
Hble MPUMEHEHNs OMaHU30TPOIIHOIO MaTephaJa OIPEIeJIEHHONO KJiacca, Hy»KHO HalTH ero cob-
CTBEHHBIE BOJIHBI, T. €. T€ TapMOHMYECKHE IIJIOCKHE BOJIHBI (CO CIENUPUICCKUMI XapaKTepH-
CTUKaMU, TAKMMH KaK IOJIsIPU3Allis, HAlPABJIEHNE U IIOCTOSIHHASI PACIPOCTPAHEHHUsI ), KOTOPbIE
MOI'YyT PaclIpOoCTpaHsaThbCsd B Marepraje. OCHOBBIBasICh Ha 3HAHUN COOCTBEHHBLIX BOJIH, MOXKHO
OIIPEJIEJINTD PACIIPOCTPAHEHHE T IAIOIINX BOJIH BHYTPH CJIOF MaTepHuaJia, a TaK»Ke ero CBOHCTBa
OTparKeHUsI W IMPOITYCKAHUS.

XoTs MepBbIit U3BECTHBIN OMAHM30TPOIHLIH MaTepuaj oTHocuTcd K 1811 roay, xorma Ppan-
cya Aparo HabJ/IIO[aJI BpallleHHe IIJIOCKOCTU IOJIsIpU3allil JIMHEHHO II0JIsIpH30BAHHOIO CBETa B
KBapIlie, paclpoCTpaHeHne BOJIH B OMAHU30TPOIHBIX CpeaX MHUPOKO U3Ydaoch TOJbKO ¢ 1990-x
rojos [10,46-48]. B nagase 2000-x romos Axsem JlaxTakust mpejyioyKusl KOHIEIIUIO <HYJIeBO-
ro» Marepuasa (Tak HasblBaeMasl HUIMJILHOCTB), Y KOTOPOIO JIMJIEKTPUYECKAsT U MarHUTHASI
[IPOHUIIAEMOCTH 00e PABHbI HYJIIO Ha HEKOTOPOii uacrore [49]. BriocsiescrBun anajorndanas ujest
6bL1a chOpMyIMpOBaHa JJisi OHAHU30TPONHBIX CPeJl PasHbIX Kiaaccos [6,7,50,51]. B mocreanem
npuMepe, TUIJEKTPUIECKAsT 1 MArHUTHAS MPOHUIIAEMOCTH CPEJIbI PABHDLI HYJIIO, IIPH 9TOM KO3(-
GUIUEHTH MATHUTO-9JIEKTPUIECKON CBSI3U OTJIUMIHBI OT HyJsd. TakuM o6pa3zoM, OMaHu30TPOITHbBIE
9(bdEKTBI B 9TUX CPeJIax CTAHOBSITCsI HanboJ1ee BHIPAYKEHHBIME (9KCTPEMAIBHBIME) U TIOJIHOCTHIO
OIIPEJEISIIOT 3JIEKTPOMArHUTHBIA OTKJNK cpedbl. B sToM maparpade KpaTkKo H3/1araioTcs pe-
3yJILTATHI PACIPOCTPAHEHHS BOJH B OMAHM30TPOIHBIX MaTepHaIax JABYX B3aUMHBIX (KHPAJIbHBIX
U oMera-cpejiax) ¥ JByX HeB3auMHBIX (cpejax Tesuleren u MCKyCCTBEHHO JBUXKYIIMXCS CPeJIax)
KJIaccoB. TakzKe IPUBOJISITCS COOTBETCTBYIOIIME PE3YJILTATHI JJjIsl CIYy9aeB SKCTPEMAJILHOIO O1a-
HU30TPOITHOI'O OTKJIMKA.

Paccmorpum o6mryto 6uanu3orponnyio cpey [cm. ypasaenust. (3.36)] ¢ odnoochoti cummerpu-
eif, T. e. KOIJla B CTPYKTYPE CPEebl UMEETCsl TOJIBKO OJIHO MIPENOYTHTEIbHOE HallpaBjeHne (2-0Ch)
(cBOiicTBa Cpejibl He M3MEHSIIOTCs P BPAIeHu! BOKPYT 310ii ocn). [TpenonokumM, 4o ocesbie
IIJTOCKME BOJIHBI MMEIOT BHJL eIWt=F+22) y oJ (wt-s—,é’,zz), rae B4, U S_, — BOJIHOBBIE YHCJIA BOJIH,
HECYIIINX MOIIHOCTH B HAIIPABJIEHHUAX +2 U —Zz COOTBETCTBEHHO. DTOT CJIydail, BEPOSITHO, SIBJIsI-
eTcst HanboJiee MHTEPECHBIM U ITPAKTUYHBIM, ITOCKOJIBKY MaTePUAJIbHbIN OTKJINK HE 3aBUCUT OT
OPHEHTAIINN 3JEKTPUIECKOI0 U MAIHUTHOIO IIOJIEHl pacipoCTPaHsIOMINXCs BOJIH. Marepua/bHble

COOTHOIIIEHNS I OOIEeit OJIHOOCHON OMaHN30TPOITHON CpeIbl MMEIOT CJIEIYIOIIMI BUI:

D =% E+ e |(x—jx)l+ (Va— jKa)7:] - H, )
B = i, - H + \/éofio [(Xt + jre) Iy + (—Va — jKa)jt} - E, .

e € = eoejt + €022, fig = ,u,o,ujt + po 2z, i = XX + yy — nolepedHasl eJMHUYHAs JIHAJA,
Ji =z x I[{ = yX — Xy — /10aj/ia BEKTOPHOI'O IIPOM3BEIEHUS, & HHJIEKC ¢ 0DO3HAYAET IIOIe-
pevHBIE KOMIIOHEHTBI. DTH COOTHONIEHHs MOTYT OBbITH mostyuenbl u3 (3.36), mpesmosaras, 1To
X = X*jt + Vajﬂ N /ijt + Kajt, rae Xt, Va, Kt, 1 K, TOKa3bIBAIOT BEJIMYNHY COOTBET-
CTBYIOIINX MATHUTORJIEKTPUYECKUX 3(PEKTOB B IIOMEPEUHOil MI0CKOCTH (OTHOCHTEIBHO OCEBOTO
Hanpas/ienus). Ecin cpejia 6e3 morepb, Bce MarepuajbHble TlapaMeTpbl B (3.47) SBIAIOTCH Be-
MIECTBEHHBIMY BEJIMYNHAMHU.

[IInpoKo M3BECTHO, YTO COOCTBEHHBIE BOJIHBI OIHOOCHO KHPaIbHON cpebl (i = Vo = K, =
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0) SIBJISIFOTCST UPKYJISPHO MOJISIPU30BAHHBIMU BOJTHAMMU, KOTOPbIE MOTI'YT PACIPOCTPAHSATHCST CHM-
METPUYHO B 000X HAaIpaBjeHus: BIOJIb ocu z (B4, = f—.) [47]. KoncranTer pacnpocrpanenust
IIPABBIX U JIEBLIX MUPKY/IAPHO MOJIAPH30BAHHBIX COOCTBEHHBIX BOIH PaBHEI 4.1 = ko(y/€fiy +Ft)
u Py = ko(\/m — Kt), COOTBETCTBEHHO, TJie ky — BOJIHOBOE YHCJIO CBODOJHOIO IIPOCTPAHCTBA
[em. puc. 3.9a]. Pasnuunbie KOHCTAHTBI PACIIPOCTPAHEHHsI JIBYX UPKYJISIPHO MOJISIPU30BAHHBIX
COOCTBEHHBIX BOJIH JIAIOT U3BECTHBIE 3DMEKTHl ONTUIECKOrO BpalieHus (ONTHIeCKO aKTHBHO-
CTH) W KPYTOBOTO JAWXPOU3MA JJIsi BOJIH, MPOXOJSAIINX Uepe3 KUPAJbHBIH CI0i (CM. TakxXKe Ima-
parpacd 3.7). OcobeHHO MHTEPECHBIM ABJIACTCA CIydail, KOTja (/€ fly = Ky U 4.2 CTAHOBHTCA
paBHBIM HYJIFO0. Takoil cjydail HAIIOMUHAET HEeIABHO HPEJIOYKEHHBIE CPEJIbI C JIMJIEKTPUIECKO
U MarHUTHOM IpoHuIaeMocTsMu pasubiMu Hysio (EMNZ) (cm. 0630p B [52]), HO B TO Ke BpeMsi B
JIAHHOM IIpUMepe BCe MaTepHuaJIbHbIE MapaMeTphl He PAaBHBI Hy/I0. VIMItemanc KupaabHONR Cpebl
He 3aBUCHUT OT IlapaMeTpa KUPAJIbHOCTH Ky ¥ OLPEJIENIieTcs Kak 1) = 1o/ [t/ €, TJ€ 7)o — BOJHOBOMN
UMIIEJAaHC CBODOOIHOIO IpocTpancTBa. Ciie1oBaTe/IbHO, KOOPMUIMEHT OTPAXKEHUs OT KUPAJIbHOIO
CJIOST TAaKXKe HE 3aBUCHT OT K. DTO CBOMCTBO MCIIOJIB30BAJIOCH JIJII CO3/IaHUsT Pa3JIUIHBIX OTpPa-
JKAIOMUX MMOBEPXHOCTEN, B KOTOPBIX PEXKUM €y = (i MOXKET OBITh JOCTUTHYT C MCIIOJIH30BAHIEM
KHPAJBHBIX BKJIFOUEHHI CO COAJTAHCUPOBAHHBIMU 3JIEKTPUIECKUMU U MArHUTHBIMU CBOWCTBAMMU
(em. Ily6aukarmio 5 u [53,54]). HTepecHo oTMeTUTh, YTO B Cilydae KUPAJIbHON HUIMJIBLHOCTH,
T.e. Korja €p = py = 0 u Ky # 0, KOHCTAHTHI PACIPOCTPAHEHUsI JIBYX COOCTBEHHBIX BOJIH CTa-
HOBSATCST TIPOTUBOTIONIOKHBIMI TI0 3HAKY: B1,1 = —f1.0 = koky. ONHOM U3 9TUX BOJH SIBJISETCS
obpaTHas BOJHA, TaK KakK ee (a3oBasg CKOPOCTb Vpho U IPYIIIOBAasd CKOPOCTh Vgro HPOTHUBOIO-
JIOXKHO HanpasiieHbl [cm. puc. 3.96]. Camasi Gosibliiasi aMILIUTYIa OTPUIATEBHOIO OKA3ATE sl
[PEJIOMJICHUsT MOXKET ObITh JOCTHIHYTa B MaTepuaje ¢ KHPaJbHON HUTUIHLHOCTBIO [6,55-57].
CobcTBeHHbIE BOJIHBI OJHOOCHOIN oMera-cpenbl (i = Kt = Vo = 0) UMEIOT IPOU3BOIBHYIO
MOJISPU3AIMIO U PACIPOCTPAHSIIOTCS BJOJIb HAIIPABJIEHUl +Z U —Z C OJIMHAKOBOU KOHCTAHTOU
pacupocrpanenust S, = [_, = kov/ ey — K2 [48]. Eciim nmapamerp MarHuTO-3/€KTPHYECKO
cBsa3u K, JIOCTATOYHO BEJIMK, TO TJIOCKHE BOJHBI HE MOTYT PACIPOCTPAHATHCS B cpejie (B ciydae,
ecsn cpenia 6e3 oTeph). BaxKHO OTMETHTD, YTO BOJIHOBOII UMIIEJIAHC OMEra-~CPeJibl PAa3JInIeH JIJIsi
Pa3HBIX HAIpaBJeHUH pacnpocrpanenust N4, = no(y/ e — K2 F jKa)/er. Kak ciencrsue, or-
parkKeHHbIE BOJIHBI C IIPOTUBOIIOJIOXKHBIX CTOPOH OMEra-CJjIosl UMEIOT pasHble as3bl, KaK IMOKa3aHO
Ha puc. 3.98B (MX AMIUIATY/BI OAMHAKOBBI M3-32 B3AMMHOCTH). Takoe CBOWCTBO YHUKAJIBHO JIJIsI
B3aUMHBIX CPeJl U UTPAeT BaXKHYIO POJIb JJIsi IPUMEHEHN, T/ie TpeOyeTcsi aCHMMETPHUs B OTPa-
ykernu win paccesiuun (em. Ily6mukanmun 3, 4, u 6, a rakxke [58,59]). Ciegyer oTMeTuTh, 9TO
HYyJIeBO# KO3 (PUIMEHT OTparkKeHUsI OT OMEIa-CJI0si MOXKET OBITh JOCTUIHYT TOJIBKO B TOM CJIydae,
ecmn K, = Fj(uy — €)/2 |48], uro neBo3dmMoKHO Jyisi caydast 6e3 moreph (Korga i, €, u K, Be-
meCTBeHHbIe). AHaJIOrMYHbIHA BBIBOJI CIPABEJIMB U JJIsi OMEra, IIOBEPXHOCTEH (CJIOI‘/’I C TOJIIIAHON
OJIHOTO BKJIIOUEHUsI) C IIPOBOJIOYHbIMHU 3djteMeHTaMu [53]. B omera-marepuasie 6e3 morepb u co
cBoiicrBamu HurusbHocTH (€ = iy = 0 u K, # 0), II0CKHe BOJHBI HE MOTYT PACIPOCTPAHSITHCSI
M3-33 MHUMO}I KOHCTAHTBI pacupocTpanenus Sy, = f_, = —jkoK, (3amerum, 4T0 IpH HAJTUIAN
[I0TePh, PACIPOCTPAHEHHE BOJIH BO3MOXKHO). ACHUMMEeTPHsI BOJIHOBOI'O COLPOTUBIIEHUST JIOCTUIAET
MAKCUMAJIbHOIO 3HAUeHUs: 1y, = joo u 17—, = 0 [50,51,60]. Takum obpasom, koadbdunmeHt
OTparkKeHUsI C pa3HbIX CTOPOH OMEra-CJIOsi C HUTMJIbHBIME CBOMCTBaMU paBeH KO3 UIUEHTY OT-

paXKeHust OT UACATHLHOr0 MarHuTHOro( R4, = +1) WIn ueaabHOro 3JEKTPHIECKOTrO IIPOBOTHUKA
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Puc. 3.9: Pacupocrpanenue BoJiH B 0JiHOOCHOIT (&) KupaJibHOii cpejie, (6) KupaJbHO# HUTHIBHOMN
cpene, (1) cpene Tesuterena, (/1) UCKYCCTBEHHO JBIKYIIelics cpejie U (€) MCKYyCCTBEHHO JIBUXKY-
mieiicst HurmiIbHON cpejyie. (B) OTpaskeHue 3716KTPOMATHUTHBIX BOJIH OT Pa3HBIX CTOPOH OMera-
cr10s1. CHMBOJIBI Vi, M Vgr 0003HaUaIOT (ha30ByIO U IPYIIIOBYIO CKOPOCTH BOJIH COOTBETCTBEHHO.

(R_, =—1).
B ciayuae mesanmuoii cpenbt Temerena (ky = K, = V, = 0), cobcTBeHHbIE BOJHBI HMe-

10T TTPOU3BOJIbHYIO TOJIAPU3AINIIO U PACIPOCTPAHSAIOTCS B 000X HAIPABJIEHUSX BIIOJb OCA CUM-
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METPHUH C OJIMHAKOBOI TIOCTOSTHHO T pactpocTpanenus By, = B_, = kov/eyue — X2 [7,51,60,61].
OrmanTeIbHOI 0COOEHHOCTBIO OJIHOOCHOI cpebl Teterena aB/sieTcss HEOPTOTOHAJIBHOCTD SJIEK-
TPUIECKOTO U MAaTHUTHOTO TIOJIEH BOJIH, PACIIPOCTPAHSIONINXCS BIOJIb €r0 OCH. ¥ TOJI MEXKTY JIEK-
TPUYECKUM U MArHUTHBIM II0JISIMU 3aBHCHT OT napamerpa Tesurerena i [60,61|. B uactaocTH,
MO>KHO HACTPOUTH mapamerp TesiereHa Takum oopa3oM, 9ToObI JIEKTPUIECKOe U MATHUTHOE T10-
JIST PACIPOCTPAHSIIONIEHCS BOJIHBI OCIUIJINPOBAIN B ABYX PA3HBIX IJIOCKOCTSIX, IT€PECEKAIOITIXCS
o1 yriiom 45° [em. puc. 3.9r|. Bo3MoxKeH anbrepHATUBHBIN CHEHAPHIT: SJIEKTPUIECKOe [OJIe MMe-
€T JUIMIITUIECKYIO TOJISIPUBAIIIIO, & MArHUTHOE I10JIe JIMHEHHO moJisipu3oBano. OHOOCHBIH CJTOoi
u3 cpejibl TesiereHa BpalaeT IJIOCKOCTh MOJISIPU3AINN B OTPAXKEHUU, UTO sIBJISIETCS HEB3aUM-
ubIM 3ddekToM [46]. Cooit cpepl Tesierena ¢ aKTUBHBIMEU 3JIEMEHTAME MOTYT MCHOJIb30BAThCSI
Kak M30JTopbl [62]. B sKcpeMasibHOM cilydae HUTHMJIBHOCTU cpejibl Tesuierena MIocKue BOJIHBI
He MOTYT IIepeMeINaThCsl B CPeJie B/OJIb €€ OCH, TaK KaK IOCTOsIHHAsl PaclpOCTpPaHeHUsl YUCTO
MHUMas 1, = B_, = —jkoxt. B 9TOM ciiyuae BOJTHOBOE CONPOTHUBJIEHUE CPEJIbI CTPEMUTCS K
OECKOHEYHOCTH.

B uckycerBennoit gsmkymieiics cpese (xy = ky = K, = 0), MOIyT pacipoCTpaHsaThCs BOJI-
HBI [IPOU3BOJILHON ToJigpu3alu. KOHCTaAHThI PACIPOCTPAHEHNsST B UCKYCCTBEHHON IBUXKYIIENHCS
cpenie: [, = ko(\/€pis — Va) 1 B, = ko(y/€fix + Va) 21s1 BOJIH, HepeMeIAIOMIXCsl BHyTPU Cpe-
JIbl BJIOJIb HAIpaBJIeHUil +2z u —z coorBercTBerHo [7,35,51,60]|. Pasnuma mex iy KoHCTaHTAMM
pacIpoCTpaHeHusT BOJIH, ABMXKYIIIXCS B IIPOTHUBOIIOIOXKHBIX HAIIPABIEHUAX, SIBSIETCS HEB3AMM-
vbIM 3ddekTom. Pucynok 3.91 miumocTpupyer pacripocTpaHeHne BOJH B TakKOW cpeie, KOrja
Va < /€t ViMneanc ncKyceTBeHHO JBUXKYIelics cpejibl He 3aBUCUT OT HapaMeTpa MalHUTO-
SJIEKTPUIECKON CBsA3M V, U paBeH 1 = 1gy/ it/ €. Ocobblil nHTEpec BBI3BIBACT CJIydYail HUTHIIb-
HOCTHU JIJTT MCKYCCTBEHHO IBHUKYINEHCa cpenbl. B 3TOM ciIydae BIOJIb HAIIPABICHHUS —+2Z MOTYT
PaCIPOCTPAHSATHCS TOJBKO OOpaTHBIE BOJIHBI IIPOU3BOJIbBHON nosspusaiuu (S, = —koV, ecin
Va > 0), & B IPOTUBOIIOJIOZKHOM HAIIPABJICHUN COOCTBEHHBIE BOJIHBI TIPEJICTABIISAIOT COOOH OObIU-
uble (mpsimble) BOIHBL (B_, = koV, ecmu V, > 0) kak mokasano Ha puc. 3.9e. Takoe nosemenue
HAIIOMUHAET KHPAJbHYI0 HUTHJIbHOCTD, OJIHAKO B JIAHHOM CJIydae, CPe/ia OJNHAKOBO B3anMOJIeli-
CTBYeT C JII000I TIo/IsTpu3alieil pacipoCTPaHSIONIErocs U3/IyIeHus U 0018 aeT aCHMMETPUIHBIM
OTKJIMKOM C IIPOTHUBOIIOJIOXKHBIX CTOPOH. TakuMm 06pa3oM, MCKYCCTBEHHAs ABUXKYIIASICA HATHIb-
Hasl CpeJla IMeeT YHUKAIbHYI0 OCOOEHHOCTD: JIjIsI ODJIyYeHHUsT C IIPOTUBOIIOIOKHBIX HAIIPABJICHUIA,
KOMIIO3UT BejleT cebst inbo Kak obblaHasi cpejia, jmbo Kak cpena Becemaro [63]. B crarbe [62]
ITOKA3aHO, ITO OJIHOCJIOMHBIN KOMIIO3UT UCKYCCTBEHHO JABUXKYIIUXCS BKJIFOUEHUI MOXKeT ObITH Ha-
CTPOEH TAKUM 00PA30M, YTO C OJIHON CTOPOHBI OH IIPO3PAYEH JIJIsl aJIAI0IIEro u3JyYeHus! (CJI0BHO
BaKyyM), & C MPOTUBOIOJIOKHOI CTOPOHBI OH MOJTHOCTBIO MPOIYCKAET IA/AOIINe BOJIHBI, MEHSIS
ux dasy (kak B cpejie Becemnaro).

1:)e?>IOMI/Ipy${7 uccjieJoBaHud U IIPOEKTHUPOBaHUE 6I/IaHI/ISOTpOHHbIX MaTepuaJioB OTKPbIBAIOT
HOBBIE€ W YHUKAJbHBIE BOSMOXKHOCTH I CO3JIAHNS YHUKAJIBHBIX 3(hPEKTOB BO3IEHCTBUA BOJIH C
BEIIECTBOM. DOJIBIMIHCTBO aHAJUTHIECKUX MCCJIenoBannii 6pmn 3apepiieHsl B 1990-x rogax Bo
BpeMsI TaK Ha3bIBAEMOI'o OyMa «ObumanmsoTponuns. OIHAKO, KaK BUIHO U3 aHAJIN3a COBPEMEHHBIX
Hay4HBIX MTyOJUKAIUi, TOJHKO HEJABHO OMAHU30TPOIHBIE 3(PMEKThI IITUPOKO HAYAIN U3YIaThCS

JUIsl TPAKTUYIeCKUX MPUMeHeHui B objacTu MeramarepuasioB (cm. Hampumep, Ilybiaukarmio 6

u [64-66]).
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I'maBa 4

MeTtamaTepuaJjibl 1 POJib IIPOCTPAHCTBEHHOIA

AucIepcuu

ObsacTh MeTaMaTEPUAJIOB 3HAUUTEBHO PACIIUPUIIACH 34 ITOCJIEIHAE J1Ba IECSITUIETHS U BKJIFO-
JaeT B cebst TaKHe HAIPABJIEHUSI, KAK MaTepPUAJIbl C OTPHUIATELHBIM TIOKa3aTeIeM IIPEIOMIICHUST,
cybBOJTHOBasT (POKYCHPOBKA, ILJIAII-HEBUAUMKA, CPEIbl U3 IIPOBOJIOB, METAIIOBEPXHOCTH U T. 1. B
HACTOAIIEM Iaparpade mpeacTaBieH KpaTKuii 0030p 9THX HAIPaBJIEHUI C aKIEHTOM Ha POJib

IPOCTPAHCTBEHHON JUCIIEPCUN B HUX.

4.1 OTpurarejbHoe IIpeJoMJIeHre

PaccmorpruM Kitaccuyeckyro 3ajady OTparkKeHUsl W IPOIYCKaHUsT IIJIOCKHMX BOJIH Ha OECKOHEY-
HOI rpaHuIle pas3esa MeXKIy CPpelaMU C ITOKa3aTe/sIMU ITPEJIOMJICHHS 711 U Mo, KAK IMOKA3aHO Ha
puc. 4.1a. PacemarpuBas sekTputdeckyio nonepednyio mossipusainuio (TE), saekrpuaeckue mosist
A IAKOIIEl, OTPayKeHHOIT U Ipore el BOJH Ha rpanue pasjeia (z = 0) 3a/[al0TCs BBIPAXKEHNU-
avu F; = eJ(wt—kisin eiz), E, = G erz), u FEy = eJ(wt—kgsin gtz), cooTBeTCTBeHHO. [TocKoIbKy
TaHTeHIMATbHBIE [OJIS B JABYX CpeJlaX Ha MPaHUIle JOJKHBI ObITh HenpepbiBHbIMU (E;+ By = Ey),
apryMEeHThI B 9KCIOHEHITUAJIBHBIX (DYHKIINAX TOJKHBI ObITh PABHBI, & CJI€I0BATEIHLHO, TAHIEH-
nuajbHbIE BOJHOBBIE BEKTODPbI TpPEX ILIOCKUX BOJIH paBHbL kjsinfiz = kysinf.z = ki sinf;z.
DTU yCaOBUsS NPUBOJAAT K M3BECTHBIM 3aKOHaM orpaxkenust 0 = 6, (tak xkak k; = k;) u npe-
JioMmiterust k; sin @y = kg sin 6y. OOBIYHO 110 yMOJYAHUIO IIOJIArafoT, 9TO B 9TOM CJIydae He MOI'YT
PACIIPOCTPAHATHCS APYTrue IaocKue BoIHbL. OJHAKO, KAK 3TO, BO3MOYKHO, BIIEpBbIe 3aMeTnI Jleo-
uu, Mangesbinram [67], Bo BTOpPOIt cpejie MOXKeT CyIIECTBOBATH €Ille OJ(HA PACIPOCTPaHSIOIIA-
sICsI TLJIOCKAsl BOJIHA, C IIOKa3aTeseM IIPEJIOMIIEHHs No. JleficTBUTEIbHO, MaTEMATUIECKN YCIOBUE
ki sin 0; = k¢ sin 60y He Mmensiercst, eciim yroa 6y 3aMeHUTH Ha yroa m — By, C Touku 3penns: pusn-
KI 9TO PEIleHne COOTBETCTBYET IIJIOCKOI BOJIHE, Yeil BOJTHOBOM BekTOp K¢ HaIlpaBJieH IO yIIOM
7 — 0y (nm 9ro To XKe camoe, O/ yriaoM —0), orcunThiBasi OT +x [cM. puc. 4.16; o6bIuHAas BOJIHA,
peJIOMJIEHHAsI TIOJT yTJIOM +0; He ToKazaHa Ha pucyHKe Jyisi Harasaaoctu|. Takoe npesomienue
KaXKeTcsd HeOOBIYHBIM, ITOCKOJIBKY BOJIHOBBIE KOJIEOAHUS PACIPOCTPAHSIIOTCS W3 IMOJyIPOCTPaH-
cTBa 0€e3 NCTOYHUKOB B MOJIYIIPOCTPAHCTBO ¢ NCTOUHUKOM. OHAKO 3TOT CJIyUail TozKe BO3SMOXKEH,
TaK KaK HallpaBJIEHHE BOJIHOBOI'O BEKTOpa Ki ompeiessieT TOJbKO HalpaBieHne dpa3oBoil CKOpPo-
cru vpp = kiw/ k:t2 , HO He HallpaBJIEHHe paclpocTpaHeHus: sHepruu. [lociiennss onpeessiercs
IPYIIIOBOi CKOPOCTBIO Vgr = Viw(ky) (31ech Vi — rpaguenT yriioBoii 4acTOThl W Kak (DyHKINH
BOJIHOBOI'O BEKTODA K¢ ) 1 HAIIpaBJ/ieHa OT TPaHUIbI passesa. Takoe HeOOBITHOE MIPeIOMIIEHHE TI0/]
OTPHUIATEBHBIM YTJIOM —0; HA3BIBAETCSI OTPUNATEIbHBIM. DTO SIBJIEHAE UMEET MEeCTO, ecjin ¢a-
30Basi U IPYIIIOBasi CKOPOCTU BOJIH, PACIIPOCTPAHAIOIINXCSI BO BTOPOIl cpejie, IMPOTHUBOIIOIOKHO

HarpasieHs! [68).
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4.1. Ompuuyamenrvhoe NpPesoMAEHUE

v N

b 4 XV
a [§)

Puc. 4.1: JIa BO3MOXKHBIX CIIEHADHsI IIPEJIOMJICHNS] BOJIH Ha IDAHUIE PA3Jjesa MEXkKIy JIBYMsI
cpenamu. (a) O6branoe npesomsienne. (6) OTpunaresbHoe IPeJOMIIEHNE.

Bo3MOXKHOCTD CyIIECTBOBaHUS CPEJ C IIPOTUBOIIOIOXKHO HAIIPABJIEHHBIMU (DA30OBBIMU U I'PYII-
HOBBIMU CKOPOCTSIME PaCIPOCTPAaHEHUsT BOJIH ObLIa TeOpeTHIecKn npejickaszana B (69, 70|. Bouio
JOKa3aHO, ITO MATEPHAJ CO CIEINAIbHO MMOI0OPAaHHON HeeIWHWIHON IMIJIEKTPUIECKON W Mar-
HUTHO}I npoHuIaeMocTsiMu (onucbiBaeMoii Mogenbio Jlopenna-/Ipy/ie) MOKeT NIpOsiBISATH aHO-
masbhyto gucrepcuto dw(k)/dk < 0 u, ciegoBarTesibHO, OTPUIATENIBHYO TPYIIIOBYI0 CKOPOCTH B
HEKOTOPOM JIMAIla30He 4acToT. B 9ToM nmamna3oHe Kak djeKTpudeckas €(w), TaK W MarHUTHAsI
IPOHUIAEMOCTD [1(w) SIBJISIIOTCS oTpunareibHbiMu. Takum obpasom, yxke B 1940-x u 1950-x ro-
JaX dBJICHHUE OTPUIIATEJIBHOI'O IIPEJIOMJICHU A 6bI.HO HN3BECTHO 1 XOPOIIO O6’]3§[CH€HO7 XOT4d OHO U HE
OBLIO IKCIIEPUMEHTAIBHO moaTBep2KaeH0. ClycTs HeCKoIbKO JeT, B 1968 roay, Bukrop Becenaro
oIryOJIMKOBAJI CBOIO 3HAMEHUTYIO TEOPETHIECKYIO OO30PHYIO CTaThIO O BEIeCTBax C OTPUIATE/ b
HOI JIEKTPUIECKON M MArHUTHON TPOHUIIAEMOCTSAMU, B KOTOPBIX OH PACCMOTPEJT TAKHE SK30TUIe-
CKUe sIBJICHUs, KaK OTPHUIATEIbHOE IIPEIOMJICHIE 1 (DOKYCUPOBKA C UCIIOJIHL30BAHUEM ILIAHAPHOTO
ciiost [63]. Cpesia ¢ TakuMu 06a24cAbl-0MPUUAMENLHBLMYU CBOTICTBAME BIIOCJIEICTBIN ObLIa Ha3Ba-
Ha, 06pamHOT W A€B0CTMOPOHHET. DT HA3BAHWS CBSI3aHBI ¢ (DU3MIECKUMU CBONCTBAMU CPEJIbI.
ejwt—jk-r

s ypaBHeHI/Iﬁ Maxkcsesmna, JJId IIJIOCKHUX BOJIH B BHJIC MO2KHO IOJIYYIUTDH

k xE =wuH, k x H= —weE. (4.1)

Ecou onnospemento R{e} < 0 u R{pu} < 0, B Takoii cpesie MOryT pacupoCTPaHsATHCS HE3aTyXa-
IOINKe 3JEKTPOMATHUTHBIE BOJIHBI, a uX BekTop llofinTuHra S IMPOTUBOIIOIOXKHO HAIIPABJIEH II0
OTHOIIEHUIO K BOJTHOBOMY BEKTODY:

|E]? |H?

1 o B
S = RExH) = o T T (4.2)

B srom ciryuae Bekropsl E, H, u k ob6pasyroT JjieBbit 6a3uc. AbrepHATUBHBIHN CII0CO0 TOCTUKEHUST
pacipocTpaHeHusi 06paTHOI BOJIHBI ObLI Ipe/ioykeH B Hadaste 80-x royos [55] ¢ ucrnosb3oBannem
KHAPAJIbHBIX MAaTEPUAJIOB.

Tem ne MeHee, B TeYEeHNE HECKOJIbKHX ITOCJIEAYIOMUX ,ILGCHTI/IJIGTI/Iﬁ NHTEPECHOE HallpaBJIEHUE
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4.1. Ompuuyamenrvhoe NpPesoMAEHUE

JIBOMHOE
Pa3sOMKHyTOE _»
KOJIbL[O 1

npsimasi
POBOJIOKA

Puc. 4.2: MumocTpaliyst mepBoro M3roTOBJIEHHOTO JIBAK IbI-OTPUIIATEIHHOIO MeTaMaTEPUAIA.

HCCJIEIOBAHUN 00 OTPUIATE/ILHOM MIPEJIOMJICHIH PA3BUBAJIOCH MEJJIEHHO U3-32 OTCYTCTBUS HATY-
pPaJIbHBIX MaTEPHUAJIOB C TPEOYEMBIMU JIEKTPUIECKUMI U MArHUTHBIME cBoiicTBamu. IIpuposHbre
BEIECTBA C OTPHUIATEIHHON 3JIEKTPHYECKOIl TPOHUIIAEMOCTBIO (HOHOChEpa Ha PAMOYacTOTaX M
MEeTaJLJIbl Ha ONTUYIECKUX JaCTOTaX, IJle JAeHCTBUTEIbHAS JACThb JJIEKTPUIECKON ITPOHUIIAEMOCTH
JOMUHUPYET HaJ MHUMON qaCTbIo) ObLIM XOpoIo u3BecTHbI. OJHAKO JIjIs JOCTUXKEHUSI OTPU-
[IATEJIbHOTO IPEJIOMJIEHHSI HEOOXOIMMO, YTOOBI JM3JIEKTPUYECKasl 1 MAarHUTHAS ITPOHUIIAEMOCTHI
OJIHOBPEMEHHO OBLIN OTPUIATEILHBIMI B MaTepHaJsie B TOM »Ke 9aCTOTHOM Jralia3one. Boimosime-
HUE TTOCJIEIHEr0 YCIOBUS CTAJI0 BO3MOXKHBIM O/1aromaps pa3spaboTKe MCKYCCTBEHHBIX KOMITO3UT-
HBIX MaTEepHaJiOB ¢ HACTPAMBAEMbIMU JUIJIEKTPUYECKOil [71,72] u MarHuTHOI IpOHUIIAEMOCTSI-
mu [19,20]. Takue Mmarepuasibl BeiyT cebsi KaK JI€KTPUYIECKas! IJIa3Ma U UCKYCCTBEHHAsT MArHUT-
Hast cpena (¢ oTkinKoM JIOpeHna THIa) B YKeJIaeMOM YaCTOTHOM JHMANa30He, COOTBETCTBEHHO.
OObeanHsIst JIEKTPUIECKYIO ILIA3My U MCKYCCTBEHHBIE MArHUTHBIE MATEPUAJIBI B €IMHOM KOM-
IIO3UTHOM MaTepuaJjie 1 HaCTpanuBagd €ro OTKJINK, CTAHOBUTCA BOSMOXKHBIM D€aJIN30BaTh fABJICHUE
OTPUIIATETHLHOTO IIPEJIOMJIEHUsI. DTa ujiest Oblia pejiozkeHa B [1] u skcrepuMeHTaIbHO 0ATBeD-
)kjeHa B |2]. Obparure BHUMaHUE, 9TO OHA OY€Hb CXOXKa C HJeeill, npeioxkenHoii eme B 1950-
x rogax [69, 70]. PucyHok 4.2 miurocTpupyer IBaXKIbl-OTPUIATEIbHBIN MaTepuasl, COCTOSIIHI
U3 IPSIMBIX METAJIMIECKUX TIPOBOJIOB (Cpejia U3 TPOBOJIOB C OTPUIATEBLHON JIU3IEKTPUIECKOit
[IPOHUIIAEMOCTHIO) U JIBOWHBIMYI PA3OMKHYTBHIMU METAJJIMIECKUMHI KOJIbIAMU (IIPEJICTABIISIFOIIT-

ME c000ii MCKYCCTBEHHYIO MarHUTHYIO CPE/ly C OTPHIATEIbHONW MATHUTHON MTPOHUIAEMOCTHIO).

Baxk#o oTMeTUTD, UTO PEKUM OTPUIIATEILHON MPOHUIIAEMOCTH B 9TOM CJIyYae sIBISIETCS MPO-
sIBJICHMEM TIPOCTPAHCTBEHHON JIMCIIEPCUN BTOPOTO TOPsIIKA, KaK 00Cy2K1a10Cch B aparpade 3.3.
OTpuriare/bHbII TOKA3aTEh TPEJIOMJIEHNST MOXKET OBITH JIOCTUTHYT TAKXKe B CPEIAX C IPOCTPAH-
CTBEHHOW aucriepcueil mepBoro mopsijika, & UMEHHO B KHPAJbHBIX CPEIaX ¢ HUTHIHLHBIME CBOT-
crBamu |6, 57| kak obcyxkaanocs B naparpade 3.10. IIpoekTupoBanue cpejipl ¢ OTPUIATEIbHBIM

IIoKa3aTeJIEM IIPEJIOMJICHU A 0e3 Sd)(i)EKTOB HpOCTpaHCTBeHHOﬁ JAUCIIEPCUHN TaK2Ke BO3MOXKHO, HO
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4.2. Cybsoarosan Gorxycuposka u mpaHchopmMayuorHas, onmuKa

a 0

Puc. 4.3: Kounnennus ujeanbroit jun3bl. (a) QOKycHpOBKa pacnpocTpaHsiiomuxcs Mo, (6)
DoKyCHPOBKA U yCUJIEHUE 3aTyXAIOIIIX MO/I.

OHO IIoZApa3yMeBa€T HCIIOJIb30BaHUA (beppOMaI‘HI/ITHI)IX MaTepuaJioB, JOCTYIIHBIX TOJIBKO Ha OT-

HOCHUTEJIbHO HU3KUX YaCTOTaxX.

4.2 CyO6BosiHOBast (POKyCHMPOBKa 1 TpaHCPOpMAIMOHHASA ONTHUKA

B nauase 2000-x rof10B CTaJIO HOHATHO, 9TO UCKYCCTBEHHBIE KOMIIO3UTHBIE MATEPUAJIBI C HE3ABU-
CUMO HACTPAWBAEMBIMU JIEKTPUYECKUMU U MArHUTHBIMU XapaKTEPUCTUKAMU MOTYT HAaWTH MHO-
JKECTBO BayKHBIX IPUMeHeHmit. B 1acTHOCTH, TJIOCKU CJION TOJMUHON dy U3 Marepuasa ¢ OTPHU-
IaTeIbHBIM [T0Ka3aTeIeM IPeIOMIIeHnst n = €/€y = i/ jp = —1 (BuepBbIe mpe/IoXKeHHblil B [63])
MOXKET HCIIOJIb30BAaThCAd KaK HjeasbHas JInH3a, Ubsd 3D@PEKTUBHOCTH HE ONpAHMYEHA MIPEEIOM
nudpaknun [73]. Teopernuecku, Takast JMH3a B BaKyyMe (DOKYCHUPYeT 6ce PACIPOCTPAHSIONIECST
BOJITHBI U3 TOYETHOI'O UCTOUYHUKA ¢ 00unaKko80l ¢a3oti B TOUKE HA PACCTOAHUU 2ds OT MCTOTHU-
Ka [63] |cm. puc. 4.3a]. PoxkycupoBKa JTO/KHA HAOIIONATHCS IS JIIOOOTO PACIIOIOZKEHHsT HCTOY-
nuka. OTpaskeHnsT Ha TPAHUIAX Pa3/iea PABHBI HYJIIO, TaK KAK XapaKTEPUCTUIECKUN MMITETAHC
MaTepuaJia CJIosl PABeH UMIIEJIAHCY CBOOOHOIO IIPOCTPAHCTBA 1)y JIJI BCEX PACIIPOCTPAHSIONIAX-
cst Moz, B TO »Ke BpeMmsi Bce 3aTyXaloIliyue BOJIHBI, M3JIyU€HHbIE UCTOUYHUKOM, OCJIA0EBAIOT IIPU
paCIpOCTPAHEHNH B CBOOOJHOM MPOCTPAHCTBE, U PACTYT IIPU PACIPOCTpaHeHHu B cjoe 73] Kak
rokazamno ua puc. 4.36. Takum 006pazom, Kak pacipoCTPAHSAIONINECS, TAK U 3aTyXAIOIIIe BOJHDI B
TOUYKE N300paKeHNUsI SIBJISIFOTCSI TOYHO TAKUMU 2Ke (110 aMIuuTyie u das3e), Kak 1 B HCTOYHUKe. B
9TOM CJlydae n300parkKeHne NCTOYHMKA, sABJISIeTCs "uieaIbHbIM" M He OrpaHnYnuBaeTCsl I paKIin-
oHHBIM TIpejiesioM. CJie/lyeT OTMETUTh, YTO Ha MPAKTUKE, CJOW ¢ OTPUIATEbHBIM ITOKA3aTe/IeM
HpeJIoMJIeHUs 00J1a/1aeT HEKOTOPBIMU IIOTEPSIMU SHEPIUU, U IOITOMY €ro MaTepHuajbHbIe I1apa-
METPBI CJIErKa OTJINYAoTCsa OT TpedbyeMbix. B saToMm ciydae adpderT cyOBOIHOBOM (HOKYCUPOBKHU
MOZKET ObITh 3HAUNTEJILHO UCKaXKEH |29, 74).

Erre ojiHuM nHTEpECHBIM IPUMEHEHUEM UCKYCCTBEHHBIX MATEPUAJIOB CO CIIPOEKTUPOBAHHBIMHU
JIMJIEKTPUYECKON U MarHUTHONW HPOHUIIAEMOCTSIMU SABJSIOTCS PA3JIMYHbIE YCTPOUCTBA, CO3/aH-
HbIE Ha OCHOBE TpaHcopMaImonHoii ornruku. OCHOBHOI HUeeil, Jiexkallieil B 0CHOBE TpaHcdopMar-
[IMOHHOW ONTHUKU, SIBJISIETCSI MHBAPUAHTHOCTH ypaBHeHut MakcBe/lia OTHOCUTEIBHO TPeodbpa3o-

BaHUiT KOOpAMHAT (YaCTHBI CJrydail, IpeobpasoBaHue IPOCTPAHCTBEHHO HHBEPCHUH, 00CY XK TAJICST
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4.2. Cybsoanosas Gorycuposra u MpaHcHOPMAUUOHHAAL ONMUKA

B naparpade 3.8). Pucynok 4.4 wumoctpupyer 3ty uigero. PaccMOTpUM 4acTh IPOCTPAHCTBA B

BHEILIHUH BHEILIHUH

) // | HICTOYHHUK \ﬂ// | MICTOYHUK
/ Esc, Hgc . Egc, Hgc

'
_/
= =

Puc. 4.4: Unes rpancdopMannoHHONR ONTHKY. 3alITPUXOBaHHAsT 00JIACTH O3HAYAET OTCYTCTBHUE

X' (x,y,2);y' (x,y,2);
z'(x,y,2)]

IIPOCTPAaHCTBa B JIEKTPOMAaroHuTHOM CMBICJIE.

MCXOJIHON CHCTEME KOODJMHAT XY 2z, 3AI0JHEHHYI0 MATEPUAIOM C JIJIEKTPHIECKO TPOHUIAEMO-
CTBIO €or (T, Y, 2) M MATHUTHON POHUIIAEMOCTBIO [, (T, Yy, 2) (cM. JeByI0 9acTh pucynka). lasee,
MBI MOZKEM IIPeo0pa3oBaTh CUCTEMY KOOPIMHAT TY2 B HOBYIO IPOM3BOJILHYIO cucreMy Z'y'2’, Kak
[OKa3aHo B paBoii uactu puc. 4.4 (3amrpuxoBannas 06/1acTh B CepejiuHe 03HAIAeT OTCYTCTBHE
[IPOCTPAHCTBA B JIEKTPOMATHUTHOM CMbICJIE). Bese/icTBrue NHBAPHMAHTHOCTH ypaBHeHuit Maxc-
BeJLIa BCE 3JIEKTPOMATrHUTHBIE MOJIs BHYTPU IPOCTPAHCTEA B IPEO6Pa3oBaHHON cCTeMe KOOP/IH-
HAT TAKMe ¥Ke, Kak B ucxojnoii cucreme, 1. e. B (2/, v/, 2') = E(x,y, 2) # E/(z,y, 2) (31€ch B Kaue-
CTBe IpUMepa paccMaTpuBaercs sjekrpudeckoe mojie E). C apyroit cropoHbl, Takue mapamMmerpbl
MaTepuasa, Kak JIU3JeKTPUIeCKas U MATHUTHAS IIPOHUIAEMOCTH, U3MEHSIOTCS IIPU IIPpeobpaso-
BAHUM KOODJMHAT 110 M3BECTHOMY 3aKOHY (T. €. €y (,y, 2) # €o(2,y, 2)). OcHOBHON npuBIeKa-
TeJIBHOI 0COOEHHOCTBIO IPeobpa3oBaHmst KOOPAMHAT ABJISETCS TO, YTO 00€ YacTH IIPOCTPAHCTBA,
NoKazaHHble Ha puc. 4.4 BeayT cebs aHAJOTMYHO NPU BHEMIHEM oOydeHnu. HbIME ciioBaMu,
BO30Y>KI€HHbIE BHEITHUME HCTOYHUKAME, 00€ YaCTH MPOCTPAHCTBA OyIyT pacCeMBaTh OJHU U
Te YKe JIEKTPOMAIHUTHBIE TI0Jisi (3aMETUM, U4TO BHYTPU STHX JBYX YacTell MIPOCTPAHCTBA TOJIst
MOTYT ObITH OY€Hb PA3HBIME). DTOT BBIBOJ UMEET HECKOJIbKO BaXKHBIX MOC/IeCTBUiT. Bo-11epBhIX,
9JIEKTPOMArHUTHBIE O0BHEKTBI CO CJOXKHBIMU (QHU30TPOIHBIMUA U HEOJHOPOIHBIMHU) CBOWCTBAMU
MaTepuasa MOryT ObITh 3aMEHEHbI B HEKOTOPBIX CJIydasx 00beKTaMu APyToi hOpMBI ¢ JAPyTUMU
MaTepuaIbHBIMU ITapaMETPAMU, KOTOPbIE Ha MPAKTUKE JIErde PeaJn30BaTh. BO-BTOPBIX, MOKHO
HCIOJIB30BATH «IIYCTYIO» 00/1acTh / obsacTu (MoKazaHmyio Ha puc. 4.4),; MOSBUBIIYIOCs TP TIpe-
06pas3oBaHUU KOOPJMHAT (9TH 001aCTH MOTYT ObITH TAKXKe HA MOBEPXHOCTH O0BEKTA), pasMelast
BHYTPH IIPOU3BOJILHBIE OOBEKTBI, PACCETHIE OT KOTOPBIX HEOOXOIMMO YCTPAHUTD. AJIbTePHATHE-
HO, TOT 7K€ IIOJIXO0J] IPUMEHUM JIJIs YCTPAHEHUsS PACCesHUs Ha IPOU3BOJILHBIX HEOIHOPOIHOCTSIX:
HEOIHOPOHOCTHU JIOJ?KHBI OBITH HOKPBITBI CJIOEM CO CIICIMAJLHO MOJ0OPAHHBIMU MAaTEPHAIbHbI-
MU HapaMeTpaMu, KOTOpble IIPpU 00paTHOM IPeobpa3soBaHNN KOOPIUHAT JOJKHBI TIPEJICTABIATD
OOBEKT € JIEKTPOMATIHUTHBIMU CBOMCTBAMM CBODOIHOIO IIPOCTPAHCTBA. DTU Ujeu ObLin cop-

MyJIIPOBaHbI, BePOsITHO, Biepsble B 1961 rouy B [75].
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4.8. Cpedvt uz nposodos

BaxxHo oTMETHUTD, 9TO OOIIMI IPUHIIAII KOOPIMHATHLIX IIPEOOPA30BAHMI B 9JIEKTPOMAIrHETH3-
Me HCOJIb30BaJICs elle panee Ayibbeprom DitHinTeiinoM. OH OIPaBUILHO PACCUNTAJ UCKPUBJICHHE
Jiydeil cBeTa OT 3Be3., nmpoxomdamux BOsmsu CosHia mo mytn Ha 3emuio. 3rub cBera mpowmc-
XOJNAT M3-3& TOrO, YTO TAKHE MAaCCUBHbIE OObEKTbI, Kak COJIHIEe, UCKPUBJISIOT IIPOCTPAHCTBO
BOKDPYI' HUX (B 9TOM UCKPHUBJIEHHOM IIPOCTPAHCTBE CBET PACIHPOCTPAHSETCSI 110 MPSMBIM TPACK-
TopusiM U ypaBHeHust MakcBesia BbIIOJHsIOTCs ). TakuM o6pa3oM, HaOJIIO/Iasi CBET OT 3BE3]] HA
3eMJi BO BpeMsl COJTHETHOTO 3aTMEHUsI, MOYKET MOKa3aThCsl, 9T0 COJIHIE OKPYKEHO TPO3PaTHOM
060JI0UKOl U3 HEOJJHOPOJIHOIO MarepuaJia (Ha caMoM Jjejie 3T0T 3(hdeKT He yjacTcst 3aMeTuTh
HEBOOPYKEHHBIM TJIa30M ).

B 2006 roxy, xorma y:ke OBLIO IIPOJAEMOHCTPUPOBAHO, YTO MeTaMaTepHUaJsIbl MOTYT IPOAB/ISITE
[MOYTH TIPOM3BOJIBHBIN JEeKTPOMAruHuTHLIN OoTKMK, xkou [lemapu n Yand Jleomxapar mpes-
JIOZKHJIM WJIEI0 9JIeKTPOMArHUTHON MackupoBku |76, 77|. Ilo-Buaumomy, onu He 3HaMM O GoJiee
panHeii pabore HaJ| 0100HOM ueeii [75]. Vaest 5/1eKTpOMarHUTHON MACKUPOBKH 3aK/II0YAETCS B
TOM, YTOOBI [IOMECTUTH IIPOU3BOJILHBIN O0BEKT, KOTOPBII J0/I2KeH ObITH CKPBIT, BHYTPb «IIyCTBIX»
obJyracTeit, pacCMOTPEHHBIX BbIme. Kak OBLIO MOKa3aHO B 3THX paboTaxX, MATEPHUAT 3JIEKTPO-
MAarHUTHOTO MACKHUPYIOIIEro CJI0sl JOJKeH 00/1aJlaTh HEOTHOPOIHON aHU30TPOIHON MArHUTHOMN
nponunaeMocTbio. CiegoBaTeIbHO, JJIsl PeaJM3alisd TaKoro MarHUTHOI'O OTKJINKA HeOOXOIMMO
HCIIOTb30BAHUE IPOCTPAHCTBEHHO-IUCIIEPCHBIX MaTepHaJsioB ((beppoMarHUTHbIE MATEPHAJIBI JI0-
CTYIHBI TOJIBKO Ha HU3KHUX TaCTOTaX ). DKCIEPUMEHTAIbHBIE OATBEPXKICHIS SJIEKTPOMArHUTHOI
MAaCKUPOBKH, OCHOBAHHOI Ha 3] heKTax HPOCTPAHCTBEHHON JIUCIEPCUU BTOPOI'O W IIEPBOIO IIO-
psizika Obuin ony6simkoBanbl B |5, 78]. Brociegcrun Ha ocHOBe TPaHChOPMAIMOHHON ONTHKY

ObLIN [IPEJITIOZKEHBl 1 JIpYTHe YHUKaJIbHbIE yeTpoiicTBa (cM. 0630p B [79)]).

4.3 Cpeapl n3 MPOBOIOB

[IpocTpancTBeHHAsT AUCHEPCUsT UTPAET BarkKHYIO POJIb B UCKYCCTBEHHBIX CPeJIax W3 IIPOBOJIOB,
HECMOTpPs Ha TO, 9YTO TaKue Cpeabl O6bILIHO HE IIPOLABJIAIOT MarHUTHOI'O OTKJIMKA. HpOCTaH cpe-
Jla U3 IIPOBOJIOB IIPEJICTABIIAET cOOOM JIBYMEpPHBIN TePUOINIECKUT MacCuB OECKOHETHO JITHHHBIX
apaJiyIeIbHbIX MeTa/JIMYeCKUX IIPOBOJOB, BCTPOEHHBIX B HEKOTOPYIO CPEILy-IM3JIEKTPUK C -
9JIEKTPUIECKON IPOHUIAEMOCTBIO €} (CM. miutocTparmio Ha puc. 4.5). Ocu mpoBOIOB pacrosio-
2KE€HbI BJ/IOJIb Z-HallIpaBJICHUI, paILI/IyC IpoBOJa — Tw, U IMIEPUOJUIHOCTDL B IIJIOCKOCTHU yz — Q-
Cpe/ia U3 IPOBOJIOB BIIEpBBIE U3ydasach B |71, 72| Kak MCKYCCTBEHHAs JIEKTPUYIECKAs! [I1a3Ma C
HaCTpanBaeMOil IIA3MEHHOU 9acTOTOM, 3bdeKTuBHAS INIJIEKTPUIECKas IIPOHUIIAEMOCTb KOTO-
pOit MOXKET OBITH MEHBIE €IMHUIBI (ITO BayKHO JJIsi IPUMEHEHHI AHTEHHBIX JIMH3) WA JarKe
orpuniarenbra. [locaenuuit caydail He BBI3BIBAJ OOJIBIIIONO UHTEPECA (B TaKOH IJla3Me BOJIHBI HE
PaCIPOCTPAHSIIOTCs) 70 TexX 10p, noka B 2000 1oy He ObLT UCCIeI0BAH JBAXK IbI-OTPUIIATETHHBII
MeTaMaTepralJl, CoJepzKallnii cpejy u3 mpoBoJoB [1] (BOJHBI MOTYT pacCIpOCTPaHITHCS B TAKOM
marepuajie). B Gosee pannux paborax [71, 72|, upezamonaranaock, 9To JJisi IPOU3BOJIBLHOIO Ha-
[IpaBJICHUS PACIPOCTPAHEHUS B MIPEMATIOIOKEHIH Ty < Gy <K A, CPE/Ia U3 MPOBOJOB MOXKET OBbITh

OllnCaHa KaK O,HHOOCHI)IIU/I JAUIJICKTPUK C JIOKAJIbHOM ,ZLI/I&ILOIU/I ,ILI/ISJIGKTPHHBCKOﬁ IIPOHUITaEMOCTH

Al

= €,,2Z + €,(XX + yy), Ijie oceBasi KOMIOHEHTA JINAJIEKTPUIECKON TTPOHUIIAEMOCTH SIBJISETCSI

95



4.8. Cpedvt uz nposodos

Puc. 4.5: Unntoctpaliust cpebl U3 IPOBOJIOB.

dyHKIIIEH TOTHKO YaCTOTHI:

W) =en |1 - —2— |. (4.3)

31ech ¢ — CKOpOCTh CcBeTa, a kp — IJIasMeHHoe BOJIHOBOe 4mciio. JIjis cpes u3 mpoBoJIoB, y KOTO-
PBIil IIPOBOJIOKA SIBJISIETCS MJI€AJbHBIM JIEKTPUYECKUM IPOBOJIHUKOM U €€ pajuyc ry < 0.lay,

BOJIHOBOE 1IHCJIO 3asaercs [80]:

21 /a2,
k2= p . (4.4)
ln< = > +0.5275
27Ty

B 2003 roay ObLIO MPOJIEMOHCTPUPOBAHO, UTO 3Ta JIOKAJIBHASI MOJIEJb JIMAJIEKTPUIECKON MIPO-
HUIAEMOCTH IIPUMEHIMa TOJILKO IJIS CJIydasl IOIEePEeYHOr0 PACIpOCTPAHEHUs BOJH, T. €. KOIIa
k. = 0 (k. — z-upoexiusi BosHOBOrO BekTOpa) [81]. B 0bI1eM ciryuae pacnpocTpanenust BOJIH, da-
orce 8 npedese 0ueHd boABULOT OAUHDL BOAHDE A > Gy, OCEBaSI JIMAJIEKTPUIECKAsT TPOHUIAEMOCTh

€., HE MO2KeT OBITH OIMCAHA JIOKAJLHO U B OOJIBIION CTEIIEHU 3aBUCUAT OT BOJIHOBOI'O BEKTOpa k:

p

fzz(w,kz)th 1—m

(4.5)
st pacipocTpaneHust BAOIL ocl k = k., oceBas COCTABJIAIONIAA JUIJICKTPUIECKON IIPOHUIAE-
MOCTH CTPEMUTCSI K OECKOHEUHOCTH, & 3HAYUT BOJIHBI, PACIPOCTPAHSIONIMECS B 9TOM HallpaBJle-
HuH, siBjisiiorcs onepednbivn (E, = H, = 0). Takum o6pasoM, cpejia n3 IPOBOJIOB, BEPOSITHO,
ABJIAETCS €IUMHCTBEHHBIM KJIACCOM MATEpPUAJIOB, KOTOPhIE IPOSB/ILIOT CHJIBHYIO IPOCTPAHCTBEH-
HYIO JIMCIIEPCUIO JazKe B Ipejiesie O9eHb OOJIBINON JJIMHBI BOJHBI (KaK onucaHo B naparpade 3.2,
IIPOCTPaHCTBEHHAasd JUCIIEPCUA B MeTaMaTepHruaJiax ¢ JUITOJIbHBIMU BKJIIOYCHUAMN HpI/IHe6pI/I)KI/IMO
MaJia, KOIJia JUIMHA BOJIHBI HAMHOI'O GOJIbIIIe XapaKTepHOro mepnuoja). CuibHasi HpOCTPAHCTBEH-
Hasd JUACIEPCUs B 3JIeKTPUYECKH ILJIOTHOM Cpelie U3 IPOBOLOB BOSHUKACT U3-3a UX JJIMHBI, MHOTO

pa3 IpeBblIIaloNieil JJIUHY BOJIHBL.
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4.4. Bpaeeoscran dupparyus u srexkmpomaeHumHovie KPUCMANADL
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Puc. 4.6: Bpsrroeckoe paccesiiue Ha IIepUOANIECKUX CTPYKTypax. (a) Paccesinue Ha npupoHoM
kpucraie. (6) Paccesinue Ha 3JIeKTPOMAIHUTHOM KPUCTAJLIE.

Kax 6b110 nokazano B [82], addexr cnibHoit IpOCTpaHCTBEHHON UCIEPCUE He BCETIa BO3SHU-
KaeT B CpeJax U3 IIPOBOJIOB, U IIPU OCOOBIX YCJIOBUAX UM MOXKHO IpeHebpedsb. B wacrHocTH, 115
Cpell U3 IIPOBOJOB, paboTalOMUX B 00/IaCTH OJIMKHUX UH(MPAKPACHBIX M BHIUMBIX YaCTOT, 3h-
¢eKT IPOCTPAHCTBEHHON JUCIIEPCUH ITOYTH OJHOCTBIO MOAABJIEH U3-38 BBICOKOW KMHETHIECKON
WHIYKTABHOCTH METAJIJINIECKNX HAHOIPOBOJIOK. [IjIsT HEKOTOPBIX IPUMEHEHUIl cpes U3 IIPOBO-
JIOB IIPOCTPAHCTBEHHAsI JUCIEPCUS] MOXKET ObITh HeXKeJaTeJbHBIM 3(P(MEKTOM, HAIIPUMED, s
YaCTOTHOI (PUIBTPAIMU BOJHOBBIX IIy4YKOB. C Ipyroil CTOPOHbBI, IPOCTPAHCTBEHHAS JUCIEPCUST B
cpelie U3 MPOBOJIOB, paboTaloieil Ha MEKPOBOIHAX, IIPUBOAUT K TAKAM HOBBIM MHTEPECHBIM IIPU-
JIOXKEHHUSM, KaK KaHAJTUPOBAHUE BOJHOBDLIX IIyYKOB U BU3YAJJIU3AIMS C OIPOMHON pasperiaronieit

CIIOCOBHOCTBIO N300pazkeHuil B 1ajbueM mosie (CM. 0030pHyIo crarbio [83]).

4.4 DbparroBckag andpakiys 1 3JIEKTPOMAarHUTHbIE KPUCTAJIIIBI

B npenpraymnmx naparpadax paccMOTPeHbI MaTEPUAJIBI, JEKTPOMATHUTHBIA OTKJIUK KOTOPBIX
MO2KeT OBITHb OIUCAH HEKOTOPbIMU 3(DEKTUBHBIMEU TapamMeTpamu. ['oMoreHusaius cBOMCTB Ma-
TepraJia He BCErJa MOXKeT ObITh BbimoJiHeHa. MaTepuasbl ¢ GOJIbINON HepHOInIHOCTEIO (Hosee
IIOJIOBUHBI JJINHBI BOJIHBI) IIPEJICTABIISIOT CO0O0i OT/Ie/IbHBLI 60JIBIIOM KIacC CpeJi ¢ yHUKAIbHBIMI
cBoiicrBamu. KpaTkoe onmcanue Takux MaTepuaJjoB IIPUBEICHO B HACTOMAIIEM Iaparpade.
13BecTHO, YTO MPUPOIHBII KPUCTAIT (BBICOKOYIOPSIJIOUEHHAST MUKPOCKOIINIECKasi CTPYKTY-
pa, 00pa3yomas TPEXMEPHYIO PEIIETKY ), 00Ty I6HHBII 9JIEKTPOMATHUTHBIM U3JIy9eHUEeM C V-
HOIi BOJIHBI, CDABHUMOIi C aTOMHBIMH PACCTOSHUSIMU, YaCTUIHO ero qudparupyer [84] [em Puc. 4.6a).
[Tpu ycnosuu Byibda — Bparra, 1. e. korga JyinHa BOJIHBL u3Jiydenust pasaa A = 2D cos6;/m (D
— HEPUOJINTHOCTD PEIIETKH, 1 — HOJIOXKUTEIBHOE TEJIO0e TUCI0, U 6 — yTroJl IajIeHnsl ), pacCesiHHbIE
BOJIHBI Ha KaXKJIOH IJIOCKOCTH aTOMOB B PeIlleTKe KOHCTPYKTUBHO HHTEPMEPUPYIOT, UTO IIPUBO-
JUT K YCUJICHUIO 3ePKAJLHOTO OTpaXKeHus. Takum oOpa3oM, B 3aBUCUMOCTH OT JJIMHBI BOJIHBI
MAJIAOIIET0 U3y IeHNs U YIJIa MAaJIeHUsT, 3JIeKTPOMATHUTHBIE BOJHBI MOTYT YACTUYHO IPOHUKATD
B perieTKy Jubo MOJTHOCTHIO oTpaxKaTbes. [lociequuil ciydail COOTBETCTBYET TaK HA3BIBAEMOI

9JIEKTPOMATHUTHON MOJIOCE TO/IABJICHUsI. PeleTkn ¢ pa3amaHbIMU CBOWCTBAME paccestHust (13-3a
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4.4. Bpaeeoscran dupparyus u srexkmpomaeHumHovie KPUCMANADL

OﬂHOpOﬂHbIe MeTaMaTepI/IaJIbI " cpebl EcTecTBeHHbIE U 3JIEKTPOMATrHUTHbIE
MaTepuaJibl W3 IpOBOJOB KpPpHCTaJJIbI

E(w), A(w), 7)) HONY
‘ ! |||||||| ! |||||||| ! ||||||||

0.001 0.01 0.1 05 1
D/A

Puc. 4.7: Knaccuduraius TpexMepHBIX MaTEPHAJIOB II0 OTHOIIEHUIO K BegmduHe 3pdeKToB
IIPOCTPAHCTBEHHON JUCIEPCUU, KOTOPBIE OHU ITPOABJISIOT.

dbopmbI 1 pazmepa aTOMOB) MOI'YT MMETh PA3HbIe XapaKTEPUCTUKU MOJIOCHI MTO/ABJICHSI.

[TockosbKy 1epUOAMYIHOCTD PEIMIETKN OOJIBITHHCTBA MPUPOIHBIX KPUCTAJLIOB mopsaka 0,1
HM, pacCedHune Bparra IIPOUCXO/IUT Ha HUX TOJIBKO JIJId U3JIYyICHNUA OY€Hb KOPOTKUX JJIMH BOJIH,
HAIIPUMED PEHTTeHOBCKUX Jiydeil. B npupome paccesaue Bparra MoXXKHO HAO/IIOIATD TaKXKe IS
yAbTPaduoIeTOBOrO (B ONAJOBOM KPUCTAJLIE) U BUJUMOrO (Iy1a3a HEKOTOPBIX MOTBIIBKOB) U3JIy-
qeHust. BaXKHO OTMETUTD, UTO 9JIEKTPOMATHUTHBIE CBOMCTBA KPUCTAJIIOB HE MOTYT OBITEH OMUCAHBI
TAKUMHU OOBIYHBIME ITapaMeTpaMu, Kak 3(pOEeKTUBHbIE MATEPUAIbHBIE [TAPAMETPHI € U (i, Ha Ya-
crorax, korga D > \/2. [eficTBUTEIbHO, OTKJIMK CpeJibl (J11st JTE000T0 BO30OYKIEHMUSI ), OIUCHIBA-
eMoit 3aJTAaHHBIMU (DPEKTUBHBIMI MATEPUATHHBIME TTAPaAMETPAMI, JTOJYKEH OMPEIeTIIThCST MM
omuozHadHOo. OnHAKO M3-3a MNQPAKIIMOHHBIX SBICHWI MATEPUATbLHBIE TTAPAMETPHI KPUCTAJIIIOB
MOTYT OBITH BBEJEHBI TOJILKO JIJIsi KOHKPETHOTO BO30YK/I€HUS, [IPU ITOM IJIsl JIIOOOTO JIPyroro
BO30YXKJIEHUST TTapaMeTPbl OyJyT OTJUYHBIMU. TakuM 00pa30M, eCTeCTBEHHbIE KPUCTAJLIBI IIPO-
SIBJISTIOT CHJIBHYIO TIPOCTPAHCTBEHHYIO JUCIEPCUIO B KOHKPETHOM YACTOTHOM JIMalia30He.

Ha sTom srame ymobmno kiaaccuduuupoBaTh BCE DJIEKTPOMATHUTHBIE O0BLEMHDBIE MaTEePHA/IbI
[I0 OTHOIIEHUIO K 3HAYMMOCTU B HUX IIpocTpaHcTBeHHON aucnepcun. Ha Pucynke 4.7 cxemaru-
YeCKU MMOKA3aHa TaKas KJIacCHuUKAIUs JJis Pa3HbIX ITPOIOPIUI MEXKIy IepUoJoM pernerku D
u paboueii Ol BoHbI A. Ecim D/ cocrasnsier mopsiaka 0,01 u MeHbIIIe, MaTepra MOKHO
paccMaTpuBaTh KaK OJHOPOIHBIN M OMICHIBATDH JIOKAJTHHON AUITEKTPUIECKON TPOHUTIAEMOCTHIO
€(w). MaraurHas IpoHUNIAEMOCTD [i(w) 1 GMAHU30TPOIHBII HapameTp X (w) HeoOXOMMO BBOJUTH
TOJIBKO JIJIs HEB3AUMHBIX cpeji. Db dHEeKThI IPOCTPaHCTBEHHOI uctiepcun (KUPaaIbHOCTb U OMera-
9 dEKT) ABISIOTCS CITA0BIME HEPE3OHAHCHBIMU 3 deKTaMu, HabIIOIAEMBIMI TOJIBKO B OOJIBIMIX
00béMax MarepuasioB (MHOTO GoJiblle JUIMHBI BOJIHBL). [IpuMepamu OJHOPOJHBIX MATEPHAJIOB
ABJIAIOTCA 60.HBH_II/IHCTBO IIPUPOAHBIX KPHUCTAJIJIOB Ha OINTHUYCCKUX U 60.)'[@6 HU3KHUX YacToTax, a
TakKe aMopdHble TPUPOJHBIE MATEPUAJIbl ([IPH yCJIOBUH, 4TO [ B 9TOM CjIydae -— yCPEIHEH-
ublil mepuox). Marepuasst ¢ 0.01 < D/A < 0.5 MoxkHO ommcarh 160 GOPMATbHO JTOKATBLHBIMU

ITapaMeTpaMm, TAKUMHA KAK JIN3JIEKTPHIecKas MPOHUIIAEMOCTD €(w), MATHUTHAS! IIPOHUIIAEMOCTD
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4.5. Memanosepxrocmu

Ii(w), B3anMuble % (w), 1 HeB3auMHbIE Y (w) OUAHU30TPOIHBIE TEH30PDI (JJIs1 GUAHUZOTPOITHBIX Me-
TaMaTepUAaJIOB), NGO CHJIBHO HEJOKAJIBHOI JAU3/IeKTpruaecKoil nmpornmaeMoctbio e(k,w) (cpempt
u3 npoBosos). Marepuassl ¢ nepuogom permérku D /A > 0.5 He MOryT OBITH ONUCAHBI MATEPH-
AJIbHBIMU ITapaMeTpaMn (Ha.HpI/HVIep, €CTEeCTBEHHbIE KPUCTAJIJIBI JIJIsI PEHTT€HOBCKOI'O U3JIyYCHUA
WU UCKYCCTBEHHBIE 9JIEKTPOMATrHUTHDLIE KPUCTAJIIBI Ha 60Jiee HU3KUX YaCTOTaX, KOTOPhIE OYIyT
paccMaTpUBaThCs HUKE).

Boamoxkno Jn, 1o anajoruu ¢ MetaMaTepuajiaMu, PaCIpOCTPAHUTH MJIeI0 BpParrosBekoii jau-
dbpaknuu Ha onruueckue 4acToThI? JIJIsi POCTOTHI PACCMOTPUM OJIHOMEPHBIN ciydaii (BJ1oJIb
ocu z). ITocTpoum pereTKy, Kaxkplil eproj| KOTOpoi BKJ0YaeT B cebsl JIBa CJI0s JTUIJIEKTPH-
KOB C Pa3jIMIHBIME MOKazaTeasiMu npeiomienus [em. Puc. 4.66]. Takoit nepuos npejcrasisier
coboi rpaHuIly pasjiesa, OT KOTOPOH MaJalolee M3JIydeHre Oy/IeT PacCeMBAaThCs (AHATOTUTIHO
IIJIOCKOCTAM aTOMOB B IIPHUPOJIHBIX KpI/ICTaJIJIaX). CDI/ISI/IK& paccesdHud Ha 3TOM KpUCTaJljle Ta-
Kas ¥Ke, KAK ¥ €CTeCTBEHHBIX KPUCTAJIOB. Perynupyst TOJIUHY JUIIEKTPHIECKUX CJIOEB U UX
[OKa3aTe/In [IPEJIOMJICHIS, MOYKHO HACTPOUTH PADOUIYI0 YaCTOTY 9TOro Kpucrajia. Takoit uckyc-
CTBEHHBIN OTHOMEPHBIM KPUCTAJI TaKKe Ha3BIBACTCS TUIIEKTpUIecKnM 3epkasom. OH mmeer
0oJIbITIOE 3HAYMEHUE Jji PA3JIMIHBIX IPUMEHEHU! B cOBpeMeHHO# onTuke u Hanodoronuke. Ha
pabodeil ONITUYIECKOH JACTOTE JUITEKTPUIECKOE 3€PKAJIO TOTHOCTBIO OTPAXKAET MAJIAIONINN CBET
C PEKOPJIHO BBICOKOHN 3(pDEKTUBHOCTHIO OTPAXKEHUsI, HEIOCTUKUMON UCIIOJIb3Ys MEeTaJIMIECKHUe
sepkasa (06brauo 98 — 99.9%). UckyccrBeHHbIE KPUCTAJIBI TAKXKe MOIYT UMETh TPEXMEPHYIO
CTPYKTYPY.

BeposiTHo, niepBbie TeopeTuUuecKue pabOThI, IIPEJICKA3BIBAOIINE YHUKAJIBHBIE 3JIEKTPOMATHAT-
HBIE CBOJICTBA MCKYCCTBEHHBIX KPUCTAJLIOB ObLM ommybsmkoBansl B 1970-x romax [85,86]. B 1987
I. B JIByX 9KCIIEPUMEHTAJbHBIX PAbOTaX COODIAJIOCH O JIBYX BAXKHBIX $SIBJIEHUSIX B TPEXMEPHBIX
HMCKYCCTBEHHBIX KPUCTaJLJIaX: OeCIpereeHTHON TPOCTPAHCTBEHHON KOHIIEHTPAINH JJICKTPOMAr-
HUTHOTO IOJISI U 3AIPENEHHOM CIIOHTAHHOM HU3JIy9Y€HUUM KBAHTOBBIX H3JIydaTesieil, TOMEIEeHHBIX
BHYTpb Kpuctayia [87,88|. VckyccrBeHHBIE KpHCTAIIIBI, pabOTAIONINE HA ONTHYECKUX U Ooee
HU3KUX YacTOTaxX, ObLIM Ha3BAHBl (POTOHHBIMHU U IJIEKTPOMATHUTHBIMU KPUCTAJIJIAMH COOTBET-
CTBEHHO. B HacCToOdAIIee BpeMs (bOTOHHI)Ie KPHUCTAJIJIbI ABJIAIOTCA OTHOCUTE/IbHO XOPOIIIO U3YyY€H-
HBIM IIPEJIMETOM (DU3UKU, KOTOPBI MPUBEJS KO MHOXKECTBY MPUMEHEHWt Mjis HAHOMOTOHUKU,
TaKNM KaK CyOMHKPOHHasi ONTHKA (IiPAKIMOHHBIE PEIIeTKH, JIMH3bI, TOKPBITHS U 3€PKAJIA),
OIITUYECKHE BOJIOKHA, JIOKAJIU3AIINs I0JIs, YIIPABJIEHUE CBETOM, U OTPHUIATEIHLHOE IIPEIOMIICHIE
(M. 0630p [89]).

4.5 MeTanoBepXHOCTHN

VYHUKaJIbHBIE CBOMICTBA MeTaMATEPHUAJJIOB IIPUBEIN K UX MHOTOYUC/IEHHBIM IPUMEHEHUSIM B IIPHU-
KJIagHoil ¢pusuke. Tem He MeHee, M3TOTOBJIEHHE OOBEMHBIX METAMATEPHUAJIOB YACTO SIBJISIETCSI
Cepbe3HO TPobJIEMOlt /Tarke MCIIOJIb3ysl COBPEMEHHBIE TEXHOJIOTHH, OCOOEHHO KOI/Ia PeYb WJIIET
O TPEXMEPHBIX OIITHYECKUX MeTaMaTepuaiax. 1I0CKoIbKy OOJBITUHCTBO IPUMEHEHUN MeTaMaTe-
PUAJIOB MOAPA3yMEBAIOT PACIIPOCTPAHEHNE BOJIH B 3JIEKTPUUIECKU OOJIBINNX 00beMax, 3HAUUTE/Th-
Hasl 9aCTb SHEPIUU TEPsIeTCsI Ha TEIIOBBbIE IOTEPH, KOTOPhIE MOI'YT CEPhe3HO MCKA3UTL PaboTy

ycrpoiictsa. C Ipyroii CTOPOHBI, /7T HEKOTOPBIX IPUMeHeHHiH (B HAHODOTOHUKE U HAa MUKDPOBOJI-
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4.5. Memanoseprrocmu

HaX) MaJjias TOJIIMHA YCTPOWCTB Ha OCHOBE MeTaMaTEPUAJIOB IIPOCTO HeobxoauMa. Hakorer, npu
[POEKTUPOBAHUU OO'BEMHOI0 MeTaMaTepPUaJIa HEOOXOUMO CTPOTO CJIEJIUTD U C TOUYHOCTHIO CO3/1a-
BaTh HAJ/JICXKAIINI 9JIEKTPOMArHUTHBINH OTKJINK (HAIIPUMED, TeH30PBI MOJISIPU3YEMOCTH BKJIIOUE-
HUIT) BO BCEX TPEX M3MEPEHHUsIX.

K cuacTbio, BO MHOTHX CJIydasix TpEXMepHbIE MeTaMATEPHUAJIBI MOTYT OBITH 3aMEHEHbBI 3JIeK-
TPUYECKH TOHKMMH AHAJIOTAMHU, PEJICTABIAIONIUMA U3 cebsl OMHOCIOWHBIN MeTaMaTepPUaJ UJIH,
TaK HA3BIBAEMYIO, METATIOBEPXHOCTH. JTOT (DAKT MOYKET OBIThH JOKa3aH Ha OCHOBE ODODIEHHOTO
npunimna [oiirenca [90,91]. Paccmorpum o6bem V' 3a110/iHEHHBIH IPOM3BOIBHBIMI HCTOYHHUKA-
MU 3JIEKTPOMATHUTHOI'O U3JIyYeHUsI, SJIeKTPUICCKIMU M MATHUTHBIMU 3apsiaMu ¢; U TOKaMu J;

[cm. sieByto wacTh Puc. 4.8a|. 91u ncrouHNKN co3a10T HEKOTOPBIE djieKTpudeckoe mose E u mar-
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Puc. 4.8: (a) Wunocrpanust npunmnuna [ofirenca NIpuMEHUTEIHBHO K PACCESTHUIO Ha 00bEMHBIX
9JIEKTPOMArHUTHBIX HcTouHMKaX. (6) [Ipumenenne npuanumna [Mofirenca K KOHIENIINN MeTamMaTe-
pPHAJIOB. DJIEKTPOMATHUTHBIN OTKJIMK OT JII06Oro 06'beMHOT0 MarepuaJa (Ud MeTamaTepualia)
TEOPETUYECKU MOXKET OBITh BCETJIa BOCIIPOU3BE/IEH C TIOMOIIBIO JIBYMEPHOI'O CJIOS SJIEKTPUYECKUX
U MATHUTHBIX TOKOB IIPOM3BOJIbHOI (popmbl. (B) Judpakiys 5/IeKTpOMArHUTHBIX BOJIH Ha II€PH-
OUYECKUX IIJIaHAPHBIX CTPYKTypax.
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HUTHYIO WHAyKInio B B npoctpancTse BHe 06bema. CorytacHo nipunnuiy [foiireHca, 9ta cucremMa
paccemBaTe el BCEria MOXKeT ObITh 3aMeHEeHa ITPOU3BOJILHO TOHKHAM CJI0EM 3JEKTPUIECKUX Joy U
MAarHUTHBIX Jp,v TOKOB, OKpyzKatonmx obbeM V. TosmuHa ¢j10st MOKeT OBITH MaJIia [0 CPABHEHUTO
¢ JUTMHO BOJIHBI, HO HEHYJIEBOM, TaK KAK MArHUTHBIE TOKH MOTYT ObITH CO3JIaHBI TOJHKO 3¢ heK-
TUBHBIMU KPYTOBBIME 9JIEKTPUYECKUMU TOKAMHU (Ubsl TOJIIUHA KOHEYHA ). BayKHO OTMETUTH, UTO
SKBUBAJICHTHBIE 3JIEKTpHUIeCKie Joy U MarHuTHbIE Jp,y TOKH (IIOBEPXHOCTHBIE TOKH, €CJIA TOJIIIH-
HA CJI0s1 TIPEHEOPEKIMO MaJjia) PACCEMBAIOT JIEKTPOMATHUTHBIE TI0JIST MOAbKO Hapyocy obbema V.
U 9TH TI0JIsI TOYHO TaKue »Ke, KaK Te, KOTOPbIe CO3JaHbl MCXOJHON CHUCTEMOI MCTOYHUKOB, T. €.,
E u B [cMm. npasyio gacts Puc. 4.8a]. Takast cucremMa TOKOB, KOTOPbIE PACCEUBAIOT BOJIHBI TOJIb-
KO B OJHY CTOPOHY, Ha3bIBAETCs IOBEPXHOCTsIME ['fofireHca mjin MCTOYHMKaMM [roiirenca. Drta
KOHIIETIINsT NMeeT BayKHOe 3HadeHue J/Isi MeTaMaTepuajioB. PaccMoTpuM Ipon3BOIbHBIH 0Opaserr
06beMHOro MeTamMarepuasa [lokasaHHblil B jieBoii yactu Puc. 4.86] Bo30yK1aeMOro npon3BoJib-
HOI Tajatoreil BOJTHON ¢ BOJIHOBBIM BeKTOpoM K. Ilajarorast BosiHa WHIYIUPYET HEKOTOPBIE
3apsbl ¢; ¥ TOKH J; BO BKJIIOYEHHAX 00pa3Iiia, KOTOPBIE IMePEr3/IydaioT BTOPHIHbBIE BOJIHBI OIN-
coiBaeMble Eqgye 1 Boye B mpocTpancTBo cHapy)ku oobema V. B coorBeTcTBUE ¢ paHee OIMUCAHHBIM
MPUHITAIIOM BCErJ[a MOYKHO 3aMEHUTh JIAHHBIN 00paselr] MeTaMaTepuasia ¢ HHIyTUPOBAHHBIMU 3a-
psilaMi 1 TOKAMHU Ha 9KBHUBAJIEHTHBIE [IOBEPXHOCTHBIE TOKH Joy U Jyv KOTOpbIe OyIyT paccen-
BaTh Takue ke noyd Koy 1 Boyt cHapyxu obbema V. Ilajee, 3Hasg 9TU KBUBAJIEHTHBIE TOKH,
MOXKHO OIIPE/IEJIUTh TaKie 'eOMeTPHIO U CBOHCTBA METaaTOMOB (IIOMEIIEHHBIX HA [OBEPXHOCTH
obbema V'), uro npu Bo3OyxKJeHnu najamomieil BosHoi ¢ Ki B HuX OyyT MH/IYIUPOBATHCS T€
ke camble TOKU Jeyv U Jv [eM. mpaByto wacrs Puc. 4.86]. Takoe pacrosioxkeHne MeTaaroMoB, a
MMEHHO MeTallOBEPXHOCTD, OyaeT obagaTh JJjisi JAHHOIO BO30YXKIEHUs Ki TAKUM 2Ke 9JIeKTPO-
MAarHATHBIM OTKJIMKOM, 9TO W MCXOIHBIN oOpaser meramarepuaja. Jlas apyrux Bo30yKIeHUI
METAIIOBEPXHOCTb B OOINEM CJIyduae He UMUTHPYyeT oObeMHbIN obOpa3zer. Takum obpaszom, MOXK-
HO CJIeJIaTh BBIBOJ, 9TO B CJIy4asiX, KOIJa TPedyeTcs clenuaabHbIA 3JeKTPOMArHUTHBIN OTKJINK
71T KOHKPETHOI'O BO30Y KIEHNs, OObEMHBIE MeTaMaTepHa/bl MOI'YT ObITh 3aMEHEHBI TOHKHMU
M30THYTBIMH METAIIOBEPXHOCTAMU. B TedeHune moc/IeHero NeCITHIeTs IIaHapHbIe MeTaIlOBEePX-
HOCTH YCIIEITHO 3aMEHIJIM CBOU I'POMO3/IKIE aHAJIOTH JJIsl PA3/IMIHBIX TPUMEHEHU: OTPUIATE b
HOe npesioMyeHue 92|, smekTpoMarauTHast MaCKHpoBKa 93|, B3anmusbiii (94| n HeB3anmublii [62]
9Gb@EKTHI ONTHIECKON aKTUBHOCTH, TorvIommenue [54], MHoromonosble noBepxuocTu [95], obimee
yupasiierne orpazkeaueM u nponyckauueM ( [58,96-99| u [Ty6aukanuu 3, 4, 5, 6, u 7), u 1.
BazkHO 00CYIUTH MECTO METAIlOBEPXHOCTEH B KJIACCU(PUKAIMY OOIUX HEPUOIUIECKUX IBY-
MEpPHBIX CTPYKTYp. Bce miaHapHble HEepHOAMYECKHE CTPYKTYPbI XapaKTepU3YIOTCS MIPOCTPaH-
CTBEHHBIM 1epuoZioM D (B MJIOCKOCTU TIOBEPXHOCTH) KOTOPBIH OIPEIEISET, MPOSBIISIIOT JI OHH
nudpaknnonubie 3bdexTsl. PaccMoTpuM JIByMEpHYIO IIAHAPHYIO HEPHOIMYECKYIO CTPYKTYPY,
00JIy9eHHYIO IIJIOCKO# BOJIHOM 1oy yriioM 6, Kak nokasano Ha Puc. 4.88. CTpykTypa pacro-
JIOXKEHA, MEXKJIy JIBYyMsl CPeJaMU C IOKA3aTe/JIIMU IPEJTOMJICHUSA 71 W No. BBIYUCIIsIsT PA3HOCTH
ONTHYECKUX MyTeH MeKIy JBYMs JIydamMu (KOTOPBIE IPOXOJAT depe3 CTPYKTYPY B JIBYX TOUYKAX,
pasjiesieHHbIX D) 06pa3oBaHHYIO NIPH WX PACHPOCTPAHEHUM, MOYKHO HaiiTu yciaoBue udpak-
[IMOHHOI'O MaKCUMyMa B IIEPBOM cpejie 1o yryioM 6y (MIu 110 aHAJOruu, BO BTOPOI cpejie 1o/

yraom 6y). DTu Kiaccudeckue ycjaoBust MudpPaKIUU JijIs CJydaeB OTPAYKEHUsI U IIPOILYCKAHUSI
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MaccuBbl JAudpak-
IPOBOJIOB U [IMOHHbIE
MeTa- peLIETKHU
IIOBEPXHOCTHU
['pynna 3
&
MeTanoBepxHOCTH JvdpakioHHble
pPELIETKY C
) LEEE e { pe30HaHCHBIMHU
s Tty BKJIIOYEHUSMHU
yun </ Bl yun D/A
| T | T T 11 >
0.2 0.3 0.4 0.5 0.7 1 2
[oMoreHusupyemole - I #» HeroMmoreHusupyemsle

Puc. 4.9: Knaccudukaiusi pa3jimaHbIX THIIOB IEPUOJIMIECKUX IIJIAHAPHBIX CTPYKTYP C THUIIUY-
HOIT TeoMmeTpmeill Kaxkaoro tuma. KpacHast m 3emeHast ob6JacTi 0003HAYAIOT HEPE3OHAHCHBIE U
PE30HAHCHBIE TUIIBI CTPYKTYP, COOTBETCTBEHHO. JacTOTHO-U30UpaTeIbHbIE TIOBEPXHOCTU C TIEPHU-
OIMIHOCTBIO \/2 < D < A sSIBJISIFOTCSI HEPOMOTEHU3UPYEMbBIMHU JIJIsl HAKJIOHHBIX BO30Y 2K ICHUIA.

MOZKHO 3aIIUCATh KaK:
n1D(sin ; — sin 6,) = my )\, D(nq sin6; — ngsin 0y) = mygAo, (4.6)

rae Ao — JJIMHA BOJHBI B BaKyyMe, My U My — HEKOTOPLIE IIeJIble YHCJIA, OIPEICISIONIe Ii-
dpakiuonnble nMopaaku. Kax BUIHO U3 9TUX YCJIOBUI, HUMPAKIMs IPOUCXOIUT TOJILKO TOLIA,
Korda mepuon D cpaBHuUM i GoJibIle, YeM IJIMHA BOJHBI B 06eux cpemax. Ilpemmosarast mjst
[POCTOTHI, YTO N1 = Ny = 1, coorHomenust (4.6) MOXKHO 3aIKcaTh Kak
D___ mne (4.7)
Ao sin6; —sinf, ¢
W3 3T0r0 COOTHOIIEHHS CJIEIYIOT JIBA XOPOIIIO N3BECTHBIX CJIE/ICTBUSI. BO-1IepBLIX, /sl HOPMAJILHO
najaomux BoyH (6 = 0°) mudpakiys MPOUCXOJAUT TOJIBKO B TOM CJIydae, eCJid MEePUOMIHOCTD
crpyKTypel D > Xg (myi/sin, ¢ > 1 ms moboit myy # 0). Bo-BTopeIX, [171s1 APYIUX yIJIOB
nagenus (0; # 0°) nudpaknus Moxker npousoitu, ecaun D > A\g/2. D1u 1Ba BayKHBIX YCJIOBH
YacTO UCIHOJIL3YIOTCS, HAIIPUMED, B TEOPUU aHTEHH, I IEPUOSUIHOCTD PEIIETOK BLIOUPAETCS Ha
HX OCHOBE, YTOOBI M30€KaTh IU(MPAKIINOHHBIX MO/,

Hastee KitaccuuupyeM pasjiddHble IEPUOINIECKIE CTPYKTYPhI Ha, HECKOJIBKO IPYIII Ha OC-
HOBE PACCTOSTHUST MEYK/Ly COCEJIHUMHU BKJIIOYEHUSAMU |/ 9JIeMEHTaMU d, U TUIIA 3JIEKTPOMAIHUTHOIO
OTKJIMKA (PE30HAHCHOIO UJIM HEPE3OHAHCHOIO0). JIJisi IPOCTOTHI PACCMOTPUM TOJIBKO OJTHOPO/HBIE
crpykrypsl (D = d). Ha Pucynke 4.9 npejcrasiena kiaccudpukanus pa3HblX BUJIOB IEPUOIHAIE-

CKUX TJIAHAPHBIX CTPYKTYP C TUIMWIHON TeoMeTpueil KaxKJI0ro THIIA.
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[TepBas rpymira mepuonvecKuX CTPYKTYP BKJIOYAET IJIOTHO-YIAKOBAHHLIE JTBYMEpPHBIE Mac-
CUBBI JIJIMHHBIX ITPOBOJAIINX MTPOBOMIOB. Takue CTPYKTYPbI OOBIYHO MPEIHAZHAYEHDI JIJIS TIOJIY-
YEHUs [TOJTHOIO OTPAXKEHUS U MCIOJIB3YIOTCS B KAYECTBE CBETOOTPAaXKaTeJell U B 9KPAHUPOBAHUH
(HaIpuMep, B ceTKaX MUKPOBOJIHBIX Iedeil). Yrobbl obecrednTh BBICOKUIT YPOBEHb OTPAYKEHUs,
MEPUOIUIHOCTL MACCHBA ITPOBOJIOB OOBLIYHO BBIOMPAETCS MAJIOH [0 CPABHEHUIO C JITMHON BOJIHBI
B cBOGOIHOM TipocTpancTBe d < \/2. Ilajarormast BOJHA ¢ 9JIEKTPUYECKIM TI0JIEM, OCIIUILINDYTO-
UM BJIOJIb IIPOBOJIOB, HHYIIUPYET JIEKTPUIECKNE TOKU B HUX, KOTOPbIE U3JIyYAI0OT CUMMETPHY-
HO (Boepes m Hazaj) BOJHBI ¢ dha30il, TPOTUBONOIOKHON (ase najaromeir BogHbl. [TosToMy B
HaIPABJIEHUN MPOIYCKAHUS PACCEIHHAsS U TAJIAI0NIAst BOJHBL TacAT JAPYT JIPyra, 9YTO NPUBOIUT K
HUBKOMY KO3 PUIMEHTY HpolrycKaHus. BeposiTHO, mepBoe ncciieJoBaHne O II0THO-YITAKOBAHHBIX
MAaCCHBax IIPOBOJIOB MOSBUIIOCH yxke B 1898 romy [100]. fApisisich jByMEPHBIM aHAJIOIOM CPe/|
U3 [IPOBOJIOB, OHM TaKKe HPOSIBISIOT 3(MDMEKThl CUIBHON MpocTpaHcTBeHHON ucepcun [101].
[InoTHO-ynakoBaHHBIE MACCHUBBLI MPOBOIOB IPEJICTABIAIOT COOON HEPE30HAHCHBIE CTPYKTYPHI U
u3-3a CyOBOJIHOBOTO PACCTOSTHUS MEXKJIy ITPOBOJAME MOT'YT OBITH TOMOI'€HU3UPOBAHBI.

Bropas rpynna nepuoguyecKux miIaHapHbIX CTPYKTYP 0OBIYHO HA3BIBAETCH YaCTOTHO-U30MPATEHHBIMI
nosepxuoctsavu (YUIT) [102]. Dtu crpyKTyphl OOBIYHO COCTOAT U3 MEPUOJUICCKH PACIOTIOKEH-
HBIX METAJIMIECKHX [I0JIOCOK Ha JMIJIEKTPUIECKOl mojjioxkKe ("maryeii") win mesneil B MeTasm-
qeckoM Jiucte [102] (em. mumoctpanuio Ha Puc. 4.9). B ommtne or HHyKTHBHBIX MacCHBOB IIPO-
BOJIOB, KOTOPbIe IIPUMEHSIOTCS B OCHOBHOM Ha Hepe3oHaHCHbIX udacrorax, JUII npencrasisior
co0oii pe30HAHCHBIE CTPYKTYPbI (PE30HAHC OJIMHOYHBIX BKJIIOYEHHI) U3-32 HAJIMYUS KaK MHIYK-
TUBHBIX, TAK ¥ €eMKOCTHBIX CBOHCTB (M3-3a 3230POB B HAIIPABJIEHUH JIEKTPUYIECKOTO TOJIsl MK LY
emexkubiMu diemerTamn). Crenosarensro, YUIT MoryT ObITH CIPOEKTUPOBAHBI TaK, YTOOBI pe-
30HMPOBATH HA YaCTOTAaX, IJle Pa3Mep JIEMEHTa CPABHUM C HOJIYBOJIHOM. V3-3a TPOMEKYTOUHBIX
pa3mepos 3eMeHToB (A/2 < d < \) UUII He reHepupyoT qudpakinoHHbIX MO, (J1J1s1 3a/1aHHOTO
yIJyla MaJIeHNst), HO [IPH 9TOM He MOI'YT ObITh onucanbl 3(hHeKTUBHOI HElPEPBIBHON MMIIEIAHCHOM
noBepxuocTbio. YUII mupoko ucnosb3yores B Kadectse dpuibrpoB CBY-uznydenus u Hu3Ko-
npoduabHbix anTenn. Heomnopoaubie memepuomauntdeckne UUII mcmob3yorcst B OCHOBHOM Kak
aHTeHHbIe perieTku (cM. Bostee noppobuyto nndopmarmo B naparpade 6.3).

B xo#rtie npajimaToro Beka ObLIN MPEJJIOYKEHBI IBE BAXKHBIE IEPUOIUIECKIE CTPYKTYPbhI, OCHO-
BaHHBIC HA TaK HA3bIBAEMbIX HepycagnMckux Kpecrax [103,104]. Onu siBasiorest TpeTbeii rpyii-
1ot B HacrosImell KiaccuduKarmyui. DTH CTPYKTYPHI ¢ CyOBOTHOBBIME BKJIIOUCHHSIME (MOTYT
OBITH TOMOTE€HU3UPOBAHBI) PE30HUPYIOT U3-32 €MKOCTHOMN CBSI3U MEKJLy COCEHUMU SJIEMEHTAMI-
KpecTaMu (TakK Ha3bIBaeMbIii pacipe/ieJieHHblil pe3onanc). CoracHo KiaccuduKaIyu B HEKOTO-
poit smreparype [102|, s1u cTpykTypbl MoryT 0BT oTHeceHBl K UUII ¢ cyGBOSTHOBBIME BKJIIO-
yeHusiMU. TaK Ha3bIBaeMble BBHICOKOUMIIEJIAHCHBIE TOBepXHOCTH rpuboBuiHoil dopmbr (BIIT'®),
npesiozkeHHble B [105] MOXKHO OTHECTH K TOMY K€ THUILY PE30HAHCHBIX IIEPUOINIECKUX CTPYKTYP.
Kak mpaBmio, pa3mepbl UX 3JEMEHTOB OY€Hb MAJIbl 110 CPABHEHUIO ¢ JTMHON BOJHBL (d ~ A\/10)
W3-3a, JIOTIOJTHUTETbHON MHTYKTUBHOCTH BCJIEJICTBUN JIMIEKTPUIECKOT0 3a3eMjIeHHOro cjiod. BIIT'®
UMEIOT JYaCTOTHYIO IOJIOCY MOJABJIEHUS JIJI PACIPOCTPAHEHUs TOBEPXHOCTHBIX BOJH U IIOITOMY
MOI'yT PacCMaTpUBATBhCA KaK CBOCTO POJA JIBYMEPHBIA 3JICKTPOMAIrHUTHBINA KPUCTAJLIL.

Hudpaxknnonnsie pemerku [106] (em. niumocrpanuio va Puc. 4.9), npejcrasisitoniye 4eTBep-

TYIO TPYIILY B HACTOSIIEH KJIACCUPUKAINT, UMEIOT CAMYIO JJIMHHYIO UCTOPHUIO: BEPOSITHO, II€p-
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Basl perieTka Oblia caesana B 1785 rojy ¢ MCIOJIb30BAHUEM HATSHYTHIX BOJIOCKOB MEXKJLY JBYMsI
BUHTAMU C TOHKOI pe3p6oii [107]. B ormume oT npeabyiynux rpynin IepuOJANIeCKUX CTPYKTYD
T PAKIMOHHBIE PEIIETKN TPOCKTHPYIOTCA JJIsi OTPazKeHUsT / HMPOIYyCKAHUs HAIaloNMuX BOJIH B
OCHOBHOM B ,I[I/ICbp&KLH/IOHHbIe MO/IBI, TTIO9TOMY UX IMEPUOJINIHOCTDH BCEr/ja CpaBHUMa WJIA 60.}1]:)]]16
JUTMHBL BOJIHBL d > A/2. ludpaknuoHuble pemmerku, KOTopbie Audparupyor Naaolyo Ha HIX
SHEPIUIO TOJIBKO B OJIHOM BBIODAHHOM HAIIPABJICHUN, HA3BIBAIOTCS KOHIIEHTPUPYIOMUME (HAIIPH-
mep, [108]). O6bruHO JudpaKIOHHbIE PENIeTKH IIPeIHA3HAYEHbI JJIsl OIITHYECKOrO JTUAIIA30HA U
[PEJICTABIISIOT COOOI JIByMEpHYI0 Bepcuio (DOTOHHBIX KPUCTA/UIOB (CM. 00CY2K/IeHIe B Haparpa-
de 4.4).

MeTanoBepxHOCTH SBJIAIOTCS TOMOreHU3UpOoBaHHBIME (/30 < d < A/2) 0JHOCTIORHBIMU KOM-
[O3UTAME BKJIIOYEHHI, KOTOPBbIe MOXKHO OTHECTH K II€PBOii (HEPE30HAHCHOI) U TpeTheil (peso-
HAHCHOIT) IpyIaM B HacTosimedl Kinaccudukaiuu. B mocsie/iHee BpeMsi KOHIEIIUS MeTalloOBePX-
HOCTell Obla PacIpoCTpaHeHa HA HEPABHOMEDHBIE CTPYKTYDBI, YTO IPUBEJO K CO3JAHUIO M-
(bpakIMOHHBIX peleToK Ha OcHOBe MeranoBepxHocteil [92]. OrinunrebHON 0COGEHHOCTHIO Ta-
KHUX PEIeTOK SIBJISIeTCS CyOBOJHOBOE PACCTOSIHUE MEXKJLy JIeMEHTAMU BHYTPU OJHOIO HEepUojia
(d < A\/2, B 10 Bpems kKak D > A/2). B arom ciryuae pererka MoxKeT ObITh OIUCAHA YCPEeIHEHHbBIM
HOBEPXHOCTHBIM MMIIEIAHCOM.

MeTanoBepxXHOCTH MOT'YT MPOSIBJIATHL HPOCTPAHCTBEHHBIE JIUCIIEPCUOHHbIE 3(D(DEKTHI EPBO-
ro (6uaHU30TPOIHMsI) U BTOPOro (UCKYCCTBEHHBII MArHeTusM) IOPsAIKOB. TakuMm o6pasoMm, ¢ ojl-
HOI CTOPOHBI, HEJIABHO MIPEJIOYKEHHAsT KOHITEIIITIST METAIIOBEPXHOCTEH HATIOMUHAET U OO beINHSIET
paHee M3BECTHBIE IJIAHADHBIE CTPYKTYDPbI (MaccuBbl u3 1poBosiok, YUII ¢ cybBoIHOBBIME 3J1e-
MEHTaMU, OTpazkalolue u nepejamoue anrernbie pemérku, BIII'®), a ¢ apyroii cropoHsr, oHa
00600111aeT TEOPHUIO MEPUOINIECKIX CTPYKTYD U IIO3BOJISIET IIPOEKTUPOBATH HOBbIE PaHee HEJOCTH-
JKHUMBIE yCTpOiicTBa: IpeobpasoBaresin BOJIHOBOro ¢ponra (98|, HepauMHble moBepxXHOCTH [62],
YaCTOTHO-U36UpaTe/bHbIe TIpo3padHble 3epkasia u norinorurenu ([lybaukamun 3, 4, u 5), Kackai-
uble anTeHss! (53|, 100%- sddexrususe ( [96,109,110], Ilybmukamms 7) n Maoromoossie [95]

nudpaKkIInOHHbIE PEIIeTKNA U T. [I.

4.6 Mozaenu roMoreHn3anuu IJId MeTaIllOBePXHOCTell

CyIecTBy0T pas3JimuHble MOJIEIM NOMOTeHU3aIMN Jist MeTanosepxHocreii [111-113]. B kauecrse
puUMepa PaCCMOTPHUM MOJIe/Ib, OCHOBAHHYIO HA TEH30pax (/Iuajax) KOJUIEKTUBHBIX IIOJIsIPU3Ye-
mocreit [94]. ITpenmyrecTBo 910l MOjgEIN COCTOUT B TOM, 4TO, (bUKCUPYsT TpeOyeMblil OTKJINK
paccesHIS HA METAIOBEPXHOCTH, MOYKHO HAMTH BCe KOMIIOHEHTHI MOJISIPU3YEMOCTEN OTIeTbHBIX
METaaTOMOB, KOTOPbIE 00ECIIEINBAIOT STOT OTK/IUK. B3anmoaeiicTBUS MeXK/Iy METAATOMAMHU I~
TBIBAIOTCS. SHAHUE TPEOYEMBIX MOJIIPU3YEMOCTEH MeTaaTOMa JTaeT HaM XOPOIIIee IIPEJICTABICHUE
0 €r0 BO3MOXKHOH CTPYKTYpPe U XUMUIeCKOM cocTaBe. TouHas onpeiesieHne pa3MepoB MeTaaToMa
MOZKET OBITH BBIIIOJTHEHA C MCIOIb30BAHUEM PA3JIMIHBIX YUCIOBBIX METOMOB (Hampumep, [1y6mm-
kaiwsi 1). Mojesib roMoreHusaImu JIydine BCero MojxXo/UT JIJIsl OJTHOPOJHBIX MACCUBOB (CM. eIre
OJIHY MOJIEJIb TOMOTE€HU3AINI, IPUMEHSIEMY0 K HEOJIHOPOJHBIM MaccuBaM B [ly6smkanuu 6).
[Ipemooykum, UTO IIAHAPHAS TTEPUOIUIECKAS OJTHOPOIHAS METAIIOBEPXHOCTH OECKOHETHOTO

pa3mMepa (OpHeHTAIHs] METATIOBEPXHOCTH OMPE/EIISeTCs HOPMAIBHBIM €/ IMHUIHBIM BEKTOPOM 1)
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Puc. 4.10: Paccesiire oT 0JlHOPOIHOI METAIIOBEPXHOCTH, HOPMAJJIbLHO 00JIyI6HHOM IJI0OCKO# BOJI-

o

HOMH.

obJrydeHa IJIOCKO# BOJIHOW ¢ BOJTHOBBIM BEKTOPOM K;j ¢ O/HOiT M3 €€ CTOpPOH, KaK IOKa3aHO Ha
Puc. 4.10 (MeTanmoBepXHOCTH HAXOUTCS B OJTHOPOJIHOI cpe/ie ¢ nmrmeaancoM 7). Kak yzxe roBopu-
JIOCh paHee, PACCEsHHBIC IO/ HA METAIIOBEPXHOCTHU IOJIHOCTBIO OIPEJIE/ISIOTC YCPEIHEHHBIMU
NOBEPTHOCTNHBLMU JIEKTPUIECKUME Jo U MAPHUTHBIMEA Jy, TOKaMU (3aMETHM, YTO OHU HE SIBJIsi-
I0TCst OO'bEMHBIME TOKAMH ), MH/LY[[IPOBAHHBIMU B METAIIOBEPXHOCTU. BECKOHETHO MPOTSZKEHHBIE
JINCTHI JIEKTPUIECKNX W MATHUTHBIX ITOBEPXHOCTHBIX TOKOB PACCEMBAIOT JBE IIJIOCKHE BOJIHBI B
00paTHOM U TPSIMOM HAIIPABJIEHUSIX. DJIEKTPUUECKHE IOJIST STUX JBYX IJIOCKUX BOJIH 3aJ1af0T-
cst |94]
n n

1 1
Eb = —§Jei§n><c]m, Ef: _iJe:anx']m) (48)

r7e BepXHMI W HIKHUN 3HaKW obo3HadaroT ciaydan, korga ki 7| n u k; 11 n, coorBercTBeHHO.
VcepeaueHHble TOKA MOTYT OBITh BBIPAsKEHBI I€Pe3 UHIYIIMPOBAHHBIE JIEKTPUIECKIE P U MATHUT-
HbIE M JUIMOJbHBIE MOMEHTBI OTHOM 3JIEMEeHTAPHON gdeiiku B Bujie Jo = jwp / Suldy = jwm/ S,
rie S — IWIoIAIb 3JIEMEHTAPHON sSTIeiKH.

[TpunnMast BO BHUMaHIE, 9TO OTparkKeHHas BOJIHA MIPEACTABIISIeT coDOM 00paTHO PaCCeSTHHYIO
BOJIHY, & IIPOIIIe/IIIasi BOJIHA IIPEICTaB/IsIeT CODOI CyMMYy A Ialoeil U pacCesHHON BIepe BOJIH,
COOTBETCTBYIOIINE IJICKTPUICCKHUE I10JIgd B TEPMUHAX JUIIOJIBHBIX MOMEHTOB OIIPEIC/IAI0OTCA KaK
jw

(np Fn x m), Et:Ei—ﬁ(npinxm), (4.9)

Jw

E ="
25

rne E., E¢, u E; — sgekTpudeckne mossi OTpaykeHHOH, MPOoIIeineil 1 ma aroleir BOJIH COOTBET-
crBeHHO. VIHAyIIMpoBaHHbIE JUIIOJIbHBIE MOMEHTHI BO BKJIIOYEHHUAX METAIIOBEPXHOCTHA MOL'YT OBITh
BBIpayKeHb! [aHagorndHo (3.21)] B TepMuHAX TAK HA3BIBAEMBIX Al KOJJIEKTHBHBIX IIOJISIPU3Ye-

MocCTell 1 IaJaomux moseit [94]:

p:gee'Ei+ée;m'Hiy (410)
m = Oy - Hi + Qe - Ei.

B JaHHOM CJIy4dae CUMBOJI B BU/IE ITAIIKA - 0003HAYAET KOJIJIEKTUBHBIE JAna /bl HOJ’[S{pI/IByGMOCTeI'?I7
KOTOpbIE€ YIUTBIBAIOT BBaI/II\/IO,HeﬁCTBI/IH ME2KAYy BKJ/IIOYECHUAMHU U MOTYT OBLITh OIIpeaeJICHbI Y€pe3

VAl TTOISPU3YeMOCTell OTIeTbHBIX BKIIOUeHn. [l yIpoIeHns aHaIm3a IpeIoI0KNIM, ITO
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MeTaIloBEPXHOCTh 00JIajlaeT OJHOOCHON cUMMeTpueil BJIOJIb HOPMAJbLHOIO BeKTOpa n. B 3ToMm
cilydae JIuajibl MOJISIPU3yeMOCTell MOYKHO PA3JIOXKUTh HA CUMMETDHYHBIE («CO-») U AHTUCUMMET-

pUUHbIE («Cross-») TacTu:

_ ’\CO: Acr: = __ ~co T “SCI =
ee = Qooly + e Jy, Omm = Qpmt + O Jt

I o)l

(4.11)

__~CcoT ~Ccr 71 = __~CcoT ~Cr T
em = Qg It + gy Jt, Ome = Qppolt + e Jt.

Q)

IMoacrasnss (4.10) u (4.11) B (4.9), MOXKHO Oy YUTH BBIPAXKEHHSI JIJIsI OTPAYKEHHOIO M IPOIIE/I-

1ero moJieil B TepMnHaX KOJIJIEKTUBHBIX HOJIE{pI/ISyeMOCTefIZ

B =22 4 lnag +ag, = ag — - a| T
: _ (4.12)
+ |na% F 6% F % — 0% | T B
B = |1- 22 (nag +ag, Fag. + o, ) | T
, K (4.13)
JW | ~er o ~co | ~co ~cr | 77F
59 N0lge T Qg £ 0o + Eamm Ji ¢ - By

DT BBIpazKeHUs!, IOJyUeHHbIe B [94], npeicraBisior mpocToil crocob aHaau3a MeTalOBEPXHO-
creil, 0Opa30BAHHBIX OUAHM30TPOIHBIMU BKJIIOYCHUSAMU (B3AUMHBIMU ¥ / WJIM HEB3AMMHBIMH).
OsHrM U3 BasKHBIX CJIEJICTBUN 9THX YPABHEHWUIN SIBJIAETCH TO, UTO PEXKHUM HYJIEBOTO OTPAaKEHUSI
HEBO3MOXKHO IOJIYIUTH C IIOMOIIBIO METAIOBEPXHOCTEH, 00JI1aJAIONIIX UCKIIOUYNTEILHO SJIEKTPH-
YeCKUMU NJIM MArHUTHBIME CBOficTBaMu. UTOOBI yCTPAHUTE OTPasKeHe, METAIIOBEPXHOCTD JIOJIK-
Ha UMeTh Jinbo COAJIAHCHPOBAHHBIN JIEKTPUYECKUIT U MAHUTHBIA OTKJIMKH (TaK HA3BIBAEMOE
yesioBue Trofirenca nals = aSo /n) wiam onpeeséHHbli GHAHU30TPONHBI OTKJIUK [4TOObI BCe
BBbIDayKeHUsI B KBaJIpaTHbIX CKOOKax (4.12) obparusmch B Hy/b|. pyrue BaxkHble CileJICTBUST U3
Boipaxkenuii (4.12) u (4.13) mojprroxkens! B Tabsmie 4.1. DT pesysbrarsl O Oy OJINKOBAHBI
B psjze crareit [53,54,58,62,94].

[ToMumo 1pe/ICTaBIEHHOMN BBIIIE MO/IE/I TOMOI'€HU3AINN METAIIOBEPXHOCTE CYNIECTBYIOT JIBE
JIPYTHEe U3BECTHBIE MOJICJIN, NMEIOIINE IPEUMYIIECTBa B HEKOTOPHIX ciayvasx. O/iHa U3 HuX, OCHO-
BalHAasl Ha S5KBUBAJIECHTHON MMIIEAHCHOI MaTpuIe, 0cobeHHno 3pPeKTUBHA JIJIs OMUCAHUA HEO -
HOPOJIHBIX METAIIOBEPXHOCTEMH, & TaKyKe MEeTAIOBEPXHOCTEH, COJIEPXKAIINX 3a3€MJICHHYIO IIJI0C-
KOCTh. DTa MOJEIb MOAPOOHO IpejcTaBieHa B maparpade 6.3. Ipyras Momenb TOMOTEHU3AIMH
OCHOBaHAa Ha TEH30PaX MaKPOCKOIMYECKHUX HOBEPXHOCTHBIX BOCIpHUMYHBOCTEH. OHa CBA3bIBACT
YCPEHEHHBIE TI0 TOBEPXHOCTHU 3HaUeHusI 110THOCTH nioJisipusanuu (Pg = p/S u Mg = m/(upS5))
¢ anekrpuideckumu E,, n marantasivu H,y, mosisimu, ycpenneHHBIME 110 00€ CTOPOHBI OT MeTa-

nosepxuoctu [112,113]: B B
Pg = €0$ee - Bayv + v/1o€0 aem - Hay,

= € =
MS = Qsmm ’ HaV + . (z)me ' EaV7
V o

rjae qb obo3Hayaer MaKpPOCKOIIMYIEeCKHNE YCPEIHEHHDbIE IIO ITOBEPXHOCTU BOCIIDUMUMYUBOCTH. ITocae

(4.14)

HEKOTOPBIX BBIUNCJIEHU BOCIIpUUMYINBOCTU MOT'yT ObITH BbIpa2KEeHbI 9Y€pe3 KOJIJIEKTUBHbIE I10JI¢-
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DJIEKTPOMATHUTHBIN OTKJIMK

Bosmorknbie peanuzarmn

Heobxoaumble KoJLIeKTUBHBIE
MOJISIPU3YEMOCTH

Bpamenne nonsspuzanun B

orpakernu (E, = aoJt - Ei, re
ap — KOMILJIEKCHBIN KO3 durpeHT
u0<|ag] <1)

1) MeranmoBepxHOCTH C HEB3aWM-
HBIMH OJIHOOCHBIMH BKJIIOYEHUSIMU
Tennerena [62]

2) MeTanoBepxHOCTH Ha OCHOBE
HEB3aUMHBIX MaTEPHUAJIOB, TAKNX
KaK HaMarHMYeHHas ILIa3Ma U

deppuTnr [46]

~Cco __ ~co
Aem = e 7é 0

N0ce — A /N 7# 0

B panieHue 1oJisipudanuu B

npoxoxaennu (Ey = aoJy - Ei)

1) MeranoBepxHOCTH C B3aWM-
HBIMU OIHOOCHBIMHU KHUPAJTHHBIME
BKytoueHnsIMH  [94] (onTmueckast
AKTUBHOCTD )

2) MeTanoBepxHOCTH Ha OCHOBE
HEB3aUMHBIX MaTEPUAJIOB, TaKUX
KaK HaMarHW4eHHasl ILUIa3sMa U
depputnr (3dbdexr Papanes)

~~co _ __~co
dem = —Qpe # 0

NQee + Omm/M # 0

AcumMmerpusi oTpakeHus JJist Ha-
JIAIOMAX BOJH C TIPOTHBOIIOJIOXK-
neix cropon (Ef # E;)

MeTaHOBerHOCTI/I C B3aHM-
HbIMHA OJHOOCHBIMHU

BKJIIOYeHuIMU [58]

oMera-

~~cr _ ~cr
aem - ame # 0

AcummMerpust  TIPOIyCKAHUS  JIJIs
MaJaI0MMUX BOJH C HPOTHBOIO-

noxupix cropon (Ef # E;)

MeTammoBepxHOCTH C HEB3aUMHBI-
MU OJIHOOCHBLIMH HCKYCCTBEHHO
HOJBYKHBIMU BKJIIOYeHUsIMUA [62]

=~cr __ __~cr
Qem = —Qme 7é 0

Tabaura 4.1: Tunuaabil OTKINK OMAHN30TPOIHBIX OJHOOCHBIX METAIIOBEPXHOCTEN Ha 00y tIe-
HI€ HOPMAJIbHBIMU IIJIOCKUMU BOJIHAMI.

pusyemocTn [ompeensiemble Beipaxkenuem (4.10)]:

= 1 = W= = = Jw,_1 =
¢ee = %(Ap) L. Qe + ‘277005&11 : (Slt - amm;ino) L. Qme |
= 1 1 |= Jw = = = Jw,.; =
- T — m (ST mg m|
¢em \/m( D em T 20 Qem ( t m 2770) Qm (4 15)
= 1 [z, june= = = jwmo,_, = '
¢me = 7(A ! me T me ° (S t — Qee ) Qee |
v Ho€o 2
= 1 1= W= = = Jw =
¢mm = 1o (Am) ! mm + S0 me * (S t 05ee‘7 2770) ! Qe |
rie
] 2__ _ - _
= = Jw W™= = = W, 1 =
Ap = SIt - Oéee.m + —Qem - (SIt mmL) L. Qme,
24 210 (4.16)
_ . 2__ oz _ ’
= = Jw W™= = = JWNo._1 =
Ay =51 — amenO Zame (SIt - aeeTn) ! Qlem

OCHOBHBIM MPEUMYTIIECTBOM MO TOMOTEHU3AIMY Ha OCHOBE TEH30POB BOCIPUUMYNBOCTENH
SIBJISIETCS TOT (DAKT, UTO 3HAsT TEH30PHI HEOOXOAMMBIE JJIST HEKOTOPOTO OIPEIEICHHOTO IJIeK-
TPOMArHUTHOTO OTKJIMKA, MOXKHO CPa3y OIPEJe/UThb, JOJIXKHBI JIU BKJIIOUEHUSI METAIIOBEPXHOCTH
6bITE C IMOTEpPsSIMHU (S{@l]} < 0) u obIaJAOT JIK OHU HEKOTOPHIM KO3(hDMUIMEHTOM yCUIIEHHsI
(3{ei;} > 0).

HecmoTpst Ha TO, 4TO siBjeHUsT OMAHM30TPOIUH OBLIN W3BECTHBI M U3YUEHbI B T€UEHUE JIJIU-
TEeJIbHOTO BPEMEHU, CYIIECTBYET JIUIIb HECKOJBKO OIMyOJUKOBAHHBIX PabOT 10 OMAHU30TPOITHBIM

MeTaIoBEePXHOCTSAM (3hHeKThI IPOCTPAHCTBEHHOI JIUCIIEPCUE TIEPBOro Hopsiika). OCHOBHAS 11€J1b
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HaCTOHHJ,eIU/I AuccepTanun — U3YIUThb, KaKNE IK30TUYICCKHNE U YHUKaJIbHBIC ABJICHUA CTaHOBATCA
BO3MO>KHBI C UCIIOJIB3OBaHHUEM MeTaHOBerHOCTeﬁ C O6HLI/IM 6I/Ia,HI/I3OTpOHHbIM OTKJINKOM. B JANC-
cepranmrn TaKzKe ITPeACTaBJACH CHHTE3 HOBBLIX IIPOCTPAHCTBEHHO-ANCIICPCHBIX MeTa.HOBerHOCTefI

(6MAHU30TPOIHBIX U CUIBHO HEJIOKAJIBHBIX).
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PezynbraTsl ncciaegoBaHmii
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I'taBa 5

OTﬂeﬂbeIe 6I/IaHI/ISOTpOHHbIe BKJIIOYECHN A

DJIEKTPOMATHUTHBIE CBOMCTBA METAMATEPUAJIA OIIPEJIEISIOTCS CBOMCTBAME U IIPOCTPAHCTBEHHBIM
PACITOJIOKEHUEM €T0 OT/IEIBHBIX COCTABJSIONNX (BKJIIOYCH). DTa WJest JEKUT B OCHOBE CaMOif
KOHIIeIIuN MeTaMaTeprasoB. [losToMy OOBLITMHCTBO UCCIEIOBAHUN JIEKTPOMATHUTHBIX UCKYC-
CTBEHHBIX MATEPUAJIOB M YCTPONCTB IPEIIIOJIATAIOT TPOSKTUPOBAHNUE OTIAECIbHBIX BKJIIOYUEHUNR C
3a/IAHHBIMU CBOHCTBAMHU (HAIIPUMED, TIOJISIPU3YEMOCTSIMH ).

OTHOTMIEHNST MEYK Y MAKPOCKOIMTMIECKIMHI CBONCTBAMY KOMITO3UITHOHHOTO MATEPUAJIA U MUK-
POCKOIIMYECKIME CBONCTBAMU ero BKJII0UYeHni 06cy kK jamch B naparpade 3.5. Beipaxkenus (3.19)
OIUCBLIBAIOT STU COOTHOIIIEHUS JIJIT MATEPUAJIOB C PA3PE’KEHHBIMU KOHIICHTPAIUSAMY BKIIOYUEHUIA.
Ecam konmnenTpanus BKIIOYEHUH HACTOJIBKO BBICOKAs, UTO CJeyeT YIUTLIBATH B3anMOeiicTBIE
ME2K/ly BKJIIOYEHUSIMU, MAKPOCKOIIMYECKNE U MUKPOCKOIIMYECKNE BEJUYUHBI MOT'YT OBITH CBS3a-
HBI C UCIIOJIb30BAHUEM OJIHOTO M3 IPUOIMKEHHBIX MPaBUI. BeposaTHO, caMbIM IIPOCTBIM, XOTS U
5(bdEKTUBHBIM, [IPABUJIOM SIBJISIETCS TaK HasbiBaeMblii mojxoi Makcsesuia Tapuerra [114, 115].
O06ob1eHne TOrO paBUJIa HA CIydail oDIUX OMaHU30TPOITHBIX MATEPUAJIOB MOXKHO HANTH, HA-
npumep, B [116,117].

Korna mzBectubl Tpebyemble MOJIAPU3YEMOCTA OTAEIbHBIX BKJIIOYEHUI, MOXKHO OIEHUTDL WX
pasMepbl, TEOMETPUIO U XUMUIECKUI cOCTaB. B HEKOTOPBIX ITPOCTHIX CJIYUATX MOYKHO ITPUOJIAZKEH-
HO OIpPEIeSINTh Pa3Mephl U MaTepHaJIbHble XapaKTEPUCTUKHN BKJIIOUEHUH HA OCHOBE M3BECTHBLIX
Teopermieckux Moseseit. OHaKo 1Tt 6OIBITMHCTBA ONAHN30TPOIHBIX BKIIOYEHUI COOTBETCTBIE
MEXKJY UX TOJIAPU3YEMOCTSIMU U BHYTPEHHEH CTPYKTYPOIl MOXKeT ObITh YCTaHOBJIEHO TOJILKO C

HCIIOJIb3OBaAHUEM YHCJ/IEHHBIX U IIOJYaHAJIUTUICCKUX METOHL0B.

5.1 CrocoOblI onpeaeJaeHns NOJISPU3yeMocCTeii

st ynoberBa KiaaccuduupyeM Bce CIIOCOOBI OIPEeIeHHs MOJISTPU3YEMOCTel OTIEIbHOIO PAC-
cenBaTesIs HA JIBE IPYIIIIbL: aHAJIUTUYECKIE U [oJlyaHaauTudeckue. BepositHo, Hanbosiee yHuBep-
CAJIbHBIM MPUOJIMKEHHBIM METOIOM, OTHOCSIIIUMCS K IIEPBO I'PYIIIIE, SIBJISETCS METOJI, KOTOPBII
MOJIeJINPYET paccenBaTelb Kak 3P@MEKTUBHYIO JIEKTPHUYECKYIO CXEMY, COCTOSANIYIO U3 PEaKTHB-
HBIX U PE3UCTUBHBIX COCPEIOTOYEHHBIX d1eMenToB [118,119]. Ecrecrenno, ecim paccensareib
AHM30TPOIHBIHN, 3dEKTUBHAS CXeMa 3aBUCUT OT HAIIPABJIEHUS U MOJIAPU3AINN 1A IAI0IIeNl BOJI-
ubl. HecMoTpst HA TO, ITO 9TOT METO, OOBIMHO IPUMEHUM TOJIBKO JJIsI paccenBaTesieit ¢ cyOBOJIHO-
BBIMU Pa3MepaMy, OH aKKypPaTHO MojienpyeT 3 @PeKTh MPOCTPAHCTBEHHON JUCIIEPCUN TIEPBOTO
¥ BTOPOTO TOPAIKOB. EITle OJIMH MOSHOCTHIO aHAJTUTUIECKIH TIO/IXO0T, TPUMEHUMBIH K JUIJIEKTPU-
qecKUM cheprudIecKuM PAacCEUBaTEsIM IIPOU3BOJIBHOTO pa3Mepa M COCTaBa, OCHOBAH HA TEOPHUH
pasjiozkeHus 110 cepudeckuM rapMonukam, cdpopmysauposanaoit Mu B 1908 r. [120]|. Buocsen-

cTBUU 9Ta Teopust ObliIa 0600IeHa HA PACCEMBATEN IPOU3BOJILHBIX (hopM [121].
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B mocnemnee Bpems pacmiupenHasi Teopus Mwu MCIOIb30BajIaCh MHOTMMU KCCJIEIOBATES-
MU JJIsi U3yYeHUs MYJIBTHUIIOJIBHOIO IMOBEJICHUS pacCenBaTesiell pa3indHoil (hOPMBbI, HAIIPUMED
[122,123]. DTu MeTObI ABJIAIOTCS MOTyaHATUTUIECKIMU, TOCKOJIbKY OHU Y Ke MOJPa3yMeBaioT
3HAHME PACCesIHHBIX I0JIeil Ha paccerBaTelisi IPU OIPEJIIEHHOM OOJIyYeHUN (9T HOJIsi OOBITHO
ONPEJIEJISTIOTCS € TIOMOIIBIO OJTHOBOJIHOBBIX CUMYJISITINIL ). 3aIUChIBasi PACCESTHHBIE MOJIsT B TEPMU-
HaX BEKTOPHBIX C(hepUIECKUX TaPMOHUK, MOYKHO BBIYUCIUTE MYJILTUIIOIbHBIE MOMEHTBI BO30Y K-
JIEHHBbIE B IIPOM3BOJILHOM paccemBaTe/n. 1eM He MeHee, 3TOT IOJIXO/T MOAPA3yMeBaeT CJIOKHOE B
BBIYUCIUTEILHOM OTHOIIEHUN HHTETPUPOBAHNE PACCESHHBIX MOJIel 110 cdepe, OKPYKAIoei pac-
CEemBaTe/b, UYTO YCJIOXKHSIET €ro UCIOJIb30Banne. KpoMe TOro, UCIOJIb30BaHNe JAHHOIO METOJIa U3
9KCIEPUMEHTAJIHLHO N3MEPEHHBIX JTAHHBIX SIBJISIETCS TPOOIeMaTHIHDIM.

C npyroif CTOPOHBI, OIIpEe/Ie/ICHIe HEM3BECTHBIX IMOJIAPU3YEMOCTEH PacCenBaTes st BO3MOXKHO,
ecJIM WHJIyIIMPOBAHHbIE B HEM TOKH W 3apsijibl U3BECTHBI (HAIIPDHMED, HA OCHOBE IIPOCTBIX TEO-
pPETUYECKUX MOJIeJIell MM KOMIIBIOTEPHbIH CUMYJISIIUii) J1jist OlpeiesieHHoro o0ty denusi. Takoit
OJIyaHAJTUTHIECKUI [TOAXO0/, SIBJIAETCA CTPOTUM U IIPUMEHMM BHE HPUOIMKeHUsT OOJIBINON -
HBI BOJIHBI [124, 125]1. Hemocrarok aT0or0 MeToma BhIparKaeTcst B TOM, 9TO JJisi HETO TpebyeTcst
OTHOCHUTEJILHO CJIOKHO€ MHTEIPUPOBaHUeE 10 00beMy paccemBaTe i, U 9TOT UHTErpasl MEHSIeTCs
JUTsl paccenBaTesieil pa3Hoit (GOpMBbI.

OTaenbHBIA KJIace IPeACTABIAI0T COOOM MeTOIbl M3BJEYEHUs MOJISIPU3yeMOCTell paccenBa-
TeJisl, PACIOJIOKEHHOTO BHYTPHU OJHOPOJHOMN IIEePUOJNIECKON PeleTKy, Wik BoJIHoBoaa |59, 126—
128]. C nomoIpio TaKuX METOIOB MOYKHO OIPEJETUTD MOJISPU3YEMOCTH HA OCHOBE M3BECTHBIX
KO3 DUIUEHTOB B3aUMOJIEHCTBHUS B IEPUOIMIECKUX MACCUBAX UJIU BOJTHOBOJAX U YUCJIEHHO Pac-
CYNTAHHBIX (MM U3MEPEHHBIX) K03(hdUIneHToB orpaykenus u npoiryckanus. Cjelyer OTMeTUTh,
9TO COOTHOINEHUST MEXK/IY STUMHU KOI(DDUIMEeHTAME U TOJISIPU3YyEMOCTIMEI OT/IE/IbHBIX PACCENBA-
Tesiell He IBJIAIOTCS TpUBUAJbHBIMUA U B 6OJ'[bH_H/IHCTBe CJIy1a€eB ABJIAIOTCA JIUIIIb HpI/I6.)'H/I}KeHHbI—

MH.

5.1.1 HayuHbIi1 BKJIag aBTOpa

[TockobKy 110 OIpeeIeHUI0 MeTaMaTePUAJIbI COCTOST U3 pacCenBaTelieil ¢ CyOBOTHOBBIMU Pa3-
MepaMHM, JICKTPUIECKNEe U MATCHUTHBIE JUIMOJbHBIE MOMEHTDHI SBJISIOTCS Hanbojee 3HAYUMBIMU
U BaXKHBIMA MOMEHTAMHU B pazjoxkeHuun Mu [ijist Takux paccemBaTeseil. DTO IPeoioKeHne
II03BOJISIET UCIIOJIB30BAThH IIPOCTOI IOJIyaHAJUTUYECKNA MeTO/I U3BJIeYeHUs TEH30POB LI0JIAPU3Y-
€MOCTell TPON3BOJILHOIO MaJIOTO PaCcCemBaTe sl Ha OCHOBE €r0 OTKJ/IMKA, 3aMEPEHHOTO B JIaJIbHEN
30HE. DTOT METOJ[ OCHOBAH Ha TOM (pakTe, UTO B JAJIbHEl 30HE BKJIAJ] B PACCESHHBIE OJIST OT
JIEKTPUYECKUX U MArHUTHBIX JUIIOJIE JOMUHUPYET HaJl BKJIQJIAMHU OT MYJIbTUIIOJIbHBIX MOMEH-
TOB H0JIee BBICOKOT'O TOPS/IKA. Y MECHOCTD 3TOT'O HPEIIOJIOXKEHUS MOXKET ObITh [IPOBEPEHA IIyTEeM
YHUCJIEHHOU OIEHKH! JIMarpaMMbl PacCesTHUs UJIN, SKCIIEPUMEHTAIBHO, IIyTeM MOBTOPEHUST U3Mepe-
HUI ¢ HECKOJIBKUMU OpHeHTaIusiMu paccenBareisi. CjieyeT OTMETUTD, UTO JJIsl ITPOEKTUPOBAHUS
METAIIOBEPXHOCTE U MeTaMaTepUaJOB 3HAHUE TOJISIPU3YEMOCTEN BBICIITIX MMOPSIKOB OOBITHO HE
Tpebyercst (KoabdUIMEHTHI OTPayKEeHHsT U IPOITYCKAHUS [IJIOCKIX BOJIH Y€pe3 OJHOPOIHBIE MeTa-
[TOBEPXHOCTH, & TaKKe 3(PPEKTUBHBIE TAPAMETPBI METAMATEPUAJIOB, OIIPEIEJIAIOTCS TUITOIbHBIMHI

MOMEHTaMM UX BKJIIO‘IGHHIZ) .

LCrares mo TeMe maHHOrO Merona Gblia omybinKoBaHa nocse 1ly6iukanmu 1.
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+ -t
ki LoE:

Puc. 5.1: [IpousBosbHbIi OHAHI30TPOIHBIN paccenBaTe/ b, 00y IEHHBIH ABYMsI IIJIOCKIMU BOJI-

HaMUI C TPOTUBOIIOJIOZKHBIX CTOPOH. B 1anHoM ciaydae ElJr =FE =FE.

B ommne oT 110/1X0/1a, OCHOBAHHOI'O Ha pa3JiozkeHUn Ha cpepuyeckue rapMoHuku [122,123]
KOTOPBIH TpeOyeT 3HAHUS PACCESHHBIX TI0JIeH BO BCEX TOUKAX HA HEKOTOPOU cdepe, OKPYyKAIOIIei
paccenBaTeb, METO/I HA OCHOBE I0JIell B JTaJIbHEN 30HE 1TO3BOJIAET OLPEJe/INTh Bce 36 KOMIIOHEHT
MOJITPU3YEMOCTEN IIyTeM M3MePEHNsT PACCESTHHBIX IOJIed TOJIBKO B 6 KOHKPETHBIX HAIIPABJIEHU-
sIX C HUCIIOJIb30BaHuEM 6 KOHKPETHBIX KOH(pUrypanuii namaonmx BojaH. C Ipyroit CTOPOHBI, s
OIIP€/IeJIEHNS] OJIHOM KeJlaeMOl KOMIIOHEHTHI TEH30Pa ITOJISIPU3YEMOCTH PaccenBaTesl, HEOOXO0 M-
MO HafiTH pacCesiHHBIE TIOJIsi TOJIBKO B JIBYX HAIPABJICHUSX JJIsI JIBYX KOH(MUTYPAIHil aIa0IIeit
BOJIHBI. DTa OCOOEHHOCTDH 3HAYUTEIBHO YIIPOIIAET UCIIOJIb30BAHIE METO/IA B KOMIILIOTEPHOM MO/Ie-
JmpoBanuu. Kpome TOro, IMCKpeTHOe U MUHUMAJIHLHOE UUC/I0 HAIIPABJIEHUN, B KOTOPBIX TOJI2KHBI
OBITH UCCJIEIOBAHBI PACCESTHHBIE IT0JIsI, II03BOJISIET UCIOIb30BATh ITOT METO/I TAKXKE IKCIIEPUMEH-
TaJILHO.

OcHoBHast njiesi METOJA IIOUCKA IOJIPU3YEMOCTA HA OCHOBE DPACCESHHOIO I0JIS B JaJibHel

30HE 3aKJI0YaeTcs B clelymomeM. ToObl Olpene/nTh OLHY OIPEeJeIEHHYI0 KOMIIOHEHTY TeH-
11

30pa HOJIAPU3YyEeMOCTU ITPOU3BOJIBHOT'O 6I/IaHI/IBOTpOHHOI‘O paccenBaTesid (paCCMOTpI/IM Qg s

e
YHUCJIOBBIE MHJIEKCHI 1, 2, U 3 OLpeesIsAoT IPOEKIUN Ha OCH T, Y, U Z, COOTBETCTBEHHO), OH JIOJI-
JKeH ObITH 00JIYUIEH JBYMs IAJAIOIIMI IIJIOCKUMH BOJHAMHE (YTO SKBHBAJIEHTHO OJHOI CcTOsTUEl
BOJTHE ), HATIPIMeP, KaK MokazaHo Ha Puc. 5.1. B coorercrsuu ¢ (3.21), KommonenTa o}l mMoxker

OBITD BbIpazK€Ha 9epe3 NHAYIUPOBaHHbIEC JTHUITOJIbHBIE MOMEHTBI B pacCceuBaTesIe:

1
11 + —
Oy = (py +p71) (5.1)
ee 1 1/
2F;
re pf and p; 0603HAYAIOT HHJLYIIHPOBAHHLIE IEKTPUIECKHE JUIOIBHBIE MOMEHTEI( KOMIIOHEHTDI
BJIOJIb ) TIPU BO30OY?KJIEHUHU C MOMOIIBIO IJIOCKUX BOJIH, PACIPOCTPAHSIIONIMXCS BJIOJIb HAIPAB-
JeHuil +2z U —Z, COOTBETCTBEHHO.
B mpearnonoxkenun Majgoro pasmepa pacceuBaTesis M0 CPABHEHUIO C JJIUHON BOJIHBI WHITY-

ITUpOBaHHbIC JTUIIOJIbHBIE MOMEHTBI MO2KHO BBIDAa3UTHL Y€PE3 pacCCessHHbIC IIOJIsA B ,Ha.JIbHeﬁ 30He
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[14]:

k2 & 1
=——¢€ 7 [ (Nge X P) X Nge — —Nge X M| 5.2
47T60Tsc ( SC p) SC Lo SC ( )

ESC
TJIe Nge — €INHUIHBIN BEKTOP B HAIIPABJIEHUN HAOIIOMEHNS PACCESTHHOTO TIOJIS U T'sc — PACCTOSIHIE
MeX/JIy paccemBaTesieM M TOUYKOM HalOso/eHusi. B paccmaTrpuBaeMoM IpuUMepe MOXKHO HAWTH T
KOMIIOHEHTY 3JIEKTPUYIECKOTO JUMIOJIHHOTO MOMEHTA,

2TeqrgeedFrse
+ 0 + +
p1 = ]:; (+ZES‘31 + *ZESC:l)’ (53)

riae 4, F ., obosHauaeT T-KOMIIOHEHTY PAcCeAHHOrO HOJsl B HallpaBJIEHUH +2 €C/II PacCeuBaTelb
ocBellaeTcsd Iajalolleil BOJIHOM, pacnpocTpaHgdionieiicss B HallpaBjeHun —z. Paccesinnble 110J1d
MOT'yT OBITH PACCUNTAHBI C MCIIOJL30BAHIEM KOMIILIOTEDHOIO MOJIEINPOBAHNS HMJIN M3MEPEHDI
B sKciepumenre. Ilyrem obbeauuennst (5.1) u (5.3), MOKHO BBIMHC/IUTH KOMIIOHEHTY IIOJISAPU-
syemocTn o}l paccemparess. AHasormuHbIM 06PA3OM MOMKHO OIPEJIEIUTh JIPYrue KOMIIOHEHTDI
HOJIIPU3YEMOCTEH.

IIpencraBiiennbIil METO, OMCKa HOIApH3yeMocTeil apiderca npeaMeroM Ilybmmkanum 1 u
IPUMEHUM K ITPOU3BOJIBLHBIM, 3JIEKTPHIECKN MaJjIbiM OHaHH30TPOIIHBIM paccenBaresisaM. s 60-
Jiee oJApoOHOI MHMOPMAIIUT O METO/IE, a TAK¥Ke ero MCII0JIb30BaHUM JJ1s OLIPe/Ie/IeHUs IOIAPU3Y-
eMocTeil IByX OHaHH30TPOIIHBIX paccenBaTesieil (B3aMMHOIO U HEB3aUMHOTO), YHTATEIIIO CJIE/LyeT

IpoYIecTb MOJIHBII TEKCT Hy6JH/IKaHI/II/I.

5.2 Ywucro OMaHM30TPONHBIE PACCENBATEIIN

Kak yxke o6cyzkuanocs B naparpade 3.5, addekTsl npocTpaHcTBeHHOI juctiepeun nepsoro (6u-
AHM30TPOIIMsI) U BTOPOro (MCKYCCTBEHHBIN MAarHeTusM) MOPsIIKOB B CpeJie MOI'YT OBIThH yCHJIe-
HBI, IIPOEKTUPYS OIPeIeIEHHBIM 00pa3oM BKIIoUeHns. Hanpumep, MacCUBbI KUPAIbHLIX BKJIIOUE-
HUI cO cOAIAHCUPOBAHHBIME 3JIEKTPUYECKUMEI U MArHUTHBIMEI CBOMCTBAME O0JIAJAI0T OJUHAKOBO
CUJIbHBIMU GUAHU30TPOITHBIMUI CBOHCTBAMU I10 CPABHEHUIO C SJIEKTPUIECKUMU U MATHUTHBIME (T10-
npobuee cM. B maparpade 6.2.1). Kpome Toro, Teoperntyeckn BOSMOXKHO CO3/1aTh MeTaMaTepuall,
OUAHM30TPOIHBIE CBONCTBA KOTOPOIO (HEMPSIMOIi TIOJISIPU3AIIMOHHBIN OTKJIMK) 60Jiee BbIPDAYKEHBDI,
YeM 3JIEKTPHYECKHe N MaruuTHble [6] (mpsiMoil IOJISPU3AIMOHHDIN OTKIINK); CM. TaKKe Hapa-
rpad 3.10. X0oTs 3TH BBIBOIBI OTHOCATCS JJIsI KOMIIO3UIIMOHHBIX MATEPUAJIOB Ha MaKPOCKOIIIe-
CKOM YpOBHE€, OHH HE O6H3aTeﬂbHO IPpUMEHNUMBI K OTAE/JIbHBIM BKJ/IIOYCHUAM (Ha l\/II/IKpO-ypOBHe).
HeiicTBuTesibHO, KaK BUIHO U3 Bbipaxkenuii (3.19) mjist MasIbIX KOHIEHTpAIuil BKIIOYCHUTH, MaK-
CUMU3UPOBAHHBIN HEMTPSMOIT MOJISIPU3AIMOHHBI OTKINK cpesinl (K # 0, & = 11 = 0) He o3navaer,
9TO BKJIIOUEHUS B 9TO Cpejie TaKyKe MPOsIBISIOT MAKCUMAJIbHBIN HempsaMoi oTKmK. HampoTus,
Kak cjielyeT u3 BI)Ipa)KeHI/II'?'I7 B 9TOM CJjIydae B OTAEJ/IbHBIX BKJ/IIOUECHUAX CYIIIECTBYIOT KaK Hp?{MOfI7
TaK U HENpPsSMOil OTKJIMKH, U OHH MOTYT OBITH OJHOrO MOPsIKA (Gee 7 0, @mm # 0, Gem # 0).
Takum obpaszoM, ciaydail OTHe/bHBIX PacCcenBaTeseil ¢ MAaKCUMU3UPOBAHHBIM HEIIPSIMBIM IIOJISIPH-
3aIMOHHBIM OTKJ/IMKOM HE€ fABJIAETCA TPUBUAJIBHBIM U 3aCJIy2KUBa€T OTAEJIBbHOI'O UCCJIEIOBaHUA.
HeKOTOpI)Ie beH,[[alVIeHTaﬂbeIe OrpaHNY€eHMNs Ha JOCTU2KHNMbIC SHaYCHUA HOHﬂpI/I3yeMOCTeﬁ

OTOE/JIbHbIX paCCeI/IBaTeJIefI XOpPOoIIO U3BECTHDI. BO—HepBI)IX, 9TO OIrpaHUYI€HUA BCJICACTBHUEC BDEMEH-
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HOIT cuMMmerpuu, KoTopbie 3ajatorcs npuniuinoMm Onzarepa-Kasumupalem. (3.46)]. Bo-Bropsix,
J1J151 BCeX IIaCCUBHBIX pacceuBaTesiell MHUMasl YacTh JI1a/Ibl T—@ SABJIAETCH TIOTOKUTENTBHO ompe-
nenennoit (e, manpumep, [10]), Te muaga @ obpazoBaHa YETBLIPHMS IUAIAMHA TTOJISIPU3YEMOCTENT

KaK

aee dem

(5.4)

o]
Il

dme dmm

B-Tperpux, mpuHIIAT TPUYUHHOCTHA TPUBOJUT K COOTHOIeHUAM Kpamepca-Kporura st moJis-
pusyemoctu u npasuity cymm [10].

BaxxHO oTMeTUTD, 9TO KJIACCHYIECKNe OIPAHUYIEeHUsT Ha MOJISPU3yEeMOCTH ITPOU3BOJIBLHOIO pac-
ceMBaTeIsI HE TPELyCMATPUBAIOT HACKOJBKO CUJIbHBIMHM HENPSMbIE MOJISIPU3AIMOHHBIE OTKJ/IUKN
MOT'YT OBITH 110 CPABHEHUIO C NMpsaMbIMU. [IpeamosoxkumM, 9To maIaiomnias BoJHa BO30Y K IaeT MMo-
JISPU3AIINIo B pPaccemBaTese, KOTOPas OIMUCHIBAETCS UeTHIPbMS TJIABHBIMU CKAJISIPHBIMUA KOMITO-
HEHTAMU Voo, Oimm; Qlems YU Qe (TAKOE JIONYIIEHUE IPUMEHUMO JIJIs Psijla KJIACCHIECKUX pacce-
uBaTeseil TaKuX, KaK OJHOOCHBIE CIIMPAJIN, Pe30HATOPHI B (pOpMe pa3OMKHYTBIX KOJIEI[ I OMera-
BKIfo4YeHnst). Tak Kak KOMIIOHEHTBI (e W Qe CBsI3AHBI depe3 (3.46), yaI06HO ONHUCHIBATH CHILY
MIPSMBIX ¥ HEIPSIMBIX ITOJISIPU3AIMOHHBIX OTKJIMKOB MPOU3BEIEHUSIMNA (oeQmm M Olem Ome, COOT-
BercrBeHHO. CJle/lyeT OTMETUTh, YTO OTPAHMYEHUE TTACCUBHOCTH (U3 3aKOHA COXPAHEHMsI SHEPTUN )
Ha MHUMYIO YaCThb ULl O — il JIIsI CJIydasi CKaJITPHBIX HOJSPU3YEMOCTENR TPUBOJIUT K YCJIO-
BUIO S {em@me} < S {Qeemm} [46]. Tem ne menee, BeriecrBennble Yactu (Win abCONIOTHDBIE
3HAYEHMUsI) ITUX IPOU3BEJICHNH He OrPAHUYEHBI YCIIOBUSIMU [IACCUBHOCTH.

OcHOBBIBasICh Ha y2Ke M3BECTHBIX pexysbrarax [46,118,129], moxxHO 0xkunarh, 9ro 3hdek-
ThI HENPSIMON TIOJISIPU3AIIMU HE MOTYT OBITh CHUJIbHee, deM Jjisi npsiMoil. Hampumep, B [129],

cielyIolee orpaHndenue ObLI0 TPUBEIEHO:
|acmamc‘ < ‘aoeamm" (55)

Tem HE MeHee, 9TO OrpaHUYEHNE CYIIECTBYET TOJBKO B IPEJIMOJIOKEHIH, YTO PACCENBATEH MOYKET
OBITH CMOJIEJIMPOBAH KaK KOJIe0aTE/IbHBI KOHTYD C OJHUM pe3oHaHcOM. B TakoMm paccemBaTese
00a MHIYIIMPOBAHHBIE JJIEKTPUIECKUI M MArHUTHBIN TUIOJIbHBIE MOMEHTHI 00pPa30BaHbl OTHUM U
TEM 2Ke paclpelie/IeHneM TOKA U UMEIOT IIOYTH TaKyIo »Ke YaCTOTHYIO JUCIEPCUIO BOJIU3U OCHOB-

HOT'O pE30HaHCa.

5.2.1 HayunbIil BKJIaJ aBTOpAa

Kax 6b110 okazano B Ilybaukaruu 2, ecan paccenBaTe b 007a1aeT MHOTOPE30HAHCHBIM OTKJIH-
KOM (9JIEKTPHYECKUIT U MAHUTHBINA JUIOJbHBIE MOMEHTBI PE3OHUPYIOT Ha PA3HBIX 4aCcTOTAX W
06pa30BaHbl PA3HBIMI PACIIPEICICHUSIME TOKA), HepaBeHCTBO (5.5) B 06IIeM CIydae He BBITOJIHSI-
ercst. YToObI MAKCUMU3UPOBATDH HEIPSMOI MOJISTPUBAIMOHHBIN U TOIaBUTDH IIPSIMOI MTOJIsIPU3aI-
OHHBII OTKJIMK B paccermBaTesie, ObLIO MMPEIJI0zKEHO CIIPOEKTUPOBATH HAHOIUMED, COCTOSIIMI 13
ABYX cdep € JIEKTPUIECKUMHU OJIAPU3YEMOCTIME ITPOTHUBOIIOIOXKHBIX 3HAKOB. [IpnMep Takoro
HaHOAMMEPa MmoKasaH Ha Puc. 5.2. OH cocTrouT u3 ABYX OJIM3KO PACIIOJIOKEHHBIX, CyOBOJTHOBBIX
JAUJICKTPUICCKUX Cd)ep C OTHOCHUTEJIbHBIMU JUIJICKTPUICCKUMU ITPOHUITACMOCTAMU €71 and € "

PaBHBIMU Da/IUyCaMMH.
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Puc. 5.2: NnmocTpanus HaHOIUIMEDA.

HecmoTpst HA TO, UTO JUMEPHbIE DACCEMBATEIN HHTEHCUBHO U3YYaJUCh B MPOILIOM (CM., Ha-
npumep, [130]), ux npuMeHeHue K YCUIEHII0 OGUAHM30TPOITHOTO (HEMPSIMOT0) OTKJIMKA 0 CDABHE-
HUIO C TMPSIMBIM, TTO-BUJINMOMY, He OBLIO MCCiIe0oBano. Kak mpaBu/io, mpeablyme paboThl ObLIN
HOCBSIIEHBI IIPOEKTUPOBAHUIO JIMMEPOB, B KOTOPBIX IIPU OOJYyUEeHUH NAJAIOMIEH ILIOCKOH BOJI-
HOI1 9JIEKTPUIECKUl JIUIIOJbHBI MOMEHT He BO30YKIaeTcst (HAIpUMED, JJIs 3JIeKTPOMArHUTHOI

MaCKUPOBKH )

Qi

D = Gee - Bi + Gem - Hy ~ 0. (5.6)

O/1HaKO 3TO YCJIOBHE CHJIBHO OTJIMYAETCS OT YCJIOBHUS JJI MUHUMUBAIUU I[IPSIMOTO HOJISPU3A-
MOHHOTO OTKJIMKa. [efictBuresbho, ypasaenue (5.6) mojpasymeBaer, 4TO HENPsIMON OTKJIMK
JIOJIZKEH OBITH TOT'O K€ TOPAIKA, UTO U IIPAMOI.

TepMmuH «9nuCcTO HUAHU3OTPOIIHOTO PACCEUBATEIST» OTHOCUTCS K YHUKAJIBHOMY CJIyYal0, KOTJIa
MATHUTHAS TOJISTPU3AIIS PACCENBATENISI TeHEPUPYETCsT PENMYIIECTBEHHO BHEITHUM 3JIeKTPUYIe-
CKUM II0JIEM U HA0OOPOT:

P~ Ozéem . Hi, m = Ozéme . Ei. (57)

[IpaBuibHO BHIOMpasi MaTepUAILl U pasMepbl cep B HAHOIUMEPE, MOXKHO HACTPOUTH JIEKTPU-
YecKHue MOJISIPU3yeMOCTH ¢hep UMEeTh pPaBHBbIE aAMILIUTYIbI, HO IIPOTUBOIOJIOXKHBIE 3HAKH, UTO
[IPUBOJUT K IIPUOJIN3UTEIBHO HYJIEBOI SJIEKTPUIECKON MOJSAPU3yEMOCTH HAHOMMEDPaA ((ee A2 0).
C nmpyroii CTOpOHBI, TaKasi KOH(UI'YpaIisl IPOTUBOIIOJIOXKHBIX 3JIEKTPUIECKIX JUIOJIEH 00pasy-
€T JICKTPUYCCKNN KBaJPYIIOJIbHBIA U MAarHUTHBIA AUIIOJIBHBIA MOMEHTHI [nocne;pHI/H?I, COIJIACHO
(5.7), cOOTBETCTBYET HEHYJIEBOW HEIPSIMOMN MOJISIPU3YEMOCTH (e

Baxkro ormeTnThb, 9TO IIpHM OOJIyYEeHUN BHEITHUM MArHUTHBIM ITOJIEM B HAHOAMMEPE COTJIac-
HO (5.7) MHIYIMPYeTCs NPEMMYIIECTBEHHO JIEKTPUIECKUil IUNOMbHbIA MOMeHT. BHenrHee mar-
HuTHOE mojie o 3akoHy PDapaiest co3gaeT MUPKYJIAIUIO SJIEKTPUICCKOTO MOJsd BOKPYT IEHTPA
auMepa. 3-3a IpOTHBOIOIOXKHBIX JIEKTPUYECKHUX IOJISIpU3yeMOoCTeill cdep, 9TO MUPKYIUPYIO-
1ee BHEITHEee 3JIEKTPUIECKOe 0JIe BO30YKIAET HEUUPKYAUPYIOWUE SJIEKTPUIECKNE TUIIOIN, Ha-
[paB/IeHHbIE B OJHOM HampabyieHuHd. [[09TOMy MArHUTHBINR OTKJIUK IPU BO3OYKJICHUU MArHUT-
HBIM I10JIEM IIOYTH MOJHOCTBIO I10/IaBJIEH, U PaccenBaTe b U3JIyUYaeT KaK dJIEKTPUUIECKUI TUITO0Ib
(371eKTPUYIECKH KBAJIPYHOIbHbBI MOMEHT TAKYKE OYEHb MaJI).

Bocro1b30BaBIIICh METOIOM HAXOXKIEHUS [TOJISIPU3YEeMOCTE, ONMCaHHbIM B maparpade 5.1.1,
OBLIN OIIPe e/ IeHbI TOJIAPU3YEMOCTH CIIPOEKTUPOBAHHOTO HAHOMMEpPa. B 09eHb MUpOKOM Tuara-
30HE YaCTOT MarHUTO-3JIEKTPUIECKasl HOJISIPU3YEMOCTD ((ime ) IO KpaiiHeil Mepe Ha OJ[1H MOPsIJIOK
[PEBBIIIAET JICKTPUIECKYIO0 U MATHUTHYTO (e U Qpy ) - DTO CBUIETETHCTBYET O TOM, Y4TO OIDAHY-
venne (5.5) B 3HaYUTELHON crerenn (6osree deM B 27 pa3) OBbIIO IIPEOI0JIEHO. Y HUKAIbHOE CBOfi-

CTBO 9HUCTOI'O 6I/IaHI/ISOTpOHHOI‘O OTKJINKa IIPUBOJIUT K HECKOJIbKUM MHTEPECHBIM ITOCJICICTBUAM.
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Hanpumep, takoii HaHOMMED MMeEET OTKJIUK (BIOJIb €10 OCH) CXOXKUI ¢ MATHUTOIJIEKTPUIECKOIT
cdepoit Kepkepa, y koropoii € = p [131]. Jyast obsryuenust Biosib ocu, o6paTHOE PACCessHue OT
HaHOIMMEPa PABHO HYJIIO s JII0OOH MOJIsIpu3aIiun Ia 1aomeil BOIHbI. KpoMe Toro, paccesiHaast
BOJIHA BIIEPEJT BCETJIa UMeeT Ty Ke CAMYIO MOJISIPU3AIIAI0, YTO U MaJIakoliasi BoJHa. Hine omHuM
MHTEPECHBIM CBOMCTBOM YMCTO OMAHM30TPOIIHBIX PacCEeMBaTeIeH ABISIeTCs IPEUMYIIECTBEHHO 6O0-
KOBOE paccesiHue JIJIsi KOHKPETHBIX 00/IydIeHuil mataromieit BotHoit. B aToMm ciiydae paccemBaTelb
MU3JIydaeT OvYeHb ¢jab0 BIIepes W Ha3aJ, B TO BPeMs KaK paccesHrue 1Mo OOKaM OTHOCUTEIHHO
BEJIMKO. DTO CBOMCTBO MOXKET HalTH BarkKHOE IpPUMEHEHHE B HAHO(MOTOHUKE JIJI HACTPANBAHUS
OITUYECKUX CHJL.

Cieryer OTMETHUTD, 9YTO pa3pabOTaHHBIH HAHOINMED MOXKHO HCIOJIH30BAThH TAKKe KaK BKJIIO-
YeHNE B PA3JINIHBIX METAITOBEPXHOCTSIX. PacooKeHHbI B IByMEPHOM WJIM TPEXMEPHOM IEPH-
OJINYECKOM MacCUBe, HaHOAUMED OOJIbIle HE IIPOSIBJISIET YUCTO OMAHU30TPOIHBIA OTKJIMK H3-3a
B3aMMOJICHCTBIsL MexKJy 3djieMeHTamu MaccuBa. Ounako 3¢ dexruBhbie (KOJJIEKTUBHBIE) IIPsi-
MBI€ HOJISAPH3YEMOCTH Qe M Qimm OCTAIOTCS BCE €Ie MEHBIe, YeM HEIpsIMbIE HOJAPH3yeMOCTH
Qom 1 Qe (cooTHONTEHMS MK LY SDDEKTUBHLIMI 1 HH MBIy AIBHBIMI TI0JAPU3YEeMOCTAMHE I
[IPOU3BOJIBHBIX JIUIIOJIBHBIX YacTull Obuin mostydensl B [94]). Takas komOunanust 3hdekTHBHBIX
HOJISIPU3YEMOCTEl YHUKaJIbHA M OCOOEHHO HeOoOXOIMMa, JIJIg MEeTallOBEPXHOCTEH, J1jIsi KOTOPLIi
Tpebyercs, YTOOBI |QeeOmm| 7 |QemOme|- B gacTHOCTH, MeTAIOBEPXHOCTD, C(HOPMUPOBAHHAS U3
MIPaBUJILHO HACTPOEHHBIX HAHOIUMEPOB, MOXKET ACHMMETPUYIHO OTPaKaTh A IAIOIIee U3/Iy IeHue
¢ HMPOTUBOIOJIOXKHBIX CTOPOH ¢ +1 u —1 KoadduimeHTaMu oTpaskeHus, KMUTAPYSI JIEKTPUtIe-
CKyI0O U MArHUTHYIO CT€HKHM B OJIHOM ycTpoiicTBe. Hallporus, MeTanoBepXHOCTb, COCTOSIIASA U3
OOBIYHBIX ITPOBOIHBIX OMEra-BKJIIOUEHHUI, OTparkKaeT Haaiollee U3/IydeHne ¢ KoapOUuimeHTaMm
oTpakeHusi £ pu OOJIYIEHUHU C TPOTHUBOIOJJIOKHBIX CTOPOH.

PesynbraTsl, nsioxkeHnHble B 3TOM naparpade, a TakyKe JOMOJHUTE/bHbIE Pe3yJIbTaThl sl
YUCTO OMAHU30TPOIHBIX JIUMEPOB C Pa3MepaMi, CDABHUMBIMU C JJIMHON BOJIHBI, MOXKHO HailTH B

[Iybaukamun 2.
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I'taBa 6

MeTanoBepxHOCTU C IIPOCTPAHCTBEHHOI

Aucrepcueil 1 nxX ImpuMeHeHUs

Kax obcyxkmanock Boitie, 3pdeKThl MTPOCTPAHCTBEHHON TUCIIEPCUN UTPAIOT BAXKHYIO POJIb B UC-
KYCCTBEHHBIX KOMITO3UIIMOHHBIX MaTepruajax. VCIop3yst IpaBuIbHO CIIPOEKTUPOBAHHBIE MeTaJI-
JIMYECKHUE WU JUDJIEKTPUIECKIE BKJIIOUYEHNA, MOYKHO HOONTHCS MArHUTHBIX CBOMCTB 663 KaKMX-
MO0 MArHATHBIX MaTephajioB. Bojee TOro, MOKHO JOCTHYL PAa3TNIHBIX OMAHU30TPOIHBIX (-
¢dEeKTOB, KOTOphIe Ha HECKOJIBKO ITOPSIIKOB CHUJIbHEE, UYeM Te, KOTOpPbIe HAOJIOAAIOTCS B IPUPOI-
HBIX MaTepuaJiaX. XOoTsl [IePBble CKOHCTPYUPOBAHHBIE METAITOBEPXHOCTU BKJIFOUAJINA TOJBKO 3JIEK-
TPUYECKU MOJIsIpH30BaHHble 3j1eMeHThl [100], BCKOpe CTajio MOHSTHO, YTO Jisi PACHIMPEHUs UX
BOBMOXKHOCTEl HEOOXOIMMO TaKXKe HCIIOJIb30BaTh BKJIIOYEHUS, MOJISPU3yEMble MArHUTHBIM II0-
siem. Hampumep, [ co3manus Caab00TPAXKAIONINX METAIIOBEPXHOCTEH, KOTOPbIE MPeodpa3yioT
BOJIHOBOU (DPOHT TIPOIIIEIIIeil BOJIHBI, HEOOXOANMO OOECIIeTnTh Ha/JIeYKAIMEe MATHUTHBIE T10JIs-
pH3annoOHHbIE CBOficTBa WX BKiodennii [132,133| (cm. rakxke Ilaparpad 4.6). Kak Bugno us
(4.12) u (4.13), a Takke u3 Tabsmrer 4.1, 6manuzorpornubie 3hdEKTH ermé OOobIne PACIIn-
psoT PYHKIIMOHAJIBHBIE BO3MOXKHOCTH, JOCTYIIHBIE C TIOMOIILIO MeTarnoBepxuocteit. Kak Oymer
nmokasaHo B maparpade 6.3.1, jJisi HEKOTOPBIX BaXKHBIX IIPUMEHEHU TpebyeTcs OHaHM30TPOIIHS
ompeesIeHHOro Tuma. JaHHblil pa3ies MOCBSIINEH PA3JIMIHbBIM HOBBIM U YHUKAJLHBIM IIPUMEHE-
HUSIM METaIlOBEPXHOCTEl ¢ MIPOCTPAHCTBEHHOMN auctepcueii. O4UeBHIHO, ITO OIMUCAHHBIE ITPUMEDPHI

HE OXBaTbIBalOT BC€ BO3MOZKHbBIE ITPUMEHEHUA TaKNX MeTaHOBerHOCTeIU/I.

6.1 IIpospaunble BHe pe3oHaAHCA I'paJMEHTHbIE OTpaxKaTeJin

Orpakaren — 9TO €CTECTBEHHbBIE HJIM UCKYCCTBEHHBIE CTPYKTYPbI, KOTOPBIE IIOJTHOCTBIO OTPazKar-
IOT TaJalolee Ha HUX JIEKTPOMATHUTHOE M3JyUYeHHe OINpeIeSIEHHON J9acTOThl B ONPEJIeIEHHOM
HanpasyieHnn. OOBITHBIE 3epKaJia, U3BECTHBIE CO BPEMEH 3aPOXK AEHUS IIEPBBIX IUBUIN3AIINAN, O
YUHAIOTCS [IPOCTOMY 3aKOHY OTParkeHUs: yIoJl OTPaXKeHUsl paBeH yIJIy MajieHusd. Kcau moBepx-
HOCTH 3€pKaJia MOXKET OBbITh CIPOEKTHPOBaHa TakK, YTOObI (ra3a OTParKEHHOU BOJIHBI B KarKIOi
TOYKE MOIJIa ObITH IPOU3BOJIBHO 3ajaHa (rpajeHTHasi OBEPXHOCTH), TO HAIPABJICHUE MMOTOKA
OTpazKeHHO! SHEpPIuH, a TakyKe BOJIHOBOII (bpoHT, MoryT HacrpauBarbes [92]. UccienoBanus B
061aCTH AHTEHH HPUBEJIN K CO3JAHUIO OTParKAIOIUX aHTEHHBIX PeéToK [134], omHOCIOMHBIX
MAaCCHBOB C JIIOOBIM XKeJIaeMbBIM paclpeneaeHneM (hasbl OTParKeHus BIIOJIb HOBEPXHOCTH. Takue
aHTEHHBIE PEIIETKU IPEICTABIAIOT COO0i OOBIYHBIE 3epKaJjia, C HEKOTOPBIMA JIOIOJTHUTEIbHBIMHI
da30CABUTAIOMMMEI SJIEMEHTAMHE, PACIOIOKEHHBIMY HAJT CILJIOIIHBIM METAJIINIECKUM JIACTOM.
BoabmmuCcTBO M3BECTHBIX OTparkaTesieil, 0T MUKPOBOJHOBBIX ITapaboIMIecKnX aHTeHH JI0 OIl-
TUYECKUX 3€pKaJl U Ju(pPaKINOHHBIX PEIIETOK, BKIOYAIOT B cebsl META/NINIECKYIO 3aJIHIOI0 I10-

BEPXHOCTB (3a3eMJISIOINLYTO TJIOCKOCTD ). Takas MOBEPXHOCTD SBJISIETCST BAYKHBIM 9JIEMEHTOM, 00€C-
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Puc. 6.1: Ilpumenenue orpazkaresieil, He 0OTOPACHIBAIONINX TeHb (IIPO3PAYHBbIE BHE PE3OHAHCA).
(a) Hamecenme orpazKkalonieii aHTEHHBI [TOBEPX COJIHEYHON MaHe I CIly THUKA. AHTeHHA IPOo3padHa
JUIsl BUJIIMOIO CBETa M He Hapymiaer pabory conneuHoil nanesu. (6) Kackajuposanue pasimd-
HBIX IPO3PAYHBIX OTpazkareseil. KaKaplit oTparkaTe/b BBITOJIHSIET OIpeaeeHHyI0 (DyHKIMIO Ha
OIIPEIeJIEHHON 9acTOTe W MPAKTUIECKHU HE B3AMMOJEHCTBYET C JPYTUMU OTPaYKATEJISIMH.

MEIMBAIOIIIM HYJIEBOE MPOITyCKAHNE BOJH M BBICOKUI ypOoBeHL oTpaxkenus. C JApyroit cTopoHsl,
MeTAJITIIeCKasT 3a3eMJISIIONTAsT TIOBEPXHOCTH HE MPOIMYCKACT BCE MPAKTUIECKN BAYKHBIE TaCcTO-
ThI [AJIAOIIEr0 U3JIyUYeHus (Co3/aBast «TeHb» OT ycTpoiicTBa). MOKHO 1peJIcTaBUTh HECKOIBKO
YHUKAJBHBIX YCTPOWCTB, KOTOPbIE CTAJN Obl BOBMOXKHBI, CIIPOEKTUPOBAB OTPAYKATENU, KOTOPHIE
SIBJISTIOTCST TTPO3PAYHBIME BHE pe3oHaHca. PaboTast Kak oTparkaTeji Ha MUKPOBOJHAX M OCTaBa-
SICh TTPAKTUIECKH TTPO3PATHBIMHA JIJTsT HHPPAKPACHOTO W BUIUMOTO U3JTYUEHHUsI, OHU UMEIOT DOJThb-
IO HOTEHIIUAJI JIJId UCIIOJIb3OBAHUA B Kad1€CTBE€ HOBBIX aHTEHH, B 9aCTHOCTU MJId CIIyTHUKOB U
paauoacrpoHoMur. Hampumep, Takoil orpazkarejib MOXKeT paboTarhb Kak OoJibIas rmapabosmde-
cKasl Tapesika (aHT€HHA) HA PaJMOBOJIHAX, OY/y9IH yCTAHOBJIEHHOW MOBEPX COJIHEYHBIX IaHeJIeil
Ha CIyTHHKe, He Hapyllas P 5TOM (DYHKIMOHAIBHOCTD nocseneit [em. Puc. 6.1a]. Takoe kom-
[AaKTHOE PEIIeHNEe COKOHOMUT MECTO Ha KOCMUYECKOM allrapare. B paJnoacTpoHOMUH, a TaKyKe
B CIIyTHUKOBBIX TEXHOJIOTUSIX, C UCIOJB30BAHUEM OTpaykareseil Mpo3padHblX BHE UX PE30HAHCA
CTAHOBUTCST BO3MOXKHBIM DPeaji3aliisi MHOTOYACTOTHBIX MHOTOJIYYEBBIX aHTEHH. DTOTO MOXKHO
JIOCTUYh, KACKAIUPYs PA3HBIE OTPAXKATENN, KAXK/IbIH N3 KOTOPBIX HACTPOEH HA OTPEIeTEHHBIN
OTKJIMK Ha KOHKpeTHoil dacrore [cMm. Puc. 6.16].

Od4eBuIHO, UYTO TaAKHUE IPO3PATHBIE BHE PE30HAHCA IPAJMEHTHBIE OTPAXKATEH 00JIaTAI0T JICK-
TPOMATHUTHBIME CBOMCTBAMU, KOTOPBIX HEB3sI IOCTUYD B HATYPAIHHBIX MATEPUATAX, U TOITOMY
WX peanm3alys TpeOYyIOT MCIOIb30BAHNST METAMATEPHUAIOB WM METAOBEPXHOCTEH. 3a Tmoce -
HUE HECKOJILKO JIET HAB/II0MAICH 3HAYNTEIbHBIN POCT PA3BUTHSA TPAJUEHTHBIX METAITOBEPXHOCTEH,

CIIOCOOHBIX M3MEHSITH BOJIHOBOI Cl)pOHT OTpazK€HHBbIX U IPOIIEJIINX BOJIH. O,ILHaKO, B TO BpeEMA
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KaK MeTAllOBEPXHOCTH, MEHSIIOIIIE BOJIHOBOM (bPOHT B ipoxoxienun [92,132,133], 06brano cocro-
ST U3 CyOBOJIHOBBIX BKJIIOUEHUI U SIBJISIOTCS TPO3PAYHBIMU (B HEKOTOPOIT CTEIICHN) 3a MpeJIesIaMu
pabodeil MOJIOCHI 9aCTOT, OOJIBIIUHCTBO U3BECTHBIX METAIIOBEPXHOCTEH, pabOTAIONUX B OTPaXKe-
HNW, UMEIOT MeTaJIJINIEeCKYIO 3a3eMJISIIONIYI0 TO/JIOXKKY, OTpakasl BCe YacTOTHI 118 Iaf0Iero Ha

HUX U3JIydeHusl, cM Hanpumep, [135-137].

6.1.1 HayuHbIi1 BKJIaJ aBTOpa

It Toro, aToOBI OTpaskaTesb OBLT MpO3patdeH BHE pe30OHAHCa, OH He JOJIXKEeH BKJIIOYATH B Ce-
651 3a3eMJISIIONIY 0 TOBEPXHOCTD. [loJTHOE OTpaykeHne Ha pe3oHaHce (paboueil yacTore) JA0CTUTA-
ercs 3a CIET JBYMEPHOIO MACCHBa, CYOBOJIHOBBIX PE30HAHCHBIX MeTaaTOMOB. 3-3a cyOBOJIHO-
BBIX PACCTOSHUI MEXK/y CMEXKHBIMU BK/IIOUEHUSIMHU UX WHJYITUPOBAHHBIE JTUIOJBHBIE MOMEHTBI
(IMCKPETHBIN MAacCUB TAKUX JUIOJBHBIX MOMEHTOB) MOT'YT OBITH ONMCAHBI KAK CILIONIHON JIKCT
9JIEKTPUYIECKAX U MATHUTHBIX TOKOB. Bjaromapst HacCTpoOiKe reOMeTpUH BKJIIOUCHUN, MOXKHO U3~
MEHsITh pacipejiesieHne 3p@GEKTUBHBIX TOKOB U IMOJyYaTh KEJAeMble OTPAXKAIOIINE CBOWCTBA
MeTanoBepxHOCTH. UTOOBI YyIIPABIATH BOJHOBBIM (PPOHTOM OTPAXKEHUsI, BKJIIOUEHUS B MaCCHUBE
JIOJIZKHBI OBITh CIPOEKTUPOBAHDLI TAKUM 00Opa30M, YTOOBI OHU MIEPEU3JIyUIajId BOJHBI B 00PATHOM
HampaBjieHun ¢ pasubiMu daszamu By = o (@ E, (M3MEHSIIOIUMECS BJIOJIb KOODJIUHATHI I), B
TO BpeMsi KaK B IPSIMOM HAIIPABJIEHUU OHU JIOJIKHBI PACCENBATH BOJIHBI C OJUHAKOBOH (ha3oii,
MIPOTUBOMOJIOKHON daze masmaromeil miockoit Boaubl Ef = —E; (;LJIH JIECTPYKTUBHON MHTEP-
dbepennum, 9TOOBI MpOIITEIIAsT 38 METAIOBEPXHOCTH BOJIHA ObLIA € HYJIEBOH aMIIATY/IOI). DTa
OCO6€HHOCTB ACUMMETPUIHOT'O pacCCeAHUsA ABJIACTCA OTJINYUTEJILHON II0 CpaBHEHUIO C JAPYyTruMu
OTpaYkKATEISIMU, UCIOJL3YIONMMU 3a3eMJISIONLY 0 110cKocTh [135-137]. Ha Puc. 6.2 nokazano
CBOMCTBO aCUMMETPUYHOI'O PACCEAHUS Ha IpUMepe I'PaJUEeHTHON MeTAIIOBEPXHOCTHU C JIMHEHHONI
Bapuarmeii (pa3bl OTparKeHnsT BIOJIb KOOPANHATH Z. B 3TOM mprMepe MeTarmoBepXHOCTh OTpaskar-
eT HOPMAJIbHO T IafoIie IJIOCKIe BOJIHBI MO yIaoMm 45°.

PaccMoTpuM Bce BO3MOX2KHBIE BAPUAHTHI PEASIU3AINN OTPAYKATE/IsI IPO3PATHOIO BHE PE30HAH-
ca ¢ UCIOJIb30BAHUEM ODINNUX B3aAMMHBIX OMAHU30TPOIIHBIX MeTartoBepxuocreil. [Ipemnonaras, aro
METaIIOBEPXHOCTD JIOKAJIbHO OJHOPO/JIHA (Ka}KﬂbIﬁ QJIEMEHT MEeTaIlOBEPXHOCTU CIIPOCKTHUPOBaH B
[IPEJIIIOJIO2KEHNH, OYATO OH PACIIOJIOXKEH B OJHOPOIHOM IEPUOIMICCKOM MACCUBE TAKUX 2Ke 3JIe-
MEHTOB), MOXKHO 3aIllCaTh PACCEesTHHBIE JIOKAJIbHBIE TI0JIsi OT METAIIOBEPXHOCTH. B cooTBeTcTBUM
c (4.8) u (4.10), s;reKTpHYeCcKre OISl PACCESIHHBIX IIOCKUX BOJIH B obparnoM Ei, n npavom Eg

HAIIPABJIEHUAX 33J1aI0TCs (POPMyJIaMu

(6.1)

B nmanHOM ciydae MeTanoBepXHOCTH MOJISIPU3YETCS TOJBKO NPU OOIydeHUn €€ BOJHAMU OJTHOM
KOHKPETHO! moJsigpu3anuu. Kak BUIHO U3 ypaBHEHUN, aCUMMETPUYHbIE CBONCTBA pPacCedHUs B
00paTHOM U IPIMOM HAITPABJIEHUAX HE MOT'YT OBITH BBITIOJTHEHBI, €CJTU BKJIIOUCHUS] METATIOBEPXHO-
cTi 06J1a/1a10T UCKTIOUUTEIBHO 9JIEKTPUIECKIM MJIM MArHUTHBIM OTKJINKOM (T.e. 6e3 GMann30Tpo-

). CreyeT OTMETUTh, 9TO, B IPUHIIAIE, ACHMMETPHIHOE PACCESHUE MOXKET ObITH II0JIyYeHO
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[laparoiee nose

Puc. 6.2: Pacnpenenenue moss maiaiomneil BOJTHBI, a TaKyKe BOJIH, PACCETHHBIX OT I'DAJIMEHTHOMN
MeTanoBepxHOCTH. MeTaroBepXHOCTh OTParKaeT HOPMAJILHO IaJalolniee U3JIydYeHUe I10J1 YIJIOM
45°. BosHbI, paccesiHHbIE B MPSIMOM HAIPABJICHUU KAXKIHIM BKJIIOUCHHEM, UMEIOT OJUHAKOBBIE
da3bl, KOTOpble TPOTUBOIIOJIOXKHBI (ra3e Ma aromieil BOJIHBL, YTO IPUBOJUT K HYJIEBOMY IPOILYC-
KaHnoo. B oOpaTHOM HalpaB/IeHUM BKJIIOYEHUS] HM3JIyYAIOT BOJIHBI C JIMCKPETHBIMEU (ha30BBIMU
capuramu ot 0 710 577/3, 4TO NPUBOAUT K AHOMAJILHOMY OTParKeHHUIO.

C MaCCHBOM aHM30TPOIHBIX BKJIIOUEHU{l C HyJIEBOH Qon W HEHYJIEBBIMH Qoo U Qo

o, T.e. ¢ Ipo-

CTBIMU JJIEKTPUYIECCKUMU U MArHUTHBIMHA JUIIOJIAMM. O,Z[H&KO KOHCTPYHUPOBAaHHNE TAaKOI'O MaCCHUBa
CTaHOBUTCA OYE€HDb CJIO2KHBIM, TaK KaK BKJ/JIIOYCHUA ITUX JIBYX THUIIOB JOJIZKHBI pa6OTa.TI> B MeTa-
IIOBEPXHOCTU HE Ha PE30OHaHCe [58] " HaCTpauBaTbCAd UHANBUAYAJIBHO U IIPU 3TOM OYE€Hb aKKYy-
paTHO, IpUHUMAaA BO BHUMAaHHE UX CJIOKHOE BSaHMOILeﬁCTBHe B MaccCHUBe. JTH TPYAHOCTHU MOZKHO

[IPEOJIOJIETD, UCIIOJIB3Ys BKJIIOYEHUs C CUJIHLHON OMaHU30TPOITHON MOISAPU3YEMOCTHIO OMera-THIIa

-Cr

ag, # 0. Takue BK/IIOUEHHs] Ha PEe30HAHCE MOI'YT CO3/[aBaTh OJIMHAKOBBIE PACCEsIHHBIE BIIEDE/]

nosst (Ef = const) m npu sTOoM paccemBaTh B OOPATHOM HAIIPABJIEHHU IOJIsI ¢ pasHOil daszoit
13-32 PA3JIMIHOI ITOJISIPU3YEMOCTH Qoyy, .

B Ily6ukannu 3 autare/ib MOKET O3HAKOMUTHCS C JIETAISIMEI ITPOEKTHUPOBAHNUS I'PATUEHTHBIX
OTPaXKaIOIIIX METAIIOBEPXHOCTEH, & TaK»Ke IKCIIEPUMEHTAJbHBIMU pe3yiabrataMu. OnTudecKast

peajm3aIius Mpo3pavdHbIX BHE PE30HAHCA OTpaxKarejeil npeacrasieHa B [lybmukarun 4.

6.2 “HeBummumble’ IOIJIOTUTEIN

[TosHOE TIOTUIOIIEHME JIEKTPOMATHUTHOTO U3JIyYeHrsT TPEOyeT UCKJIIOUEHUs BCEeX MyTel Jjist pac-
IPOCTPAHEHNST BOJIH: OTPAyKEHMsl, IPOITYCKAHNUS U paccesiHus (HAIpuMep, paccesiuue B 60K ). 13-
BECTHO, YTO MAJAIONIee JIEKTPOMATHUTHOE U3JIYYeHHE MOXKET OBITh IOYTU IOJHOCTHIO IOIJIO-
[IIEHO B TOHKUX CJIOSIX, HO TOJBKO B y3Koii mosioce dacror [138,139|. MakcumasbHasi mmpuHa
IIOJIOCHI TIOTVIOIIEHUS JIIOOOI0 TTACCUBHOTO CJIOS TOIUHSIETCS (DYHIAMEHTAJIBHOMY OIPDAHIMIEHUIO
(kak cjejyer U3 NPUHIMIA TPUIMHHOCTH) M IIPOIOPIMOHAJIbHA ToJmnuHe 3Toro cjost [140]. C
JIPYTO#l CTOPOHBI, TIO-BUJIMMOMY, JIO CHX IIOD He OBLIO BBISIBJIEHO, YTO M0JIOOHOI0 OrpaHUYEHHs Ha
HMINPUHY YaCTOTHOT'O JMAala30Ha, B KOTOPOM OMpadtcerue OT TOHKOTO Pe30HAHCHOI'O IOIJIONIA0-

mero CJj1od MO2KHO caeJlaTb HpeHe6pe}KI/IMO MaJIbIM, HE CYIIIECTBYET. TeOpeTI/I‘IeCKI/I HE 3allpenieHO
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CO3/IaHKE TAKOI'0 TOHKOTO CJIOf, KOTOPBIA MOJTHOCTBIO IOIJIONIAJ Obl IaIaloliee U3JIyueHnue B y3-
KOU TI0JI0CEe YAaCTOT, M HPU ITOM IPOIYCKa ObI BCE JPYrU€ FacTOThI, TEM CAMBIM HE CO3J/IaBas
OTpakeHuit BooOIIE (9TO yTBEPXK/ECHUE JOMYCTUMO BHYTDH MOJIOCHI, B KOTOPOIl CJION OCTaeTCst
SJIEKTPUYIECKNA TOHKUM U BKJIIOUEHU, OOPA3YIOIIHe MOTJIOTUTEb, UMEIOT JJIEKTPUIECKH MaJjIble
pasmepsbl). CylecTBoBaHNEe TAKOHW TOHKON CTPYKTYPBI HE IPOTHBOPEUUT U3BECTHBIM (hyHIaAMEH-
TaJbHBIM OrpanudeHusiM. QUeBUIHO, UTO MPOCKTUPOBAHUE TAKOI'O PE30HAHCHOIO OTJIOTHTEJIS,
MIPO3PATHOrO BHE IOJIOCHI MOTVIOMIEHNSI, MOYKET HANTH MHOYKECTBO PAa3JINIHBIX IPUMeHEHN, Ha-
IpUMEP, B YIBTPATOHKUX (PUILTPAX JIJIsI 3aXBAaTa BOJIH, M30MPATE/IbHBIX MHOTOYACTOTHBIX 00JI0-
MeTpax U JaTduKax. DTOT PE30HAHCHBIN MTOTJIOTUTE/Ib, OCTABASICh «HEBUIUMBIM Y JJTsT 00Ty YeHUST
¢ 0b6enx CTOPOH, JIEHCTBYET KaK MOJIOCHO-3aI'DAK IO (DUILTD B TPOXOXKJICHUH.

Ha camowm jiesie, GOJIBIMMHCTBO U3BECTHBIX TOHKUX IOIVIOTHTEsEH COJIEPXKAT 3a3EMIISIONLYIO
MeTaJUIMIEeCKYIO IIJIOCKOCTH (3epKaJio) 3a MOorJIoNAImM cjoeM (Hampumep, [138,139]). Dro 3ep-
KaJI0, OYEBUIHO, TPUBOJIUT K IMPAKTUIECKHU ITOJHOMY OTPaKEHUIO MAJIAIONINX BOJIH BHE IIOJIOCHI
MIOTVIOIIEHUsI. XOTS 9TO CBOMCTBO MMeeT pellaloliee 3HaUeHne JjIT HEKOTOPBIX MPUIOYKEHUH, OHO
He II03BOJIsIET ITPOEKTUPOBATH PE30HAHCHBIE IOIJIOTUTENIHN, KOTOPBIE ITPO3PAvIHBI BHE PE30HAHCA.
Ucnonb3oBanus 3a3eM/IIOIIEH IOCKOCTH MOYKHO 130€KaTh B ITOIVIOTUTEJIAX HA OCHOBE MACCUBOB
cyOBOJIHOBBIX 3J1eMeHTOB [ 'toiireHca (B MeranoBepxHocTsx ['tojirenca, cm. naparpad 4.5), koro-
pble 00J1aIaI0T HEOOXOIUMBIM YPOBHEM JIMCCUTIATUBHBIX 1I0Teph. Takne snemeHTsl ['foiirenca pac-
CEMBAIOT BTOPUIHBIE BOJTHBI TOJILKO B IPSIMOM HAIIpaBJieHnH (6€3 OTparkeHnst ), KOTOpbIe JIeCTPYyK-
TUBHO MHTEP(MEPUPYIOT ¢ MAJAIOINICH BOJHOMN, MPUBO/IA K HYJIEBOMY IIPOxoxkIeHnio. HekoTopnie
BKJItoYeHns [oiirenca 6buin npejioxkenbl B craTbsx [131,141,142]. BuocsegcrBun BKIIOUeHUsT
['olirenca pa3aMvIHOl T€OMETPUN WCIOJB30BAINCH B KadeCTBE 3JIEMEHTOB PEIMIETKH B METAIIO-
BEPXHOCTSIX JIJIsl YIIPABJIEeHHsI BOJHOBBIM (poHTOM B npoxoxaennu [132,133,143]. B nocsennee
BpeMsl OBLIO MPEIJIOKEHO HECKOJIbKO peasn3aluil MOrJ0oTUTeNel Ha OCHOBE JBYCJIOMHBIX MAac-
CHBOB METAJUIMYECKUX TI0JIOCOK PA3JICJIEHHBIX CJIOEM JMdJIeKTpuKka (cM., Hampumep, (144, 145]).
OjiHakoO BO BCeX 9THUX CTPYKTypax OasaHc ['fofireHca MeXy SJEKTPUIECKUMU U MarHUTHBIMU
HOJIAPU3YEMOCTSIMU (KOTOPBIN HEOOXOAUM JJIsl HYJIEBOIO OTPAYKEHHs) MMEET MECTO TOJBKO Ha
Y3KOYACTOTHOM I0JI0Ce, JJisi KOTOPOH pa3Mephbl BKJIOUEHUI ObLIN ONTUMU3UPOBAHBLI. BHe 3TOi
[IOJIOCHI TIOSIBJISIFOTCST OTPAXKEHUsI U3-3a IPEO0/IaIAfoNero Bo30yKIEHUsT JIEKTPUIECKON MOJIBI
snbo marauTHOil Monbl. Ha Puc. 6.3a mpescrasiien sTor citydail, rjie MOCTPOEHA SJIEKTpUYe-
CKasl M MArHATHAs HOJISPU3YyeMOCTH OTIEIbHBIX BKJIIOUEHNI TaKUX TUMNYHBIX IOTJIOTUTENEN B
3aBUCUMOCTHU OT YacCTOTHI. B IaHHOM CiIydae MOJIAPU3YEMOCTH MOJIEIUPYETCS C UCIIOJIb30BAHU-
eM OOBIYHOU Mojesm nuctiepcun JIopeHiia, Koropas BOJU3U PE30HAHCA KAYECTBEHHO OIUCHIBAET
9JIEKTPUYECKUE U MATHUTHBIE JTUIOJIbHBIE OTKJNKU BKJIIOYEHU I TPOU3BOJIbHON dhopmbl. OTpake-
HUsI, BOSHUKAIOIINX BHE PE30HAHCA, SIBISIOTCS CJIEJICTBHEM TOTO, 9TO PA3JIUIHBIE PE30HAHCHDIE
MOJIbI UMEIOT PA3HYI0 YaCTOTHYIO Juciiepcuio. Takum oOpa3oM, B 9TOM CJiydae HEBO3MOXKHO pe-

aJIN30BaTh pe30HaHCHbII7I IIOIVIOTUTEJIb, KOTOprfI HE OTpazKac€T B MMIHNPOKOM JIUalla30HE 9aCTOT.

6.2.1 HayuHbIil BKJIag aBTOpa

Yrobbr obecneuntsh Oasanc ['fofirenca MKy SJEKTPUIECKUM U MATHUTHBIM JTUIOJIBHBIMEA MO-
MEHTaMU, UHJLy[IMPOBAHHBIME B METAIIOBEPXHOCTU B IIUPOKOM JIMANAa30He 9acToT (4T00hl yOpaTh

OTpa}KeHI/Ie), MO2KHO HCIIOJIb30BAaThb BKJ/IIOYCHUA, CKOHCTPYUPOBaAHHbBIE TaKHNM o6pa30M, 4TOOBI
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Puc. 6.3: (a) Niutocrpanust pezkuMa IIOMJIONIEHNST B METAIIOBEPXHOCTH € SJIEMEHTaPHBIMU sideii-
KaMH, COIEPKAIAMEI JIEKTPUIECKH M MATHUTOMOJISIPU3yeMble BKJ/IIOYEHNS, PE30OHUPYIONINE Ha
OJIHOM M TOH K€ YacToTe We = Wy U UMEIOIIHME Pa3HyI0 YaCTOTHYIO Juciepcuio. KpacHbie u
CHUHWE JIUHUN N300parkaloT, COOTBETCTBEHHO, HOPMUPOBAHHBIE JIEKTPUIECKYIO M MATHUTHYIO 11O~
snsgpusyeMocTy. CIUIOIIHBIE U IYHKTUPHBIE JJUHANA N300parkaloT BEIIECTBEHHYIO U MHUMYIO YaCTH
MTOJISTPU3YEMOCTH COOTBETCTBEHHO. JacToTa, Ha KOTOPOi HAOJIIOIAeTCS PEXKUM IIOJTHOTO ITOTJIONTE-
HUs 0003HaYeHa KaK w,. bojtee moapobuasi nHMopMaIys 0O TapaMeTpax pacdera JUCIIepCHOHHON
mozesn Jlopenna npusegena B Ilybmukarmn 5. (6) VaauBnayaapable HODMUPOBAHHBIE TOJISIPH-
3yEeMOCTH CIIPOEKTHUPOBAHHBIX JIBYXBUTKOBBIX CIHUPAJbHBIX BKJOUYeHH. JacTOTHBIE IUCIEPCHN
BCEX TOJISIPU3YEMOCTEH MOUTH OJUHAKOBBI B IIMPOKOM YaCTOTHOM JIMAIIa30He.

ux obe 3JIeKTpUYecKasi 1 MArHUTHAs TOJISIPU3AINNA 00PA30BBIBAJINCH 3aCUET OJHOTO U TOTO YKe
pacipeesennst (Mozbl) Toka. st 9T70r0 HEOGXOAMMO, YTOOBI IIPU ITOH MOJIe TOKa BO30YK1a-
JINCh KAaK JJIEKTPUYECKUE, TAK M MArHUTHbIE MOMEHTBI, KOTOPble MOIVIM Obl OBITH HACTPOEHBI
Ha JkejgaeMblil 6ajanc. Takue cBoiicTBa NPUCYIIN OMAHU3OTPOIHBIM 3JIEMEHTAM, TAKUM KaK KU-
paJibHble WJIM OMEra-BKJIIOYEHUSI, COCTOSAIINE U3 OJIHOU M30THYTOH METaJJINYEeCKON ITPOBOJIOKHU.
Takum obpazoMm, Hammane 3pHEKTOB TPOCTPAHCTBEHHON JIUCIIEPCUN B METATIOBEPXHOCTH BayKHO
JIsl PeaJin3allii «HeBUUMBIX» TtorsioruTeseil. V13 Boipaxkennit (4.12) u (4.13), ogHako, ciemy-
er, YTO IOJIHOE morolieHne (¢ 06enx CTOPOH) B METAOBEPXHOCTH C OJHOOCHOW CHMMeTpueit
(E; = Ey = 0) MOXKeT BBINOJHATHCS, TOJBKO €CIi Bee OGMaHu30TpornHbie 3hdEKThl 0TCYyTCTBY-
10T. UT0ObI pa3permTh 3TO MPOTUBOPEYUNE, MOYKHO UCIOJIHL30BATH ONAHM30TPOIIHbIE BKIIIOYEHHUS,
HO PAaCIIPEJIEIISATh UX B MACCUBE TaK, 4TOOBI OMAHU30TPOIINsT KOMIIEHCHPOBAJIACH HA YPOBHE 3JIe-
MeHTapHOl sueliku. Takoil crieHapuii uMeeT MECTO B MACCUBE UEPEIYIONINXCA OMAHU30TPOITHBIX
BKJIIOUEHUH IByX COPTOB, KOTOPbIE OTIUYIAIOTCS TOTBKO 3HAKOM IapaMeTpa JIEKTPO-MarHuTHOMN
cBsA3M (paremMuvecKas perierka). Beseacrsue KOMOUMHIPOBAaHUST BKJIIOYEHII PDA3HBIX COPTOB, 00-
mas OmanHumzoTponust ckomueHcuposana. Ha Puc. 6.4 mpesacrasiien mpuMep METAIIOBEPXHOCTH,
KOTOpasl COCTOUT U3 OMAaHM30TPOIHBIX PE30HAHCHBIX BKJIIOUEHUil (IVIAJKUX KUPAJIBHBIX CIIHPa-
Jieit) ¢ IPOTHBOIIOJIOKHBIM [apaMeTPOM KUPAJbHOCTH U COAJIAHCHPOBAHHBIME JIEKTPUICCKIMU
U MarHUTHBIMU OTKJIuKaMu. CHajaHCUPOBAHHbBIE CBOMCTBA MOYKHO 00ECIIEYUTDH ITPOCTOI HACTPOIi-
KOl pa3MepoB cuupaJju. Bpemena 3aTyxanusi B Moje/u JIopeHa /st 9JIeKTPUIECKONH U MAarHUT-
HOH TOJISTPU3yEeMOCTell CIIUpan UIEHTUYHbI, IIOCKOJILKY 00€ MOJISIPU3YEMOCTHU 3aBUCIT OT CYMMbL
COIIPOTUBJICHUH HA M3JIyUEHHE JIEKTPUIECKOTO U MATHUTHOTO JUIOJIEN, BO3OYK/IAeMbIX B CITU-

pasu [118]. Takum obpazoM, 3/eKTpHIECKass U MAIHUTHASL [OJISPU3YEMOCTH BKJIIOYCHUN MMEIOT
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Puc. 6.4: PacrosioXKeHne JIBYXBUTKOBBIX CIUPAJBbHBIX BKIIOUEHU B MaccuBe. CUHIE 1 KpacHbIe
1BeTa 0003HAYAIOT COOTBETCTBEHHO IIPaBO- M JIEBOBUTKOBbBIE CIIUPAJIH.

[IOYTH OJMHAKOBBIE UACTOTHBIE MMCIIEPCUU, U MpeIjIaraeMblii MACCUB BKJIOUEHUH paboTaeT Kak
[OBEPXHOCTH ['ofireHca B OYeHb IMUPOKOM JIMANA30HE YACTOT (BEPXHsIsl IPAHUIA — 9TO YaCTO-
Ta, HA KOTOPOW B CIMPAJIH IIPOUCXOJUT PE30HAHC DOJiee BBICOKOrO Topsijika). [lossipusyemoctu
WH/IUBYIyaJIbHBIX CIEpasieil (onpeie/iéHHbIe ¢ UCIOIb30BaHUEM MeTo/1a, onucansoro B [Tybinka-
i 1) n3obpazkensr Ha Puc. 6.36. HenyseBast sjieKTpoMaranTHast HOISIPU3YEMOCTD (leyy OJIHOM
CIInpaJin KOMHeHCI/IpyeTCH B MacCCuBe JIEBO- U IIPaBOBUTKOBBIX CHI/IpaHeI/UI. Pe)KI/IM IIOJIHOI'O IIO-
[JIOIIEHMS ITPOMCXOAUT B METAIIOBEPXHOCTH IIPU HAJJIE’KAIIEM YPOBHE JMCCUIIATUBHBIX IIOTEPH B
CIUPAJIbHBIX BKJIIOUEHUSIX (CIMPAJIH BBIMTOJHEHBI M3 ONPEJICJIEHHOIO CIIaBa HUXPOMA).

BoJtee moapobHO ¢ TEOPETUIECKIM U SKCIIEpUMEHTAIbHBIM OIMUCAHUEM <«HEBUIUMBIX» ITOIJIO-

MIAIOIUX METAIIOBEPXHOCTEH MOXKHO O3HAKOMUTLCs B IlyOukaruu 5.

6.3 TouHoe mpoekTMpPOBaHWE METAIOBEPXHOCTEN NI YIIPABJICHUS

BOJIHOBBIM (PPOHTOM

KonTposb pacupocTpaHeHUs 9JeKTPOMArHATHBIX BOJIH SIBJISIETCSI KJIIOUEBBIM ACIIEKTOM OITHUKH.
[leoMeTpuyecKkast ONTHKA BKJIOYAET MIUPOKUIA CIEKTP MHCTPYMEHTOB /s yIIPABJIEHUST BOJTHAMUI,
TaKne KaK JIMH3bI 1 BOJTHOBBIE IIJIACTUHBI. OILH&KO JJIsl MHOT'UX HpI/IMeHeHHﬁ IIJIOCKHE OIITUYECKUue
KOMIIOHEHTBI, , KOTOpbIe paboTaioT Ha OCHOBE AU pakiuu, 60jee Ipearnodrure/babl. [TpoekTn-
poBaHne BHICOKO3(DPEKTUBHBIX ITPHOOPOB sIBJISIETCSI HETPUBHAJIBLHOM 3a1adeil n TpebyeT cooTBeT-
CTBYIOIINX AHAJTUTUIECKUX U YNCJIEHHBIX METOIO0B. JIst IpocTeiilnero crieHapusi OTPaskKeHusl, IIPH
KOTOPOM T IA0INasl IJIOCKAasl BOJIHA JIOJIKHA OBITH JudparupoBaHa B XKeJJaeMOM HAIIPaBJIEHUN,
BBICOKasA 3(P(OEKTUBHOCTh MOXKET OBITH JOCTUIHYTa C IHOMOIIbIO M30MpaTe/bHBIX Iu(paKInOH-
ubix pemerok [106]. Kak mpaBmio, oHE COCTOSAT M3 KAHABOK, MPOPE3AHHBIX HA METAJIMIECKOIl
nosepxuocTH, n obecneunsaior 10 80% —99,6% sddexkTusHOCTH OTpaykenns B n = —1 mudpax-
noHHy0 Moy (kKoHdwurypanust Jlurpoy), Koropasi HallpasjieHa B CTOPOHY HajieHust (oGpaTHOe
orpaxenue wiu perpo-orpazkenue) [108]. IIpu srom qudpakims ¢ BbICOKOH 3(hHEKTUBHOCTHIO B

caydae, KOrJa aJIafoluii 1 aHOMAJIbHO OTPAXKEHHBIH JIyYu pasjiesieHbl yryioM Osu3kuM K 90°,
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He ObLIa MOJIyIeHA.

MeTranoBepXHOCTH MOI'YT IPHIABATH MIAJAIOIIEMY JIYIY IIPOU3BOJIBHDIN (Da30BBIi IPOPUIb,
YTO MOYKET OBITH HCIOJIB30BAHO B PA3JIMIHBIX YCTPOHCTBAX (HAIIPUMED, TOJIOTPAMMBI, CJIOKHBIE
JIMH3bI, pa3Jge/inTe/in IIy9IKOB 1 T. ,ZL) HﬂaHaprIe METAIIOBEPXHOCTU MOIr'yT 6I)ITI) N3T0OTOBJIEHBI
B paMKax CTaHJAPTHONH MUKPOIJIEKTPOHUKU. DTO SIBJISIETCS HTPEUMYIIECTBOM 10 CPABHEHUIO C
OOBIYHBIMU AU PAKIIMOHHBIMI PEIIeTKAMI ¢ KaHABKAMHU, JJIs KOTOPLIX TpedyIoTcst 60jee CI0K-
Hble [IPOU3BOJICTBeHHBIE nporecchl [146]. Tem ne menee, HegasHO ObLIO JOKazano (96,110, 147],
YTO TPAJIUNMOHHDBIE METAIIOBEPXHOCTH MOTYT paboTaTh 3 (PEKTUBHO TOIBKO JJIs CIYyIaeB, KOTJIa
NAJIAONIUI U OTPAXKEHHBIH ITyYKN pasjesieHbl HA yToJi, He npesbimatonuit 45°. st 6obimmx
VYIJIOBBIX Pa3JIeJIEHUI TOSIBJISIOTCST HeN30eKHbIe TTapa3uTHbIE OTPaXKeHUsT B HEXKeJIaTeIbHBIX Ha-
MIPaBJICHUSX, 9TO CHUZKaeT 3(PEHEKTUBHOCTL METAIIOBEPXHOCTH. JTOT HEJOCTATOK CBIA3AaH C Me-
TOJOM, UCIIOJIB3YEMBIM JIJIsI IIPOEKTUPOBaHUA METAIIOBEPXHOCTH. COFJIa.CHO METO/ly MeTallOBEepX-
HOCTB AIIPOKCUMUPYETCS KaK JIOKAJIBHO OJTHOPOJIHAsL. | PaJIneHTHBIE OTPaXKAIIue MeTaIlOBepX-
HOCTH, pacCMOTpeHHbIe B aparpade 6.1.1, 6p1r Takke pa3spaboTaHbl ¢ TOMOIIBIO 9TON0 METOIA
(711 obecredenus: BHICOKON 9(DMDEKTUBHOCTH yroal MKy MaIAIONIell 1 OTPaykKeHHO BOJTHAMI
ObL1 BRIOpaH paBHbIM 45°).

AHaJOruIHBIM 00Pa30M, U3BECTHBIE CTPYKTYPHI [JIsl YIIPABJIEHUsI BOJTHOBBIM (DPOHTOM B pe-
JKIMe TIPOXOKJIEHUs, TaKne Kak u3bupareibHble audpakinnonubie pernerkn [148] u meranosepx-
Hocru [132,133], TakKe HOIBEPXKEHBI TAPA3UTHBIM OTPaXKEHUsIM, OCOOEHHO JIJIs BBICOKUX YIJIOB
pa3ieseHnst MeXKIy MaJaloIuM U IPEJIOMJIEHHBIM JIydaMu. TakuM o0pa3oM, CymecTByeT 0O0JIb-
mas MOTPeOHOCTh B IIOUCKE METOIOJIOTUN ITPOEKTHUPOBAHUS I'PAJIMEHTHBIX METAIIOBEPXHOCTEIR,
CITOCOOHBIX C BBICOKOH 3(PPEKTUBHOCTHIO YIIPABJIATH BOJTHOBBIMU (DPOHTAMU OTPaKEHHBIX U IIPO-
meqmux BoJH. OCHOBHBIM IIPEIMETOM JAHHOIO maparpada siBJIsIeTCs MouHbL METOJ TPOEKTH-
pOBaHUsT TaKUX MeTarroBepxHocTeil. [Ipemosaraercst, 9T0 METAITOBEPXHOCTD 00JIyIaeTCsT HEKOTO-
POii MJIOCKOI BOJTHON U CKOHCTPYUPOBaHA TaKUM 06Pa30M, YTOOBI BCs SHEPIUsl OTpazKaaach (/I
IPEJIOMJISIIACH) KaK IIJI0CKAsT BOJHA TIOJ] 3a[aHHBIM YIJIOM.

PaccmorpumM cHavwasa TPaIUIMOHHBIN TOAXO/, IJIsI MTPOEKTUPOBAHNS OTPAXKAIONINX I paK-
[IMOHHBIX PEIIETOK Ha OCHOBE METAIOBEPXHOCTE!l (IPaMeHTHBIX oTpazkareseii). JlanHbil moaxo/y
[0/Ipa3yMeBaeT, u4To JIOKAJIbHBIA Koadhdurment orpaxenust ri(z) (COOTHONUIEHNE MEXKJLy TAHTCH-
IUAJbHBIMIA COCTABJIAIONIIMI OTPAXKEHHOT'O W IMaIAIOIIEro 3JIeKTPUIECKUX IoJIeil B OIpeeseH-
HOil TOYKe Ha METAIIOBEPXHOCTH, OIPEIEIsIeMOe KOOPJANHATON ) PaBeH eIUHUIE MO aMILITY/Ie

B KaxKJI0ii TOUKe, a ero (asa u3MeHsieTcsl JTMHEeHHO Kak (yHKIws or = (92, 135]
Tl(l') —1. 6]k0(51n01—51n0r)x _ e]CIDr(x), (62)

rjie 0; u 0 — yIJIbl IaIeHNsT U OTParKeHUsI, OTCIUThIBAEMbIe OT HOPMAJIH K TIoBepxHOCTH, & P — da-
3a, JIOKaJIbHOro Ko3duiimenTa oTpaxkeHus. B JaHHOM cilydae IpeIoaraeTcsl, 9To Iaaomast
BostHa uMeeT TE nonspusanuio, Kak nmokazaHo Ha Puc. 6.5a. [lajee, B TpauIlMOHHOM ITOJIXO/JIE
UCIOJIb3YeTCsl NPUBIIMKEHNe JIOKAJILHO OJHOPOJHOMN MmoBepxHOCTU (B CyOBOJHOBOM MaciuTabe).
OHo o3Hauaer, 4To KaxKjasl cyb-siueiika MeTalloBePXHOCTH (YacTh 3JIeMEHTAPHON siuefiKi) CKOH-
CTPYMPOBAHA B IIPEIIOJIOKEHIHI, YTO OHA PACIIOJIOXKEHA B 00HOPOOHOM MEPUOINIECKOM MACCUBE

OJINHAKOBBIX CyD-siueek. Takoil OIHOPOJHBIN MACCUB MOXKET I'€HEPUPOBATH TOJBKO 3€PKaJIbHOE
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AZ
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0, r :
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a 9 7

Puc. 6.5: Vuocrpanyst rpaIMeHTHBIX MEeTAllOBEPXHOCTEl sl (&) aHOMAJIBHOIO OTParKeHUsl U
(6) aHOMAJILHOIO IIPEJIOMJICHUSL.

orpakerue. [losToMy mosiHbIe TaHTEHIIMAIbHBIE TTOJA Fiay U Hiay HA TOBEPXHOCTH TOTO OJTHO-

POJIHOTO MAaCCUBa 3aJIaI0TCsI BHIPAXKEHUSIMU

Etan _ Eiefjko sin 6;x + Erefjko sin Grm’

ko si iko si 6.3
Hian = 1/n0(E; cos e RS0 _ [ cog gie—ikosinba), (6.3)

[Tocite nmpoekTUpOBaHUS KayKI0l CyO-I9eiiKi B TAKOM IIPEIIIOIOXKEHIH CTPOUTCST OKOHYaTe IbHAsT
HEOIHOPOIHASI METAIIOBEPXHOCTE. 1I0BEpXHOCTHBIN MMIIeIaHC Zg TAKOW METAITOBEPXHOCTH OIIpe-
nensiercst Kak Eiay = Zgn X Hiay (0 gBISIETCS HOPMAJIBHBIM BEKTOPOM K METAIllOBEPXHOCTH,
HAIIPABJIEHHBIM B CTOPOHY UCTOYHUKA), U €0 MOYKHO 3aIMCATh

. 1o
7. =
s jcosGi

cot [Py (z)/2]. (6.4)

B nmannom ciydae, ObLIO yYTEHO, YTO JIOKAJBHBIA KO3 @MUIMEHT OTparKeHUsl paBeH eIUHUIE B
KaxKJI0if Touke, T.e. By = Ej. 9TOT nMIeIanc sBISeTCS MHUMBIM BO BCEX TOYKAX I W, CIIEMIO-
BaTEJbHO, MOXKET ObITh PeaTn30BaH C MCIOJb30BAHUEM IACCUBHBLIX CTPYKTYpP 6€3 1morepb. Bbl-
YUCIIsIs JIOKAJIBHBI KO3(hDMUIMEHT OTpaXKeHusi OT MUMIEJAHCHON MOBEpXHOCTH Kak 1] = (Zg —
10)/(Zs+m0), MOXKHO YIOBIETBOPUTH BbIpazkeHuto (6.2). Ammanryna koadduiuenra orparkenust
paBHA eJIMHUIIE BCIOAY, a (a3a n3MeHsieTcst Ha 27 3a Kaxk1plil nepuoy D, = A/|sin 6; —sin 6,]. Xo-
Tsl B TAKOM CIIEHAPHUU 00ECIednBalOTCs TpedyeMble m3MeHeHus: (pasbl, COrIACOBAHNE UMIIEIAHCOB
najaioleil 1 OTpParXKeHHOI BOJH He YYUTLIBAETCH, YTO U HPUBOAUT K HAPA3UTHBIM OTPArKEeHHAM.
Bes nagyexkamero nonuMmanus pU3MYIECKUX CBOHCTB METAIOBEPXHOCTEN JJIst YIPABJICHUSA BOJI-
HOBBIM (PPOHTOM OTPAXKEHHBIX M IIPOIIEIIINX BOJH HeBo3MOoKHO cozjanue 100%-sddpexTuBHbIx

CTPYKTYP C TpeOyeMbIMU CBOMCTBAMU.
6.3.1 HayuHbIil BKJIag aBTOpa

Ciryyaii aHOMaJIBHOTO OTPa>kKeHUst

MoxkHO paccunTaTh YPOBEHb MapasUTHLIX OTPayKeHUi, BO3HUKAIONINX WM3-3a PACCOTVIACOBAHUS
Me2K/Iy BOJTHOBBIMF MIMIIEIAHCAMH TIAJIAIOIIEl 1 OTpaykKeHHO! BosIH. B coorBercruu ¢ (6.3), Mme-
TAIIOBEPXHOCTb IIPOEKTUPYETCS € yIETOM TOTO, UTO MMIIEIAHCHI MAJAONIeH Z; U OTPaKEeHHOM

Z, BOJH paBHbI 7)o/ cos ;. OnHAKO Jisi UIeATBbHOT0 aHOMAJILHOIO oTpazkeHusi (mog yriom 6),
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Puc. 6.6: Teoperuuecknii mpejiest 3hHEKTUBHOCTH TPAIUITHOHHBIX OTPAXKAIOIINX UMD PAKITTOH-
HBIX PENIeTOK HAa OCHOBE METAIIOBEPXHOCTEH B Cydae HyJIeBOro yria majenus 6 = 0°.

IIOJIHBIE II0JIA Ha METAIIOBEPXHOCTHU JOJIZKHBI DABHATHCHA

Etan _ Eie—jk’o sin 6;x + Ere_jko sm@r:c’

ko si iko si 6.5
Hian = 1/n0(E; cos i F0snbT _ B cog e~ dkosinber), (6.5)

a MMIIe/IAHCHl COOTBETCTBYIOIINX BOJIH Z; = 1o/ cos 0y u Z, = 1o/ cos Oy. OueBuIHO, YTO TPa K-
OHHBII [TOAX0/] IPOSKTUPOBAHUS I'PAJUECHTHBIX METAIIOBEPXHOCTEH He 00ECIIeINBACT BLICOKO 3-
PEKTUBHOCTU: METAIIOBEPXHOCTH IPOEKTUPYIOTECS 0e3 yuéTa pacCoryiacoBaHus COINPOTUBJICHMI
BXO/1a (maJaoneil mIoCcKoii BOJHOI) 1 BbIXOa (OTparXkKeHHOIl MII0CKOii BOJIHOIT). D10 paccoraaco-
BaHMe HeM36eKHO IIPUBO/IUT K [IAPA3UTHBIM OTPAYKEHUSIM (3epKajbHOE OTPparKeHHe 1 OTPasKeHne B
napyrue audpakiuoHHbIe MOJIbI). B 9TOM cilyuae KOJUYECTBO SHEPIHU, OTPAKEHHON B YKeJIaeMOM
0, HampaBJIeHNN, HOPMUPOBAHHOE HA MAJAIONILY0 SHEPrHio (3HEKTUBHOCTH METATIOBEPXHOCTH ),

MO>KHO JIEI'KO BBIYMHCJIUTDHL KaK

C=1- (Zr—Zi>2 _ ( 4 cos 6; cos 0, (6.6)

Zy + Z; cos b; + cos 0;)2"

D70 BbIpakeHue g 3(pEHEKTUBHOCTA MPUMEHUMO TOJJILKO sl JU(MPAKIMOHHLIX PEIIETOK Ha
OCHOBe MeTamnoBepxHocreil 6e3 morepb. Ha Pucynke 6.6 mokazana MaKCHMaJIbHO JOCTHXKHAMAast
9(bdEKTUBHOCTD TPAJUIFOHHBIX MeTAIlOBepXHOCTEll, Bbranciennas n3 (6.6), /ust ciaydas yria
najiennst pasaoro f; = 0°. Creayer oTMeTUuTh, YTO JU(PPAKIMOHHBIE PEIIETKH Ha OCHOBE MeTa-
noBepxHocTeil, npemjoxkennnle B [Iybnukamusx 3 and 4, ObLin pa3paboTaHbl Ha OCHOBE Tpaiu-
I[IMOHHOI'O TO/X0/Ia, U uX 3hHEKTUBHOCTL TaKyKe orpaHnveHa BbipazkeHneM(6.6).

st Toro, aTobbI 1peoioneTs TeopeTraeckuii mpees (6.6) Ha 3bdEeKTHBHOCTS AaHOMATIBLHOTO
OTpazKeHUsl, CJIeJlyeT PACcCMOTPETh IPABUJIbHOE IDAHUYHOE YCJIoBHe Ha MeraroBepxHocTu (6.5).

B s1om ciryuae Tpebyemblii MOBEPXHOCTHBIN uMIeanc Zs = Eian /Hian MOXKeT ObITH 3aIlCaH KAk

Mo \/COS 0, + \/COS 0; I ®r(@)

ZS = N .
\/COS 0; cos 0, \/cos 0, — \/cos 0, 3% (@)

(6.7)

Taxkoe ke BbIpakeHue ObLIO He3aBUCUMO moJiyueHo B [147|. VHTepecHo, 94T0 9TOT UMIIEIAHC $IB-
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JISIETCSA KOMILIEKCHBIM YHCJIOM, YTO O3HAYAET, YTO B HEKOTOPBLIX 00JIACTIX METAIIOBEPXHOCTU 2-
KOMITOHEHTa TOJIHOrO BeKTopa [loiHTHHra (HOPMAIBHOTO K MOBEPXHOCTH) JOJXKHA OBITH I10JIO-
JKATEJIBHOM, a B JIPYyruX 00JacTIX — OoTpulareabHOil. Takoe ke (yHIaMeHTaJbHOE CBOMCTBO
Ob1I0 0OHAPYZKEHO PaHee B OTPAXKAOIINX U paKIMoHHbIX pererkax [149]. Cresyer mojuepk-
HYTb, 9TO TaKoe IOBe/leHre BeKTopa lloiHTHHra He 03HAa4YaeT, 9YTO METallOBEPXHOCThL HE MOXKET
OBITH HACCUBHOI 1 0e3 morephb. Hamporus, mpaBuIbHO HACTPOEHHAS METAIOBEPXHOCTD C CUALHO
HEAOKAABHDbIM OTKIIMKOM (CHJIbHAS IIPOCTPAHCTBEHHAST JIUCIIEPCHUsT) MOYKET MMUTHPOBATEH TAKOI
[IOBEPXHOCTHBIN UMIIEIAHC: MOIIIHOCTh, KOTOPas MaJaeT Ha IOBEPXHOCTL B 0OJIACTAX, TJIE JTOJIK-
HBI IMHTHPOBATHCS [IOTEPH, HE HOLJIOIIAETCs, & IePEenu3/IydaeTcs u3 objiacTei, Ie J0aKeH NMU-
TUPOBATHCA AKTUBHBIN OTKJIMK. DTOT pe3yabrar ObLI BIepBble onybaunkoBan B Ilybiaukamun 6.
AnanornaHblil BEIBOJL ObLI HE3ABUCUMO IPEIIOXKeH apropaMu crarbu [110], KoTopsie npeiioxu-
JIN TEOPETUUYECKYIO Pean3alliio IPaHeHTHOrO OTparkarejsi B BUJIe OMaHM30TPOITHONW MeTallo-
BEPXHOCTH, B KOTOPOIi T'€HEPUPYIOTCS JIBE 3aTyXalollre BOJIHLI Ha CTOPOHE, IIPOTHBOIIOJIOXKHOMN
obayuennio. Marepdepennns STUX ABYX 3aTyXAIOMINUX BOJIH II03BOJISET JOCTUYL TPEOyeMbIX KO-
sebanuii BekTopa IlofinTunra 6e3 MCIOJIB30BAHUS AKTUBHBIX JIEMEHTOB. /Ipyroe perrenne st
pean3alil aHOMAJILHOTO OTPAYKEHUs ¢ €IUHIIHON 3(PPEKTUBHOCTHIO OBLIO IIPEJIOXKEHO Ha OC-
HOBe OHAHU30TPOIHBIX METAIIOBEPXHOCTEIH € OJJHUM paccerBaTelieM B dJieMeHTapHoil stueiike [150).
BepositHo, nepBast IpakTUJyecKas peaju3alus IPaJueHTHOr0 OTparKaress, CIIOCOOHOIO Iu-
dparuposaTh Imaaronme BOIHBI HOJ, IIPOU3BOJbLHBIM yIyioM co 100%-Hoit 3 deKTUBHOCTBIO, ObI-
Ja upejcrasieHa B pabore [96]. HeoGxouumplii KOMIIIEKCHBIH TOBEPXHOCTHBIN MMIIEJAHC, IPO-
JTMKTOBaHHBIN (6.7), ObLI PeaJn30BaH HA MUKPOBOJIHAX C MCIIOJIb30BAHUEM AHTEHHBIX PEIIETOK C
BbITeKaomuMu BoaHaMu. ClipoeKTHPOBaHHAs PEIIETKA (METAIOBEPXHOCTD) IPEICTABIAET CODOit
MaCCHB METAJUIMIECKUX IIOJJOCOK PA3JIUIHON JJIMHBI, PACIOJJOKEHHBIX Ha 3a3eMJIEHHON IH3JIEK-
TpuUecKoit nojtoxkke. [lajgaroras Ha MeTaIOBEPXHOCTD BOJIHA IIPEOOPA3yeTcsi B TOBEPXHOCTHY O
BOJIHY, PACIIPOCTPAHSIONLYIOCS BIOJIb IPAHUIBI pa3jesa, KOTopas, B CBOIO odepelb, Ojaromapsi
IpaBUILHOI da30BOil HACTPOIiKe, MPeobpas3yeTcss B IIOCKYIO OTPAXKEHHYIO BOJIHY, H3JIyYaeMyIo
METaIOBEPXHOCTHIO O/ 3aJJaHHBIM yIJIOM. ECTecTBEHHO, TaKast MeTAllOBEPXHOCTD HE MOXKET OBITh
OXapaKTePU30BaHA, JIOKAJIbLHBIME ITapaMeTpaMi U 06JIa1aeT CUILHON IPOCTPAHCTBEHHON AUCIIEp-
cueii. [IpoekTupoBaHue u peaan3alisi METAIIOBEPXHOCTH C BBITEKAIOIIMMI BOJIHAMHU, paboTaroIeit
B OJIMKHEM MHMPaKpacHOM JUalla3oHe YacToT, npuBedenbl B [lyoaukanuu 7. Teoperndecku, uie-
aJIbHOE AHOMAJIbHOE OTParKEeHHEe MOXKET OBITH ITOJIYUIEeHO TaKyKe B METAIlOBEPXHOCTSIX 6e3 3a3eM-
JIEHHOM 1O/1/102KKH (1107I06HBIX MeTaroBepxHocTsaM B [lybukanusx 3 u 4). OHAKO B 3TOM CJiydae
HeoOXoauMO BO30yKIeHHEe IIPaBUILHO IOJI00paHHBIX 3aTyXAIONIUX II0JIeH Ha METAIIOBEPXHOCTH.
st mpakTHIecKoii peaausanui JudpakIMOHHbIX PENIETOK Ha OCHOBE METAIIOBEPXHOCTEN pa-
6oUnil JUATa30H JaCTOT SBJISIETCS BayKHBIM (bakTopoM. Cjeayer OTMETUTb, YTO IIHPUHA 3TOrO
JHAIa30HAa OIIPEJIEJISIeTCd HEe TOJbKO PE30HAHCHBIMU CBONMCTBAMU BKJIIOYEHUT METAIIOBEPXHOCTEN,
HO U I'PaaueHTOM (a3bl JudpakIimonnoil pemerku. Pabounii quamnazod 1udpakIimoHHLIX Pele-
TOK, MMOCTPOEHHBIX HAa OCHOBE HEJMHEHOrO rpajinenTa ¢ mMienancoM (6.7) MeHble, YeM y Tpa-
JMIMOHHBIX perieTok ¢ uMmiegancom (6.4) [96]. Kpome Toro, oxumaercs, 910 audpakinoHHbIe
peIIeTKH, IpeIHa3HAYeHHbIe JJIsi 00Jiee HAKJIOHHBIX yIJIOB OTParKeHusl, 00J1a1aioT bojiee Y3KUM

pa60‘lHM JANalla30HOM H3-3a 0oJ1ee CUJILHOIO HEJIOKAJIBLHOI'O OTKJIUKA.
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Puc. 6.7: DxBuBasienTHasi T-cxema B3ANMHON METAIIOBEPXHOCTHU JIJIsi PACCMATPUBAEMOTO CJIYUast
TE nonspuszarun.

Ciyyaii aHOMaJIBHOTO MPEJIOMJIEHUS

AHaJIOruIHO CJIyYaro OTpayKeHusl, MeTATIOBEPXHOCTH JIJIsl YIIPABJIEHUsI BOJIHOBBIM (PPOHTOM B IIPO-
XOKJIEHWUHU, CIIPOEKTHPOBAHHBIE B IIPEIIOJIOKEHNHN JIOKAJIBHO OJIHOPOJIHON moBepxHocTH 92,132,
133|, Takzke CTpajalOT OT HAPA3UTHOIO MEPEHOCA SHEPIUH B HeyKesaTedbHble AU pPaKIMOHHbIE
rapmonuku. Teopernueckuil npejesn ahdekTUBHOCTH B 9TOM CiIydae Takoii xe kak (6.6), re 6,
caiejtyer 3aMeHnTh Ha 6y [151].

PaccmoTpumM MeTanoBepxHOCT, udParupyolyo TaJIaolyio JIOCKY BOJIHY U3 cpeibl 1
(¢ BOJTHOBBIM 9HCIIOM ki M BEKTOPOM 3JIEKTPHIECKOro 1oJist Ej) B €IMHCTBEHHYIO TIPEIOMIICHHYIO
(LpOIIIeIIyI0) IIOCKYIO BOJIHY B Cpe/ly 2 (C BOJIHOBBIM YHCJIOM k2 ¥ BEKTOPOM 3JIEKTPUUECKOTO
nosisi Ey). Teomerpust 3amaun nokaszana ua Puc. 6.56. TanreHnuasbable 10Jsi HA 0Oy YEHHOI
cropore Eian1 n Hiang w Ha nporusonosioxkuoii cropore Egano n Hiano (npu z = 0) mMoxkHO

3allicaThb KaK

o 1 TR
Etan1 = Eie M 5007 - p 5 Hign = Ei— cos e Jhsinbie
m

o 1 o
Etan2 = Eqe 7725007 5 5 Higpo = Eq— cos e k2o,
2
TJe 7)1 4 7)2 — BOJIHOBBIE UMIIEJIAHCHI cpell 1 1 2, COOTBETCTBEHHO.
BaKoH COXpaHEeHWUs] SHEPIUN HAKJIABIBAET TPeOOBaHUE HEIPEPBIBHOCTH (IIPH MIEpexojie pas-
eJsa cpezL) HOPMAaJILHOM COCTaBJISIONIEN 1ToiHOro BekTopa lloffHTrHTa B KaXK 101 TOYKe MeTallo-

BEPXHOCTH

| . 1
iRe(Etanl X Htanl) = iRe(EtaIﬁ X H:anQ)’ (69)

9TO IPUBOJUT K CJIEAYIONIEMY COOTHOIMIECHUIO JJId aMIIJIUTY/I SJIEKTPUIECKOI'O II0JIA B JIBYX CpeJlax:

cost [n
E; = Ei/ —=. 6.10
‘ "V cos b, V' m ( )

Yr00b1 TOHATH TpebyeMble (PU3MIECKHNE CBOWCTBA METAIIOBEPXHOCTH, OIUIIEM €€, MCIIO/Ib3Ys

SKBUBaJIEHTHYIO T-00pa3Hyio cxeMy, nokazauHyo Ha Puc. 6.7. TanrennuaJbHble o1 Ha 060MX

I'paHuax pa3jesjia CBA3aHbI C Z—HapaMeTpaMH CXEMbI CJIeYyIOoIUM o6pa30M:

Etan1 = Z11n X Hian1 + Z12(_n X Htan2)7

(6.11)
Etan2 = Zoin X Hian1 + Zo2(—n X Hiang).
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Tpebyst, 4T0OBI BCe Z-IapaMeTpbl ObLIH YHCTO MHUMBIME Z;j = jX;; (MeTarmoBepxHOCTD Ge3
[OTEPD ), U MOZCTaBIIss 3Hadenus nosteit u3 (6.8) u (6.10) B (6.11), MOXKHO HOTyINTH CJIELYIOIINHE

ypaBHeHHS 11 X -ITapaMeTpPOB:

n 2
1= os 0; cot &y(z), 227 os 0 cot @y(x),
(6.12)
/12 1
X9 = Xo91 =

\/cos 6; cos 6 Sin Py (x)’

rae @i(x) = kysinbixz — kosin Oz, @opmynst (6.12) HONHOCTBIO COMIACYIOTCS C pe3yJIbTaTaMu
crarbu [109], KoTopble GBLIN TIOJIYYEHBl ¢ UCIIOIB30BAHUEM I10/[X0/1a 000OIIEHHON MATPUIBI PaC-
CesTHUSI.

3Has Z-napaMeTpbl METAIIOBEPXHOCTH, MOYKHO OIIPEIEINTD IOIXO ALY 0 TeOMETPUIO €€ BKJIIIO-
gennii. MeTamnoBepxHOCTb, CMOJIeIMpOBaHHast ¢ oMoIbio (6.12), siBiisieTcst B3auMHOM, T.K. X19 =
X51. Heobxomumbie usnydeckue CBONCTBA TAKUX METAIIOBEPXHOCTEH MOYKHO M3JI€Yb U3 COOTBET-
CTBYIOIIEN 9KBUBaJIEHTHON T-00pa3Hoil cxembl, nokaszanHoit Ha Puc. 6.7. Cxema HecuMMmeTpud-
Hast, TTOCKOJIbKY X171 7# Xo9 (9UT0 9KBHBasieHTHO Z11 # Z29). Takas Z-marpuna Moxer ObITH
peasi30BaHa MOALKO C TIOMOIIbIO GUAHU30TPOITHON METAIIOBEPXHOCTH OMera-Thila (cjiabasi mpo-
CTpAHCTBEHHasl JUCIepcHst), cM. obcyxaenne B [152,153]. BosmoxHble ju3aiiHepcKue pereHust
BKJIIOYAIOT B cebs MaccuBbI {2-00pa3HbIX BKJIIOYEHUN, MaCCHUBBI PA3OMKHYTBHIX KOJEIl, TBONHbIE
MACCHUBBI TIOJIOCOK (ITOJIOCKU Ha TPOTHUBOIOJIOXKHBIX CTOPOHAX TIOJJIOKKH JOJIZKHBI OBITH Pa3HbBI-
MH, 9TOOBI 00ECIIEINTh HAJIEXKAILYI0 MATHUTO-9IEKTPUIECKYIO CBSI3b) U T. 1. BeposTHO mepBas
SKCIEPUMEHTAJILHAS PeaJIM3alius C/Iydas UIeaJTbHOIO MIPEJIOMICHUS C METAIOBEPXHOCTHIO ObLIA
onybsmkoBana B paborax [154,155]. B obenx paborax MeTanoBepxXHOCTh COCTOSLIA U3 BKIIIOUCHUIT

C OMera-OnaHu30TPOITHON CBSI3BIO.
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I'maBa 7

BriBoabl

Jlanaas apccepTalns IMOCBAINEHA BasKHON 00JIaCTH IMIPHUKJIAIHOTO 9JIEKTPOMAIHETH3MA: METAIIO-
BEPXHOCTSIM C IMPOCTPAHCTBEHHOW JIUCIIEpCHeil. DTOT IpeaMeT o0be uHsieT Takue objgacTu u-
3UKM, KaK MeTaMaTepuaJsibl, OMAHU30TPOIHLIE CPEJIbl, a TaKKe, aHTeHHbIe U JUMPAKIINOHHBIE
pertieTku. V3-3a MHOTOJIUCITUILIMHAPHOTO XapaKTepa IPeJIMeTa UCCJIEI0BAHNI sIBJIEHUS U YCTPOi-
CTBa, OCHOBaHHBIE Ha HEM, MOI'YT HUMEThb 3HAYUTE/IbHBIE IPUMEHEHUsT [T IPUKJIATHBIX HAayK OT
MUKPOBOJIH JI0 ONTHYECKUX 9acToT (6ojiee TOro, JjIsi BCEX BOJHOBBIX IMPOIECCOB, TO €CTh Me-
XaHMYECKUX, aKyCTUIEeCKUX, KBAHTOBBIX M T. JI.). JacToTHO-n36uparesbHbIE METAIIOBEPXHOCTH,
upejyioxkerrbie B [lybiukanusix 3 u 5, UMEIOT sIBHBII TOTEHIMAJ JIJIsT PA3JIUIHBIX TPUMEHE-
HUI B 00JIACTU TEJIEKOMMYHUKAIIMH 1 KOCMUYIECKON MPOMBINLIeHHOCTH. OXKUIAeTCsI, 9TO TaKue
METAITOBEPXHOCTH MOTYT OBITh CIHPOEKTHPOBAHBI TaK:Ke JJIsT M3MOTOBJIEHUS C KCIIOJIH30BAHIEM
CTaHJapPTHBIX TeXHOJ’[Ol—‘I/IIU/I7 IMOAXOAAIINX JIJIsI MaCCOBOI'O IIPOMU3BO/ICTBA. MeTa.HOBerHOCTI/I MO-
ryT OBITH KaCKaJ UPOBAHBI OJIHA 32 OJHON, 3aMeHsisl IeJIble KOMILIEKChI PA3JIMIHBIX OOBITHBIX
AHTEHH.

PesynbraTol, npeacrapiennnbie B [Iybaukanusx 6 u 7, sIBASIOTCS JIUITH IEPBLIME HEOOXOTH-
MBIMH IIIAraMU I PeaJin3aliy TOBEPXHOCTEN JJisi ODINEro yIpaB/eHus BOJHOBBIM (PPOHTOM.
XoTs IpejCcTaBIeHHbI B JaHHON JUCCEPTAIUU ITOAXO0, sl IPOEKTHPOBAHKS I'PAJINEHTHBIX Me-
TAIOBEPXHOCTEH ObLI MPUMEHEH K IIPOCTedIieMy clieHapuio (mpeobpasoBaHue OJIHOM ILIOCKOM
BOJIHON B JIPYI'yIO0 IUIOCKYIO BOJIHY), OH MOXKeT OBbITb B JaJibHEHIleM DaCIIUpeH Jyisl CJIyvaeB
CO CJIO’KHBIMU BOJIHOBBIMU IPeoOpa3oBaHusiMu: (GOKYCUPYIONINE JIMH3bI, CBETOIEJIUTEN, (PUTh-
TPBI, TOJIOTPAMMBL U T. JI. Bjlaromapsi MakcumaJsibHO BO3MOxKHOI addexrusnocru (100% 1pu
OTCYTCTBUY MOTEPh B CTPYKTYPE), TAKHAE HOBBIE CTPYKTYPHI OY/IyT MPEBOCXOAUTH TPAIUIIMOHHBIE
araJioru. VlaTepecHo, 4to Hasmaue 3pHeKTOB IPOCTPAHCTBEHHON JUCIEPCUN B 9TUX CTPYKTypax
ABJIdETCA HeO6XO,Z[I/IMbH\I yciaoBueM.

B sakiodenne BaxKHO OTMETHTD, YTO IIPEJIMET METAIIOBEPXHOCTEN ¢ MPOCTPaHCTBEHHON Tuc-
mepcreil He OrpaHuINBAETCA MCC/IeIOBAHUAME, TPOBEICHHBIMI B HACTOsAIIEH auccepTannu. K Ha-
CTOSIIIIEMY MOMEHTY OCTa€TCsl MHOT'O, UTO eI HyKHO cAeaTh. 1lociientee yrBepKaeHne Beeraa

BEPHO B 93TOM 3aXBaTbIBalOIIEeM 1M TaMHCTBEHHOM MUD€, MUDE Dusuku.
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Abstract

In this paper, we present a method to retrieve tensor polarizabilities of general bi-anisotropic particles from their far-field
responses to plane-wave illuminations. The necessary number of probing excitations and the directions where the scattered fields
need to be calculated or measured have been found. When implemented numerically, the method does not require any spherical
harmonic expansion nor direct calculation of dipole moments, but only calculations of co- and cross-polarized scattering cross
sections for a number of plane-wave excitations. With this simple approach, the polarizabilities can be found also from
experimentally measured cross sections. The method is exemplified considering two bi-anisotropic particles, a reciprocal omega
particle and a non-reciprocal particle containing a ferrite inclusion coupled to metal strips.

© 2014 Elsevier B.V. All rights reserved.

Keywords: Bi-anisotropic particle; Polarizability; Dipole moments; Scattered fields

1. Introduction

Artificial materials (metamaterials) made of small
inclusions (meta-atoms) positioned beside each other
have become very popular, because with this concept it
is possible to realize exotic electromagnetic properties
which are not found in natural materials. These
inclusions, so-called meta-atoms, which are electrically
small (in comparison to the wavelength in the medium),
in the sense of their electromagnetic response play the
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neering, Aalto University, FI-00076 Aalto, Finland.
Tel.: +358 504205846.
E-mail addresses: viktar.asadchy @aalto.fi,
picassonok @gmail.com (V.S. Asadchy).
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same role as atoms do in natural materials. The
averaged electric and magnetic properties of a
metamaterial sample are determined by electric and
magnetic properties of individual inclusions and by
their mutual interactions. The meta-atoms can be
characterized by their polarizabilities. The polarizabil-
ities show how a single meta-atom behaves in
responding to external electromagnetic fields. Knowing
the electromagnetic properties of each building block of
the metamaterial allows us to understand the electro-
magnetic properties of metamaterials as composite
media. In particular, proper engineering of meta-atoms
allows us to design metamaterials with required
effective properties. There are several approaches to
determination of effective parameters of a medium
knowing the electric and magnetic moments of each
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building block of the medium, both for volumetric
(bulk) samples and thin layers (metasurfaces), e.g. [1—
6]. A method of calculating macroscopic parameters for
reciprocal bianisotropic composites was proposed in
[7]. In this paper, we discuss how the meta-atom
polarizabilities can be retrieved from the knowledge of
single meta-atom far-field scattering response to plane-
wave excitations.

The spherical harmonic expansion theory introduced
by Mie for a homogeneous sphere of any size and
arbitrary refractive index is known as one of the main
tools in deriving the polarizabilities of a single dielectric
sphere [8—10]. Later, this theory was extended to
particles of an arbitrary shape [11]. Recently, the
extended theory has been used by many researchers to
study the multipolar behavior of special inclusions, e.g.
[12,13]. Using the generalized Mie theory and writing
the scattered fields in terms of vector spherical
harmonics, multipolar moments of an arbitrary scatterer
can be calculated. However, this approach implies
computationally heavy integrations of scattered fields
over the sphere surrounding the particle that compli-
cates the implementation of the method in numerical
calculations. Furthermore, it appears problematic to use
such methods for extracting polarizabilities from
experimentally measured response of the particle.

In most cases when the particle is electrically small,
electric and magnetic dipolar moments are the only
significant and important moments in the Mie expan-
sion. This assumption allows us to dramatically
simplify the scattering-based polarizability retrieval
and propose a much simpler method for extracting
polarizability tensors of an arbitrary small scatterer
from its response in the far zone. This technique for the
polarizability extraction is based on the assumption that
in the far zone the contributions to the scattered fields
from electric and magnetic dipoles dominate over those
from higher-order multipole moments of the particle.
The validity of this assumption can be tested by
numerical evaluation of the scattering pattern or,
experimentally, by repeating the measurements with
several orientations of the particle. Let us note that for
the needs of designing metasurfaces and metamaterials
the knowledge of higher-order polarizabilities is usually
not required (the plane-wave reflection and transmis-
sion coefficients from regular metasurfaces as well as
the effective parameters of metamaterials are defined by
dipolar responses of the inclusions). However, in the
present technique the particles are tested in the free-
space environment where the multipole moments may
contribute to the measured quantities, and only this
leads to the limitation of the method applicability to

particles with predominately dipolar response. This
limitation can be lifted if the particle is tested in a closed
waveguide environment, where the fundamental-mode
reflected and transmitted fields depend only on the
particle dipole moments.

To extract one specific polarizability component of
the scatterer, our method implies determination of the
scattered fields only in two special directions. This
significantly simplifies the realization of the method in
numerical calculations. Furthermore, the discrete and
minimal number of directions in which the scattered
fields must be probed allows us to utilize the method
also experimentally. This method for the first time was
proposed in [14] for helical particles possessing bi-
anisotropic electromagnetic coupling. In the present
paper, we generalize the polarizability retrieval method
so that it can be utilized for arbitrary small particles with
the most general bi-anisotropic properties. The method
can be considered as a generalization of the approach
used in [15] for determination of the polarizablities of
small chiral particles from their co- and cross-polarized
scattering cross sections.

In the most general case, assuming that the induced
dipole moments in the particle depend linearly on the
applied fields, the dipolar moments induced in the
particle relate to the incident fields (at the location of the
particle) by the polarizability tensors as:

ey

These relations hold for bi-anisotropic particles of all
known classes: reciprocal chiral and omega, non-recip-
rocal Tellegen and “moving” particles, and any com-
bination of these [16,17]. For a special case of
anisotropic particles without electromagnetic coupling
(e.g., small dielectric spheres) the relations are simpli-
fied taking into account that @em = ¥me = 0.

The structure of the paper is as follows. In Section 2,
we formulate the basic idea and derive the proper
expressions for the polarizabilities of a general bi-
anisotropic particle (assuming the particle is electrically
small). In Section 3, we implement the method for two
different particles: a reciprocal omega particle and a
non-reciprocal particle possessing “moving’” and chiral
electromagnetic couplings.

2. Basic formulation
2.1. Polarizabilities of a bi-anisotropic particle

In order to determine the polarizabilities of an
arbitrary particle, we analyze the far-field response of
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Fig. 1. An arbitrary particle in the center of a Cartesian coordinate
system.

the particle to incident plane waves. We start from
writing the relations for the polarizabilities of the
particle in terms of the dipole moments induced by a set
of probing fields. An important issue is the choice of the
alignment of the particle with respect to the center of the
coordinate system from which the far-field response of
the particle is determined (see Fig. 1). The proper
choice is that when the induced electric and magnetic
dipole moments of the particle are located at the
coordinate origin. If this condition is not satisfied, the
higher order multiple moments start to gain importance
and one should take them into account, otherwise, the
accuracy of the polarizability retrieval method will
decrease. Usually, since electrically small size of the
particle is assumed, setting the origin to the geometrical
centre of the particle is the proper choice.

The particle is situated in free space with the
characteristic impedance ny. As an example, here we
write the formulas for the case when the incident plane
waves illuminating the particle propagate along the zq-
axis. It will be shown that the directions can be chosen
arbitrarily. Obviously, choosing the zy-directed incident
waves, one can find only the components of the
polarizability tensors in the xgyo-plane. The other
components can be determined similarly using incident
waves propagating along the x, and y, axes. Taking into
account that the incident plane waves are transverse and
propagate along the zp-axis, Eq. (1) simplify to:

- [ee ][]
2 o o o2 o] [Hial
g e )
my - o2l a2 Einca o2l a2 | Hin |

®)

Hereafter we use numerical indices 1, 2, 3, representing
the xo, yo and z, projections, respectively. It can be seen
from (2) that to determine any polarizability compo-
nent, it is insufficient to know the response of the

Eincl

Eich

particle to only one incident wave. The simplest way
to find the component is illumination of the particle by
two incident plane waves with the following polariza-
tion states:

Eine = noHoXo, H;,. = £Hyy,, 3

in which the upper and lower signs correspond to waves
propagating in +zo and —z directions, respectively, and
H, is the magnitude of the incident magnetic field. Here,
for simplicity, we assume that the two incident waves
have equal amplitudes and phases at the location of the
particle. Although in practice it is difficult to generate
two incident waves with precisely equal phases, the
problem can be solved similarly with the assumption
that the waves in (3) have not only different propagation
directions, but also different amplitudes and phases,
meaning that this assumption is not limiting. Substitut-
ing (3) in (2), we get 8 equations:

+ _ 11 12
P1 = Qe UHO + Olemflo7

+ _ 21 22
Py = U UH() + aemHO?

+ 11 12 @)
my = (xmenHO + ammH()v
méﬁ = aﬁ}enHo + ozrzmeo,
where the double signs correspond to the double signs in
(3). Next, the simple solution of the equations with

regard to the polarizability components reads:

all = 3o+ ) o = 5 = )
e Zﬁ@ﬁ*ﬂ’ﬂv % Z%Ho(pi - ),
e = M%O(mf ), e = ﬁ(mr —my),
e = 55 ), = ] ).

&)

In order to derive the other 8 polarizability components
in the xpyo-plane, we choose the incidence in the form:

Einc = noHoyy, H;,. = £Hyxo. (6)

Likewise, for these two different incident waves, we can
write 8 equations for the polarizabilities according to

2):
ﬁli = O{égﬂHo + OlérlnH(),
ﬁ; = OlzgﬂHo + OerlnH(),

(M

—+ 12 11
my = o nHo o, Ho,

—+ 2 21
my = ap nHo £ o, Ho,
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where we use notations with bars in order to distinguish
the induced dipole moments for different polarization
states in (3) and (6). The double sign in (7) corresponds
to the double sign in (6). Similarly, we can derive
expressions for the polarizability components:

o = anHo(ﬁT + ) e = %Ho(ﬁ -7
0 = (P4 T, o = 5 (5~ 7).
g = o 7 7). by = 5] ),
O = 505 4705), Gy = o] 7).

®)

Thus, we have determined 16 polarizability components
of the particle in terms of the induced dipole moments
by probing plane waves. The other 20 components one
can derive in the same way illuminating the particle by
waves propagating along the xy and y, axes. In the next
section, we determine the induced dipole moments in
the particle from the far-zone scattered fields.

2.2. Induced electric and magnetic dipole moments

A scatterer with induced oscillating electric and
magnetic multipoles radiates energy in all directions.
Here, we study the case of an electrically small particle
(the size of the particle is small compared to the
wavelength of the incident waves) that allows us to take
into account only the lowest multipoles, i.e. the electric
and magnetic dipoles. The scattered far fields from an
electrically small particle are defined by the induced
dipole moments in the form [18]:

k2 —jkr 1
we=——e | (nxp)Xn——nxm|,
dmegr clLy
: &)
Hsc =—nx Esm
Mo

where n is the unit vector in the direction of observation,
ris the distance between the particle and the observation
point, k = w/c is the wave number in surrounding space
and the time-dependence ¢/’ is understood. Since it is
required to find only the xo and yy projections of the
electric and magnetic dipole moments (according to (5)
and (8)), we choose the observation direction to be
along +z¢ and —zo (however, this choice is not compul-
sory). Taking this into account, we can rewrite the
scattered electric field in (9) as:

1 1
zEsc = V|:(pl +7””2))(0 + (p2 - 7m1)y0:|7
o No (10)

—Eye = y{(pl - imz)Xo + (P2 + _ml)YO} ,
Mo Mo

where y = (k¥/4megr)e 7 is a parameter introduced for
convenience. Although these formulas are for the case
of the incidence (3), similar formulas can be written also
(with notations in bars) for the incidence defined in (6).
Combining Eqs. (10), we find formulas for calculation
of electric and magnetic dipole moments:

1
+ +
P = Ty(ZEscl + *ZEscl)’
) §
(1D
o
=D - )
Mo
mzi = E(ZE:& - —in1)~

At this step, we are ready to write general formulas for
calculating all the polarizability components in the xqy,-
plane. First, we consider the case when the incident
fields equal E;,,. = noHoXg, Hine = £ Hoyo. Then, substi-
tuting (11) in (5), we write the expressions for the
polarizability components:

1
11 o o
Cee = W HO[ZE:CI + *ZE:;I + ZEscl + *ZESCJ’
1
12 - “
e :v H()[ZE;EI + *ZEstl - ZESC] - *ZESCI]’
1
21 o + “
aee = 4]/77110 [ZE:d + *ZE:;Z + ZESCZ *ZESCZL

1 _ _
azz = [ E+ + *ZE:;:Z - ZESCZ - *ZEsc2]7
0 (12)

1
11 — _
Oe = M[*ZE:;Z - ZE:;Z + *ZESCZ - ZESCZ]’

12 o - -
®mm = 4yH, [_ZE;;Z - ZE;::Z - —ZESCZ + ZEch]’

1
21 — —
Ape = m[ZEstl - —ZE;:I + ZEscl - —ZEscl]7

22 o +
= E
mm 4 )/H 0 Zsc 1

+ _ _
_*ZEscl - ZEscl + *ZEscl :

To clarify the notation here we can use an example.
_.E}, denotes the x projection of the scattered electric
field in the —z, direction if the scatterer is illuminated
by the incident wave E;,. = noHoXo, Hj,c =+ Hpyo-
Next, we study the case when the incident fields are
defined as E;,. = noHpyo, Hine = = HoXo. Likewise, the
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expressions for the other 8 polarizability components
can be found:

‘Xig = 4yr17H0 [ZE:cl + —ZF:cl +.Eg + —ZE;Cl}’
ey = M%O[ZE;I + By — By — —ZE;I} ;
we = ﬁ [zfszz + By + By + —ZE;CZ:| ;
Ao, = M%O[ZE;Z + By — B — —ZEs_c2i| ;
e = M%o[—zfiz — By + By — zEs_cz} ;
@i = g |~ B~ e + o
arznze = VIHO[Z_L - *ZFI;] + By — *ZE;;I:| )

21 Mo [ &+ E" E. E_
Xm = 4]/H() |:ZESCI - —ZEscl - ZEscl + —ZESCI:| .

13)

It is seen from (12) and (13) that to calculate a polariz-
ability component, both the amplitudes and phases of
the incident and scattered waves are required. This is in
fact an inevitable property of all scattering-based po-
larizability retrieval methods (e.g. [12,13]). Although it
does not complicate the use of the method in numerical
calculations, it can imply certain difficulties for experi-
mental measurements. In practice, precise measurement
of the phase of waves is difficult and can be accom-
plished only with some uncertainty. This limits the
accuracy of the method in experimental implementa-
tion.

From (12) and (13) one can see that to extract one
specific polarizability component of the particle by this
method, we need to probe (or measure) the scattered
fields only in two directions (at any arbitrary point in
far-field). In order to find all 16 polarizability
components, it is sufficient to know the scattered fields
in two directions and to use only four different plane-
wave illuminations. In the next section, we show an
example of implementation of this method for two
different particles, one reciprocal and the other one non-
reciprocal.

3. Polarizability retrieval applied to reciprocal
and non-reciprocal bi-anisotropic particles

Here, we utilize the method for extracting polariz-
abilities of two bi-anisotropic particles that have been

‘'z V/

(2)

Fig. 2. (a) The omega particle and the related coordinate system. (b)
The non-reciprocal particle.

previously used as building blocks for metasurfaces
possessing novel and exotic electromagnetic properties
[19,20]. In this paper we describe the method of
extracting the polarizabilities in detail. The analyzed
particles are electrically small, therefore, the present
method can be applied. We determine the scattered
fields by full-wave simulations using Ansoft High
Frequency Structure Simulator. However, one can
calculate the scattered fields using other approaches,
e.g., based on the method of moments (MoM) or finite
element method (FEM), or measure the far-fields
experimentally. The first example, which we consider
here, is a reciprocal omega particle [16] shown in
Fig. 2a. It was previously shown that this kind of
inclusions can be utilized in thin composite metamirrors
(full-reflection layers) which allow full control over
phase of reflection [19]. The dimensions of the particle
under study are as follows: The radius of the loop is
r="7.45 mm, the half-length of the electric dipole is
d = 18.1 mm, the radius of the wire is ro = 0.5 mm, and
the pitch is 1.45 mm. The material of the particle is
PEC. In the defined coordinate system only four
polarizability components of the particle are significant
[16]: arll, @22 | @!2 and &2L. As it is seen from (5), we
can find all these components using two incident waves
with the polarization states defined by (3). In order to
determine the electric and magnetic dipolar moments in
(5), we probe the fields scattered by the particle in the
+z¢ and —z, directions, as it is dictated by (11). Next,
using the final formulas (12), we plot the polarizability
components of the particle versus frequency (see
Fig. 3).

As it is seen, at the resonance frequency of the
particle electric and magnetic polarizabilities become
purely imaginary while the electromagnetic polariz-
abilities are real. It was expected, since all the
reactances are compensated and only dissipative terms
remain for the particle at resonance. The condition

al2 = —a?l holds for the particle, as it must be in

em
accordance with the Onsager—Casimir principle [16].

Also it can be seen from Fig. 3 that the electric and
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Fig. 3. Polarizabilities of the omega particle, normalized to the free-
space impedance.

magnetic polarizabilities satisfy the balance condition
nooll = a2 /ny. This corresponds to the case of
extreme response of balanced bi-anisotropic particles
[21], and it was the design requirement in [19].

As another example, we analyze a non-reciprocal
particle possessing “moving” and chiral electromag-
netic couplings (see Fig. 2b). The name “moving” for
the electromagnetic coupling of this particle is given
due to its similarity with electromagnetic coupling in
the constitutive relations for a medium which truly
moves [22,23]. The analyzed non-reciprocal particle
exhibits also reciprocal electromagnetic coupling
because of its chiral shape. A planar array of these
particles acts as a non-reciprocal one-way transparent
ultimately thin layer [20]. The layer is transparent from
one side while from the opposite side the layer acts as a
twist-polarizer in transmission. A ferrite sphere
magnetized by external bias field is the non-reciprocal
element in the particle. The ferrite sphere with the
radius a = 1.65 mm is coupled to metal elements with
the dimensions / = 18 mm and /'=3 mm. The radius of
the copper wire is § = 0.05 mm. The ferrite material is
yttrium iron garnet: The relative permittivity €, = 15,
the dielectric loss tangent tan § = 10™%, the saturation
magnetization Mg=1780 G, and the full resonance
linewidth AH =0.2 Oe. The +z, internal bias field is
H;, =9626 A/m, corresponding to the desired resonance
frequency. In the defined coordinate system, significant
polarizabilities of the particle are those in the xgyo-
plane. In the same way as for the omega particle, we find
the normalized polarizabilities for the moving-chiral
particle (see Fig. 4). One can see from Fig. 4 that the
Onsager—Casimir relation o2 = —a!l and o2 = o2,
holds for the particle [16].

em
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Fig. 4. Polarizabilities of the non-reciprocal particle.

4. Conclusions

Here, we have presented a method which allows us to
find all polarizability tensor components for an
electrically small arbitrary bi-anisotropic particle with
any complex shape and internal structure. We have
assumed that only dipolar moments are significant in the
particle, that is, that the particle is electrically small. In
comparison to other known methods, this method
requires less complicated calculations. To determine
one specific polarizability component of the particle,
the method requires probing of the particle response
only by plane waves in two directions. For determining
all the 36 tensor components it is sufficient to find the
scattered fields only in 6 directions for 12 different
incidences. The scattering response is measured only in
the far zone and only in a few directions (6 for the most
general particle). Due to simplicity of the method, the
method can be utilized also experimentally. In order to
demonstrate and illustrate the concept, we have derived
formulas for 16 polarizability components. One can
similarly derive the formulas for the other 20
components. In the paper, the polarizability retrieval
method has been applied for two specific bi-anisotropic
particles, to give particular examples. The method can
be used to determine and optimize single inclusions in
metamaterials and metasurfaces with the goal to
achieve desired electromagnetic properties of the whole
structure.
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The polarization response of molecules or meta-atoms to external electric and magnetic fields, which defines the
electromagnetic properties of materials, can either be direct (electric field induces electric moment and magnetic

field induces magnetic moment) or indirect (magnetoelectric coupling in bianisotropic scatterers). Earlier studies
suggest that there is a fundamental bound on the indirect response of all passive scatterers: It is believed to be
always weaker than the direct one. In this paper, we prove that there exist scatterers which overcome this bound
substantially. Moreover, we show that the amplitudes of electric and magnetic polarizabilities can be negligibly
small as compared to the magnetoelectric coupling coefficients. However, we prove that if at least one of the
direct-excitation coefficients vanishes, magnetoelectric coupling effects in passive scatterers cannot exist. Our
findings open a way to a new class of electromagnetic scatterers and composite materials.

DOI: 10.1103/PhysRevB.94.245428

I. INTRODUCTION

The emergence of man-made composites (metamaterials
and metasurfaces) has enabled exotic devices for light ma-
nipulations. The response of these effectively homogeneous
artificial structures to the electromagnetic fields is engineered
by proper design of individual scatterers as their building
blocks (meta-atoms). Various meta-atoms have been actively
studied, see e.g., Refs. [1-5]. For linear scatterers and in the
limit of dipole approximation, the relations between the local
electric Ej,. and magnetic Hj,. fields and the induced electric
and magnetic dipole moments p and m read [6]:

P= &ee “Ejoc + &em “Hjpe, m = &me - Ejoe + &mm - Hioe,
M

where the double bar signs mark tensor (dyadic) quantities.
In the above equations, the polarizability tensors & and
@mm Tepresent the direct electric and magnetic couplings
between the applied field and the corresponding induced dipole
moment. On the other hand, the bianisotropic polarizability
tensor &me (&em) measures the indirect coupling between the
applied electric (magnetic) field and the induced magnetic
(electric) dipole moment.

Some fundamental restrictions on the attainable values of
the polarizabilities are well known. If the scatterer is reciprocal,
then the Onsager-Casimir principle (see, e.g., Ref. [7,8])
dictates that Gee = &L, @mm = &1, and @ye = —&~, where
superscript “T” denotes the transpose operation. Furthermore,
for all passive scatterers the imaginary part of the six-dyadic

E—a:T is positive definite (see, e.g., Refs. [8]), where the
six-dyadic « is formed by the four polarizabilities in (1) as

— |:9=lee (_iem ] . (2)

dme C_l mm

Qu
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The causality requirement leads to Kramers-Kronig relations
for the polarizabilities and to sum rules [8].

Here we discuss fundamental limitations on the relative
strength of direct and indirect coupling phenomena, measured
by the absolute values of the polarizabilities and coupling
coefficients. For simplicity of writing and in view of particular
examples which we will study, we will mainly use the scalar
versions of the linear relations (1), considering the polarization
responses only along one direction. In particular, we consider
relative magnitudes of the products ®em®me and deemm. Note
that the passivity limitation on the imaginary part of the six-
dyadic o — @ of lossy particles (it is positive definite) [8]
for the case of scalar parameters leads to the condition [7,9]
Im{ctemome} < Im{oteeormm}, but the real parts or the absolute
values of these products are not restricted by passivity.

In naturally occurring molecules and particles, the magne-
toelectric coupling effects are very small as compared with
the direct polarization effects, suggesting that |otem@me| K
|oteectmm|. However, by properly engineering meta-atoms it
is possible to significantly enhance the coupling effects. This
enables new unprecedented effects. Here, we focus on the
question if the coupling effects can be even stronger than the
direct polarization, that is, if it is possible to create a scatterer
such that |0temOme| > |Ctee@mm|-

Based on known results, it is expected that the indi-
rect coupling effects cannot be stronger than the direct
ones [3,4,7,10,11]. In earlier studies, it was shown that the
polarizabilities of metal spirals close to the fundamental
resonance obey the relation [10,11]

|aemame| = |aeeamm| (3)
(see alsoin Ref. [4]). Later, it was shown that this equality is not

a general restriction and examples of resonant spirals for which
|tem®me| < |Ceemm| holds were shown [12]. However, to the

©2016 American Physical Society
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best of our knowledge, no results where the opposite inequality
would hold are known. Moreover, in more recent studies [3], it
is stated that in a small scatterer the magnetoelectric coupling
cannot exceed the direct polarization effects, so that for all
linear passive scatterers

|tem@me| < |Xee@mm]- 4

However, this statement of Ref. [3] implies the presumption
that the scatterer is modeled as a single-resonant RLC circuit.
In such scatterers, both induced electric and magnetic dipole
moments are formed by the same current distribution and have
nearly the same frequency dispersion close to the fundamental
resonance.

Here, we show that once we relax this presumption, we can
largely overcome this fundamental bound. On the other hand,
we establish a new constraint for a general linear passive dipole
scatterer. We prove that indirect magnetoelectric coupling
coefficients (bianisotropy parameters) may be different from
zero only if both of the direct coupling coefficients @ and
@mm are simultaneously nonzero.

II. NECESSARY CONDITIONS FOR THE PRESENCE
OF INDIRECT COUPLINGS

Let us first apply the energy conservation law to a general
lossless bianisotropic scatterer (linear response is assumed).
Equating the power extracted by the scatterer from the
incident fields and the power which it re-radiates back into
surrounding space, we can write the following relation between
its polarizability tensors (see, e.g., Refs. [3,13]):

; 3

lat—a) =~ 5.4 )

2 67‘[60
where k is the wave number of the incident wave and ¢,
is the permittivity of the host medium that is assumed to
be isotropic and dielectric only, { denotes the conjugate
transpose operator, and the 6 x 6 polarizability dyadic is
defined in (A2). The time-harmonic dependency in the form
of e~ is assumed. From (Al) and (A2), the following
expressions for the polarizability tensor of a lossless scatterer
follow (see Appendix A):

&le - &ee = — i

2 o 67 €0
3

[&le - Olee + &;e - Omel, (6)
&I.Lm - &mm - —

2 6 €)

If we now assume that & is exactly zero, then we see
from (A3) that &he - Gme = 0. From here it follows that
@me = &em = 0 (see Appendix A). The same result can be
obtained from (A5) if a vanishing magnetic tensor &pm is
assumed. Similar reasoning leads to the conclusion that the
same result is valid also for lossy (dissipative) scatterers. It
can be understood from observing that for lossy scatterers
relations (A3) and (AS) contain additional positive terms in
the right-hand side, which represent the dissipated power.
Therefore, we conclude that if at least one of the direct
coupling tensors vanishes, the indirect coupling tensors must
be zero accordingly. However, from the above considerations
it does not follow that the indirect magnetoelectric coupling

(& - G + &y - Gem]. (7)
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FIG. 1. (a),(b) A metal split-ring resonator in free space. At the
main resonance, the induced electric and magnetic dipole moments
are related to the same nearly uniform current distribution.

coefficients cannot be stronger as compared to the direct ones,
as long as both direct polarizabilities are not exactly zero. It is
important to study if there are possibilities to design scatterers
which overcome the inequality (4).

III. COUNTEREXAMPLES WHICH BREAK THE
INEQUALITY |&tem@me| < |0tee®mml

A. Split-ring resonators

As a representative example, let us consider a scatterer that
exhibits bianisotropic coupling of the so-called omega type [8]:
a split-ring resonator (Fig. 1).

The resonator has a square shape with the outer edge equal
to 110 nm and the square cross section with the side of
30 nm. The gap is 30 nm. The material is gold [14]. Based
on the semianalytical approach developed in Ref. [15], we
extract the main polarizability components of this scatterer
excited by the illumination shown in Fig. 1. Figure 2(a) depicts
magnitudes of the main components of the polarizability
tensors and Fig. 2(b) shows the products of the direct and
the indirect terms, respectively.

Close to the resonance, where the current around the ring
is nearly uniform (the conduction current is continued in
the gap as a displacement current with the same phase), its
polarizabilities agree with the theory of Ref. [11] and obey
the relation (3). Based on the earlier studies [3], it can be
expected that when the frequency deviates from the resonant
range, limitation (4) should continue to hold. However, at
frequencies near 325 THz, the indirect coupling coefficient cter,
clearly exceeds both direct ones (normalized by the free space
impedance 79) more than 2.5 times. In this frequency range, the
current induced in the resonator is strongly nonuniform: The
current in the middle part of the scatterer is directed oppositely
to the displacement current in the gap and the external

1028 — |noacel 10728

—[amm /no — \/m
1072 |em| - -VIeemame|
g =
o 1070 \/ NE
E ~ 30
107! 1077 ¢
10°%2
100 200 300 400 100 200 300 400

Frequency (THz) Frequency (THz)
(2) (b)

FIG. 2. Numerically obtained magnitudes of the main polariz-
ability components of the split-ring resonator versus frequency.
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electric field excites predominantly a magnetic dipole moment.
Likewise, the external magnetic field excites a strong electric
dipole moment. We conclude that beyond the frequency range
of the fundamental resonance, where the RLC model is not
applicable, the limitation (4) does not hold.

B. Dimers

Although the studied example scatterer overcomes the
previously established limitation (4), the indirect coupling
coefficients oy and oy, are still of the same order as that of
the direct ones 1gtee and omm/Mo- In order to further enhance
the indirect coupling and suppress the direct polarization
effects, we push the idea of multimode scatterers to the
limit by designing a nanodimer whose two constituents have
electric polarizabilities of the opposite signs. Despite the fact
that dimer scatterers have been intensively studied (see, e.g.,
Refs. [5,16,17]), their potentials for enhancing bianisotropic
coupling as compared to the direct ones appear not to be
realized. Commonly, previous works (see, e.g., Ref. [5]) were
devoted to designing dimers that have no excited electric dipole
moment under illumination of an incident plane wave (e.g., to
realize scattering cancellation cloaking [18]):

pP= &cc - Eipe + &cm - Hipe = 0. (3

However, this condition is drastically different from our goal
to minimize the direct coupling. Indeed, Eq. (8) implies that
the indirect coupling should be of the same order as the direct
one.

In this work, we aim to design a scatterer such that
its electromagnetic response is almost solely defined by
the indirect coupling (a “purely bianisotropic scatterer”).
Neglecting the direct coupling coefficients, we can write the
dipole moments induced in such a scatterer as follows:

p~ &cm : Hinm m~ &mc ° Einc- (9)

To exactly meet the equality in (9) is impossible due to the
constraint established above.

We design the nanodimer as a system of two closely spaced,
very small (compared to the wavelength) dielectric spheres
with the relative permittivity €; and €; and equal radii r = 21.4
nm (see Fig. 3).

The distance between the centers of the spheres is 3r =
64.2 nm. Without loss of generality, we assume that the

€1

FIG. 3. Illustration of a nanodimer.
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FIG. 4. Distribution of the electric field scattered by the nan-
odimer with the polarizabilities given by (9). The dimer is excited by
external (a),(b) electric field and (c),(d) magnetic field. (b),(d) The
corresponding patterns of the scattering amplitude.

nanodimer is located in free space. We choose €; = 0.4 and
€, = 2 at the operational frequency, so that the electric polar-
izabilities of the spheres in the quasistatic approximation [1]
have equal amplitudes but opposite signs (see Appendix B).
The magnetic polarizabilities of both spheres in the quasistatic
approximation can be neglected.

In order to analyze the dimer polarizabilities, we excite it
by a combination of two plane waves propagating along the
z axis in the opposite directions, forming a standing wave.
When the dimer is positioned in the antinode of the electric
field E¢y¢ = 2E;c [see Fig. 4(a)], where the external magnetic
field is zero, the induced electric dipole moments in the two
spheres p; and p, compensate each other, ensuring near-zero
direct coupling coefficient «. of the total dimer system.

On the other hand, this configuration of the opposite electric
dipoles forms an electric quadrupole moment and a magnetic
dipole moment [which, according to (9), corresponds to the
nonzero indirect coupling coefficient oy, ]. Figure 4(b) depicts
the radiation pattern of the nanodimer under this excitation in
terms of the scattering amplitude f = lim, . E(r) - r. The
result corresponds to the typical pattern of combined electric
quadrupole and magnetic dipole moments.

Next, we position the nanodimer in the antinode of the
magnetic field of the standing wave Hey = 2Hj,. as shown
in Fig. 4(c). Importantly, in this configuration the induced

245428-3



M. ALBOOYEH et al.

107! 107! -
32 P
10 10—31_ .-
7 10—33 —_
E o

- 13
o e
) 10
— [maee| 34
— |cmm /no| 10~ — V/|aeeamm
- -Vl|aemame

100 200 300 400 100 200 300 400
Frequency (THz) Frequency (THz)

(a) (b)

|ovem |

FIG. 5. Numerically obtained magnitudes of the main po-
larizability components of the nonresonant purely bianisotropic
nanodimer.

magnetic moment in the dimer corresponding to the direct
coupling is negligibly small. There are two reasons for that.
Firstly, the spheres have a small intrinsic magnetic response
because we work far from their magnetic Mie resonances.
Secondly, the external magnetic field due to the Faraday law
creates circulation of the electric field around the center of
the dimer. Due to the opposite electric polarizabilities of
the nanodimer spheres, this circulating external electric field
excites noncirculating electric dipoles directed along the same
direction as is shown in Fig. 4(c). Therefore, the total magnetic
response at excitation by magnetic fields is almost completely
suppressed, and the scatterer radiates as a pure electric dipole
with the corresponding radiation pattern shown in Fig. 4(d)
(electric quadrupole moment is also very small).

In order to quantitatively analyze the response of the
nanodimer, we determine its main polarizability components
excited by illumination by waves propagating along the z
axis. Figure 5(a) shows the extracted polarizabilities of the
nanodimer and Fig. 5(b) depicts the product of the direct and
indirect terms.

Notice that in a very wide frequency range the magneto-
electric coupling coefficient is at least one order of magnitude
stronger than both electric and magnetic ones, so that the
limitation (4) is largely exceeded (more than 27 times).
Thus, the nanodimer exhibits properties of a nearly pure
bianisotropic scatterer and can be described by (9).

Although this example is simple and vivid, because of a
small size compared to the wavelength and the nonresonant
scattering regime, the dimer is weakly excited by incident illu-
mination, which may preclude its use in potential applications.
To enhance the strength of the nanodimer response and hence
make it practical, we have demonstrated a design solution for a
dimer operating near the Mie resonances of its two inclusions
(see Appendix B).

The unique property of pure bianisotropic response implies
several exciting consequences. For example, such a nanodimer
has an equivalent response (along its axis) to that of Kerker’s
magnetoelectric sphere with € = p [2]. In this regime, the
backscattering from the dimer is zero for any polarization of
the incident wave, as is seen from Egs. (9). Moreover, the
forward scattered wave has always the same polarization as
that of the incident wave.

Another interesting property of purely bianisotropic scat-
terers is predominantly lateral scattering. Indeed, if a dimer
is illuminated with a plane wave propagating along the x

PHYSICAL REVIEW B 94, 245428 (2016)

FIG. 6. Illustration of the modified purely bianisotropic scatterer.
The configuration ensures that for a specific incidence direction a
lateral force F L k acting on the cluster occurs.

axis (see Fig. 3) with the electric field polarized along the y
axis, the scattering pattern has a shape similar to that depicted
in Fig. 4(b) and is characterized by very weak forward and
backward scattering and strong side scattering along the +z
and —z directions. This effect of strong lateral scattering
can find important applications for engineering optical forces
which is discussed in the following.

IV. LATERAL OPTICAL FORCES WITH PURELY
BIANISOTROPIC SCATTERERS

Indeed, it is possible to modify the nanodimer so that the
scattering is directed predominantly in one lateral direction.
Let us consider a dimer configuration depicted in Fig. 6, where
we have added an additional sphere in the center of the dimer.

This additional sphere is a small metallic nanoparticle
which is at its plasmonic resonance, i.e., €3 &~ —2. In our
conceptual consideration we neglect without loss of generality
the effects of interaction between the plasmonic particle and
the nanodimer spheres. Under the excitation shown in Fig. 6,
an electric dipole moment p3 will be induced in the plasmonic
particle along the x axis, while the induced electric dipole
moments p; and p, in the dimer will form an effective magnetic
moment along the y axis. Tuning the dimensions of the
plasmonic nanoparticle and its loss factor, one can balance the
induced effective magnetic moment with the electric moment
ps3 so that they have the same amplitude and phase. In this
case, these two orthogonal dipole moments form a Huygens’
pair whose scattering pattern has a null along the +z or
—z direction. Therefore, due to the conservation of linear
momentum in the system, the nanocluster, illuminated by a
wave along the y direction will experience a lateral force along
the z direction. Such an effect of side optical forces can be
interesting in micromanipulation (so-called optical tweezers)
and fabrication.

V. CONCLUSION

In summary, we have proved that nonzero indirect coupling
coefficients in a passive scatterer exist only if both direct
coupling effects are present at least as very weak effects.
Based on several examples, we have shown that the earlier
published considerations do not impose any limit on the
strength of the indirect coupling coefficients compared to the
direct ones. Moreover, we have demonstrated that the indirect
coupling can be largely enhanced in specifically designed
dimer scatterers. Such dimers possess unique, almost purely
bianisotropic response and exhibit unprecedented effects, for
example, lateral optical forces.
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This result confirms the nearly pure bianisotropic response
of the nanodimer. The frequency shift from 417 THz to
350 THz can be explained by the mutual interaction of the
spheres. Compared to the case of small spheres in the main
paper, this nanodimer exhibits about three orders of magnitude
stronger electromagnetic response.

APPENDIX A: PROOF THAT PASSIVE PURELY
BIANISOTROPIC SCATTERERS DO NOT EXIST

In the main text, we state that if we assume that the electric
and magnetic polarizabilities &ee and &y, of a dipolar scatterer
are exactly zero, then the magnetoelectric polarizabilities Gem
and &me must also be zero. To prove that, we first employ the
relations for the extracted and scattered powers by the scatterer
in terms of the dipolar moments. Then, we consider the fact
that these two must be equal when there is no absorption loss.
From these considerations, we can write the relation between
the polarizability tensors as:

B
& a, (AD)

l,(&f — &) —
2 " 6reg

where T is the conjugate transpose operator and

_ &ee &em
- &me &mm ’
From (A1) and (A2) we derive the following expressions for
the polarizability dyadics of a lossless particle:

(A2)

Qu

&i‘le%zem _ _i6:3€0 (&L, - Gem + Gl - Fmml,  (Ad)
w _ _1.6560 (@], Gem + Gl - G, (AS)
@ _ _i67]jeo (Gl Gee + @1 - Gmel.  (A6)

Next, let us assume that both electric and magnetic polariz-
abilities of the scatterer are zero, i.e., @ee = @mm = 0. Then,
from (A3) and (AS) it follows that

& - @me =0, (A7)

&l Gm = 0. (A8)

If we consider @y, and & as three-dimensional matrices:

g dem @y
Fem = | Com  Odin  Oim (A9)
Aoy Gem
and
ope e O
Fme = | Cme e Oine | (A10)

x zy 44
Pne Ome Ume
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FIG. 7. Analytical polarizabilities of spheres with ¢, = —0.6 and
€, = 10 at frequencies near the Mie resonances. At 417 THz, the
real parts of the electric polarizabilities have equal amplitudes but
opposite signs, while their imaginary parts are negligible.

then from (A7) and (A8) we obtain the following two sets of
equations:

x| + |o2a | + e = 0,

X
Z.
Oem

il e+ loi [ = 0.

| [+ Jos ) + o [P = 0

(A11)

Hinc

(c) (d)

FIG. 8. Distribution of the electric field scattered by the nan-
odimer at 350 THz. The dimer is excited by external (a),(b) electric
field and (c),(d) magnetic field. (b),(d) The corresponding patterns of
the scattering amplitude.
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and
Joges|* 4 et + ez = 0.
oz 4 e + ez = 0. (A12)
e + o] + e = 0.

Now from (A11) and (A12) one can conclude that if & =
Qmm = 0, then there is no possibility to have nonzero @y, and
e, 1.€.,

if {&ee = &mm = 0} - {&em = &me = O} (A13)

This conclusion is applied to any dipolar scatterer.

APPENDIX B: DIELECTRIC SPHERES CLOSE
TO THE MIE RESONANCES

The electric polarizabilities of the spheres within the
quasistatic approximation read

3 3(e1p—1)
Qeel,2 = Z A€y ———~—

B1
3 €12+2 (BD)

and their magnetic polarizabilities can be neglected. In the
main text, we presented a scatterer system of two dielectric
spheres whose magnetoelectric polarizability is stronger than
both electric and magnetic polarizabilities. The individual
electric o, and magnetic oy, dipole polarizabilities of a
dielectric sphere can be determined by [19]:

brie
3

te= "1, = T, (B2)
where k = w, /1€ is the host medium wave number, w and €
are the permeability and permittivity of the host medium, a,
and b; are the dipolar terms of the scattering Mie coefficients
for a sphere of an arbitrary size in a uniform host medium. The
scattering Mie coefficients of all the multipoles excited in the

sphere are denoted by [20]:

i ju(ma)[xja ()] = pp jn ) lmx iy (mx)

T um? i ma)[xhP (0] = ppht lmx i (mx)l
(B3)
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FIG. 9. Numerically obtained magnitudes of the main polariz-
ability components of the purely bianisotropic nanodimer operating
close to the Mie resonances of its inclusions.

and
_ iphn MO = i (), )Y
"l inmO[xhP ()] = phP @ lmx, ma)l

B4)

Here, x = w/ueD/2, m = ”::" , 1p and €, are the perme-
ability and permittivity of the sphere particle, respectively.
In these relations D is the sphere diameter, j, and A" are
the spherical Bessel functions of the first and third kind,
respectively, and sign “/” denotes the derivative with respect
to the argument.

We choose the radii of the spheres » = 65 nm and the dis-
tance between their centers 3r = 195 nm, and calculate the po-
larizabilities using the full-wave Mie theory. To prevent strong
magnetic response from the spheres, we choose the operational
frequency far enough from the nearest magnetic resonance
of the spheres occurring at 696 THz. Next, we choose the

permittivities of the spheres €; = —0.6 and €, = 10 such that
at the frequency 417 THz their electric polarizabilities have
equal amplitudes but opposite signs Re(tee1) = —Re(@ee2).

Figure 7 depicts the analytically calculated polarizabilities of
such spheres.

Due to this property, the external electric/magnetic field
induces magnetic/electric dipole moment in the nanodimer
as shown in Figs. 8(a) and 8(c). The scattering patterns for
these two cases are presented in Figs. 8(b) and 8(d). Close
to 350 THz, the direct coupling coefficients are suppressed,
while the indirect coupling coefficient is strong [see Figs. 9(a)
and 9(b)].
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Conventional mirrors obey the simple reflection law that a plane wave is reflected as a plane wave, at the
same angle. To engineer spatial distributions of fields reflected from a mirror, one can either shape the
reflector or position some phase-correcting elements on top of a mirror surface. Here we show, both
theoretically and experimentally, that full-power reflection with general control over the reflected wave
phase is possible with a single-layer array of deeply subwavelength inclusions. These proposed artificial
surfaces, metamirrors, provide various functions of shaped or nonuniform reflectors without utilizing any
mirror. This can be achieved only if the forward and backward scattering of the inclusions in the array can
be engineered independently, and we prove that it is possible using electrically and magnetically
polarizable inclusions. The proposed subwavelength inclusions possess desired reflecting properties at the
operational frequency band, while at other frequencies the array is practically transparent. The metamirror
concept leads to a variety of applications over the entire electromagnetic spectrum, such as optically
transparent focusing antennas for satellites, multifrequency reflector antennas for radio astronomy, low-
profile conformal antennas for telecommunications, and nanoreflectarray antennas for integrated optics.

DOI: 10.1103/PhysRevLett.114.095503

Conventional mirrors, known since the dawn of civi-
lization [1], obey the simple law of reflection: the reflection
angle is equal to the incidence angle. This follows from the
fact that the total tangential electric field at the ideal mirror
surface is zero; thus, the phase of the electric field in the
reflected wave is the opposite to that in the incident wave.
If a reflector can be engineered to enable general control
over the reflection phase, it is possible to change the
direction of the reflected waves at will [2]. Developments in
the field of antennas enabled creation of reflectarrays [3],
layers with any desired phase of reflection at microwaves.
Conceptually, reflectarrays are conventional mirrors, modi-
fied by some additional phase-shifting elements positioned
close to fully reflecting surfaces. Since most reflectarrays
incorporate a metal ground plane, the transmission through
them is completely blocked and reflection amplitude can be
very high if low-loss materials are used. On the other hand,
the presence of a metal ground plane forbids transmission
at all practically important frequencies and limits applica-
tion possibilities. The use of metal meshes or frequency
selective surfaces as back reflectors of reflectarrays does
not allow one to overcome this drawback and implies,
respectively, a very broadband reflection region or poor
transmission above the resonant band [4]. If it will become
possible to create arrays of small particles that fully reflect
incident electromagnetic waves but allow full control over
the reflection phase, all of the limitations due to the
presence of a conventional mirror will be removed.

Clearly, such subwavelength structural layers possess
electromagnetic properties that are not available in natural
materials, and potential realizations require the use of
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artificial materials, called metamaterials. The past few
years have witnessed remarkable progress in the develop-
ment of single-layer planar metamaterials having deeply
subwavelength thicknesses. Such two-dimensional compo-
sites, so-called metasurfaces [2,5], have demonstrated the
capability to arbitrarily manipulate the reflected and trans-
mitted wave fronts. While metasurfaces tailoring wave
fronts in transmission [5—12] usually consist of subwave-
length inclusions and are transparent outside of the operat-
ing frequency band, most metasurfaces manipulating
reflection are metal backed and detectable over the entire
frequency range [13—19]. To the best of our knowledge, the
only work on phase-controlling reflecting structures with-
out a ground plane utilizes a multilayer electrically thick
structure [20]. The difficulties in extending the well-under-
stood techniques for phase control in transmission to
control of the reflection phase follow from the fact that
the physical phenomena behind manipulation of wave
fronts in transmission and reflection are crucially different.
Transmission wave front control can be accomplished by
using an array of various so-called Huygens elements (zero
backward scattering inclusions) that scatter waves with
adjustable phase in the forward direction [8—12]. To control
the wave front of reflection, the inclusions in the array
should be engineered in such a way that they re-radiate
waves in the backward direction with different phases,
while in the forward direction they scatter waves with the
same phase, opposite to that of the incident plane wave.
In this Letter we introduce and experimentally validate a
new concept of nonuniform metamirrors, ultrathin engi-
neered structures providing full control of reflected wave

© 2015 American Physical Society
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fronts independently for the two sides of the metamirror.
Because of the lack of a ground plane and deeply
subwavelength dimensions of the inclusions, the designed
metamirrors are practically invisible at frequencies outside
of the operational band. The proposed metamirrors are
formed by single planar arrays of specifically shaped
resonant bianisotropic inclusions [21,22] possessing both
electric and magnetic responses, as well as magnetoelectric
coupling.

Consider a metasurface consisting of a single planar
periodic array of identical subwavelength inclusions polar-
izable both electrically and magnetically. An incident plane
wave impinges on the array normally to its surface along
the z direction (see Ref. [23]). Since the array period is
small compared to the wavelength, the electric and mag-
netic moments induced in the inclusions can be modeled
as surface-averaged electric and magnetic currents. The
induced currents radiate secondary plane waves in the
backward and forward directions. As shown in Ref. [21], it
is convenient to describe the properties of a metasurface in
terms of the collective polarizabilities « of its unit cell of the
area S. The electric fields of the backward and forward
scattered plane waves from the metasurface illuminated by
an incident plane wave are given by

)
Epack = _é_s (ae + 20, — am)Eincv

Jo
Eforw = _ﬁ (ae + am)EinCﬂ (1)

where @ is the angular frequency, «,, a,,, and a,, are,
respectively, the electric, magnetic, and so-called magneto-
electric polarizabilities of the unit cell, normalized to the
impedance of free space. The upper and lower signs in
the equation correspond to the two different cases when the
metamirror is illuminated from the +z and —z directions,
respectively. The polarizability quantities characterize the
electric and magnetic responses of the inclusions as well as
their mutual interactions in the array. The magnetoelectric
polarizability «,,,. measures the capability of the inclusion
to acquire electric polarization under the influence of an
external magnetic field. Such property, inherent in biani-
sotropic inclusions [22], enables additional freedom in
metasurface engineering. Here we use the physical effect of
bianisotropic coupling to allow realization of independent
control of reflection and transmission using only small
resonant particles. While all the particles are at resonance
and create the same forward-scattered fields, different field
coupling strength ensures the desired differences in reflec-
tion properties. This scenario allows realization of arbitrary
(limited only by the power conservation) reflection and
transmission properties of the structure.

It should be stressed here that the complete phase control
of reflection can be achieved by exploiting an array of
anisotropic particles with zero a,,. and nonzero a, and a,,

polarizabilities, such as simple electric and magnetic
dipoles. However, the design of such an array becomes
very challenging since the inclusions of these two types
must operate in a metamirror at nonresonant frequencies
[21] and be adjusted individually and very precisely, taking
into account their mutual interactions.

Zero transmission through the metasurface is achieved
when the inclusions collectively radiate a secondary wave
in the forward direction that destructively interferes with
the incident wave Eg, = —E;,.. To ensure full reflection
with any desired phase ¢, the backscattered wave must be
such that Ey, = ¢/?E,,.. In order to efficiently manipulate
wave fronts of reflection from metamirrors, we adjust the
phase of reflection from each inclusion individually,
preserving the unity value for the reflected-wave amplitude
and identical phase (opposite to the phase of the incident
wave) of the forward scattered fields. This feature dra-
matically distinguishes the metamirror concept from the
designs utilizing a ground plane [13-17]. Figure 1 illus-
trates the effect of controllable asymmetric scattering. In
this example, an array of inclusions radiates waves in the
backward direction with a linearly varying phase.

To demonstrate the potential and flexibility of the
proposed metamirror concept, we consider two example
structures: a metamirror anomalously reflecting normally
incident waves and a reflecting metalens (a single-layer
focusing sheet). Although the proposed concept is generic
and can be applied over the entire electromagnetic spec-
trum, we design and experimentally measure structures
operating in the microwave frequency band. The designed

o
(=)}

Backward scattering Forward scattering

(a)

FIG. 1 (color online). The results of full-wave simulations of
the individual inclusions of a metamirror which totally reflects
normally incident waves at an angle 6 = 45° from the normal.
(a) Field distribution of an incident wave normally impinging on
the metamirror surface. (b) Distribution of the copolarized
electric field of the scattered waves from each inclusion. The
forward scattered waves from the individual inclusions have
identical phases opposite to the phase of the incident wave, which
yields zero transmission. In the backward direction the inclusions
radiate with discrete phase shifts from 0 to 5z/3, clearly revealing
anomalous reflection.
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prototypes can be subsequently pushed to the infrared and
even the optical range by downscaling the sizes of the
structural inclusions, modifying their geometry, and taking
into consideration the properties of materials at different
frequencies. Recent progress in designing low-loss electro-
magnetic inclusions for the visible range [24] opens up a
promising way to realize the proposed structures for light
bending. In our design we are content with the case of
metamirrors operating with incident waves of a single
linear polarization. The polarization-insensitive regime in
the metamirrors can be achieved by the use of inclusions
possessing uniaxial symmetry [21].

First, we design a metamirror to efficiently reflect
normally incident plane waves to an arbitrarily chosen
angle 0 = 45° from the normal. Based on the principle of
phased arrays, the reflected wave front is deflected to an
angle 6 if the metasurface provides a linear phase variation
spanning the 2z range with the periodicity d = 1/ sin®,
where 4 is the operating wavelength. In our design we use
copper wire inclusions embedded in Rohacell-51HF
(e, = 1.065, tand = 0.0008) foam of 5 mm thickness
[see Fig. 2(a)]. The dielectric substrate is needed only
for mechanical support of small conductive inclusions.
Each period d is discretized into 6 unit cells consisting of

¥ Tg |E/Einc|2

——
22 44 66
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() (d)

FIG. 2 (color online). (a) The period of a metamirror consisting
of 6 subwavelength copper inclusions that provide a linear phase
variation of the reflection spanning a 2z range. The blue box
denotes the dielectric substrate. (b) Magnetic field distribution
(normalized to the magnetic field of the incident wave) of the
transmitted (the —z half-space) and the reflected (the +z half-
space) waves. (c) A metalens composed of 6 concentric arrays of
the designed subwavelength inclusions. The dielectric substrate is
denoted by the blue box. (d) Power density distribution
(normalized to the incident power density) of the transmitted
(the —z half-space) and the reflected (the +z half-space) waves.

different subwavelength inclusions providing discrete
phase shifts from 0 to 2z (see Ref. [23]). All of the
inclusions have nonzero magnetoelectric polarizability o,
due to the fact that they incorporate electrically polarizable
straight wires connected to magnetically polarizable wire
loops. The required polarizabilities a,, @,,, and o, of the
inclusions were found based on Eq. (1). In order to
determine the shape and dimensions of practically realiz-
able inclusions with the required polarizabilities, we utilize
an approach based on scattering cross sections [25]. All of
the dimensions of the inclusions and a description of their
electromagnetic polarizability can be found in Ref. [23].
The simulated scattering properties of the individual
inclusions of the metamirror are shown in Fig. 1(b). The
operating frequency of 5 GHz is chosen. At this frequency
the periodicity along the y axis is d = A/ sin45° = 84.9 mm.
Along the x axis the unit cells are positioned with the
periodicity d/6 = 14.1 mm. An incident plane wave
impinges on the metamirror from the +z direction with
the electric field parallel to the x axis. Figure 2(b) illustrates
the simulated magnetic field distribution of the reflected
(backward scattered wave) and transmitted waves (inter-
ference of the incident and forward scattered waves). Only
8% of the incident power is transmitted and 6% is absorbed
by the material of the inclusions. The high reflectance of
86% and the pure wave front rotation confirm remarkable
functionality of the metamirror. The reflection level can be
further improved by optimizing the inclusions taking into
account the mutual interaction of inclusions of different
types. The half-power bandwidth of the proposed meta-
mirror is 0.25 GHz or 5%, which can be considered quite
broad taking into account the subwavelength thickness
t = A/7 of the designed structure. The frequency stability
of the metamirror performance as well as its functionality
for incident waves from the —z direction are presented in
Ref. [23]. It should be stressed that the proposed meta-
mirror based on the wire inclusions is only a conceptual
prototype and can be improved by using inclusions of other
types [24,26,27] with the properties dictated by Eq. (1).
Another example demonstrating the universality of
nonuniform metamirrors is focusing metasurfaces showing
extremely strong wave-gathering ability. The metamirror
concept opens a new route towards engineering a concep-
tually new kind of lens, one consisting of an ultimately thin
single layer of subwavelength inclusions providing near-
diffraction-limit focusing of electromagnetic energy at a
chosen point. Subwavelength sizes of the inclusions that
radiate as dipoles provide homogeneous phase variation
along the surface and enable focusing at extremely short
distances. We have designed a single-layer metalens
composed of 6 concentric arrays of subwavelength inclu-
sions with the dimensions described in Ref. [23]
[see Fig. 2(c)]. The diameter of the lens is D = 2.84,
and the effective thickness of the structure (thickness of the
inclusions) is ¢=1/7. The mechanically supporting
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dielectric is a styrofoam plate (¢, = 1.03, tan = 0.0001)
of 10 mm thickness. Realization of the desired lens
response requires certain reflection phase variations along
the surface ensuring that the scattered fields from all the
inclusions constructively interfere at the desired point.
Without loss of generality, we content ourselves with the
case when the metalens confines energy on its axial line at a
focal distance f. The required phase of reflection ¢ for an
inclusion located at a distance r from the center is

9(r) = o+ 20/ P+ £, 2)

where ¢ is the speed of light and ¢, is an additional
constant phase that can be chosen arbitrarily. Equation (2)
shows that a metalens with a smaller focal distance requires
faster phase variations along the surface. In order to have
enough smooth phase gradient to allow surface homog-
enization, we choose the focal length of f = 0.64 for a
metalens consisting of wire inclusions of 1/7 size. The
relation between the phase ¢ and coordinate r of the
inclusions of a metalens operating at 5 GHz is specified
in Ref. [23].

An incident plane wave impinges on the metalens from
the +z direction with the electric field along the x axis.
Figure 2(d) shows the simulated power distribution of
the reflection and transmission from the metalens. The
metalens effectively reflects the wave and focuses it tightly
near the diffraction limit to a spot of only 2.84 x 0.94 size
(1/¢* beamwidth). The extremely strong focusing ability of
the designed metalens provides the focal length of only
f =0.651 and high energy gain of 8.8 in the spot. The
unprecedentedly short focal length of our metalens is
significantly smaller than those of conventional and other
metamaterial-based lenses [7,8,28]. The f number (the
ratio of the focal length to the aperture diameter of a lens
f/D) for the designed metalens comes to 0.23 and can be
further decreased by increasing the aperture, which in this
example is only 2.84. Such a small f number of the
metalens allows gathering more power and generally
provides a brighter image. It should be noted that the
metalens possesses asymmetrical focusing properties with
respect to the propagation direction of incident waves (see
Ref. [23]). An additional weak spot behind the metalens
seen in Fig. 2(d) is caused by imperfections in the
inclusions shape that affect the near-zone fields.

The operation of the two proposed metamirrors was
verified by conducting measurements inside a parallel-plate
waveguide. The measurement characterization is described
in detail in Ref. [23]. The electric field distribution of the
incident and reflected waves from the metamirror reflecting
normally incident waves at an angle 6 = 45° are shown in
Figs. 3(a) and 3(b), respectively. The metalens operating in
free space and described in Figs. 2(c) and 2(d) cannot be
modeled in a waveguide due to the axial symmetry of the
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FIG. 3 (color online). Distribution of the measured (a) incident
and (b) reflected copolarized electric field in the waveguide for a
metamirror reflecting normally incident waves at an angle
6 = 45°. The source in (a) and (b) is located at point z = 144.
Distribution of the measured (c) incident and (d) reflected
copolarized electric field for a metalens in the waveguide. The
metalens in (c) and (d) is positioned at point z = 0.

lens. Therefore, we manufacture a metalens with mirror
symmetry along the xz plane focusing reflected waves in
the line parallel to the x axis in the focal plane. To analyze
the metalens, we position the source of an incident
cylindrical wave in its focal plane (at a distance of
f = 0.654 = 39 mm). Based on the reciprocity principle,
the metalens illuminated by an incident cylindrical wave
from the focal point [shown in Fig. 3(c)] totally reflects a
wave with a plane wave front [shown in Fig. 3(d)].

The above examples clearly demonstrate that arrays of
small inclusions can fully reflect electromagnetic waves
with any desired phase distribution. Control over the
reflection amplitude can be realized simply by adjusting
the loss parameter of the inclusions’ material. Providing
full control of reflected wave fronts, metamirrors are nearly
transparent outside of the operational frequency band (see
Ref. [23]). This unique feature leads to a variety of exciting
applications over the entire electromagnetic spectrum.
At microwaves, being practically transparent at infrared
and visible frequencies, metamirrors have a clear potential
for breakthroughs in the design of antennas for various
applications, in particular, for satellites and radio
astronomy. For example, the proposed layer can work as
a large parabolic reflector for radio waves, while being
deposited on a flat surface of a thin transparent film,
dramatically simplifying deployment, or even on solar-cell
panels of a satellite, not disturbing the panel operation. In
radio astronomy as well as in satellite technologies, it will
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become possible to realize multifrequency or multibeam
antennas using a parallel stack of such layers, each tuned to
emulate parabolic reflectors at different frequencies and, if
needed, with different focal points. Another exciting
possibility is to exploit the extremely small focal distance
of the proposed metalens, for instance, realizing extremely
low-profile conformal antennas for mobile communica-
tions (the metasurface does not have to be flat and can be
conformal to any object). The proposed concept may be
scaled down to shorter wavelengths for a broad range of
applications in nanophotonics and integrated optics. In
particular, the proposed focusing metamirrors will open
up new opportunities for micro- and nanoscale wavelength
demultiplexing and nanosensing. Metalenses with the
unprecedentedly small f/D ratio provide huge concentration
of optical energy that can be used for enhancing sensitivity
of imaging and probing instruments at nanoscale.
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1 Phase variations along the surface of the proposed metamirrors

In the main text, we introduce metamirrors formed by single planar periodical arrays of
sub-wavelength inclusions polarizable both electrically and magnetically. The geometry
of a generic metamirror at the related coordinate system is illustrated in Fig. 1(a).

The metamirror reflecting normally incident plane waves at an angle 6 = 45° requires
periodic phase variations from 0 to 27. In our design each period d of the metamirror
is discretized into 6 unit cells consisting of different sub-wavelength inclusions providing
discrete phase shifts. The required phase variations at the metamirror surface within one
period d are plotted in Fig. 1(b). The metalens, described in the main text, is composed
of 6 concentric arrays of sub-wavelength inclusions. The required phase variations of the

inclusions is plotted in Fig. 1(c).
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Figure 1: (a) An illustration of a generic, optically thin metamirror. (b) The solid curve shows the
required phase variations at the metamirror surface within one period d. The dots of different colors
show the phase that is provided by the different designed inclusions. (c) The solid curve shows the
required phase variations at the metalens surface versus the distance to the center of the lens . The dots
of different colors show the phase that is provided by the designed inclusions in the different concentric

arrays.

2 Inclusions of the proposed metamirrors

In order to ensure full control over reflected wave phase, we exploit inclusions possessing
both electric and magnetic response, as well as magnetoelectric coupling. Such properties
can be achieved in particular with copper inclusions shown in Fig. 2. They incorporate
electrically polarizable straight wires (with the lengths [; and l5) connected to magnetically
polarizable wire loops (with the radii Ry and Rs). An external electric field along the
zr-axis excites an electric dipole moment in the straight wires. Moreover, due to the
connection between the straight wires and the loop, the external electric field excites also

a magnetic moment in the loop. This feature of the inclusions is called magnetoelectric



(a) (b)

Figure 2: Two types of bianisotropic omega inclusions: (a) So-called twisted omega inclusion (hereinafter,

first type); (b) Inclusion with shape of the letter Q (hereinafter, second type).

coupling, i.e. electric and magnetic responses of the inclusions are coupled. Likewise, an
external magnetic field along the y-axis excites a magnetic moment in the loop and an
electric dipole moment in the straight wires. The magnetoelectric coupling effect opens
up an additional degree of freedom for designing metasurfaces with extreme properties, in
particular, metamirrors. The loops of the inclusions, in addition to the magnetic response,
are also electrically polarizable along the x-axis. Therefore, the electric polarizability of
the whole particle equals to either the sum (the inclusion in Fig. 2(a)) or the difference
(the inclusion in Fig. 2(b)) of the polarizabilities of the straight wire and loop parts, which
leads to different electromagnetic response. The inclusions of the first type (Fig. 2(a))
effectively reflect waves with the phase from —m/2 to +7/2. The inclusions of the second

type (Fig. 2(b)) allow one to cover the reflected wave phases from /2 to 37 /2.



In our experimental samples we use copper wires of the diameter of 0.55 mm. The

capacitive gaps hy = 0.8 mm and hy = 0.4 mm are identical in all the inclusions of the

studied metamirrors. All the other dimensions as well as locations of the inclusions are

given in Table 1 and Table 2.

Table 1: Dimensions of the inclusions and their locations within the period of the metamirror.

Location along the

y-axis within the

Type of an inclusion

Loop radius, mm

wires, mm

Length of the straight

Phase of the

backscattered wave

period d
—5d/12 First Ry =279 1 =1.29 5m/3
—d/4 Second Ry =3.43 l2 =3.49 4m/3
—d/12 Second Ry =2.88 lo = 5.42 bis
d/12 Second Ry = 3.35 lo =4.01 2m/3
d/a First Ry = 3.01 I =1.00 /3
5d/12 First Ry =2.28 L1 =2.84 0




Table 2: Dimensions of the inclusions and their locations in the metalens.

correspond to the inclusions in Fig. 2(c) in the main text.

The first six inclusions

Distance to the Type of an Loop radius, mm Length of the Phase of the Position of the
center of the lens inclusion straight wires, backscattered straight wires
r, mm mm wave, °
0 First Ry = 3.45 11 =0.57 280 —2z half-space
18 First Ry = 2.66 11 =1.50 306 —z half-space
33 First Ry =2.27 1y, =2.87 0 —z half-space
48 First Ry = 3.19 11 =0.83 65 +z half-space
63 Second Ry = 3.45 lo = 5.26 140 +2 half-space
78 Second Ro = 3.49 lo = 5.04 218 —z half-space
93 First Ry = 2.66 1y =1.50 306 —z half-space
108 First Ry = 2.50 1L =1.90 27 +z half-space
123 Second Ry = 3.77 lo = 3.55 113 +2 half-space
138 Second Ro =3.33 lo =5.79 207 —z half-space
153 First Ry =3.16 1 =0.88 285 —z half-space
168 First Ry =244 1L =2.09 19 +z half-space




3 Experimental realization

The operation of the two proposed metamirrors was verified by conducting measurements
inside a parallel-plate waveguide. The sub-wavelength inclusions of the metamirrors can
be represented as coupled vertical electric and horizontal magnetic dipoles. According to
the image theory, by placing a one-dimensional array of such inclusions inside a parallel-
plate waveguide with the height equal to the array period, we can effectively emulate
the two-dimensional scenario in free space where the structure is infinitely periodic in
the vertical z-direction. The incident waves with the z-oriented electric field are gener-
ated by a vertical coaxial feed, as described in more detail in the next section. At the
operating frequency of the metamirrors only transverse electromagnetic (TEM) waves,
with the electric and magnetic fields orthogonal to the propagation direction, can propa-
gate without attenuation in the waveguide. The spatial distribution of the x-component
(the other components are negligible with the described incidence and geometry) of the
electric field inside the waveguide is measured through a copper mesh embedded in the
bottom plate using a movable coaxial probe positioned under the mesh. The mesh does
not significantly disturb the field distribution inside the waveguide since the mesh period
is much smaller than the wavelength. In order to visualize the reflected (back-scattered)
fields from a metamirror, we have conducted two sets of measurements. In the first set, we
measure the field distribution of an incident wave propagating in the empty waveguide.

The second set implies measurement of the total electric field (incident and reflected) in



the waveguide in the presence of the metamirror. Consequently, the reflected field values
can be found by subtracting the incident fields in the first measurement from the total
fields in the second measurement.

First, we analyze the metamirror reflecting normally incident plane waves to an angle
6 = 45° from the normal. The manufactured metamirror (Fig. 3(a)) is positioned at a

distance of 80 cm (about 14 operating wavelengths) from the feed (Fig. 3(c)). At this

Figure 3: Experimental realization. (a) Fabricated metamirror for changing direction of the reflection
wavefronts. The blue box shows the period of the metamirror along the z and y-axis. (b) Fabricated
metalens consisted of 23 sub-wavelength inclusions. (c-d) Experimental setups for metamirrors in (a) and

(b), respectively. The top metal plates of the waveguides are removed.

distance, cylindrical waves radiated by the feed can be considered as nearly plane waves.
The electric field distribution of the incident, total and extracted reflected waves from
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the metamirror at a frequency 5.2 GHz are shown in Fig. 4(a)-4(c). Figures 4(d)-4(f)

Metamirror —,

1

, y(cm)
.y (cm)
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Figure 4: Experimental verification of the anomalous reflection. (a-c) Distribution of the measured
co-polarized electric field in the waveguide for a metamirror reflecting normally incident waves at an
angle § = 45°. (a) The field distribution of an incident wave in the empty waveguide. (b) The field
distribution in the presence of the metamirror (interference of the incident and reflected waves). (c) The
field distribution of the reflected wave. (e-f) Corresponding electric field distributions from full-wave

numerical simulations of the measurements in a waveguide. The source of incident cylindrical waves is

located at point z = 14\.

show the corresponding field distributions achieved with full-wave numerical simulations
of the experimental setup at the frequency 5 GHz. The metamirror totally reflects a

normally incident plane wave from the +z-direction (Figs. 4(a) and 4(d)) to an angle



0 = 45° from the normal (Figs. 4(c) and 4(f)). The measured and simulated results are
in good agreement and manifest the desired functionality of the metamirror predicted by
our theory. The reduced amplitude of the reflected wavefront, as seen from Fig. 4(e), can
be caused by insufficient sensitivity of the measuring probe and the presence of non-zero
horizontal components of the total electric field in the waveguide. The small difference of
the optimal operating frequencies for the measured and simulated data can be explained
by inaccuracies in the dimensions of the manufactured inclusions.

The metalens shown in Fig. 6 of the main text cannot be studied in a planar waveguide
due to the axial symmetry of the lens. Therefore, we manufacture a metalens with mirror
symmetry along the zz-plane focusing reflected waves into a line parallel to the z-axis
in the focal plane (Fig. 3(b)). In the waveguide scenario we increase the number of the
inclusions of the lens to 23 (see Table 2). To analyze the metalens, we position the feed
in the focal plane as shown in Fig. 3(d) (at the distance of f = 0.65A = 39 mm). Based
on the reciprocity principle, the metalens illuminated by an incident cylindrical wave
from the feed should reflect a plane wave. Similarly to the previous case, the electric field
distributions are plotted in Figs. 5(a)-5(f). An incident cylindrical wave radiated from the
focal point of the metalens (Figs. 5(a) and 5(d)) is totally reflected with a plane wavefront
(Figs. 5(c) and 5(f)). The measured and simulated data confirm the desired performance
of the metalens. The above examples clearly demonstrate that arrays of small inclusions

can fully reflect electromagnetic waves with any desired phase distribution.



4 Metamirror fabrication and measurement characterization

The inclusions of the metamirrors were manually manufactured of copper wires with
0.55 mm diameter and embedded in the supporting material. The first example metamir-
ror consisted of 54 inclusions of six different types (described in Table 1) positioned
periodically along the y-axis as shown in Fig. 3(a). The distance between the adjacent
inclusions was 14.14 mm. The metalens consisted of 23 inclusions (see Table 2) having
mirror symmetry along the z-axis. The location of each inclusion is specified in Table 2.

A parallel-plate waveguide with the dimensions 80 cm x 90 cm (along the y and z-
axis, respectively) had the height of 14.1 mm and 15 mm for the cases of the anomalously
reflecting metamirror and the metalens, respectively. The waveguide was fed with a sta-
tionary vertical coaxial feed. The inner conductor of the feed was connected to the bottom
plate and the outer conductor to the top plate. The feed was positioned in the first and
the second experimental setups at a distance of 80 cm and 39 mm from the metamirror,
respectively. The manufactured one-dimensional metamirrors were positioned parallel to
the edge of the waveguide at distances from the feed described in the previous section.
The vertical coaxial probe positioned about 5 mm under the mesh measured near fields
penetrated through the mesh. The 25 cm x 35 cm copper mesh had the period of 5 mm
and the strip width of 1 mm. In the first experimental setup the mesh was located di-
rectly in front of the metamirror. In the second experimental setup the center of the mesh

was positioned at a distance of 161 mm from the metalens. Microwave absorbing material
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blocks of 10 cm width were placed at the edges of the waveguide to reduce reflections. The
stationary coaxial feed was connected to port 1 of Agilent Technologies’ E8363A vector
network analyzer, while the probe was connected to port 2. A field scanning system in-
cluding the vector network analyzer and a PC connected to two moving platforms (along
y- and z2-directions) manufactured by Physik Instrumente was used to scan the field under
the mesh in the horizontal plane. The scanning system measured transmission coefficient
from port 1 to port 2 S5, automatically with the step of 2.5 mm. The scanned area
30 cm x 24 cm (120 x 96 measurement points) was positioned in the center of the metal
mesh. The spatial distribution of the transmission coefficient represents distribution of

the z-component of the electric field.

5 Frequency bandwidth of the proposed metamirrors and the response to

illumination from the opposite side

The criterion for the frequency bandwidth of the metamirror was chosen based on the
half-power bandwidth of the desired reflection signal level. The upper and lower bounds
of the operational band were defined as the frequencies at which one half of the incident
power is reflected. The plots in Figs. 6(a) and 6(b) demonstrate that even at the edges of
the operational frequency band the metamirror efficiently tilts the wavefront of reflection
at the angle of 45 degrees.

The operation of both proposed metamirrors for illumination from the opposite direc-
tion (—z-direction) is illustrated in Figs. 6(c) and 6(d).

11



6 Operation of the proposed metamirrors outside of the operational fre-

quency band

A unique feature of the proposed metamirrors lies in the ability to be nearly transparent
outside of the operational frequency band. The plot in Fig. 7(a) demonstrates reflection
and transmission properties of the metamirror tilting the reflection wavefront at an an-
gle of 45 degrees. One can see that outside of the frequency range from 4.45 GHz to
5.55 GHz the metamirror transmits more than 90% of the incident power. Polarization
transformations do not occur at all the frequencies.

The finite size of the metalens does not allow to measure both reflection and trans-
mission coefficients. In order to estimate transparency of the metalens outside of the
operational frequency range, we measured the total scattered power. Outside of the fre-
quency range from 4.37 GHz to 5.54 GHz the metalens scatters less than 10% of the
incident power. The plots in Figs. 7(b) and 7(c) demonstrate wave propagation through
the metalens at these boundary frequencies. It is seen that the metalens does not distort

the field distribution of an incident wave being nearly transparent at these frequencies.

12
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Figure 5: Experimental verification of the metalens operation. (a-c) Distribution of the measured co-
polarized electric field for a metalens in the waveguide. (a) The field distribution of an incident cylindrical
wave radiated by the feed in the empty waveguide. The feed is positioned at the focal point of the lens.
(b) The field distribution in the presence of the metalens (interference of the cylindrical incident and
plane reflected waves). (c¢) The field distribution of the reflected wave. (e-f) Corresponding electric field
distributions from full-wave numerical simulations of the measurements in a waveguide. The metalens is

positioned at point z = 0.
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Figure 6: (a-b) Magnetic field distribution (normalized to the magnetic field of the incident wave) of
the transmitted (the —z half-space) and reflected (the +z half-space) waves. (a) Operation at 4.87 GHz
(lower bound). (b) Operation at 5.12 GHz (upper bound). (c) Magnetic field distribution (normalized
to the magnetic field of the incident wave) of the transmitted (the +z half-space) and reflected (the
—z half-space) waves at 5 GHz. The structure operates nearly identically for illumination of its both
sides. (d) Power density distribution (normalized to the incident power density) of the transmitted (the
+z half-space) and reflected (the z half-space) waves. The power intensity maps are depicted on two
orthogonal cross-section planes (the xz and yz-planes). The focusing effect is drastically decreased for

illumination from the opposite side.
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Figure 7: (a) Full-wave simulations results for the first proposed metamirror (infinite periodic structure).
The red and blue curves represent the reflection and transmission coefficients (power quantities) of the
structure, respectively. (b-c) Distribution of total electric field (normalized to the electric field of the

incident wave). (b) Operation at 4.37 GHz (lower bound). (b) Operation at 5.54 GHz (upper bound).
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Light control in conventional optical components relies on gradual phase changes along the light path. New
artificial composites, so-called metasurfaces, offer possibilities for abrupt phase variations over the subwavelength
scale. These functionalities pave the way for fundamentally new phenomena, such as anomalous refraction and
reflection. Whereas full manipulation of refracted light can be attained with translucent dielectric Huygens’ com-
posites, known means of full control of reflected beams still require reflector-backed structures which block light
propagation at all spectrum. In this work, we demonstrate the first design of an all-dielectric frequency-selective
mirror, a so-called metamirror, which provides desired high-efficiency manipulation of reflected light (in our
example, realizing a focusing reflector) at the telecommunication wavelength of 1.5 pm, being practically trans-
parent at other frequencies. The results can lead to a variety of new devices for telecommunications, integrated and
nano-optics, and light energy harvesting. © 2015 Optical Society of America
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1. INTRODUCTION

Since ancient times people have been interested in finding and
creating materials with useful optical properties. Engineering
the dielectric permittivity and adjusting the shape of material
samples have enabled creation of basic optical elements, such as
lenses, optical plates, and mirrors. However, this approach does
not provide general light control. Because light is an electro-
magnetic wave with electric and magnetic field components,
its propagation in a material is characterized by both electric
and magnetic material responses. Therefore, to engineer optical
clements with general possible properties, it is essential to also
achieve magnetic polarization in matter.

Creation of perceptible magnetic response in conventional
materials at optical frequencies is impossible due to the small
contribution of the electron’s spin at high frequencies [1]. An
effective solution to this constraint has been provided by con-
temporary artificial composite materials, called metamaterials
[2]. Such composites consist of a host medium with embedded
resonant inclusions, for example, metallic nanoparticles. At the
resonance of the inclusions, the properties of the metamaterial
drastically change and can be engineered. Recently it was
demonstrated that thin metamaterial layers (metasurfaces;
see, e.g., [3]), realized as arrays of optical resonators with

0740-3224/16/020A16-05$15/0$15.00 © 2016 Optical Society of America

spatially varying phase response and subwavelength period,
can pave the way to fundamentally new phenomena in light—
matter interaction, such as anomalous reflection and refraction
(4]. While efficient and complete manipulation of refracted
light has been recently accomplished with dielectric Huygens’
films [5,6], known designs of anomalously reflecting structures
are metal-backed and absolutely impenetrable in the whole vis-
ible and infrared range [7-11]. Mirror-free reflecting metasur-
faces could drastically increase application possibilities, paving
the way for multifunctional and multifrequency devices which
combine several independent metasurfaces operating at differ-
ent frequencies.

Recently, a conceptually different design of frequency-
selective metamirrors was proposed, based on the use of biani-
sotropic metal resonators [12,13]. These metamirrors provide
high-efficiency and full control over the reflected wavefronts in
a specific frequency range in microwaves, remaining transpar-
ent and invisible outside of this range. Metamirrors can find a
variety of important and unique applications in microwaves;
however, for applications in optics, new approaches to practical
realizations need to be found.

Down-scaling the metasurfaces’ elements working in micro-
waves to gain the same properties in optics has always been
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Fig. 1. (a) One quarter of a bianisotropic silicon omega nanopar-
ticle. The particle can be completed by rotation of the sketched part
around the z-axis. The asymmetry of the particle in the z-direction
provides its bianisotropic response. (b) A periodic planar array of
the particles in Fig. 1(a) located on top of a substrate with the
normalized (to free space) characteristic impedance 7.

challenging [14—17]. These challenges are twofold. First, they
must be regarded within manufacturing limitations. For exam-
ple, arrays of conducting bianisotropic wire elements as in [13]
are feasible only at microwave frequencies. It is quite problem-
atic to manufacture arrays of curved metal wires for operation
in optics. Second, most of the known optical metasurfaces with
metal inclusions operate at the resonance and are inevitably
lossy due to the presence of free carriers in metals [18,19],
and therefore the magnetic response saturates due to the
plasmonic properties of metals [14,15,20].

Quite recently, a low-loss alternative solution for the exci-
tation of magnetic response in metasurfaces has been proposed
[21-27]. The proposed solution is based on the use of resonan-
ces in high-index dielectric nanoparticles as elements of meta-
surfaces. Indeed, the possibility of using magnetic resonant
mode provides an extra degree of freedom in the design.
Furthermore, as proposed in [13], one more degree of freedom
in metasurface design can be achieved by introducing bianiso-
tropic response (magnetoelectric coupling) (electric response of
a material to the magnetic excitation and vice versa, i.e., mag-
netic response of a material to an external electric field). A de-
sign solution utilizing bianisotropic, so-called omega [28]
response, from an all-dielectric nano-element was proposed
in [29]. It was shown that an asymmetrically drilled dielectric
cylinder [see Fig. 1(a)] provides asymmetric bianisotropic
response.

In this study, we exploit the advantages of all-dielectric
metasurfaces with bianisotropic elements in order to find a de-
sign solution for the realization of metamirrors’ concept [13] in
optics. As an example, we design a frequency-selective lens
containing a single periodic array of bianisotropic nanoblocks
proposed in [29].

2. THEORY

Let us consider a dense planar periodic array of dipole resonant
bianisotropic particles [29] located in the xy-plane and on top
of an isotropic substrate with the normalized (to free space)
characteristic impedance 7 [see Fig. 1(b)]. This metasurface
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is normally illuminated by a plane wave propagating along
the -z-direction. The constitutive material relations for a gen-
eral bianisotropic metasurface, which refer the induced electric
p and magnetic m dipole moments in the inclusions to the
incident fields, are given by [28,30]

e’ Einc + aem : Hinc’
‘me * Einc + é:}m ) Hinc) (1)

[

p:

m=

Qi

where &,, Q> Gme> and @, are the collective electric, electro-
magnetic, magneto-electric, and magnetic polarizability tensors
of the unit cell, which are normalized to the impedance of
free space.

We assume that the array period of the proposed metasur-
face is small compared to the wavelength; therefore, the in-
duced moments on the metasurface can be modeled by
surface-averaged currents [31-33]. The electric fields of the re-
flected and transmitted waves from this current sheet located on
the substrate are given by [34]

n-1 i®
Er_ 1 Einc+— e~ xmj,
<n+1) n+1[’7p md

2 120}
E = (m) E;. + m [p. +nxm] 2
where @ is the angular frequency, p, and m, are the tangential
components of the dipole moments, and the time dependence
is assumed to be ¢, Moreover, n is the unit vector normal to
the metasurface plane [see Fig. 1(b)]. The omega inclusions are
isotropic in the plane of the metasurface, i.c., the xy-plane.
Expressions for the radiated fields (2) illustrate that two sets
of waves are created in this configuration: the reflected and
transmitted plane waves due to the media contrast and the
secondary plane waves radiated by the induced electric and
magnetic currents of the metasurface. While the first set
represents well-known Fresnell’s expressions for an interface,

Ef—Ubs = (L; 11) Eincl Ei‘Jbs = (%) Einc’ (3)
n n

the second set of the secondary waves from the inclusions can
be represented as follows [30,34],

iw
E ack = o 1y % + +1 Ame — Ay Eincl
bk = 56T) [rac+ (1 +1) ]

0]
Eforw = m [ae + am]Eincl (4)
where S is the unit cell area and a,, a,,, and a,, are the indi-
vidual (free-space) polarizabilities of single omega inclusions in
the xy-plane. In the transition from Egs. (1) and (2) to Eq. (4)
we used a condition held for all omega-type inclusions made
from a single piece of metal or dielectric: @y, = ~ep,-

In order to provide zero transmission from the proposed
configuration, a destructive interference of the transmitted
wave through the substrate and the forward scattered wave
by the metasurface is required, that is, Eg,, = -E{.
Moreover, full reflection with a desired phase ¢ is possible,
if Er = Els'ubs + Eback = eiidjEinc-

It can be noticed from Egs. (2) and (4) that besides the
electric and magnetic polarizabilities, there are two more
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degrees of freedom to engineer the reflected and transmitted
waves, that is, the substrate characteristic impedance and the
magneto-electric coupling characterized by a,,.. As was shown
n [12], design of a metamirror consisting of only electric
and magnetic dipolar inclusions implies many practical difficul-
ties. In that case, the inclusions must operate in a metamirror at
their nonresonant frequencies and be adjusted individually and
very precisely, taking into account their mutual interactions.
The additional degrees of freedom associated with the mag-
neto-electric coupling in the present design provide straightfor-
ward practical solution for full control of the amplitude and
phase of the reflection from the metasurface. In the next sec-
tion, we show that, keeping the unit amplitude of reflection, its
phase can be tuned by changing the dimensions of the omega
inclusions.

3. FOCUSING METAMIRROR

In this section, we use the proposed bianisotropic omega
elements [see Fig. 1(a)] in order to demonstrate the design
of an all-diclectric frequency-selective focusing metamirror.
An omega bianisotropy is referred to the case when the induced
electric and magnetic dipole moments in particles (or material)
are orthogonal to one another and the response of the particles
is reciprocal. It is shown in [29] that if an omega inclusion is
properly designed, its higher-order responses to electromagnetic
waves can be neglected in a specific frequency range and it can
be considered as a magneto-electric dipole radiator. In order to
obtain a reflecting metalens, we construct a single planar array
of such inclusions that fulfils the following requirements. First,
there should be no transmitted wave at the resonance. Second,
the reflected waves from the array must constructively interfere
at a certain point (focal point) in front of the metasurface at the
resonance frequency. We consider a symmetric metalens which
confines electromagnetic waves on its axial line. The required
phase distribution of the reflected field at distance 7 from the
lens center is given by

D)= o+ [P+ 1 ©

Here, f is the focal distance, 4 is the operational wavelength,
and ¢ is an arbitrary constant phase.

First, we have to choose a proper material of the omega in-
clusions. Indeed, the selected material should have as small
losses as possible in the operational wavelengths, in order to
provide the maximum focusing efficiency. Moreover, we have
confined ourselves to work within the dipole regime of the par-
ticle response and, therefore, the proposed elements of the
metasurface must be as small as possible. This implies that
higher indices of refraction are preferred for the material under
selection. In order to meet these requirements, we have chosen
silicon, which has very low loss (~0) and a high refractive index
(n~ 3.5) at optical frequencies [35,36].

We select the operational wavelength of 2 = 1550 nm,
which is within the range of optical communication systems.
Next, in order to avoid grating lobes, we need to design an array
with the period 2 < /(1 + | cos 0]), where 6 is the angle be-
tween the direction of the incident wave and the surface of the
array [37]. Since the incidence is normal to the metasurface

(0 = 90°), to avoid grating lobes, the period should be less than
the wavelength 2 < A. We select the period of 2 = 970 nm,
which satisfies this condition (/4 = 0.6). Since the size of
the resonant elements at the chosen frequency is fixed, it is
not possible to further decrease the array period. Indeed,
one can choose another material with a higher refraction index
[38—40] in order to further decrease the sizes of the array el-
ements and the array period. However, in this work we are only
aiming at the demonstration of the concept of an all-dielectric
reflecting metalens and we are not intending to give the opti-
mized design. Therefore, we have chosen amorphous silicon,
the most commonly used material with nearly dispersionless
refraction index 7= 3.5 in the working frequency range.
The substrate material is glass with the refractive index
of n =~ 1.5.

The next step in the design procedure is to provide phase var-
iations of 277 using an array of the proposed omega elements. This
is a common practice in reflectarray design that by varying a
physical parameter of the phasing element we can achieve the
desired phase range [41,42]. For instance, in our example, we
fix the heights A and Hj of the inclusion to 300 nm and
150 nm, respectively, and vary the radii 4 and d, in order to
attain the required phase range. The variation ranges of the radii
are selected to be (100 < d < 400) nm and (50 < &, < 400)
nm. Notice, varying the radii of the omega inclusions is easier
and more practical than changing their heights in the sense of
manufacturing difficulties [43]. The results for the obtained re-
flection phase for different values of # and 4, are plotted in Fig. 2.

At this step, we have all elements for the design of the pro-
posed metamirror. We need to select the required physical
parameters of the phasing elements, i.e., the radii of the omega
particles based on Eq. (5) and data from Fig. 2. We select six
different phase steps to be distributed over the metamirror sur-
face and choose the focal length f* = 74, in order to have enough
smooth phase gradient to allow surface homogenization.

In order to shorten the calculation time in a commercial full-
wave solver (HFSS), we decreased the dimension of the prob-
lem preserving the concept of the metamirror. We utilize the

2700

Fig. 2. Obtained reflection phase versus the inner and outer radii
dy and d of the omega particle. The heights A and H are fixed to 300
and 150 nm, while the array period is fixed to 2 = 970 nm. The
reflection amplitude is higher than 0.95 for all the cases.
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Fig. 3. Distribution of the power density of the reflected and trans-
mitted waves through the structure (normalized to the power density
of the incident wave) at the resonance frequency (4 = 1550 nm). The
array is infinitely repeated in the x-direction, while it is composed of
11 elements in the y-direction.

periodic boundary condition in one direction (x-direction in
Fig. 3) and perform the calculation with six phasing steps,
which results in 11 omega particles in the other direction
(y-direction). Consequently, we construct a metasurface with
an infinite length in the x-direction.

The required phases and the physical parameters of the
elements are given in Table 1.

The performance of the designed optical metamirror is dem-
onstrated in Fig. 3. The parasitic transmission at the resonance
is about 20% (the ratio between the transmitted and incident
power through the cross section of the metalens), which is par-
tially due to the diffraction from the metalens’s edges. The focal
distance of the metamirror appears at f & 74, as it was de-
signed. Smaller focal distance could be achieved for a metasur-
face with a smaller period. The width of the focal spot w to the
array width W in the y-direction is w/W = 0.056 (see in
Fig. 3). Thus, we have designed the promised focusing lens
which operates at its reflection regime and it is composed of
all-dielectric materials. The last step is to demonstrate its
transparency out of its resonance band.

As we discussed earlier, our proposed reflecting metalens
does not contain any metal reflector and it is based on the con-
trol of the reflection phase of each element in the metasurface.
Therefore, the electromagnetic waves beyond its resonance fre-
quency band can safely pass through the metamirror. This is
very useful in the case of multifunction and multifrequency
designs and when it is required to have a system operating

Table 1. Required Physical Parameters of the Omega
Particles of the Proposed Metalens®

Phasing Required Phase

Step No. ¢ (deg) dy (nm) d (nm)
0 300 80 300

1 310 60 280

2 340 70 270

3 29 190 310

4 96 230 320

5 180 300 340

“The elements’ heights and the array period are given in the caption of Fig. 2.
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Fig. 4. Reflectance (|7|?) and transmittance (|¢|?) of the proposed
metalens around its resonance band.

at one frequency and others at some other frequencies, while
these systems do not influence the operations of each other.
Figure 4 shows the reflectance and transmittance of the
designed metamirror at frequencies outside of the resonance.
As is clear from Fig. 4, most of the electromagnetic energy is
transmitted through the proposed metalens outside of the res-
onance band. This discussion concludes the present study of
optical metamirrors. We may present other examples of reflect-
ing devices by using the concept of metamirrors. However, this
may be a discussion connected to following experimental stud-
ies where we probably will use materials with higher indices of
refraction than that of silicon. With these materials, more effi-
cient designs of various metamirrors in optics are possible.

4. CONCLUSION

We have combined two newly developed concepts in the
study of metasurfaces, i.c., frequency-selective metamirrors
and all-dielectric metasurfaces, in order to find a practical
design solution for realizing metamirrors in the optical range.
As a result, we have shown an example of a reflecting metalens
with the functionalities that were earlier achieved only at micro-
wave frequencies. For this purpose, we have used the advanta-
geous properties of all-dielectric metasurfaces in order to
translate the recently proposed design from microwave to
optical frequency ranges. In our proposed design, properly
balanced and phased electric and magnetic dipole moments
are excited due to resonances of properly shaped dielectric
cylinders. The designed metamirror does not block the electro-
magnetic waves out of the resonance band, opening a possibil-
ity for realization of multilayer multifunctional metasurfaces.
This is due to the absence of a metal reflector in the metamirror
structure, which is a basic concept previously developed in the
design of microwave metamirrors. Another aspect in our design
is the use of magneto-electric coupling to obtain the required
reflection phase, which is achieved by appropriately selecting
the particle shape.

We hope that this study will open a new path in the design
of optical reflecting devices. The next step along this route
would be the optimization of the design to have a better control
on the specifications of the reflecting devices. One way is to use
materials with higher refractive indices than that of silicon. This
choice provides a possibility to use smaller-size array elements
and hence finer tuning of the reflection phase distribution in
the metamirror plane.
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Energy of propagating electromagnetic waves can be fully absorbed in a thin lossy layer, but only in a
narrow frequency band, as follows from the causality principle. On the other hand, it appears that there are
no fundamental limitations on broadband matching of thin resonant absorbing layers. However, known thin
absorbers produce significant reflections outside of the resonant absorption band. In this paper, we explore
possibilities to realize a thin absorbing layer that produces no reflected waves in a very wide frequency
range, while the transmission coefficient has a narrow peak of full absorption. Here we show, both
theoretically and experimentally, that a thin resonant absorber, invisible in reflection in a very wide
frequency range, can be realized if one and the same resonant mode of the absorbing array unit cells is
utilized to create both electric and magnetic responses. We test this concept using chiral particles in each
unit cell, arranged in a periodic planar racemic array, utilizing chirality coupling in each unit cell but
compensating the field coupling at the macroscopic level. We prove that the concept and the proposed
realization approach also can be used to create nonreflecting layers for full control of transmitted fields.
Our results can have a broad range of potential applications over the entire electromagnetic spectrum

V.S. Asadchy,l"z’* I A. qu‘liayeu,z’3 Y. Ra’di,l S.A. Khakhomov,2 ILV. Semchenko,2 and S. A. TretyakovI

including, for example, perfect ultracompact wave filters and selective multifrequency sensors.

DOI: 10.1103/PhysRevX.5.031005

I. INTRODUCTION

Total absorption of electromagnetic radiation requires
elimination of all wave propagation channels: reflection,
transmission, and scattering. Here, we study electrically thin
absorbing sheets, which are of prime importance for many
applications, for example, wave filtering, radar cross-section
reduction, energy harvesting, sensing, and thermal emission
control. Itis known that incident electromagnetic energy can
be nearly fully absorbed in thin layers [1-4], but only in a
narrow frequency band. The absorption bandwidth of any
passive layer obeys a fundamental limitation, as follows
from the causality principle [5-7]. In fact, the maximal
bandwidth of absorption is proportional to the layer thick-
ness [5]. This limitation can be overcome only by using
active (pumped by some external power source) structures.

On the other hand, apparently it has not been noticed
before that there is no such fundamental limitation on
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the frequency range in which the reflection from a thin
resonant absorbing layer can be made negligible.
Conceptually, we do not see any reason why it would be
impossible to realize a thin layer that fully absorbs the
incident power in a narrow frequency band and allows the
wave to freely pass through at other frequencies, thus
producing no reflections at all (within the band where the
layer remains electrically thin and the inclusions forming
the absorber remain electrically small). The existence of
such a structure does not contradict known fundamental
limitations. Indeed, the classical limitation on matching
bandwidth [8] applies only to lossless matching networks.
The limitation on the absorption bandwidth [5] holds only
for absorbers containing an impenetrable mirror. Thus,
these restrictions are not applicable for the proposed lossy
structure lacking a ground plane. The limitations on
periodical arrays [7] concern only the transmission proper-
ties. Obviously, exploitation of the opportunity to design a
resonant absorber, which is transparent outside of the
absorption band, could open up a number of novel
possibilities in applications, for example, in ultrathin filters
for wave trapping, selective multifrequency bolometers,
and sensors. Such an all-frequencies-matched resonant
absorber would be “invisible” from the illuminated sides,
still acting as a band-stop filter in transmission. To the best

Published by the American Physical Society
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of our knowledge, such wideband matched thin resonant
absorbers are not known. The main goal of this paper is to
explore the possibility to realize such structures.

In fact, most of the known designs of thin absorbers
contain a continuous metal ground plane (a mirror) behind
the absorbing layer [1-4]. The mirror obviously produces
nearly full reflection outside of the absorption band.
Although this feature is crucial for some applications, it
forbids designing resonant absorbers which are transparent
outside of the absorption band. The use of a mirror reflector
can be avoided in absorbers based on arrays of subwave-
length Huygens’ sources (so-called Huygens’ metasurfa-
ces) that possess the appropriate level of dissipative loss.
Such Huygens’ sources scatter secondary waves only in the
forward direction (without reflection), which destructively
interfere with the incident wave, yielding zero transmission.
Pioneering topologies of Huygens’ inclusions were intro-
duced in Refs. [9—12]. Subsequently, Huygens’ inclusions
of different topologies have been used as structural
elements in sheets to control transmission wave fronts
[13-15]. Recently, several topologies of absorbers have
been proposed based on cut wire arrays separated by a
dielectric layer [16-20]. However, in all these structures,
the Huygens’ balance between the electric and magnetic
responses (which is necessary for cancellation of the
reflected waves) holds only inside a narrow-frequency
band for which the dimensions have been optimized.
Outside of this band, reflections appear because of prevail-
ing excitation of either electric or magnetic modes. The
physical reason for this is that the different resonant modes
exhibit different frequency dispersions. The same conclu-
sion is valid for the idea of using a resistive sheet placed
in close proximity to resonating magnetic inclusions to
realize absorbing layers [21]. The analysis of these sol-
utions reveals another feature of the known designs: The
absorbers have multilayered structures. Typically, they
comprise at least three layers (metal-dielectric—metal).
Although manufacturing of such structures is simple and
inexpensive, electric and magnetic responses in such
compound architectures inevitably resonate as different
electric and magnetic modes. Thus, within that scenario, it
is impossible to realize a resonant absorber which is
reflectionless over an ultrawide frequency range.

Furthermore, it is important to note that all the polari-
zation-insensitive absorbers, which have been proposed
so far, operate only for waves incident on one side of the
absorbing layer or when the two sides are illuminated by
two coherent waves. The underlying reasons for this are the
presence of a ground plane (in metal-backed structures) and
bianisotropic effects [22,23] (in structures without a ground
plane) destroying the absorption symmetry. Moreover, this
asymmetry compromises the desired invisibility of the
absorbers in reflection from both sides. In our previous
work [22], we demonstrated that total symmetric absorption
in an electrically thin layer can be achieved only if the layer

is not bianisotropic (there is no electromagnetic coupling in
the layer). The only exception of achieving two-sided
absorption with uncompensated bianisotropy was theoreti-
cally predicted in Ref. [22]; however, in that case, the
absorbing layer is polarization sensitive. Subsequently, an
example of such a symmetric and polarization-sensitive
absorber has been reported in Ref. [24], providing absorption
only for one circular polarization (50% of incident power).

In this paper, the possibility to create a thin resonant
polarization-insensitive absorber that produces negligible
reflections in an ultrawide frequency range is explored and
experimentally demonstrated. We examine the physical
requirements for full and symmetric (from either of the
sides) absorption of incident waves and show that the ideal
performance can be accomplished in a single-layer array of
specifically designed helical inclusions. We show, both
theoretically and experimentally, that an array of these
inclusions truly operates as a Huygens’ surface in a very
wide frequency range, exhibiting zero reflectivity even far
from the absorption band. The governing idea behind this
solution is excitation of both electric and magnetic surface
currents using just one resonant mode of complex-shaped
inclusions.

In our single-layer design, the magnetic response of the
absorber is achieved because of current loops induced in
helical elements. Although in this conceptual study we
consider only metasheets based on single-turn and double-
turn helices, it is important to notice that, in principle, using
the same idea, one can design metasheets comprised of
helices with a large number of loops in order to decrease the
structure thickness. This design would allow one to build
extremely thin absorbers.

II. SYMMETRIC TOTAL ABSORPTION IN A
SINGLE-LAYER ARRAY OF RESONATORS

Consider a uniaxial (possessing uniaxial symmetry in the
plane) metasurface (or, rather, a metasheet) formed by a
single two-dimensional periodic array of identical subwa-
velength inclusions. The inclusions are both electrically
and magnetically polarizable. The subwavelength size of
the inclusions and the subwavelength period allow us to
describe the electromagnetic response of the metasurface in
terms of electric and magnetic dipole moments induced in
the inclusions. The higher-order moments do not influence
the reflection and transmission coefficients for plane-wave
excitation. The array is illuminated by a normally incident
plane wave propagating along the —z direction, as shown in
Fig. 1. Since the array period is smaller than the wavelength
of the incident radiation, the dipole moments induced in the
inclusions can be modeled as surface-averaged electric and
magnetic current sheets that radiate secondary plane waves
in the backward and forward directions. The backward
scattered waves form reflection, whereas interference of the
forward scattered and the incident waves defines trans-
mission (see Fig. 1). As shown in Ref. [25], the electric

031005-2
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FIG. 1. A schematic illustration of a generic, electrically thin
metasheet.

fields of the reflected and transmitted waves from a
metasurface illuminated normally by an incident plane
wave are given by

o[ 1
E = |:1 + ﬁ (7’]00-'@3 +%amm>:| Ein, (1)

where o is the angular frequency, S is the area of the array
unit cell, 7, is the free-space wave impedance, and &, and
amm are the effective (collective) electric and magnetic
polarizabilities of the unit cells. Relations (1) hold for
incident waves impinging on the metasurface from the +z
and —z directions. It should be stressed that the symmetric
absorption regime in a metasurface is possible only if there
is no bianisotropic coupling in the structure [22]. To the
best of our knowledge, all known thin single-layer absorb-
ers demonstrate asymmetric response caused by bianiso-
tropy of the structure. In this work, we focus on an absorber
design that ideally operates for incident waves impinging
on either or both of its sides and show how the bianisotropy
can be suppressed.

Requiring E, =0 and E, =0 in Egs. (1), one can
find the conditions of symmetric total absorption in a
metasurface:

NoGee = — Oy = IE (2)
o @
Thus, the effective electric and magnetic polarizabilities
of the unit cell normalized to the free-space impedance
must be equal (corresponding to balanced electric and
magnetic properties of the array) and purely imaginary
(corresponding to a resonance of the inclusions in the
array). This is a very important fact, meaning that in order
to totally absorb incident electromagnetic radiation, the
structure must possess equally significant electric and

magnetic properties, and that both electric and magnetic
dipolar responses of the array must resonate at the same
frequency.

From Egs. (1), the condition of perfect matching of the
absorber (no reflections) reads

1N00ee = — G- (3)
Mo

Here, we show that it is possible to realize a lossy and
resonant array of inclusions so that the condition of full
absorption (2) is satisfied at one frequency, but the
condition of zero reflection (3) holds in an ultrawide
frequency range, although both polarizabilities are fre-
quency dispersive.

For the design of unit-cell topologies, it is more
convenient to work with the individual polarizabilities of
the inclusions in free space .. and ay,,, which are related
to the effective ones as [25]

1 1

N B
amm/”O &mm/r]O Mo '

No%ee

P )
Mo%ee Mo
where f, is the interaction constant of the infinite periodic
array of electric dipoles. Using the known expression for
the interaction constant [26], we can find the required
individual polarizabilities of the inclusions of a symmetric
absorber:

1 1 K
[ :Re<_e)_i_w _iﬂ, (5)
NoAee amm/no Mo 61 28

where k is the free-space wave number. As one can see
from Eq. (5), the required normalized individual electric
and magnetic polarizabilities of each unit cell must be
equal. Moreover, the complex quantity on the right-hand
side of Eq. (5) reveals that the frequency at which the
inclusions resonate in the absorbing array differs from the
resonance frequency of one single inclusion in free space.
To the best of our knowledge, all known thin absorbers
can be divided into two kinds, on the basis of the method
of their matching. Absorbers of the first kind consist of
unit cells, each of which supports electric and magnetic
dipole modes resonating at different frequencies @, and
y,, respectively. The unit cell may consist of one single or
two separate inclusions (for example, an electrically polar-
izable straight piece of metal wire and a magnetically
polarizable split-ring resonator). According to Eq. (5), at
the perfect-absorption frequency w,, the inclusions should
have equal complex polarizabilities. This equality is illus-
trated in Fig. 2(a). Here, we model the polarizabilities using
the conventional Lorentz dispersion model, which, near the
resonance, adequately describes electric and magnetic
dipolar response of small inclusions of arbitrary nature:
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No®eer Xmm /Mo

FIG. 2. Tllustration of two absorption regimes in a metasurface
with unit cells containing electrically and magnetically polar-
izable inclusions resonating (a) at different frequencies and (b) at
the same frequency. Red and blue lines depict, respectively,
normalized electric and magnetic polarizabilities. Solid and
dashed lines show the real and imaginary parts of the polar-
izabilities, respectively. Calculation parameters: (a) @, =
0.86w,, Ae = 1.28w2, Ay =1, 7o = 0.2w¢, 7m = 0.100, @, =

0.74w,; () @, = w,, A, =2, A,=156, y.=0.2a0,
Ym = 02w, ®, = 0.8w,.
A
Ooe = —5—5—, 6
“ W -’ oy, (6)
A,0?
U = —5—— 5 (7)

w2 — 0 —ioy,,’

where y. and y,, are the loss factors of the electric and
magnetic modes of the unit cell, respectively; A, and A, are
the amplitude coefficients. Obviously, the electric and
magnetic responses of the unit cell tuned for one specific
frequency become unbalanced at other frequencies. This
imbalance inevitably yields nonzero reflectivity of the
absorber at frequencies outside of the operational band
since condition (3) is satisfied only at one frequency.
Typical absorbers possessing such properties have been
reported in Refs. [16,17,19].

Absorbers of the second kind have a unit cell comprising
one single or two separate inclusions which support electric
and magnetic dipole modes resonating at the same fre-
quency @, = @,,. However, also in this case, in practice, it
is possible to make the two polarizabilities equal only at
one single frequency, while at other frequencies the differ-
ent polarizabilities result in undesired reflection from the
absorbing structure [see Fig. 2(b)]. Although, in this case,
the two dispersion curves can be close to each other in some
frequency range, in practice it is impossible to match the
two polarizabilities exactly. The physical reason for this is
that there is not enough design freedom in shaping the two
orthogonal modes of the same unit cell so that all six main
parameters (resonance frequencies . ,, amplitudes A, ;,,
and loss factors y. ,,) exactly match each other. Moreover,
the frequency dependencies of the loss factors y, and y,,
are inevitably different. We can conclude that, also in
thin absorbers of this kind, at least moderate reflection
appears outside of the absorption band (see examples in
Refs. [20,21]). Note that the problem of the unbalanced

dispersion curves of the electric and magnetic modes is
inherent also in all known low-loss resonators used for
wave manipulations, for example, core-shell nanoparticles
[27,28] and dielectric cubes [29]. Designing nonuniform
arrays of such resonators reveals additional obstacles: the
loss factors of the two modes inevitably have different
dispersions because the radiation damping factor for a
small electric dipole behaves as @?, while for a magnetic
dipole, the dependence is w*. These obstacles result in
undesired scattering from the array at all nonresonant
frequencies.

To overcome the described drawbacks, we propose using
inclusions designed in such a manner that both electric
and magnetic responses are created by excitation of the
same resonant mode. The unique feature of the proposed
new metasheets is that they possess zero reflectivity over an
ultrawide frequency range and are totally transparent
(without polarization conversion) outside of the resonant
band. The only known alternative approach to realization of
all-frequency matched narrow-band absorbers is a theo-
retical idea of using a slab made of a lossy material with
equal values of the relative permittivity and permeability in
a wide frequency range [30]. Besides the fact that such
media do not exist, even from the conceptual point of view,
this would require a slab of infinite thickness in order to
ensure zero transmission at the frequency of absorption.

III. TOTAL ABSORPTION IN AN
ARRAY OF HELICES

Based on the above considerations, we propose using a
resonant mode of a single inclusion which is coupled to
both electric and magnetic fields. The induced current
distribution of this resonant mode should be such that both
electric and magnetic moments are excited and can be
tuned to the desired balance. These properties are typical
for bianisotropic elements. However, as already discussed,
to behave as a symmetric single-layer perfect absorber, the
structure must not be bianisotropic. In order to surmount
this obstacle, we propose an unprecedented route: using
bianisotropic inclusions on the level of the unit cell but
arranging the inclusions in the array so that the bianisotropy
is compensated on the level of the entire array. We achieve
this by alternating bianisotropic inclusions of two sorts
in the array. These two sorts differ only by the sign of the
electromagnetic coupling parameter; therefore, their com-
bination yields bianisotropy compensation. Thus, keeping
zero electromagnetic coupling within the array, at the same
time, we create coupled electric and magnetic dipole
moments in each unit cell resonating exactly at the same
frequency and having the same loss factors. Since the
inclusions of the two sorts possess identical dipole
moments, no splitting of the resonance frequency of the
structure occurs.

A possibility to engineer helices so that both amplitude
and loss factors in the dispersion rules (6) and (7) are equal
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can be seen from the antenna model of canonical wire
helices [31]. Equal amplitudes can be ensured simply by
properly choosing the helix dimensions. The loss factors 7,
and y,, of the helix are identical because both electric and
magnetic polarizabilities depend on the sum of the radiation
resistances of a small electric dipole and a small magnetic
dipole excited in the helix [31]. Thus, the electric and
magnetic polarizabilities of the inclusions have nearly
identical dispersions, and the proposed array of the inclu-
sions acts as a Huygens’ surface in a very wide frequency
range. Deviations from the balance of the electric and
magnetic polarizabilities caused by different frequency
dependences in Eqs. (6) and (7) occur only far from the
resonance, where the array is very weakly excited and
reflections from it are negligible.

Although in this paper we use bianisotropic elements for
wide-band reflectionless resonant absorbers, they can also
be utilized for various other devices, for example, transmit
arrays [13—15]. In this paper, we apply and experimentally
validate our concept of all-frequency-matched Huygens’
metasurfaces to absorbers in the microwave frequency
range. However, the concept is generic and can be applied
over the entire electromagnetic spectrum.

Here, we propose using chiral [23] bianisotropic ele-
ments as inclusions of an absorber, although one can realize
similar scenarios based on other types of bianisotropic
elements. There are many different topologies of chiral
elements: for example, helices [11], chiral split-ring reso-
nators [32], and cut-wire stacks [33]. In view of the
simplicity of the design and realization, we utilize smooth
helical inclusions [34] [see Figs. 3(a) and 3(b)]. Arrays of
such inclusions operating at infrared frequencies can be

FIG. 3. (a) Single-turn and (b) double-turn helical inclusions.
(c) Arrangement of the single-turn and (d) double-turn helical
inclusions in the arrays. Blue and red colors denote right- and
left-handed helices, respectively.

manufactured based on fabrication technologies reported
in Refs. [35,36]. We consider single-turn and double-
turn wire helices as two fundamental classes of helical
elements. Other helices with a higher odd (even) number of
loops have properties similar to those of a single-turn
(double-turn) helix [37]. Because of coupled electric and
magnetic moments, single-turn and double-turn helices
have subwavelength dimensions A/7 and A/15 at the
operating frequency, respectively. This ensures homogeni-
zation of the layer response and decreases its thickness.
Compensation of chiral bianisotropy in an absorber can be
achieved by alternating left- and right-handed helices.

We position the helices in the xy plane in such a manner
that the array has the fourfold rotational symmetry about
the propagation z axis and, therefore, is polarization
insensitive. An optimal arrangement of helices in the
array was considered in Ref. [38] and depicted in
Figs. 3(c) and 3(d). The super unit cell of the array consists
of four blocks of helices. The blocks comprising four
helices of specific handedness are staggered in the array.
The size of such a structural block in the case of single-turn
helices is D; = 0.64 = 56 mm, and in the case of double-
turn helices, it is D, = 0.44 = 43 mm. The single- and
double-turn helices are located, respectively, at distances
d; =021=198 mm and d, =021 =151 mm from
the centers of the corresponding blocks. Thus, the sizes
of the super unit cell in the case of single- and double-turn
helical arrays are 2D; = 1.2 and 2D, = 0.81, respec-
tively. Although such periodicity is not truly subwave-
length, the arrays are in fact metasurfaces since they can be
homogenized. Numerical simulations show that the ampli-
tudes of the Floquet modes that become propagating for
oblique illumination of the arrays are negligible compared
to that of the fundamental harmonic. Therefore, these
arrays can be modeled as sheets of homogeneous surface
electric and magnetic currents.

Individual electric a,, and magnetic a,,,, polarizabilities
of the helices can be made equal according to requirements
(5) by varying the geometry of the helices. Using analytical
expressions [12,31,37] and the method for extracting
polarizabilities introduced in Ref. [39], we have optimized
the dimensions of the inclusions. For single-turn helices,
the loop radius is Ry = 7.2 mm, the height of the loop is
h; = 11.3 mm, and the wire radius r; = 0.1 mm. The
corresponding parameters of the double-turn helices are
as follows: R, =3.3 mm, &, =2.3 mm, and r, = 0.25 mm.
The design frequency of 3 GHz corresponds to the half-
wavelength resonance frequency of the helices. The helical
inclusions are embedded in a plastic foam substrate
(for mechanical support) with ¢ = 1.03 and the thick-
ness 14.4 mm.

The full-absorption regime is accomplished in the array
with a proper level of dissipative loss in the helical
inclusions. The absorption level A calculated as 1 —R—T
(R and T are the power reflection and transmission
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FIG. 4. Absorption coefficient versus conductivity of the
inclusion material at the operating frequency of 3 GHz.

coefficients, respectively) versus conductivity of the
material of the inclusions obtained with a commercial
electromagnetic software [40] is plotted in Fig. 4. We see
that larger or smaller than the optimum levels of dis-
sipative loss in the inclusions degrade the performance of
the absorbers. In our design, we utilize helices made of
nichrome NiCr60/15 with the conductivity 10° S/m,
which approximately ensures the required level of dis-
sipation loss (see Fig. 4).

The individual polarizabilities of the single-turn and
double-turn helices satisfying requirements of total absorp-
tion (5) are shown in Fig. 5. The nonzero electromagnetic
polarizability ., of a single inclusion is compensated in
the array of the left- and right-handed helices. We see
that the electric and magnetic polarizabilities have nearly
identical frequency dispersions, meaning that they possess
desired electromagnetic properties of wide-band Huygens’
sources. This unique feature distinguishes our absorber
from known designs whose structural elements possess
spectrally different dispersions of the electric and magnetic
modes [see Figs. 2(a) and 2(b)].

The reflection, transmission, and absorption coeffi-
cients for infinite arrays of the described single- and
double-turn helices are plotted in Figs. 6(a) and 6(b). One
can see that at the resonance frequency, the designed
metasurfaces based on single- and double-turn helices
absorb 96.5% and 99.9% of the incident power, respec-
tively. The absorbers, because of their symmetrical
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FIG. 5. Individual normalized polarizabilities of the designed

(a) single- and (b) double-turn helical inclusions.
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FIG. 6. Simulated power reflection R, transmission 7, and
absorption A coefficients for infinite arrays of (a) single- and
(b) double-turn helical inclusions. (c) Response of the double-
turn helix array in a wide frequency range.

geometry, identically operate with waves impinging on
either of their sides. It can be seen that both inside and
outside of the absorption band, the reflection coefficient is
practically zero for both metasurfaces. In order to high-
light the unique functionality of our absorbers, we
illustrate in Fig. 6(c) the broadband response of the
metasurface based on double-turn helices. While the
transmission coefficient has a resonance of full absorption
at about 3 GHz, the reflection coefficient is not distin-
guishable from zero in an ultrawide range from MHz
frequencies to about 10 GHz, where the circumference of
one turn of the helix becomes comparable to the wave-
length and the first higher-order resonance appears.

The remarkable operation of the proposed Huygens’
absorbers can be clearly illustrated based on a circuit
analogy. To a good approximation, for frequencies not
very far from the resonance, we can assume that both
polarizabilities a.. and a, of the metasheet inclusions
possess the Lorentz dispersion (6). Under this assumption,
the transmission coefficient (1) reads

iol”

Tr=1+————7-,
0} — @* — iwl

(8)

where I = ,A./S. Here, A, is the coefficient from the
Lorentz dispersion model (6) and S is the unit-cell area
of the metasheet. The reflection coefficient is identically
zero at all frequencies. We can synthesize a two-port circuit
with such response using the conventional circuit synthesis
methods. As a result, we find that the proposed Huygens’
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FIG. 7. An equivalent circuit of the proposed absorbers
matched at all frequencies. The resistive load 7, = 377 Q denotes
the impedance of free space behind the absorber.

absorbers can be modeled by the symmetric circuit shown
in Fig. 7. The circuit elements in the series branches equal
1/Cy = w’L, = n3A./2S, while those in the parallel
branch are 1/C, = 2L, = Sw?/A.. Resistance R, is equal
to 7y. Direct calculation of the input impedance of the
absorber circuit Zj,, reveals that it is equal to the impedance
of free space 5y at all frequencies (which yields zero
reflection from the absorber). In the circuit theory, such
circuits are known and called constant-resistance networks
[41,42], but it appears that mostly lossless circuits have
been studied and used. Although the circuit responds as a
single resistor, it is dispersive and lossy, and the trans-
mission coefficient has a resonant behavior. At the reso-
nance frequency w,, the parallel branch is short-circuited;
therefore, all the incident power is dissipated in the resistor
R, in the first series branch (the metasurface totally absorbs
the incident wave). At very low or very high frequencies,
the series branches are short-circuited, while the parallel
branch is an open circuit. Therefore, all the incident power
without loss is delivered to the load resistor 7, which
models the free space behind the metasheet (the metasheet
becomes invisible for electromagnetic radiation at these
frequencies).

For many applications of absorbers, it is of particular
importance to absorb normally incident radiation as well as
radiation impinging on the structure at oblique angles. The
angular stability of the proposed absorbers is shown in
Fig. 8. It is seen that whereas the metasurface with single-
turn helices absorbs nearly perfectly only at the incidence
angles close to normal, the metasurface with double-turn
helices exhibits impressive angular-stable absorption. This
absorption can be explained by the fact that the double-turn
helices have more isotropic topologies. For transverse
electric (TE) polarized waves illuminating the metasurface
with the double-turn helices at angles from 0 to 68°, the
absorption level remains above 80%. Furthermore, for both

1 1
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FIG. 8. The absorption level A =1 — R — T in a metasurface

with (a) single-turn and (b) double-turn helical elements versus
the incident angle.

TE and TM polarizations, the absorber operates with
efficiency over 95% at angles from 0 to 35°. It should
be stressed that this high-performance angular stability is
achieved in an electrically ultrathin (4/15) structure.

IV. EXPERIMENTAL REALIZATION
AND CHARACTERIZATION

The operation of the two proposed Huygens’ metasheet
absorbers was verified by conducting measurements in an
anechoic chamber based on the free-space method [43].
A microwave signal generator was connected to a trans-
mitting horn antenna, while the signal at the receiving horn
antenna was analyzed with a microwave receiver.
The horn antennas had apertures of 35 cm x 27 cm. The
samples were located at a distance of 4 meters (about 401)
from the transmitting antenna, which approximately
secures plane-wave excitation of the samples. The receiv-
ing horn antenna was positioned immediately behind
the samples. The fabricated samples were mounted in
the hole of a wall made of microwave absorbing material.
Transmission measurements were calibrated to the trans-
mission between the horn antennas in the absence of the
samples. The reflection measurements were calibrated by
using a copper plate with the area equal to that of the
samples. In the reflection measurements, the transmitting
and receiving antennas were each inclined with an angle of
about 3° with respect to the normal of the sample surface.

The helical inclusions of the samples were manually
manufactured and placed in supporting low-permittivity
slab described in the previous section (see Fig. 9).
Manufacturing single-turn helices with a small wire radius
r; = 0.1 mm optimized in simulations implies practical
difficulties associated with very flexible and unstable wire
forming the helix. Therefore, for our measurements, we
fabricated an array of single-turn helices with the wire
radius r; = 0.25 mm. The samples with single-turn and
double-turn helices had dimensions of 64 x 7.24 and
3.6 x 3.64, respectively.

The measured power reflection R, transmission 7', and
absorption A coefficients of the fabricated samples are
depicted in Fig. 10 together with the corresponding
simulated quantities (in these simulations, the single-turn
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FIG. 9. Fabricated metasurfaces of (a) single-turn and
(b) double-turn helices comprising, respectively, 480 and 324
elements embedded in plastic foam.

helices had the increased radius of the wire r; = 0.25 mm,
the same as in the experimental sample). The absorption
coefficient was found based on the reflection and trans-
mission data using the expression A = 1 — R — 7. For an
array of single-turn helices, the measured peak absorption
amounts to 92%, while for the array of double-turn helices,
the corresponding quantity achieves 81%. The experimen-
tal and simulated curves plotted in Fig. 10 have similar
shapes and nearly the same resonance frequencies. Because
of inaccuracies in manual fabrication, the manufactured
samples comprise inclusions with slightly varying geomet-
rical dimensions such as the loop radius and the height. As
a result, individual inclusions resonate at slightly different
frequencies, which inevitably increases the absorption
bandwidth of the structures but decreases the absorption
peak values. Another reason for the resonance widening is
diffuse scattering on array inhomogeneities (slightly vary-
ing period, etc.). All these imperfections can be improved
with a more precise fabrication process of the helical
inclusions. Both the experimental and simulated results
manifestly confirm the fact that the proposed absorbers
indeed operate as broadband Huygens’ metasurfaces, being
nearly totally reflection-free inside and outside of the
absorption band.
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FIG. 10. Measured and the corresponding simulated reflection,
transmission, and absorption coefficients for the fabricated
metasurfaces with (a) single- and (b) double-turn helical inclu-
sions. The dots denote measured values. The solid lines are the
envelope curves of the measured data. The dashed lines show the
corresponding simulated coefficients of the measured samples.

V. DISCUSSION AND CONCLUSIONS

In this paper, we have proposed and experimentally
tested a novel concept of ultrathin all-frequencies-matched
metasurfaces that produce no reflections in an extremely
wide frequency range. Although here we utilized these
metasurfaces for designing absorbers, they can be perfect
candidates for creating lossless transmit arrays that are
reflectionless at all frequencies and allow full control over
transmission wave fronts. Indeed, let us consider a lossless
wideband reflectionless metasurface that can be realized
using the same helical inclusions made of a low-loss
material. Assuming the Lorentz polarizability model (6)
for both a. and a,, the effective polarizabilities of
lossless balanced inclusions take the form

1 1 O )
e ©)

’10&66 B &mm/’lo B Ae 2§ '

as follows from (4) and (5). The amplitude of the trans-
mission coefficient is identically equal to unity, but its
phase

A
phase(E,/E;,.) = 2 arctan (276> (10)

28 w? — w?

can be fully controlled over the 2z range [the arctangent
function in (10) varies over z] by choosing the unit-cell area
S and the inclusion parameters A, and ., still maintaining
a zero reflection property at all frequencies. It should be
noted that the presence of electric and magnetic responses
in the structure is a necessary condition to cover the full 2z
range of the transmission phase. It is simple to prove that if
only one of the electric and magnetic polarizabilities is
nonzero, the accessible range of the transmission phase
becomes 2 times smaller than that in Eq. (10). This result is
in agreement with previous studies [44] where the phase
control of transmission was limited by z in structures
possessing only an electric response.

Adjusting the level of dissipation loss in the inclusions,
we can also fully control the amplitude of the transmitted
wave. In contrast, known realizations of Huygens’ meta-
surfaces for controlling transmitted waves [13-15] are
perfectly matched only at one frequency.

In this paper, we have designed Huygens’ metasheet
absorbers, which fully absorb incident radiation of one
frequency, being totally transparent for radiation of other
frequencies. This regime implies that the inclusions of the
absorbers are equally strongly polarized electrically and
magnetically, in as wide a frequency range as possible. This
polarization is achieved by using one and the same resonant
mode of a chiral resonator to create both electric and
magnetic responses with identical spectral dispersions.
From the theoretical point of view, the proposed absorber
is probably the first microwave realization of a dispersive
and lossy structure which does not reveal its dispersive and
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lossy nature when observed in reflections at any frequency.
Although we have designed the prototypes operating in
the microwave frequency range, our generic concept of
Huygens’ metasurface absorbers can be applied over the
entire electromagnetic spectrum.

The unique property of zero reflectivity in an ultrawide
frequency range combined with frequency-selective
absorption offers exciting possibilities in applications,
allowing creation of perfect electrically thin band-stop
filters for radiation of an arbitrary frequency. The off-band
transparency of the absorbers allows one to construct
various complex multifrequency filters, combining, in a
parallel stack, metasurfaces resonating at different frequen-
cies. The neighboring metasurfaces would not disturb the
performance of one another, and the overall thickness of
such a multilayer structure would still be of the order of
one wavelength or less. Another exciting possibility of the
implementation of the proposed absorbers lies in designing
new types of “invisible” bolometers and sensors. Using the
multilayer Huygens’ metasurface absorber, it becomes
possible to design a single bolometer that measures the
power of incident radiation of different spectral lines
at the same time. Moreover, the narrow-band response
of the proposed absorbers makes them ideal candidates for
implementation in bolometer arrays in astronomy at milli-
meter wavelengths. Because of the reflectionless operation,
the proposed absorbers can be successfully used for stealth
applications, especially for nonmetallic objects. In contrast
to conventional metal-backed absorbers, they do not
increase the radar cross section of the hidden object outside
of the absorption band.
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Nonuniform metasurfaces (electrically thin composite layers) can be used for shaping refracted and reflected
electromagnetic waves. However, known design approaches based on the generalized refraction and reflection
laws do not allow realization of perfectly performing devices: there are always some parasitic reflections into
undesired directions. In this paper we introduce and discuss a general approach to the synthesis of metasurfaces
for full control of transmitted and reflected plane waves and show that perfect performance can be realized.
The method is based on the use of an equivalent impedance matrix model which connects the tangential field
components at the two sides on the metasurface. With this approach we are able to understand what physical
properties of the metasurface are needed in order to perfectly realize the desired response. Furthermore, we
determine the required polarizabilities of the metasurface unit cells and discuss suitable cell structures. It appears
that only spatially dispersive metasurfaces allow realization of perfect refraction and reflection of incident plane
waves into arbitrary directions. In particular, ideal refraction is possible only if the metasurface is bianisotropic
(weak spatial dispersion), and ideal reflection without polarization transformation requires spatial dispersion with

a specific, strongly nonlocal response to the fields.

DOI: 10.1103/PhysRevB.94.075142

I. INTRODUCTION

A metasurface is a composite material layer, designed and
optimized in order to control and transform electromagnetic
fields. The layer thickness is negligible as compared to the
wavelength in the surrounding space. Conventional devices
for wave transformations are either bulky and heavy (e.g.,
reflector antennas or lenses) or complicated and require active
elements (transmitarray antennas, also called array lenses
[1,2]). Therefore, it is quite tempting to become able to
realize desired transformations (for example, focus or refract
wave beams) using extremely thin passive layers. Recently,
there has been considerable interest and progress in creating
metasurfaces for controlling reflected and transmitted waves;
see recent reviews in [3-7]. Some limited manipulations
of waves transmitted through a thin metasurface can be
accomplished due to a specifically designed phase gradient
over the metasurface plane [8-11]. The required phase
gradient is achieved by precise adjustment of the phases of
transmitted waves from each metasurface inclusion. Although
this approach has enabled realizations of transmitarrays even
at optical frequencies, it suffers from very low efficiency (less
than 25% of transmitted power) and cannot provide control of
polarization of the transmitted waves (in fact, it suffers from
uncontrollable polarization rotation by 90°). Subsequently,
another approach based on generalized boundary conditions
and the use of symmetric metasurfaces was proposed by
several researchers [12—15]. It provided more efficient opera-
tion (more than 80% of transmitted power) and manipulation
of polarization [16]. However, even this approach cannot
ensure ideal performance [7,17], because these symmetric
layers cannot be matched to impedances of two propagating
waves (incident and transmitted) in different directions, and,
therefore, they inevitably produce some reflections. Most
recently, in Refs. [18,19] it has been shown that the use of
metasurfaces with asymmetric response can open a possibility
to realize metasurfaces for perfect refraction.

2469-9950/2016/94(7)/075142(14)
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Known structures for manipulating reflection (both reflec-
tarrays and metasurfaces) are able to control the reflection
phase at each point of the reflector surface and nearly
fully reflect the incident power. Representative examples
can be found in papers [20-27]. It has been believed that
these properties can allow full control over reflected waves.
However, itis not the case. As is shown in [28] and in this paper,
lossless fully reflecting metasurfaces designed to reflect a plane
wave into another plane wave always produce parasitic beams
in undesired directions. Without proper understanding of the
physical properties of metasurfaces responsible for refraction
and reflection phenomena it is not possible to create 100%
efficient metasurfaces with desired properties.

Here we address this problem by introducing a general
approach to the design of metasurfaces for arbitrary manipu-
lations of plane waves, both in transmission and reflection. We
explain the main ideas of the proposed analytical approach to
the synthesis of general functional metasurfaces using simple
but enough general examples of metasurfaces for refraction
or reflection of plane waves into arbitrary directions. In the
first example, a metasurface between two isotropic half spaces
(generally different) is designed so that a plane wave incident
from one space (the incidence angle 6;) is fully refracted
into a plane wave propagating in the second space (the
refraction angle 6;), without polarization change. We derive
general conditions on the equivalent circuit parameters of the
metasurface to ensure perfect refraction while the reflection
coefficient is exactly zero (see Sec. Il A). Subsequently, we
consider three different metasurface scenarios to satisty these
conditions (Secs. II B, II C, and I1 E). The latter scenario was
independently considered in [18]. In the second example, we
show how to design metasurfaces which fully reflect plane
waves into an arbitrary direction (the reflection angle 6;).
In this example, there are two plane waves coexisting in
the space in front of the reflecting metasurface. This issue
complicates the study, but the solution allows us to approach

©2016 American Physical Society
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the problem of synthesis of metasurfaces for the most general
field transformations, where the main challenge is to account
for interference between multiple plane waves. Indeed, any
arbitrary field distribution can be represented as a series of
plane waves that interfere on both sides of the metasurface.
In Sec. IIT A, we examine conditions on the metasurface
parameters for the perfect reflection regime. Similar conditions
were obtained independently in [28]. Next, in Secs. IIIB,
I C, and IV, we consider different scenarios for metasurface
realizations.

‘We show that perfect control over both refraction and reflec-
tion using lossless metasurfaces requires careful engineering of
spatial dispersion in the structure. To realize perfect refraction,
we need only weak spatial dispersion in the form of the
artificial magnetism and bianisotropic omega coupling [29].
This effect is described by local relations between the exciting
electric and magnetic fields and the induced polarizations in
the unit cells. Perfect control over reflection using lossless
metasurfaces appears to be possible only using strongly
nonlocal metasurfaces: part of the power received in one area of
the surface should be “channeled” and reradiated at a different
part of the surface. Lossless local-response metasurfaces (that
is, conventional reflectarrays and earlier studied metamirrors)
cannot create a perfect reflected plane wave in any direction
except the specular and retro directions.

The results clarify the necessary physical properties of
metasurfaces for ideal wave refraction and reflection and ex-
plain the limitations of earlier used design methods and earlier
studied realizations in the form of electric and magnetic sheets,
inhomogeneous high-impedance surfaces, and reflectarrays.
Possible routes towards realization of ideal and full control
over refraction and reflection are identified and discussed.

II. CONTROL OF TRANSMISSION: PERFECTLY
REFRACTING METASURFACE

As a first step we consider the problem of synthesis of
metasurfaces for control of transmitted waves. We require
that a given plane wave is fully refracted into another plane
wave, without reflections or energy loss. The geometry of the
problem is illustrated in Fig. 1. The metasurface is located
in the yz plane between two isotropic half spaces with the
characteristic impedances 7, and 7,. We assume, without loss

y Zz

FIG. 1. Illustration of the desired performance of an ideally
refracting metasurface.
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of generality of the approach, a transverse electric (TE, with
respect to the normal to the surface) incident plane wave. Our
approach can be used for waves of arbitrary polarizations,
including arbitrary polarization transformations, by using the
dyadic parameters instead of the scalar ones.

Let us assume that the metasurface is illuminated from
medium 1 by a plane wave (with the wave number k; and
the electric field vector E;) at an angle 6;. Requiring zero
reflections, the tangential field components E,; and H,; on the
illuminated side of the metasurface (at x = 0) read

—jki sin6;z 1 —jky sin6;z
E;; = Eie Jh “ nxH, = EiFCOSGie Jh o
1

where z is the coordinate along the tangential component of
the incident wave vector and the unit vector n is orthogonal
to the metasurface plane, pointing towards the source. The
time-harmonic dependency in the form e/ is assumed. We
want to synthesize a metasurface which will transform this
incident wave into a refracted wave propagating in medium 2
(characterized by parameters k;,7,) in some other direction,
specified by the angle 6, without any loss of power. Therefore,
the required tangential fields behind the metasurface read

—jka sinbyz+ jy

(@)
For generality, we assume that the refracted wave is phase-
shifted by an arbitrary angle ¢, with respect to the incident
plane wave. With these notations, we can choose the origin of
the z axis so that both E; and E, will be real-valued vectors.
Obviously, the phase of the transmission coefficient

1
nxH,, = E,— cos e
2

E, = Etefjkz sin 0|Z+J¢[’

®(z) = L(En/En) = —kasinbiz + ¢ + ki sinbiz~ (3)

is not uniform over the surface, as long as k; sin 6; # k; sin 6.
Differentiating the above equation, one can find the relation
between the incidence and refraction angles in terms of the
transmission coefficient phase gradient:

d@l(z)

iz “

ky sin6; — k, sin 6, =

This result suggests the simplest approach to the realization
of refractive surfaces: designing a locally periodical surface
whose transmission coefficient is unity in the absolute value
(lossless Huygens’ sheet) and the phase of the transmission
coefficient linearly changes in accordance with (4). This
method was used for a long time in antenna engineering (e.g.,
[30]) and more recently in designs of metasurfaces, both in
microwaves (e.g., [31]) and optics (e.g., [8]). However, this
approach does not lead to the desired perfect refraction [17],
and next we will explain how the desired performance can be
realized exactly.

A. Conditions on the equivalent circuit parameters

First, let us find the amplitude of the transmitted wave
E; which corresponds to full power transmission through the
metasurface. Looking for possible realizations as metasurfaces
with local response, we equate the normal (to the metasurface)
components of the Poynting vector at each point of the
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FIG. 2. Equivalent T circuit of a reciprocal metasurface for the
considered case of one linear polarization (TE).

metasurfaces, in the two media:
iRe(E;; x H}}) = 1Re(E,> x H}), 5)

and substitute the field values from (1) and (2). As a result, for
metasurfaces with locally full power transmission we obtain

6;
E=E 20 12 6)
cos6\ ny

Note that the amplitude of the transmitted wave can be larger
or smaller than the amplitude of the incident plane wave,
although the metasurface is lossless and the power is conserved
in transmission. This result already tells about a limitation of
the mentioned above simple design approach based only on
engineering the transmission phase according to (4).

Let us write the linear relations between the tangential fields
at the two sides of the metasurface in the form of an impedance
matrix:

Ei = Zin x Hyy + Z12(—n x Hp), @)

Ei» = Zyn x Hyy + Zo(—n x Hp), (®)

and find such values of the Z parameters which correspond to
this particular field transformation. Knowing the Z parameters
of a metasurface, we will be able to determine suitable
topologies of constitutive elements (the unit-cell structures)
which will realize the desired functionality. Furthermore, the
use of the equivalent T circuit (Fig. 2) helps in understanding
what physical properties the metasurface should have in order
to provide the desired response.

Substituting the field values from (1), (2), and (6), we get
the following equations for the Z parameters:

e—jkl sinf;z Jkisin6;z

1
= Zi1 —cosbe”
m
1 I )
—Z 12 ———1/cos 6; cos G IR sinbatid ()
A2 ' '
1 -

e—jkz sin6iz+jd _ Zai

nin2

—Zn LS& efjkz si|1911+j¢|_ (10)
2

Obviously, there are infinitely many solutions for the unknown
Z parameters, because we have only two conditions imposed
on four complex parameters. Note that solutions with complex
values of impedance parameters mean that some of the
components forming the metasurface are either lossy or active,
but all these solutions still correspond to the overall lossless
response of the metasurface, because the fields on the two sides

PHYSICAL REVIEW B 94, 075142 (2016)

of the metasurface form plane waves carrying the same power
in both upper and lower half spaces.

This observation suggests that we can impose some
restrictions on the values of the equivalent parameters of the
metasurface for a specific transformation and achieve different
realizations of metasurfaces which all perform the same
operation on incident plane waves. The possibility of multiple
realizations of arbitrary metasurfaces using the susceptibility
model was discussed in Ref. [15].

B. Teleportation metasurface

Considering Eqgs. (9) and (10), we observe that while the
left-hand sides are single-exponential functions (correspond-
ing to either incident or transmitted wave), the right-hand sides
are sums of two different exponential functions. This property
indicates that in general the Z parameters of the metasurface
will depend on the coordinate z; that is, the metasurface is,
in general, not uniform. However, there is an interesting and
conceptually simple solution corresponding to a homogeneous
metasurface. If we assume that Z,, = Z,; = 0, then both
equations are satisfied with

m _ n

Zyy = —— Zyn=— .
cosb;’ cos 6,

an

In this scenario, the metasurface is formed by a matched
absorbing layer (the input resistance Z;;), a perfect electric
conductor (PEC) sheet, and an active layer (an “antiabsorber”
[32,33]) on the other side. The incident plane wave is totally
absorbed in the matched absorber. The negative-resistance
sheet (resistance Z,;) together with the wave impedance
of medium 2 forms a self-oscillating system whose stable-
generation regime corresponds to generation of a plane wave
in the desired direction (the refraction angle 6;). Indeed, the
sum of the wave impedance of plane waves propagating at
the angle 6, and the input impedance of the active layer is
zero, and this is the necessary condition for stable generation.
This structure is similar to the “teleportation metasurface”
introduced in [32,33] for teleporting waves without changing
the propagation direction. As shown in [33], in that case if
the reflector separating the resistive and active layers is made
at least slightly imperfect (parameters Z;, = Z,; are very
small but not exactly zero), the amplitude and phase of the
transmitted wave is synchronized with the incident field.

The teleportation metasurface is a theoretically perfect
realization of the desired transformation of plane waves in
transmission. In particular, when the incidence angle equals
6;, the reflection coefficient is exactly zero. However, because
the input resistance of the metasurface seen from medium 2 is
negative, reflections of waves coming from this medium are
very strong. Therefore, within the linear model of the negative
resistance, the reflection coefficient tends to infinity for waves
coming from the direction ;. Moreover, the amplitude of the
field in medium 2 is established due to nonlinear saturation
of the negative resistance device. Therefore, it is probably
practically impossible to ensure that the negative resistance
saturates at exactly the desired amplitude of the generated
wave. Next, we consider an alternative realization, requiring
perfect matching of the metasurface for waves coming from
medium 2.
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FIG. 3. Equivalent T circuit of a nonreciprocal transmitarray
realization of refractive metasurfaces.

C. Transmitarray

Let us consider alternative realizations demanding that the
input impedance of the metasurface seen from medium 2 is
matched to the wave impedance in medium 2, so that waves
coming from the direction 6; will not produce any reflections.
This requirement can be satisfied if we demand that

T = (12)
cos 6

Now we can find a realization of the metasurface as a
nonreciprocal system where the ideal voltage source in the
output branch is defined by

2/mm
+/cos b; cos 6;

as follows from (10). If the desired response for illumination
from medium 1 is the only requirement, we can set Z;; =0
and Z,; = e , so that for illuminations from medium 1 at
the 1n<:1dence angle 6; the metasurface is acting as a matched
absorber (matched receiving antenna array). This realization
can be modeled by the corresponding nonreciprocal equivalent
circuit, shown in Fig. 3.

This realization reminds one of conventional transmitarrays
[1]. The incident plane wave is received by a matched antenna
array on one side of the surface and the wave is launched into
medium 2 with a transmitting phase array antenna. In the ideal
situation the transmitarray is overall lossless, as the resistance
seen from the illuminated side is in fact the radiation resistance
of the transmitting array (the two arrays need to be connected
by matched cables).

The same model describes also the concept of field control
and active cloaking using active Huygens’ surfaces [13,34].
In that scenario, there is no connection between the receiving
side (realized as a matched absorber) and the active array. The
incident field is assumed to be known and the amplitudes
and phases of sources feeding the radiating array are set
accordingly.

Z21 — e—j(kzsinG.—kl sin 0;)z+j ¢, (13)

D. Symmetrical double current sheets

Within the metasurface paradigm, the simplest approach
to realization of refractive metasurfaces is to assume that
the refraction is controlled by engineering surface densities
of electric and magnetic current sheets, coexisting at the
metasurface plane. It is obvious that sheets of only electric or
only magnetic currents cannot offer the desired functionality
because of the symmetry of the scattered fields in the forward
and backward directions. Because electric and magnetic
surface current sheets are conveniently modeled by surface
impedance relations, it appears reasonable to model refractive
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metasurfaces by two impedance relations which should hold
both for the electric and magnetic surface current densities J.
and J,, [35-37]:

E E
Jo=nxHy—nx Hy = VB = %022 (g

H;; +H,;
Jn=-nx(E;—Ep) =Y,H = Ym%. (15)

Here E, and H, are the averaged tangential electric and
magnetic fields at the metasurface plane. Forming sums and
differences of (7) and (8), it is easy to see that relations (14)
and (15) can hold only if the metasurface is symmetric and
reciprocal, that is, when Z;; = Z,; and Zj; = Z,;. Under
these assumptions,

_ 2
Zn+ 27y

Since we have only two unknown complex parameters Z;; and
Z 17, the solution of (9) and (10) becomes unique and it reads

Y =2(Z11 — Z1a). (16)

m eI 4 pi P
Zy = - o a7
CoSO; g i@ — MO,
12 cos 6;
ﬁ 11 cos 6
mn2 12 cos b;
Zin= , e (18)
/€08 65 cos B, ¢—i P — MBS, jdy
12 cos 6;

where @, is defined by (3). We see that these parameters,
as well as the electric sheet admittance and magnetic sheet
impedance (16), are complex numbers, which physically
means that the surface is either lossy or active at different
values of z. For a special case of refraction of a normally
incident plane wave at 45° such solution for sheet parameters
has been published in [12,38] and later on discussed in, e.g.,
[7].

Inspecting (17) and (18), we see that the metasurface
parameters can be purely imaginary for all z, corresponding to
passive lossless realizations, only if

cos 6,
m t_ (19)
N2 cos 6;
in which case
. 1 .
Zi» = _ Z11 = j—— cot d,. 20
12 ]cos 6; sin &, = ]cos 6; ! (20

Corresponding surface admittances, given by (16), are also
purely imaginary and coincide with those derived in [17]
in an alternative way. Condition (19) physically means that
the impedance of the incident plane wave at the top side of
the metasurface (#Q'gi) equals the impedance of the refracted
wave at the bottom side of the surface (CO"SZG‘ ). It is, however, in
contradiction with the desired field structure: Equations (1) and
(2) imply that the ratio of the tangential field components (the
wave impedance) must in general change if we require perfect
refraction. Thus, lossless double current sheets modeled by
impedance relations (14) and (15) cannot realize perfectly
refractive metasurfaces.

In paper [17] the requirement for equal impedances (19)
was derived in a different way, demanding the absence of
losses, and it was concluded that perfect refraction using
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lossless metasurfaces was not possible without reflections.
Indeed, it is clear that adding some reflected field to (1),
it is possible to make sure that the ratio of the tangential
fields on top of the metasurface is the same as at the bottom.
This approach is followed nearly in all current literature on
lossless metasurfaces for refraction control: Nearly always
only symmetric metasurfaces have been considered and used
(see [5,7]) and the realization is thought in form of a
symmetric double current sheet. This is the reason why earlier
publications (see the review in [7]) state that there must be at
least small reflections or there is a need to use active elements.
The only known to us exception is the recent paper [18] where
the problem is attacked using the generalized scattering matrix.

Next we show that perfect refraction at an angle which
is not equal to the incidence angle is in fact possible using
only lossless structures, but only if the surface is spatially
dispersive, exhibiting bianisotropic omega coupling. This
result has been independently obtained in [39].

E. Metasurface formed by lossless elements

In the above example realizations, metasurfaces contained
both lossy and active elements, which may require complicated
and expensive realizations. It is therefore of interest to consider
whether and how one can realize the same functionality using
only reactive lossless components.

1. Impedance matrix

To answer this question, we again consider the main set
of requirements on the Z parameters of an ideal refractive
metasurface (9) and (10) and look for a solution where all the
Z parameters are purely imaginary (i.e., Z;; = jX;;):

e 1 o
e—_/kl sin6;z — ]X]] — cos 0i e—_/l\l sin 6;z
m
V/cos 6, cos Gk sinbiztide
21

IETIRTEDS . 1 TR
e Jkasinfz+ jy — ]X21 /COS 0]_ cos 9[ e Jkisinfz
V12

cos 6,

—JjXn

1
A2

—jX22 ; e—jkz sin 0.z+j¢[‘ (22)
2
This is a system of four real-valued equations for four real

unknowns X;;, which has a unique solution:

X = L cotdy, 23)
cos 6;
Xy = cot dy, (24)
cos 6,
Jmnz 1
X=Xy = (25)

\/c0s 0; cos B, sin D

For the case of zero phase shift (¢, = 0) formulas (23)—(24)
agree with the result of [18], obtained using the generalized
scattering parameters approach.

The metasurfaces modeled by (23)—(25) are reciprocal
(X 12 = X»1). Indeed, the same solution follows from (9)—(10)
if we demand that a plane wave coming from the second
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medium (the incidence angle 6,) is fully transmitted into
the first medium in the direction 6;. The required physical
properties of such metasurfaces can be understood from the
corresponding equivalent 7 circuit (see Fig. 2). The circuit is
asymmetric, because X | # X5;. This structure of the Z matrix
corresponds to bianisotropic omega layers; see a discussion
in [40,41]. Possible appropriate topologies include arrays of
Q-shaped inclusions [42], arrays of split rings, double arrays of
patches (patches on the opposite sides of the substrate must be
different to ensure proper magnetoelectric coupling) [43—-46],
etc. A more complicated set of three parallel reactive sheets
was proposed in [18].

Previously, probably only in paper [18] asymmetric meta-
surfaces were used for transmission management [Eqgs. (23)—
(25) also appear in [18] for the case when ¢, = 0]. Note also
that the role of the omega-type bianisotropy of metasurfaces
has been discussed in the review paper [4], and omega layers
have been successfully used in single-layer metamirrors [42].

Comparing to the simple designs based on symmetrical
metasurfaces (Sec. II D), we again see from (23) and (24) that
lossless symmetric realizations with X|; = X, are possible
only if w”s' 5= c(:]sZQ" as we already saw from requirement (19).
If media 1 and 2 are the same, we can conclude that previously
proposed symmetrical metasurfaces cannot provide perfect
refraction (without parasitic reflections or energy loss).

2. Unit-cell polarizabilities and appropriate topologies

Although the impedance matrix model provides a simple
tool to design structures for desired wave transformations,
it is not directly applicable for identifying appropriate
topologies of the metasurface unit cells. Here we show
how to determine what are the required properties of unit
cells which realize ideally refractive metasurfaces. Knowing
the polarizabilities of each unit cell, we can identify what
polarization response should be generated in unit cells and
what inclusions are needed to realize this response. So-called
collective polarizabilities [47] relate the tangential electric
and magnetic dipole moments induced in the unit cell to
the fields of the incident wave. Knowing the Z parameters
of a metasurface is tantamount to knowing reflection and
transmission coefficients. Writing them also in terms of the
collective polarizabilities of unit cells, we can find the required
polarizabilities which realize the desired response. For the
perfect refractive metasurfaces the collective polarizabilities
of unit cells read (see [48])

~yy S cos 6; cos 6,
a9 Y=

€ jwnicos + nacosb;

w 1o 11 cOS B, n N2 cos 6; ejq)l(z) ’
12 cos 6; N1 cos b;
(26)

P M mmn

amm

- jTu 11 cos 6; + 1, cos 6;

o [ meost | [meosh) o) |
12 cOs 6; 11 €0s 6;

@n
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oy inz cos; — nj cos b,

Yt = —
Uem = —Upe =

- , (28)
Jj ny cos 6 + 1, cos 6;
where S is the unit-cell area and @os,&%,,0em,Ome are,
respectively, electric, magnetic, electromagnetic, and magne-
toelectric polarizability components (coupling coefficients).
The last two coefficients @2y and Gne imply so-called bian-
isotropic response in the unit cells which models the effect
of weak spatial dispersion [29]. In other words, the incident
electric (magnetic) field should induce also magnetic (electric)
polarization in the unit cell. Here, @2y = —aize, Which is a
typical characteristic of reciprocal omega inclusions [29].

As can be expected, both the electric and magnetic polariz-
abilities in (26) and (27) depend on z, and this dependence is
the same for both of them. This result reflects the requirement
of zero reflection at any point of the metasurface, which
demands the balance of the induced electric and magnetic
surface currents at any point (Huygens’ condition). On the
other hand, the omega coupling coefficient in (28) is constant
with respect to z and depends only on the impedances and
angles. This result reflects the fact that bianisotropic coupling
of omega type is necessary to ensure that the waves incident on
both sides of the metasurface see the same surface impedance,
so that reciprocal full transmission is realized. Since the
impedances of the two waves depend only on the impedances
of the media and on the two angles, the coupling coefficient
also depends only on these parameters. As expected, we see
that when the impedances of the incident and transmitted
waves are the same, thatis, Itz = 2, the required coupling
coefficient vanishes.

Bianisotropic metasurfaces with the required properties
defined by (26)—(28) can be realized as arrays of low-loss par-
ticles with the appropriate symmetry. As was mentioned, for
microwave applications, metallic canonical omega particles or
double arrays of asymmetric patches can be used. Multilayered
topologies were proposed in paper [18]. For optical appli-
cations, arrays of properly shaped dielectric particles were
introduced as omega-type bianisotropic metasurfaces [49,50].

It is important to compare the polarizabilities (26)—(28)
which are required for realizing perfect refraction with the
polarizabilities found in earlier works on wave transformations
in the transmitting regime (e.g., [8—11,31]), where the design
approach is based on the geometrical optics model and
the “generalized law of refraction” (3). In that theory, the
metasurface is assumed to be locally periodical, and the
unit cells are designed so that the transmission coefficient
has unit amplitude and the desired phase at every point.
These requirements are satisfied if the electric and magnetic
polarizabilities read (taking the earlier considered special case
of normal incidence and identical media at both sides [31])

U N e
@Y = Sas = —jwn(l — /P, (29)

ee nz mm
and the magnetoelectric coupling coefficient @ay, is zero.
Periodical arrays formed by unit cells having these collective
polarizabilities have unit transmissivity and the transmitted
waves have the required phases ®(z), but when the cells
are assembled into a nonuniform array, the performance
becomes nonideal. In other words, in order to ensure the
desired response of the nonuniform metasurface, properties
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FIG. 4. Tllustration of the desired performance of an ideally
reflecting metasurface. TE incidence is assumed and the metasurface
is located in the yz plane.

of periodical arrays formed by its unit cells must deviate
from the simple geometrical-optics design recipe (3). This
result is consistent with that in [6]. We can conclude that in
order to ensure perfect refraction, it is not enough to make the
metasuface bianisotropic (introducing asymmetry with respect
to its two sides). The electric and magnetic polarizabilities in
the exact synthesis [see (26)—(28)] solution are also different
as compared to the conventional synthesis solution (29).

III. CONTROL OF REFLECTION: PERFECTLY
REFLECTING METASURFACE

In the previous case of refractive metasurfaces, there is
only one single plane wave at every point of space. In
order to be able to synthesize metasurfaces for general field
transformations, we need to understand how to control several
plane waves which propagate and interfere in the same space.
This problem can be solved at an example of a perfectly
reflective metasurface, which we consider next.

The geometry of the problem is shown in Fig. 4. The design
goal is to fully reflect a plane wave coming from a given
direction 6; into another plane wave propagating in a different
and also arbitrary direction 6,. Here, we consider the case when
the polarization of the reflected wave is the same as that of the
incident wave. Metasurfaces designed for full reflection were
called metamirrors in [42,43]. In this scenario, the desired field
distribution at the surface of the metamirror is the superposition
of two plane waves (the incident wave and the reflected wave):

E, = Eie—jk, sin6;z 4 Ere—jkl Slﬂng‘*’j(Dr’

E,i cos G~ /Kisinthztige

1 /. 1 ).
n x H,, = E;— cos @, /kisinfiz _
! m

(30)

Here, E;; and H,; are the tangential (to the metamirror
plane) components of the total electric and magnetic fields
at the metamirror surface. For generality, we assume that the
reflected plane wave can have any desired phase shift ¢, with
respect to the incident wave. With these notations, we can
choose the origin of the z axis so that both E; and E; will be
real-valued vectors.

Similarly to the refractive metasurface, we see that the phase
of the reflection coefficient

D,(z) = —k; sinb,z + ¢ + k; sinbiz (31
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depends on z, except the trivial case of specular reflection (6; =
6,). Differentiating, we find the relation between the reflection
and incidence angles in terms of the gradient of the reflection
coefficient phase:
ky(sin 6, — singy) = 12 @ (32)
dz
Analogously with the transmitting regime, this result suggests
a simple design approach: to realize a fully reflective surface
(the amplitude of the reflection coefficient equals unity at each
point) but with a linearly varying reflection phase, according to
(32). Reflecting surfaces with an engineered reflection phase
are often called high-impedance surfaces [51] or reflectarrays
[52]. Such an approach has been used, for example, in
[20-27,42] as well as in all known designs of reflectarrays.
However, similarly to refracting metasurfaces, in designing
reflecting surfaces this simplistic method also does not allow us
to exactly realize the desired performance. Next, we present
the theory of perfect reflecting surfaces and explore various
reflection scenarios, with their advantages and limitations.

A. Power flow into the metamirror

Applying the same method as in analyzing metasurfaces
for transmission control, we start from considering the power
flow into the metamirror structure. The normal component of
the Poynting vector at the reflector surface reads

P, = JRe(E, x H}). (33)

Substituting the required field distributions (30), we can write
the normal component of the Poynting vector as

1
P, = ﬁ [—El2 cosb; + EE; (cos b, — cos 6;)cos D.(z)
1

+ E} cos 6], (34)

where the reflection phase ®,(z) is defined by (31).

If this quantity is identically zero at all points along z,
the metasurface locally (at every point) acts as a lossless
reflector. Conventional realizations of nonuniform reflectors
belong to this class of locally responding reflectors. Examining
the above expression, we see that within this scenario, full
transformation of an incident plane wave into a single reflected
plane wave of the same polarization is impossible, except
the cases of specular or retroreflection, when 6, = £6; (this
fact is proven also in [28]). Indeed, the expression for the
normal component of the Poynting vector (34) contains an
oscillating term, proportional to cos ®,(z), which can be zero
only if cos 6; = cos 6}, that is, 6, = %6;. Therefore, any local,
passive, and lossless nonuniform reflecting surface will create
modulated reflected waves with spatial dependence of the
fields different from the design target (30).

The same expression (34) tells us also that it is possible
to reflect a plane wave into only one plane wave along a
specified direction if we allow energy loss in the metasurface.
To understand this conclusion, let us look for such constant
amplitude of the reflected wave E; which ensures that P, < 0
for all z (negative values of P, correspond to flow of power into
the surface, where it is absorbed). Obviously, this condition
can be satisfied if E, = Ej, since with this amplitude of the
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FIG. 5. Comparison between the power efficiencies of the passive
metamirror which reflects a single plane wave [surface impedance
(41), dashed curve] and the optimized metamirror which minimizes
reflections into nondesired directions [surface impedance (43), solid
curve] at normal incidence.

reflected field we have
E?

P, = 27;1 (cos 6, — cos 6;)[1 + cos D,(2)]. (35)
Since 1+ cos ®.(z) is non-negative, P, is negative or zero
at all points of the metasurface z if cos 6, — cos6; < 0. This
realization scenario was introduced in [28]. For instance, if
the metamirror is excited by a normally incident plane wave
(6; = 0), it is possible to create a single reflected plane wave
along any direction, because cos 6, < 1 for any 6,. However,
as is seen from Eq. (35), the amount of power which is lost in
the metasurface increases with increasing difference between
the incidence and reflection angles. In the limit of cos 8, —
cos 6y — —1, which corresponds to 6; — 0 and 6, — /2,
all incident power is completely absorbed. Figure 5 (dashed
line) shows the efficiency of this scenario as a function of
the reflection angle 6,. The efficiency ¢ is defined as the ratio
of the plane-wave power carried into the desired direction
P = % cos 6, to the power of the incident plane wave P, =
% cos 6;. As is clear from (35) and this figure, increasing the
reflection angle results in decreasing the efficiency by a factor
of cos 6,/ cos 6; (notice that E, = E;).

Actually, ideal reflection into a single plane wave without
losing any power is possible, but only if we allow periodical
flow of power into the metamirror structure and back into
space. This conclusion is also evident from formula (34).
Indeed, we see that if the amplitude of the reflected plane
wave equals

+/cos b;
+/cos 6,

the normal component of the Poynting vector is a periodical
function with zero average value:

E? /cos;

P, =
"7 2 JcosO,

E =

E;, (36)

(cos B, — cos 6;) cos .(z). (37)
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zZ/A

FIG. 6. The required normalized input impedance Z,; /1, of the
ideal metamirror for 6; = 0°,6, = 70°,¢, = 0°.

The metasurface performs the desired function perfectly, but
the response must be strongly nonlocal: the power which enters
the metasurface structure in the areas where P, < 0 must be
launched back from the areas where P, > 0. Alternatively, the
perfect reflection can be achieved if the metasurface has active
and lossy elements (being overall lossless in the average over
the surface area). We see again that there is no power flow
into the metamirror at any point only if 6, = %6, in agreement
with the previous conclusion.

B. Required surface impedance

Following the introduced synthesis approach based on the
impedance matrix, we write the linear relation between the
tangential fields at the metamirror surface. Assuming that
the metamirror is a boundary and the fields behind it are
zero (E;» = 0,H,; = 0), we need only one parameter of the
Z matrix (7)—(8), the input impedance Z;:

Ei =Z;nxH;. (38)

Substituting the desired field values from (30), we get the
following equation for the unknown input impedance Z;;:

P e 1 e
Ei e*]kl sin 6,z + Er e*]k] sin 6,2+ jr — le 7(E1 cos ei e*]}xl sin6;z
m

—E, cos 6, ¢ /Ninthtide) (39)

For the ideally performing nonlocal metasurface, which
produced the reflected wave with the amplitude given by (36),
the corresponding input impedance reads

_ Ul /€08 B; + +/c0s 6 £/ ¥
\/cos 6; cos 6, \/cos 6 — \/cos 6, e/ %@ ’

We see that the input impedance is a complex number, whose
real part is a periodical function of z. Figure 6 presents the
required input impedance for the case when 6; = 0° and
6, = 70°. The real part of the input impedance periodically
takes positive (loss) and negative (gain) values. The surface
acts as if it is lossy close to the regions where the reactive

Zy (40)
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FIG. 7. The required normalized input impedance Z;,/n; for
passive metamirrors in the case when 6; = 0°,6, = 70°,¢, = 0°.
One period of the metamirror along the z coordinate is shown.
The solid, dashed, and dotted lines correspond, respectively, to the
lossy metamirrors [Eq. (41)], the lossless metamirrors creating two
reflected plane waves [Eq. (43)], and the conventional nonuniform
reflectors [Eq. (47)].

impedance is high (close to the regime of a perfect magnetic
conductor, PMC) and active in the areas where the reactance is
small (close to a perfect electric conductor, PEC). Importantly,
this behavior does not imply that the surface cannot be passive
or lossless. We stress that, on the contrary, a properly tuned
metasurface with strongly nonlocal response can emulate such
a metamirror: The power which passes through the input
surface in the “lossy” regions is not absorbed but it is reradiated
from the “active” regions. Another possibility to realize the
ideal performance dictated by impedance (40) could be a
metasurface with truly active and lossy elements where only
the overall response is lossless.

As discussed in Sec. III A, it is possible to eliminate the
need to realize active input impedance (which increases the
realization complexities), at the expense of losing some part of
the incident power in the metamirror. The surface impedance of
such a lossy metasurface, which creates a single plane wave in
the desired direction, can be found from (39) upon substitution
of the reflected field amplitude E, = E;. The result reads

e—jkl sinfz + efjkl sin6;z+j¢r
Zii=mn

cos O e~ikisintiz — cog e~ ikisinbrztide " @D
An example is plotted as a function of the coordinate in Fig. 7
(the solid lines). As is seen, the real part of the impedance
is always non-negative, corresponding to the absorbed power
given by (35).

So far we have demonstrated that a surface having the input
impedance (41) produces a single (nonmodulated) reflected
wave in the desired direction if the power loss in the metamirror
is allowed (see Fig. 5). However, depending on the application
requirements, it can be preferable to allow some modulation
of the reflected wave but reduce the power loss. In the next
section, we present a scenario in which the metamirror is
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lossless at every point, and at the same time the reflections
into nondesired directions are reduced.

C. Optimizing reflections from lossless and local metamirrors

It is possible to optimize the reactance Im{Z,,} profile of
a lossless metamirror in order to minimize reflections into
nondesired directions based on particular optimization criteria.
As one example, we notice that there is an interesting lossless
design, where all the power which cannot be sent into the
desired reflection direction 6; is reflected into the specular
direction. To demonstrate this possibility, we consider the
situation when the difference between the incidence angle 6;
and 6, is large, so that only three propagating plane waves can
exist in the Floquet spectrum of the propagating reflected field
[53]:

0
E = Z Ene—jkl[(n+1)sin9,—n sin9.]z. (42)

n=-—

For the normal illumination (6; = 0), this corresponds to 6;
larger than 30°. It is easy to check that a set of three plane
waves—the incident wave, the wave reflected into the desired
direction (n = 0), and the parasitic plane wave reflected into
the specular direction (n = —1)—exactly satisfy the boundary
condition (38) with a purely reactive impedance

1

.on
z =
1(2) JcosQr

cot [®.(z)/2], (43)

if the wave reflected in the desired direction 6, is given by

2cos 6;
Ey=E—F—+, (44)
cos 6; + cos 6;

and the wave reflected into the specular direction 6; is

cos 6; — cos b,
E =E——. (45)
cos 6; + cos 6,
The amplitude of the Floquet harmonic n = —2 is equal to
zero, and the evanescent part of the spectrum also vanishes.
These amplitudes have been found by requiring that the normal
component of the Poynting vector be identically zero at the
surface. In this case, the metasurface is lossless and exhibits
no strong spatial dispersion. Reciprocally, we can conclude
that 100% power reflection in the desired direction can be
achieved by illuminating the metasurface by two plane waves
at once, properly selecting their relative amplitudes, phases,
and propagation directions.

It is interesting that the efficiency of transformation of the
incident plane wave into the desired reflected plane wave is
much better than for the passive lossy scenario (presented
in Sec. III A) where the parasitic reflections were absent. This
conclusion is illustrated in Fig. 5 by comparing the efficiencies
of these two cases.

The conventional approach for designing lossless nonuni-
form reflectors is based on the “generalized reflection law”
(32), which corresponds to a linear phase variation along the
metasurface. In that approach, the metasurface is designed
so that the local reflection coefficient at every point has
unit amplitude and the phase as dictated by (32). The local
reflection coefficient is defined for an infinite uniform array;
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that is, the input impedance can be found from
. 1 .
Ei +E ¢/™@ = Z;; —(E cost — E, cost; /™), (46)
m

where E; = E; and ®,(z) is given by (31). The result reads

m
cos 6;

Ziy = j—— cot[®,(2)/2], @7
and an example is plotted in Fig. 7. One can see that the
required surface impedance in the conventional reflectors is
different from that of the lossless metamirror described by
(43). In the conventional reflectors, the reflected wave has a
complex structure: Generally, several propagating plane waves
in different directions and some evanescent fields localized
close to the surface are excited. To study the field structure,
one can use numerical simulations or the theoretical technique
exploited for the case of refraction in [54].

D. Unit-cell polarizabilities and appropriate topologies

Making use of the boundary conditions on the reflecting
metasurface which tell us that the tangential electric and mag-
netic fields are equal, correspondingly, to the surface magnetic
and electric current densities, we can find relations between
the surface impedance Z;; and the collective polarizabilities
of unit cells of the metamirror (see [48]):

6 0, j P
T S earay ). @)
cos6; Zyjcosb; + ny S \ coséb;

cos 6; + cos b, _ jw {cos6;
1 Zicosb+n S Ul

Here S is the unit-cell area. Obviously, these equations have
infinitely many solutions for polarizabilities which realize the
desired response. The metasurface can be either bianisotropic
(omega coupling) or it can be a non-bianisotropic pair of
electric and magnetic current sheets. For the non-bianisotropic
realization we set

&z, - &‘m) (49)

T = e =0, (50)

and find the unique solution

S cos6; + cos 6,

Q= 51
€ jo Zjcos6 +my D
- S Zim cos6; + cosb,

as, = — . - (52)

" jw cosb; Zjcosb 4+

We see that in the design of fully reflective metasurfaces, weak
spatial dispersion effects are necessary at least in the form of
the artificial magnetism. If we demand that both magnetic
polarizability and the bianisotropy coefficient be zero, the
above equations have no solutions. The use of bianisotropy
offers additional design flexibilities.

Knowing the collective polarizabilities required for the
desired performance we can immediately see what are the
appropriate topologies of unit cells. Since we need both
electric and magnetic polarizations, the physical thickness
of the reflecting layer must be different from zero, to allow
formation of tangential magnetic moments in unit cells. For
example, itis not possible to realize the desired performance by
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any patterning of a single, infinitesimally thin sheet of a perfect
conductor. The non-bianisotropic realization scenario suggests
the use of a single array of small particles which are polarizable
both electrically and magnetically, such as small metal spirals
asin[31]. A typical realization based on the bianisotropic route
is a high-impedance surface with a PEC ground plane (such
as “mushroom layers” [51]). An important advantage in using
bianisotropic effects is the relaxed requirement on the strength
of the magnetic response. Especially for optical applications,
it is easier to realize strong bianisotropy (which is a first-order
dispersion effect) as compared with the artificial magnetism
(which is a weaker, second-order effect) [29].

E. Ideal metamirrors

We have seen that all local lossless nonuniform reflectors
modulate the reflected waves, which reduces the power
efficiency in the desired direction. The operation of conven-
tional planar reflectors (such as high-impedance surfaces [51],
reflective diffraction gratings [55], and reflectarrays [52]) are
similar in this respect. Next we discuss the potentials of ideal
metamirrors based on nonlocal and nonreciprocal surfaces.

As shown above, it is possible to synthesise an overall
lossless metamirror which would create an unmodulated
reflected wave into any desired direction, satisfying the
requirement (30) exactly, with a constant value of the reflected
plane wave amplitude E,. This goal can be achieved if we
require that the normal component of the Poynting vector
on the metasurface be zero only in the average over the
metamirror period, and not necessarily be equal to zero at every
point. In this case, the amplitude of the plane wave reflected
into the desired direction is given by (36), and the normal
component of the Poynting vector oscillates, according to
Eq. (37). Realization of such metamirrors requires absorption
of power in some areas of the surface and generation of
power in some other areas or, alternatively, power channeling
from one area to the other. Conceptually, this scenario of
balanced loss and gain can be realized using the same two
approaches which were found in the analysis of perfectly
refractive metasurfaces: the teleportation metasurface (Sec.
IIB) and transmitarrays (Sec. IIC). In the former approach,
one can envisage a realization in the form of an array of small
receiving antennas loaded by positive resistors in the areas
where the energy should be partially absorbed, and by negative
resistors where the energy should be launched back into space.
This arrangement is similar to the teleportation metasurface
described in Sec. II B, where such arrays were positioned at
the two opposite sides of a metal screen. Alternatively, one can
envisage a similar array of antennas, where the antennas of the
absorbing areas are connected by cables to the antennas of
the active areas. Thus, the power received at the absorbing
areas is reradiated by the active areas. It is important to
note that both these devices should be nonreciprocal, as the
“active” antennas should radiate power but not receive it back
from space. Actual realization of both these concepts is a
challenging task. As to the teleportation approach, one needs
nonreciprocal antennas, which can be in principle realized
using nonreciprocal materials such as magnetized ferrites
or using active components. There is also an interesting
possibility to use parametric circuits for the same purpose [56].
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FIG. 8. Tllustration of the desired performance of an ideal
metamirror which perfectly transforms a TE incident wave into a
TM reflected wave.

The nonreciprocal transmitarray approach in principle can be
realized also in reflecting metasurfaces, using nonreciprocal
circuits inside the metasurface, but it appears that the use
of spatial modulation of the surface impedance by external
forces (using unit cells equipped with varactors, for example)
is more promising. Conceptually, the desired performance
can be achieved by modulating (for example) varactors in all
unit cells with the same amplitude but with different phases.
Controlling the spatial distribution of the modulation phase,
one can possibly realize parametric amplification or absorption
according to the design specifications. Initial work on space-
time modulated metasurfaces [57,58] produced interesting and
promising results, and we expect that developing this route may
lead to realizations of theoretically perfectly operating lossless
nonuniform metasurfaces.

IV. PERFECTLY REFLECTING POLARIZERS

In the previous section, we considered metamirrors which
reflect an incident plane wave into a desired direction.
However, we encountered either active-lossy realizations of
the metamirror or lossless reflection of modulated waves. In
this section, we introduce a solution for a lossless metamirror
which ideally reflects the incident wave into the desired
direction without any modulations. Since the main reason for
modulations of reflected waves is interference between the
incident and reflected fields, we construct a metamirror which
reflects waves with the polarization orthogonal to that of the
incident wave. As a simple canonical example, we consider
the transformation of a transverse electric (TE) wave with the
amplitude E{ into a transverse magnetic (TM) wave with the
amplitude E} = E; cos 6;, propagating in the desired direction.
Figure 8 shows the problem configuration. It is clear that in this
case there is no interference between the incident and reflected
waves. The desired tangential electric and magnetic fields at
the metamirror surface read

Er] — yE_ye—jh sinf;z + iE"e—jk| sin 6,z+¢r (53)
1 T
and
L COSO L Gnas
nx H; =§—— EJe7/Mo%e
m
A 1 2 —jky sinf,z
—h—— Ereismicie (s
11 oS b,

respectively. Considering the metamirror as a boundary,
the impedance relation between the tangential electric and
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magnetic fields (7)—(8) in this case reads [47]

E/ =Z, -nxHy, (55)

where the impedance has the matrix form
= At AR
Zn =[ o “] (56)
VAYIAY
Notice, in contrast with the previous case, we should consider

the full-rank impedance dyadics Z in order to account for
any possible polarization transformation. Substituting (53) and
(54) into (55), we obtain the following matrix equation:

)z s 6,
R IR .
RZ)'ejd’r - z 7% -1 Rzyejd), ’
11 11 71 cos 6;

where R¥ = EZ/E{ and ®, is defined in (31). The solution

of the above equation for the lossless case (i.e., Re{Z;} = 0)
is unique and reads as

Zi Z0) _ [ emeores MEtEs | g
72 7= ST m pay 1 n1cos b, cot d; |’

cos 6; sin @,

Here, Zj] is the metamirror input impedance which is re-
sponsible for suppressing unwanted reflections in the specular
direction. The proper values of the cross-components Zii
and Z{| ensure the polarization rotation, and, finally, Z% 1s
responsible for reflection with the orthogonal polarization in
the desired direction.

Next, we apply the condition for power conservation (we
demand that the normal component of the Poynting vector
identically equal zero at the metasurface plane at each point to
ensure local response) to find the required reflection coefficient
R¥. This condition reads

— (E)? cosb, 2%” +(E3) =0, (59

211 cos b,
which defines the reflection coefficient for the perfect reflec-
tion regime:

R¥ = \/cos 6; cos 0. (60)

As is clear from (58), realization of this scenario is possible
with purely lossless metasurface elements. Moreover, since the
reflected field does not interfere with the incident one, there
is no field modulation. Therefore, the proposed metamirror
provides an ideal and single reflecting wave.

A. Unit-cell polarizabilities and appropriate topologies

Following the procedure outlined in Sec. IIID, we can
find the relations for collective polarizabilities of unit cells
of the proposed metamirror in the case of perfectly reflecting
polarizers (see [48] for details):

jo (cosb; . .
S(Srmara). e
zy ,j®r jw cos 91 ~yz ~yy
R%e =-5 " ay +ay |, (62)
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6 j 6 5
R el ®r jo [ cosb;
- = a® o 64
11 €os 0 N ( e _ere) 9

Obviously, these equations have infinitely many solutions
for polarizabilities which realize the desired response. Even
restricting ourselves by reciprocal realizations, the metamirror
can be either bianisotropic (both omega and chiral couplings)
or it can be non-bianisotropic with anisotropic electric and
magnetic responses. Here we show two simple design so-
lutions. In the first design, the metamirror is modeled by
anisotropic electric and magnetic polarizabilities. The nonzero
polarizabilities read

P S m
iz = — , 65
mm jw cosb; (65)
. S m L.
yi o _ 2 R¥ J<P" 66
mm Jjw cosb; ¢ (66)
o S cos6;
=, (67)
Jw M
P S 1 o
@Y =————— RY™. (68)
Jjw nycos6;

In this design, the bianisotropic properties are excluded, that
PRI

is, Gme = Oime = Gom = &%, = 0. Notice that there are no
limitations on the selectlon of the polarizability components

Qe , @2 Oram» and @i (they can be chosen from considerations
of reciprocity, for example).
Alternatively, another simple solution of system (61)—

(64) can be found by suppres%lng the cross-polarizability
~YyZ yZ ~Zy

components (i.e., Ume = Ainm = Oam = 0les = 0). This implies
that the metamirror possesses chiral bianisotropic response:

P S m
o= 69
mm jw cosb; ©9)
, S

@ = s — R¥e!%, (70)
ap'.v:icosei’ an
© o jo o m

gu oS 7
aem = _‘]70) RZ), > ( )

~pr AYY A7z

while there is no limitation on @3, &om, &%, and @mm (they can

be chosen from considerations of reciprocity). It can be shown

that if we apply the reciprocity condition (@ = —ain and
a¥ = —a% [29]) and choose
~: S 1
U = —— ————, (73)
Jw nycos6;
~yy S
Diim = I 11 €08 6;, (74)

then the same metamirror dually operates both for TE and
TM polarized incident waves. One can note a similarity of
the conditions on the polarizabilities (69)—(74) with those
used earlier for realizing polarization transformers [59] and
absorbers [31,60]. Here we see that the amplitudes of the
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polarizabilities should be balanced (as shown in [59] for the
normal incidence), and the ideal reflector operation is ensured
by proper adjustments of the chirality parameter phase.
These solutions are only two possibilities, selected for their
simplicity. Other solutions are possible considering (61)—(64).

V. CONCLUSIONS AND DISCUSSION

In this paper we have introduced a general approach to
the synthesis of metasurfaces for arbitrary manipulations of
plane waves. We have explained the main ideas of the method
on two canonical examples: a metasurface which perfectly
refracts plane waves incident at an arbitrary angle 6; into
plane waves propagating in an arbitrary direction defined
by the angle 6;, and a metasurface which fully reflects a
given plane wave into an arbitrary direction 6. The general
synthesis approach shows a possibility for alternative physical
realizations, and we have discussed different possible device
realizations: self-oscillating teleportation metasurfaces, non-
local metasurfaces, and metasurfaces formed by only lossless
components. The crucial role of omega-type bianisotropy in
the design of lossless-component realizations of perfectly
refractive surfaces has been revealed.

The conventional approach to realization of refractive
and reflecting metasurfaces as well as both transmitarray
and reflectarray antennas is based on requiring full power
transmission or reflection at each point of the surface and
providing complete phase control over the transmitted and
reflected waves. We have clarified the role of modifications
in the required phase gradient for conventional planar re-
fractive/reflective structures in gaining higher efficiencies.
Moreover, we have revealed fundamental limitations of this
classical technique and showed how the ideal performance can
be realized. For full control over transmission, weak spatial
dispersion in form of bianisotropic coupling is necessary,
while ideal lossless reflectarray operation calls for the use of
structures with a strongly nonlocal response to the incident
fields or structures that transform polarization of reflected
waves.

We think that the reason why the role of metasurface
bianisotropy in controlling refraction has not been appreciated
earlier is that in this field transformation the wave polarization
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should not change, and it appears natural to expect that bian-
isotropic effects, such as chirality, are not needed. However,
as we have shown here, omega coupling effects, which do
not change polarization, are crucial in engineering perfectly
matched lossless refractive metasurfaces.

In contrast to perfectly refracting metasurfaces, creation
of perfectly reflecting surfaces requires careful control over
the interference of the incident and reflected waves. We have
shown that ideal transformation of an incident plane wave
into a reflected plane wave propagating at an angle different
from what is dictated by the usual reflection law requires either
active structures or passive lossless nonlocal metasurfaces. We
have discussed the structure of reflected fields and proposed
an optimal compromise realization using local and passive
metasurfaces.

In the last part of the paper we have shown that the
requirement of strong spatial dispersion or active inclusions
for realization of perfect metamirrors can be lifted if the polar-
ization of the reflected wave is orthogonal to that of the incident
field. In this case there is no interference between the incident
and reflected wave, and perfect reflection can be realized using
only weak spatial dispersion effects (artificial magnetism and
chirality), similarly to ideally refractive metasurfaces.

Since any exciting fields can be expressed in the form of a
plane-wave expansion, the developed approach can be general-
ized to metasurfaces for the most general field transformations.
We hope that understanding of the physical requirements
for perfect metasurface operation in both transmission and
reflection regime as well as the developed synthesis method
will open a way for design and realization of ultimately thin
composite sheets for a broad range of applications, such as
lenses, antennas, sensors, etc.

Note added. Recently a related preprint [61] has been pub-
lished, which describes a conceptual realization of perfectly
reflecting lossless metasurfaces in the form of a set of three
parallel reactive sheets. This structure exhibits the required
nonlocal properties (“channeling” energy in the transverse
direction), according to the theory presented here.

ACKNOWLEDGMENT

This work was supported in part by the Academy of Finland
(Project No. 287894).

[1] Z. Popovi¢ and A. Mortazawi, Quasi-optical transmit/receive
front ends, IEEE Trans. Microwave Theory Tech. 46, 11 (1998).

[2] S. V. Hum and J. Perruisseau-Carrier, Reconfigurable reflec-
tarrays and array lenses for dynamic antenna beam control: A
review, IEEE Trans. Antennas Propag. 62, 183 (2014).

[3] S. B. Glybovski, S. A. Tretyakov, P. A. Belov, Y. S. Kivshar,
and C. R. Simovski, Metasurfaces: From microwaves to visible,
Phys. Rep. 634, 1 (2016).

[4] S. A. Tretyakov, Metasurfaces for general transformations of
electromagnetic fields, Philos. Trans. R. Soc., A 373, 20140362
(2015).

[5] K. Achouri, B. A. Khan, S. Gupta, G. Lavigne, M. A. Salem, and
C. Caloz, Synthesis of electromagnetic metasurfaces: Principles
and illustrations, EPJ Appl. Metamat. 2, 12 (2016).

[6] N. M. Estakhri and A. Alu, Recent progress in gradient
metasurfaces, J. Opt. Soc. Am. B 33, A21 (2015).

[7] A. Epstein and G. V. Eleftheriades, Huygens’ metasurfaces via
the equivalence principle: Design and applications, J. Opt. Soc.
Am. B 33, A31 (2016).

[8] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne,
F. Capasso, and Z. Gaburro, Light propagation with phase
discontinuities: Generalized laws of reflection and refraction,
Science 334, 333 (2011).

[91 A. V. Kildishev, A. Boltasseva, and V. M. Shalaev, Pla-
nar photonics with metasurfaces, Science 339, 1232009
(2013).

[10] N. K. Grady, J. E. Heyes, D. R. Chowdhury, Y. Zeng, M. T.
Reiten, A. K. Azad, A.J. Taylor, D. A. R. Dalvit, and H.-T. Chen,

075142-12



PERFECT CONTROL OF REFLECTION AND REFRACTION ...

Terahertz metamaterials for linear polarization conversion and
anomalous refraction, Science 340, 1304 (2013).

[11] M.I. Shalaev, J. Sun, A. Tsukernik, A. Pandey, K. Nikolskiy, and
N. M. Litchinitser, High-efficiency all-dielectric metasurfaces
for ultracompact beam manipulation in transmission mode,
Nano Lett. 15, 6261 (2015).

[12] C. Pfeiffer and A. Grbic, Metamaterial Huygens Surfaces:
Tailoring Wave Fronts with Reflectionless Sheets, Phys. Rev.
Lett. 110, 197401 (2013).

[13] M. Selvanayagam and G. V. Eleftheriades, Discontinuous
electromagnetic fields using orthogonal electric and magnetic
currents for wavefront manipulation, Opt. Express 21, 14409
(2013).

[14] F. Monticone, N. M. Estakhri, and A. Alu, Full Control of
Nanoscale Optical Transmission with a Composite Metascreen,
Phys. Rev. Lett. 110, 203903 (2013).

[15] K. Achouri, M. A. Salem, and C. Caloz, General metasurface
synthesis based on susceptibility tensors, IEEE Trans. Antennas
Propagat. 63, 2977 (2015).

[16] C. Pfeiffer and A. Grbic, Millimeter-wave transmitarrays for
wavefront and polarization control, IEEE Trans. Microwave
Theory Techn. 61, 4407 (2013).

[17] A. Epstein and G. V. Eleftheriades, Passive lossless Huygens
metasurfaces for conversion of arbitrary source field to directive
radiation, IEEE Trans. Antennas Propagat. 62, 5680 (2014).

[18] J. Wong, A. Epstein, and G. Eleftheriades, Reflectionless wide-
angle refracting metasurfaces, IEEE Antenn. Wireless Propag.
Lett. 15, 1293 (2016).

[19] V. Asadchy, M. Albooyeh, S. Tcvetkova, Y. Ra’di, and S. A.
Tretyakov, Metasurfaces for perfect and full control of refraction
and reflection, arXiv:1603.07186.

[20] S. Sun, K.-Y. Yang, C.-M. Wang, T.-K. Juan, W. T. Chen, C.
Y. Liao, Q. He, S. Xiao, W.-T. Kung, G.-Y. Guo, L. Zhou, and
D. P. Tsai, High-efficiency broadband anomalous reflection by
gradient metasurfaces, Nano Lett. 12, 6223 (2012).

[21] A. Pors, M. G. Nielsen, R. L. Eriksen, and S. I. Bozhevolnyi,
Broadband focusing flat mirrors based on plasmonic gradient
metasurfaces, Nano Lett. 13, 829 (2013).

[22] A. Pors and S. I. Bozhevolnyi, Plasmonic metasurfaces for
efficient phase control in reflection, Opt. Express 21, 27438
(2013).

[23] M. Farmahini-Farahani and H. Mosallaei, Birefringent reflec-
tarray metasurface for beam engineering in infrared, Opt. Lett.
38, 462 (2013).

[24] M. Estandyarpour, E. C. Garnett, Y. Cui, M. D. McGehee, and M.
L. Brongersma, Metamaterial mirrors in optoelectronic devices,
Nat. Nanotechnol. 9, 542 (2014).

[25] M. Kim, A. M. H. Wong, and G. V. Eleftheriades, Optical Huy-
gens Metasurfaces with Independent Control of the Magnitude
and Phase of the Local Reflection Coefficients, Phys. Rev. X 4,
041042 (2014).

[26] M. Veysi, C. Guclu, O. Boyraz, and F. Capolino, Thin anisotropic
metasurfaces for simultaneous light focusing and polarization
manipulation, J. Opt. Soc. Am. B 32, 318 (2015).

[27] Z. Li, E. Palacios, S. Butun, and K. Aydin, Visible-frequency
metasurfaces for broadband anomalous reflection and high-
efficiency spectrum splitting, Nano Lett. 15, 3 (2015).

[28] N. M. Estakhri and A. Alu, Wavefront transformation with
gradient metasurfaces (unpublished).

PHYSICAL REVIEW B 94, 075142 (2016)

[29] A. N. Serdyukov, I. V. Semchenko, S. A. Tretyakov, and A.
Sihvola, Electromagnetics of Bi-Anisotropic Materials: Theory
and Applications (Gordon and Breach Science, Amsterdam,
2001).

[30] H. Steyskal, A. Hessel, and J. Shmoys, On the gain-versus-scan
trade-offs and the phase gradient synthesis for a cylindri-
cal dome antenna, IEEE Trans. Antennas Propag. 27, 825
(1979).

[31] V. S. Asadchy, I. A. Faniayeu, Y. Ra’di, S. A. Khakhomov, L.
V. Semchenko, and S. A. Tretyakov, Broadband Reflectionless
Metasheets: Frequency-Selective Transmission and Perfect Ab-
sorption, Phys. Rev. X 5, 031005 (2015).

[32] R. Fleury, D. L. Sounas, and A. Alu, Negative Refraction and
Planar Focusing Based on Parity-Time Symmetric Metasur-
faces, Phys. Rev. Lett. 113, 023903 (2014).

[33] Y. Ra’di, D. L. Sounas, A. Alu, and S. A. Tretyakov,
Parity-time-symmetric teleportation, Phys. Rev. B 93, 235427
(2016).

[34] M. Selvanayagam and G. V. Eleftheriades, Experimental
Demonstration of Active Electromagnetic Cloaking, Phys. Rev.
X 3,041011 (2013).

[35] T.B. A. Senior, Combined resistive and conductive sheets, IEEE
Trans. Antennas Propag. 3, 5 (1985).

[36] M. Idemen and H. Serbest, Boundary conditions of the electro-
magnetic field, Electron. Lett. 23, 704 (1987).

[37] E. F. Kuester, M. A. Mohamed, M. Piket-May, and C. L.
Holloway, Averaged transition conditions for electromagnetic
fields at a metafilm, IEEE Trans. Antennas Propag. 51, 2641
(2003).

[38] M. Selvanayagam and G. V. Eleftheriades, Circuit modeling of
Huygens surfaces, IEEE Antennas Wireless Propag. Lett. 12,
1642 (2013).

[39] A. Epstein and G. V. Eleftheriades, Arbitrary power-conserving
field transformations with passive lossless omega-type bian-
isotropic metasurfaces, arXiv:1604.01100.

[40] J. Vehmas, S. Hrabar, and S. Tretyakov, Omega transmission
lines with applications to effective medium models of metama-
terials, J. Appl. Phys. 115, 134905 (2014).

[41] M. Albooyeh, R. Alaee, C. Rockstuhl, and C. Simovski, Revis-
iting substrate-induced bianisotropy in metasurfaces, Phys. Rev.
B 91, 195304 (2015).

[42] V. S. Asadchy, Y. Ra’di, J. Vehmas, and S. A. Tretyakov,
Functional Metamirrors Using Bianisotropic Elements, Phys.
Rev. Lett. 114, 095503 (2015).

[43] Y. Ra’di, V. S. Asadchy, and S. A. Tretyakov, Tailoring
Reflections from Thin Composite Metamirrors, IEEE Trans.
Antennas Propag. 62, 3749 (2014).

[44] Y. Ra’di, C. R. Simovski, and S. A. Tretyakov, Thin
Perfect Absorbers for Electromagnetic Waves: Theory,
Design, and Realizations, Phys. Rev. Appl. 3, 037001
(2015).

[45] M. Yazdi, M. Albooyeh, R. Alaee, V. Asadchy, N. Komjani,
C. Rockstuhl, C. Simovski, and S. Tretyakov, A bianisotropic
metasurface with resonant asymmetric absorption, IEEE Trans.
Antennas Propag. 63, 3004 (2015).

[46] R. Alaee, M. Albooyeh, M. Yazdi, N. Komjani, C. Simovski,
F. Lederer, and C. Rockstuhl, Magnetoelectric coupling in
nonidentical plasmonic nanoparticles: Theory and applications,
Phys. Rev. B 91, 115119 (2015).

075142-13



V. S. ASADCHY et al.

[47] S. A. Tretyakov, Analytical Modeling in Applied Electromag-
netics (Artech House, Norwood, MA, 2003).

[48] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.94.075142 for additional information on the
derivation of collective polarizabilities of metasurface unit cells.

[49] R. Alaee, M. Albooyeh, A. Rahimzadegan, M. S. Mir-
moosa, Y. S. Kivshar, and C. Rockstuhl, All-dielectric recip-
rocal bianisotropic nanoparticles, Phys. Rev. B 92, 245130
(2015).

[50] V. Asadchy, M. Albooyeh, and S. Tretyakov, Optical metamir-
ror: All-dielectric frequency-selective mirror with fully control-
lable reflection phase, J. Opt. Soc. Am. B 33, A16 (2015).

[51] D. Sievenpiper, L. Zhang, R. F. J. Broas, N. G. Alex6polous,
and E. Yablonovitch, High-impedance electromagnetic surfaces
with a forbidden frequency band, IEEE Trans. Microw. Theory
Tech. 47, 2059 (1999).

[52] J. Huang and J. A. Encinar, Reflectarray Antennas (Wiley, New
Jersey, 2008).

[53] J. C. Vardaxoglou, Frequency-Selective Surfaces: Analysis and
Design (Research Studies Press, Taunton, 1997).

[54] A. Epstein and G. V. Eleftheriades, Floquet-Bloch analysis of
refracting Huygens metasurfaces, Phys. Rev. B 90, 235127
(2014).

PHYSICAL REVIEW B 94, 075142 (2016)

[55] 1. Candezon, G. Granet, and P. N. Melezhik, Modern Theory
of Gratings. Resonant Scattering: Analysis, Techniques, and
Phenomena (Springer, Dordrecht, 2010).

[56] Y.Hadad, J. C. Soric, and A. Alu, Breaking temporal symmetries
for emission and absorption, Proc. Natl. Acad. Sci. U.S.A. 113,
3471 (2016).

[57] Y. Hadad, D. L. Sounas, and A. Alu, Space-time gradient
metasurfaces, Phys. Rev. B 92, 100304 (2015).

[58] S. Taravati and C. Caloz, Space-time modulated non-
reciprocal mixing, amplifying, and scanning leaky-wave
antenna system, in Proceedings of 2015 IEEE Inter-
national Symposium on Antennas and Propagation &
USNC/URSI National Radio Science Meeting (IEEE, New York,
2015), p. 639.

[59] T. Niemi, A. Karilainen, and S. Tretyakov, Synthesis of
polarization transformers, IEEE Trans. Antennas Propag. 61,
3102 (2013).

[60] Y. Ra’di, V. S. Asadchy, and S. Tretyakov, Total absorption of
electromagnetic waves in ultimately thin layers, IEEE Trans.
Antennas Propag. 61, 4606 (2013).

[61] A. Epstein and G. V. Eleftheriades, Synthesis of passive lossless
metasurfaces using auxiliary fields for reflectionless beam
splitting and perfect reflection, arXiv:1607.02954.

075142-14



IIybmukamusa 7

V.S. Asadchy, A. Wickberg, A. Diaz-Rubio, and M. Wegener “Eliminating scattering loss in
anomalously reflecting optical metasurfaces”, ACS Photonics, 4, issue 5, 1264-1270 (2017).

Bxkuan aBTopa

[lepponadabHast unest AJjisl CTaTbU IPUHALJIEXKUT aBTOPY. ABTOD IIPOBEJ aHAJIUTUIECKUHA 1 IUC-
JIEHHBII aHAJIN3, CIIPOEKTUPOBAJI METAIIOBEPXHOCTD U IIPOBEJ ONITUUIECKHe u3Meperust. A. Bukbepr
U3roTOBMIJI MeTanopepxHoCcTh. A. JIna3-Py6uo BeiBesia dpopMysibl mpejesa 3pPeKTUBHOCTH Tpa-
JMITMOHHBIX (P PaKIMOHHBIX PEIIETOK Ha OCHOBE MeTaloBepxHocTeil. CTaThbs Oblia HAIIMCAHA,
aBTOpoM. Bee co-aBropnl, a rakxke [Ipod. C.A. Tperbsakos, IpUHAIN yIacTHE B PeJAKTUPOBAHIE

craTbu. Pe3ynbTarsl ObLIN MOIYYeHbl o PyKoBoacTBOM IIpod. M. Berenepa.

171



Photonics

pubs.acs.org/journal/apchd5

Eliminating Scattering Loss in Anomalously Reflecting Optical

Metasurfaces

Viktar S. Asadchy,®"*!® Andreas Wickberg,”! Ana Dfaz-Rubio,” and Martin Wegener®

TDepartmen’c of Electronics and Nanoengineering, Aalto University, 00076 Aalto, Finland
*Department of General Physics, Francisk Skorina Gomel State University, 246019 Gomel, Belarus
SInstitute of Applied Physics and Institute of Nanotechnology, Karlsruhe Institute of Technology, 76128 Karlsruhe, Germany

ABSTRACT: Emerging gradient metasurfaces represent a new
class of diffraction optical components. Through elaborate
engineering of planar arrangements of subwavelength optical
antennas, metasurfaces are capable of imparting arbitrary phase
profiles on to the incident light, thereby enabling devices such as
holograms, complex lenses, and beam splitters. However, the
traditional approach for designing reflective gradient metasurfa-
ces fails for simple beam deflection if the angle included by the
incident and the anomalously reflected beam is large. Recently, it
has been shown that this shortcoming, which results from the
impedance mismatch at the interface and parasitic reflections,
can be eliminated by proper metasurface engineering. Here, we
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report the design, fabrication, and characterization of an optical metasurface, which reflects normally impinging light at around
1550 nm wavelength at an angle of 80° with respect to the surface normal. Under these conditions, the calculated and measured
results show a reflection efficiency that exceeds previous results by a factor of 2. We believe that our findings are an important
step toward high-efficiency devices for general wavefront manipulation.

KEYWORDS: metasurface, anomalous reflection, diffraction grating, parasitic reflections, plasmonics

Manipulation of light by tailored light—matter interaction
is a key aspect of optics. Refractive optics provides a
broad range of functionalities, utilizing phase accumulation due
to light propagation through bulky optical components such as
conventional lenses and waveplates. For many applications,
however, it is preferable to have flat optical components that
operate based on diffraction. Engineering high-efficiency
components is a nontrivial task and requires appropriate
analytical and numerical techniques. For the simplest reflection
scenario, for which an incident plane wave should be diffracted
(steered) into a specific “reflection” direction, high performance
can be achieved with blazed gratings.' Typically, they consist of
grooves patterned on a metal surface and provide up to 80—
90% of reflection efficiency into the n = —1 diffraction order
(Littrow configuration), which corresponds to reflection in the
direction of incidence (retroreflection).” Throughout the past
decade, novel dielectric blazed gratings further improved the
diffraction efficiency up to 99.6%."~” However, high-efficiency
diffraction has not been obtained under conditions where the
incident and anomalously reflected beams include an angle
approaching 90°.

The emerging field of artificially constructed materials
(metamaterials) and surfaces (metasurfaces) has opened a
wide range of fascinating opportunities for light manipulation.
It was demonstrated that one can control diffraction and
dispersion in a rather general fashion by an appropriate planar
arrangement of subwavelength optical antennas.*” Moreover,
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metasurfaces can impart arbitrary phase profiles on an incident
beam, enabling a number of devices (e.g., holograms, complex
lenses, beam splitters, etc.). Planar metasurfaces can be
fabricated along the lines of standard microelectronics. This is
an advantage compared to conventional grooved gratings,
which require more demanding fabrication processes.®
However, early designs of metasurfaces®'' relied on antennas
with only electrical response and provided low efficiency (less
than 25%'”) due to energy coupling into undesired propagation
directions. Subsequent works have considerably improved the
efficiency up to 80% by introducing an effective magnetic
polarization response in the metasurface.”>™"” It was recently
reported'®~*' that these designs can efficiently operate only for
moderate angular separations between the incident and
reflected beams (not exceeding approximately 45°). For larger
separations, inevitable parasitic reflections into undesired
directions appear, precluding high efficiency. To achieve
diffraction in the desired direction, while completely suppress-
ing parasitic reflections in other diffraction modes, one should
ensure excitation of proper evanescent waves in the vicinity of
the metasurface (in addition to the propagating diffracted plane
wave) 181921

In this paper, we first examine the conventional approach for
metasurface design'>~'” and study the performance for large
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Figure 1. (a) Ilustration of anomalous reflection. (b) Magnitude and phase of the local reflection coefficient obtained using the conventional
approach. Here D, = /Isin 6, — sin 6l is the period of the metasurface along the x coordinate. (c) Theoretical bound on the efficiency of
conventional metasurface reflective gratings (blue curve) when the incidence angle is 6, = 0°. Actual efficiency of optical lossy metasurfaces designed
according to ref 13 (orange line), fraction of total energy reflected into parasitic directions Ry, and fraction of energy absorbed by these
metasurfaces A. (d) Metasurface designed according to the conventional approach.'” As an example, the figure illustrates the metasurface
configuration designed for angles #; = 0° and 6, = 80°. A single period of the metasurface is highlighted on the lower right-hand side. The geometric

parameters are as follows: D, = 1573 nm, D,

=775 nm, h; = 80 nm, h, = 100 nm, h = 50 nm, w

=105nm,l; =1,=277 nm, =1, =320 nm, [ = I =

524 nm, I, = Iy = 83 nm, and Iy = I}y = 234 nm (indices of the stripe length increase along the positive x direction).

angles between the incident and the reflected beams. Next, we
exploit the recent design approach proposed in ref 21 to
engineer the first optical metasurface capable of high-efficiency
diffraction without parasitic reflections even for extreme
configurations of incident and reflected beams. Such engineer-
ing is important for two reasons. First, diffraction metasurfaces
with complex physical properties, such as lenses with high
numerical apertures, imply reflection at steep angles in certain
regions of the metasurface. Second, such configuration ensures
high resolving power of the metasurface grating defined as

do, 1
- D, cos 6,

¢Y)

which is important for spectrometer applications.

The conventional agproach for the design of wave-deflecting
metasurface gratings” ° requires that the local reflection
coefficient r(x) (the ratio between the tangential components
of reflected and incident electric fields at a specific point on the
metasurface, defined by the coordinate x) equals unity at each
point and its phase changes linearly versus x

r(x) - l.ejko(sin O=sin 0)x _ ejd)r(x) )
where x is the coordinate along the direction of the phase
gradient, j is the imaginary unit, §; and 6, are the angles of
incidence and reflection with respect to the surface normal, and
ko is the wavenumber in free space. Here we assume TE
polarization of the incident wave, as illustrated in Figure la.
Next, in the traditional design procedure, the locally uniform
surface (on the subwavelength scale) approximation is used.
This means that each unit element of the metasurface is
designed under the assumption that it is located in a uniform
periodical array of identical elements. Such a uniform array
generates only specular reflection. Therefore, the total
tangential fields at the uniform array are given by

_ 5 —jkgsin O —jky sin O
E = Ee ™ + Ee ™ s

H, = 1/5,(E; cos GeT*o 0% _ E_cos G ko in 6) (3)
where 7, is the wave impedance in free space. After designing
each unit element under this assumption, the final nonuniform
metasurface is constructed. The surface impedance Z; of such a

metasurface, determined as E, = Zn X H, (n is the normal
vector to the metasurface plane), reads

o cor[@(x)/2]
cos 6, (4)
Here we took into account that the local reflection coefficients
are unity at each point, that is, E, = E;. The impedance is
imaginary for all coordinates x and, therefore, can be realized
using passive lossless structures. By calculating the local
reflection coefficient from this impedance as r = (Z, — 1,)/
(Z, + n,), one can fulfill eq 2. Figure 1b depicts the magnitude
and phase of this reflection coefficient. The amplitude of the
reflection coeflicient is unity everywhere, while the phase
changes by 27 over each period D, = A/lsin €, — sin 61
Although such a scenario provides the required phase
variations, it does not take into account the impedance
matching of the incident and reflected waves. Indeed, according
to eq 3, the metasurface is designed assuming that the
impedances of both incident Z; and reflected Z, waves are equal
to 1y/cos 6. However, for perfect anomalous reflection, the
total fields at the metasurface should obey

ZS:j

_ —jkg sin Ox —jkq sin x
E = Ee ™ + Ee ™ ,

H, = 1/1,(E; cos Ge oS0 _ E cog ek sin ) (s)
and the impedances of the corresponding waves are Z; = 7,/
cos 6, and Z, = 5y/cos 6. Now we can understand why the
conventional design procedure of metasurfaces fails to provide
high efficiency: The metasurfaces are not properly designed to
compensate the mismatch between the impedance of the input
(incident plane wave) and output (reflected plane wave). This
mismatch inevitably results in parasitic reflections (specular
reflection and reflection into other diffraction modes). In this
case, the amount of power delivered into the desired 6,
direction normalized to the incident power (the efficiency of
the metasurface) can be easily calculated as

" ( )2 )

This expression for the efficiency is applicable only for lossless
metasurface gratings and resembles a similar formula obtained
for metasurfaces operating in the transmission mode.”” Figure

Z, -7,
Z, + 7,

4 cos 0, cos 0,

B (cos 6, + cos §)

¢
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Figure 2. Modulus (a) and phase (b) of the local reflection coefficient of a metasurface with the impedance dictated by (7). The required phase
variation is smaller than 27 for large 6, in contrast to the conventional approach. (c) Scheme of the metasurface geometry. One unit cell is
highlighted on the lower right-hand side. In the first step, the parameters were chosen according to the phase gradient in panel (b). Thereafter, they
were numerically optimized to achieve the maximum efficiency. The incidence and reflection angles are 6; = 0° and 6, = 80°, respectively. The

optimized geometrical parameters are as follows: D, = 1573 nm, D,

=775 nm, h; = 80 nm, h, = 195 nm, h = 50 nm, w = 197 nm, [, = 170 nm, [, =

275 nm, I; = 315 nm (indices of the stripe length increase along the positive x direction). (d) Snapshot of the distribution of the total Poynting
vector P. The arrows indicate its local direction, while the modulus is encoded by the false color scale. P, is the modulus of the incident Poynting

vector.

lc shows the ultimate maximum efficiency of conventional
lossless metasurface gratings dictated by (6) when the
incidence angle is fixed to 6, = 0° (blue curve).

In this paper, we restrict ourselves to the case of plasmonic
metasurfaces with subwavelength elements which can be
characterized by the equivalent surface impedance. Since the
structural elements of conventional dielectric gratings are
comparable to the wavelength, these gratings cannot be
described by the surface impedance model and require other
methods such as coupled-mode theory.” On the other hand, the
use of materials with high refractive index in dielectric gratings
could facilitate miniaturization of the structural elements,
allowing the surface impedance characterization.

Since plasmonic metasurfaces (metasurfaces incorporating
metals) are inevitably lossy in the optical range, we next
examine the efficiency of realistic structures. As a reference, we
adopt the topology of metasurface gratings reported to provide
the highest efficiency of anomalous reflection known to date
(about 80% for 6; = 0° and 6, = 45°)."* Each period of the
structure contains 10 gold patches (S pairs of equal elements)
separated from a gold substrate by an AL,O; spacer (see Figure
1d). The operating free space wavelength is 4 = 1550 nm. The
length of the patches was determined using the conventional
approach described above. On the one hand, the thickness of
the spacer affects the absorption level of the metasurface: The
smaller the thickness, the stronger the concentration of fields
near the patches and the higher the energy dissipation. On the
other hand, increase of the spacer thickness results in a smaller
range of local reflection phases realizable with the metasurface.
Therefore, the thickness of the spacer was chosen maximal
while still allowing 27 phase variations. The refractive index of
gold was modeled according to the experimental data™ and
that of Al,O; was chosen as 1.577. The geometrical parameters
of the metasurface designed for &, = 0° and 6, = 80° are listed in
the caption of Figure 1d. Using full-wave simulations™* for the
conventional approach, we have modeled nine different
metasurfaces for normal incidence each optimized for a
different reflection angle €, ranging from 10° to 85°. Their
efficiencies are plotted in Figure 1c (orange curve). The energy
reflected into parasitic directions and the absorbed energy are
shown as green and purple curves, respectively. As can be seen,
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the efficiency of the actual metasurfaces can never reach the
theoretical limit (blue curve) due to absorption loss.
Surprisingly, for small reflection angles 6, < 30°, the efliciency
is slightly lower than that for the case of 6, = 45°. This result
can be explained by the fact that in the case of small 6, the
periodicity of the metasurface D, = A/sin 6, becomes large
enough to support higher diffraction modes yielding stronger
parasitic reflections. As we approach higher reflection angles
0, > 60° conventional metasurface gratings suffer from a
significant efficiency decrease (e.g, the efficiency is only 39%
for the reflection angle 6, = 80°).

To overcome the theoretical limit on the efficiency of
anomalous reflection, one should consider the appropriate
boundary condition at the metasurface (5). In this case, the
surface impedance Z; = E,/H, can be written as

n Jeos § + \Jcos 6,/%)

Z. =
) \/cos 0. cos 0. \/cos 0, — \/cos greifbr(x)

@)

The same expression was obtained previously.'®** Surprisingly,
this impedance is a complex number meaning that in some
regions of the interface the z-component of the Poynting vector
(normal to the surface) should be positive and in others it
should be negative. The same fundamental effect was observed
in blazed gratings.’ To realize such a scenario, one could
envision a metasurface with loss—gain elements that would
absorb energy of the incident light in some regions and
relaunch the equivalent energy in other regions.'”" Epstein
and Eleftheriades proposed an elegant way to realize this
scenario with a metasurface supporting two evanescent waves
on the side opposite to the illuminated one.'” The interference
of these two evanescent waves allows one to achieve the
required oscillations of the Poynting vector without utilizing
active elements. However, realistic implementation of this
metasurface requires designing and fabricating a complex
cascaded composite or an array of bianisotropic subwavelength
inclusions. There is no straightforward way to realize both of
these aspects in the optical range.

An alternative approach to tackle the problem of complex
surface impedance relies on the excitation of leaky modes in the
metasurface grating which would emulate the required
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impedance profile. Although this approach was envisioned
earlier in ref 5, its successful implementation has been achieved
only recently.”’ Nevertheless, the approach provides only an
approximate solution and requires numerical optimization.
Here, as the first approximation, we design a metasurface
according to the impedance profile given by eq 7 and
subsequently optimize the structure. The local reflection
coefficient from the metasurface described by the impedance
in eq 7 is defined as r(x) = [Z,(x) — 10)/[Z,(x) + 1] and is
plotted in Figure 2ab. As can be seen from panel (a), the
amplitude of the reflection coeflicient is greater or smaller than
unity in different regions within one period. These variations
correspond to the oscillation of the normal component of the
Poynting vector at the metasurface and become more
pronounced when 6, increases. At first sight, it appears as if
the local reflection coefficient shown in Figure 2a can be
engineered only with a metasurface having active and lossy
elements. However, this reflection coefficient was derived based
on the assumption that the metasurface reflects only a single
plane wave (see eq S), which is only one possible solution.
Alternatively, we could allow that in addition to the reflected
plane wave a metasurface excites evanescent waves. If one
chooses a proper set of evanescent waves, the total fields at the
interface given by eq 5 would be modified, and the surface
impedance in eq 7 would become purely imaginary. Analytical
determination of this set of evanescent waves is a complicated
task. Therefore, in what follows, we obtain a solution using
numerical full-wave calculations and postoptimization.
Interestingly, the phase of the local reflection coefficient (see
Figure 2b) significantly differs from the linear phase dictated by
eq 2, especially for large angles 6. Moreover, the required phase
span decreases with increasing reflection angle and approaches
m for 6, = 80° This result is in sharp contrast to the
conventional design approach requiring 27 phase variations
over one period (see Figure 1b). Similar findings were reported
in ref 25 for the case of a beam splitter operating in reflection.
Next we design a metasurface grating operating in the
extreme configuration when #; = 0° and 6, = 80°. For such
configuration the conventional approach fails and provides low
efficiency of about 39% (see Figure 1c). In what follows, we
discard the amplitude modulations of the local reflection
coefficient and engineer each patch in the metasurface period to
satisfy the nonlinear phase profile depicted in Figure 2b. An
analogous procedure was proposed independently in ref 25 for
designing a beam splitter. It is important to note that a smaller
(about twice as small) required span of phase variations is
advantageous for practical realizations of metasurfaces: We can
significantly increase the spacer thickness, reducing dissipation
loss in the structure. Thus, we choose the spacer thickness as
h, = 195 nm. To simplify the fabrication process and the
required accuracy, the number of patches was decreased to five
per period D,. The dimensions of the metasurface designed to
provide the phase gradient shown in Figure 2b were further
optimized to achieve the highest efficiency using full-wave
simulations.”* During the optimization, we noticed that the
lengths of two patches should be small and, therefore, to ease
the fabrication and further decrease the absorption, we have
omitted them completely. The final structure is shown in
Figure 2c. The assumed properties of the dielectric spacer and
gold are the same as in the previous case. The efficiency of the
designed grating reaches 82.9% and the absorbed energy is
16.3% of the incident light. The parasitic reflections in other
diffraction modes are nearly completely suppressed and do not

exceed 0.8%, resulting in pure anomalous reflection. Such high
efficiency significantly surpasses the theoretical limit dictated by
eq 6. It exceeds the efficiency of conventional metasurface
gratings by more than a factor of 2 (compare Figure 1c). Figure
2d displays the Poynting vector distribution near the metasur-
face. As expected, its normal component oscillates within one
period due to the excitation of specific evanescent fields,
emulating the complex impedance (eq 7).

To fabricate the designed metasurface grating, we used
standard electron-beam lithography and standard high-vacuum
electron-beam evaporation of the constituent materials (see
Methods). The footprint of the metasurface was 1 mm X 1 mm
(see Figure 3a).

The experimental characterization of the metasurface
performance was carried out using an angular-resolving
measurement setup shown in Figure 3b. We used five different
laser diodes as light sources. Their wavelengths were 1310,
1430, 1470, 1510, and 1550 nm, respectively. Either of them

k IR Laser
Diodes

Detector

(b)
Figure 3. (a) Scanning electron micrograph of the metasurface. (b)
Scheme of the experimental setup.

DOI: 10.1021/acsphotonics.7b00213
ACS Photonics 2017, 4, 1264—1270



ACS Photonics

0.6 ! ~Measurements
i 0.9 —Simulations (thin-film gold)
— W ! 1 Simulations (bulk gold)
! 7 i ) 20.8
e0 0.4 [ ‘ ‘ 2
L )
‘S, —\ = 1310 nm 5 0.7
His —A = 1430 nm %:06
~1=0.2 A = 1470 nm mo.
n =\ = 1510 nm 0.5
—A = 1550 nm
o—4 : : 04
90 -70 -50 -30 -10 10 30 50 70 90 1300 1350 1400 1450 1500 1550
0, (deg) A (nm)
(a) (b)
1.5 ] 0.025 —
. 1.25 0.7851; : . 0.02 ? 0.042];\
o R ! T r 0.0111;
¥ [\ % 500,015 /
z075 | L IS ‘ o
e T /o
SIE ; S 0.01 -
= 02 h@ i ™0.005 -~
0.25 — i . ‘
, 00081, ; . :
90 -70 -50 -30 -10 10 30 50 70 90 90 -70 -50 -30 -10 10 30 50 70 90
0, (deg) 0, (deg)

()

(d)

Figure 4. (a) Angular distribution of the power reflected from the metasurface (portion of reflected intensity dI, per unit angle d6,) normalized to
the incident intensity I, The integral with respect to €, determines the efficiency. In the gray region, experimental data could not be collected
(compare Figure 3b). (b) Efficiency of anomalous reflection (+1 diffracted mode) vs wavelength. (c) Angular distribution of the power reflected
from the metasurface illuminated under an incidence angle 6, = —80° and a wavelength of A = 1550 nm. (d) Same for 6, = +80°.

could be coupled into a single mode optical fiber. The light
emerging from the other end of the fiber was focused onto the
metasurface by an aspheric lens with a focal length of
f = 12 mm. The 1/¢* full width of the beam waist was
measured to be 380 um for 4 = 1550 nm. Thereby the
metasurface area captured more than 99.9% of the incident
energy. A linear polarizer was added to arrive at TE polarization
of the incident light. The light reflected by the metasurface was
measured by a photodiode, which could be moved along a
circle of 134 mm radius around the center of the grating (see
Figure 3b). To increase the angular resolution of the setup, a
vertical slit with a width of 1.17 mm (corresponding to an
angular aperture of 0.5°) was fixed in front of the detector. The
angle was varied in steps of 0.5°. Due to the focusing lens, the
angle range —15° < €, < 15° was not accessible.

In the first experiment, the angular distribution of the
reflected light for normal incidence (6; = 0°) was measured (see
Figure 4a). At the resonance wavelength of 1550 nm (green
curve) the normally incident beam is reflected by the
metasurface grating at 6, = +80°. Only a negligibly small
fraction of energy of 0.4% is reflected into the parasitic
direction at 6, = —80°. Upon decreasing the wavelength, the
reflection angle decreases and parasitic reflections increase.
Additionally, the width of the reflected beam decreases for
smaller wavelengths. This effect can be attributed to the fact
that the angular spread of an antenna array is proportional to 4>
for fixed array footprint.

To derive the energy diffracted into a specific beam, we
compute the integral with respect to the angle 6. At A = 1550
nm, 75% of the incident power are anomalously reflected.
Figure 4b depicts the measured efficiency of anomalous
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reflection (+1 diffraction mode) versus wavelength. For
comparison, the figure also includes the corresponding data
obtained using full-wave simulations for thin-film*® and bulk
gold™ permittivities taken from the literature. As can be seen,
the measured curve is in reasonable agreement with the
simulated data. The small deviations can be explained by the
fact that the grating was illuminated by a Gaussian beam in the
experiment, while an incident plane wave was used in the
simulations. Moreover, during the fabrication of this relatively
large metasurface area of 1 mm X 1 mm, some stitching
imperfections occurred. Both aforementioned factors slightly
decrease the efficiency of the grating. Nevertheless, both
simulation and experiment confirm a very low level of parasitic
reflections at 6, = —80°. Measurements for the illumination
with the orthogonal polarization (TM light) demonstrated that
only 2.2% of the incident energy was diffracted (nearly equally
into the directions of 6, = +80° and 6, = —80°), and the rest is
specularly reflected (not depicted). Thus, the designed grating
could also operate as a polarization splitter.

Next, based on the reciprocity principle, we illuminate the
grating by light of 4 = 1550 nm from an angle of +80°
(corresponding to 6; = —80° according to the angle definitions
in Figure 1a). In this case, the 1/¢” full width of the beam waist
was reduced to 100 ym since the projection of the beam on the
metasurface plane was increased by a factor of 1/cos80°
compared to the previous case. Figure 4c shows that in this case
the major portion of the incident power (78.5%) was diffracted
at 6, = 0° and 2.8% was reflected specularly at 6, = —80°. We
explain the slight deviation between the diffracted power in this
case (78.5%) and the previous case (75%) by measurement
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inaccuracies and different illuminated areas of the grating in the
two experiments due to different beam waists.

The incident light impinging on the metasurface grating from
6, = +80° must be almost completely reflected back in the same
direction”” (in the absence of loss all the energy is reflected
back). According to the numerical simulations of the present
metasurface (4 = 1550 nm), 65% of the incident energy was
reflected at 6, = —80°, 4% toward the specular direction at 6, =
+80°, and the rest was absorbed. Figure 4d shows the measured
angular distribution of the reflected power in this case. The
measured data are in good agreement with the calculations:
4.2% of incident light were specularly reflected and 1.1% were
diffracted at 6, = 0°.

To summarize, we have theoretically and numerically
examined the performance of metasurface-based gratings
designed based on the conventional approach of the
generalized reflection law. We demonstrated that this approach
does not provide pure anomalous reflection especially when the
incident and anomalously reflected beams include an angle
approaching 90°. Performance shortcomings are caused by the
fact that the design method does not take into account the
impedance mismatch of the incident and reflected plane waves.
Following the ideas introduced in refs 18 and 21, we have
designed an optical metasurface grating allowing for high-
efficiency anomalous reflection at an angle of 80° between the
incident and reflected beams. Both simulated and measured
results confirm the pure anomalous reflection regime. Although
the proposed design approach was implemented for plasmonic
metasurface gratings, it can be also applied for high-refractive-
index dielectric gratings with subwavelength structural
elements.

B METHODS

The metasurface samples were fabricated on 170 um thick
borosilicate glass substrates. First, a S nm thick chromium layer
was deposited using electron-beam evaporation to enhance the
adhesion of gold on the substrate. This step was followed by
the evaporation of 80 nm of gold and 195 nm of AL,O; used as
a spacer. Thereafter, a PMMA layer with a thickness of
approximately 200 nm was spin coated. The prepared samples
were used for electron-beam lithography on a Raith eLine
system using an acceleration voltage of 30 kV and an aperture
size of 10 pm. After lithography, the samples were developed in
a developer containing methyl isobutyl ketone and isopropanol
with a volume ratio of 1:3 for 20 s, followed by immersion in
isopropanol for 40 s. Next, a S0 nm thick gold layer was
evaporated and a lift-off was performed by immersing the
sample in N-ethyl-2-pyrrolidone at a temperature of 80 °C for 2
h. Finally, the sample was taken out of the bath, rinsed with
isopropanol, and dry-blown using nitrogen.
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