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IlepecTpanBaemble TeparepuoBbie MeTAMAaTEePHAJIbI HA OCHOBE KYOM4eCKHX
AUIIEKTPUHYECKHUX PE30HATOPOB ¢ METALJIMYECKOM MOJT0CKOH ¢
YIPaBJIsieMOH YJIeKTPUYECKON JTMHOM

Paccmompenvt  mepazepyosvie memamamepuanbl Ha OCHOGE OUDIEKMPUHECKUX
KyOUueckux pe3oHamopax ¢ HaHeCceHHOU Ha 2panb Memannuyeckol nonockou. Cmpykmypa
npossisgem Ceoucmea cpedvl € OMPUYAMENbHOU MASHUMHOU UAU  OUINEKMPUYECKOU
NPOHUYAEMOCMbIO  GONU3U — MAZHUMHO20 — UAU  Ounekmpuieckozo  Mu-pe3onancog
coomeemcmeenno. Hacmomul Mu-pe3onancod 3agucam om 1eKMPUecKol ONuUHbl
nonocku. [Jannelli mMemoo ynpasieHusi MoOJcem UCHONb308AMbCs NpU  paspadbomie
nepecmpauaemvlx Memamamepuaos.

MetamaTepuall, nepecTpanBaeMblii MeTaMaTepuaJl, TeparepuoBoe u3JyyeHue

AKTHBHBIE UCCIIEJIOBAHUS UCKYCCTBEHHBIX MAaTEPHAIIOB, pabOTAIOUINX B TEPareplioBOM
YaCTOTHOM JIMara3oHe, Hayalld MPOBOAUTHCA CPAaBHUTEIHHO HEAaBHO. bombinol mHTEpec K
9TOM mpobiieMe OOBSCHSIETCS TEM, YTO TepareplioBoe H3IydeHHe MOkeT 3(P(HEeKTHUBHO
WCIIOJIb30BATHCS ISl MEAUIIMHCKOTO CKaHWPOBAHUS, JUIsl KOHTPOJSl KayecTBa, B CHCTEMax
0€301acHOCTH, a TAK)XKE B KOCMUYECKUX HcCienoBanmsx [1,2].

HckyccTBeHHBIE CTPYKTYpBI, TaK Ha3blBa€Mble METaMaTepHallbl, MO3BOJSIOT MOIYYUTh
TpeOyemble 3JIEKTPOMArHUTHbIE CBOWCTBA B JIFOOOM 4YacTOTHOM JuamnaszoHe. [Ipumepsr
MeTamMaTepuaioB, pabOTalOIIUX B TepareploBOM JAHAla30HE pPaccMOTpeHbl B pabote [3].
OnHako ympaBiI€HUE MOUIHOCTBIO WIIM K€ HANpPaBICHHOCTHIO TEPareploBOrO HM3Iy4EHUs
SBIISIETCS. TOCTATOYHO CIOXHOW 3amaueit. [l 3Toro TpeOyroTcs yrpaBiisieMble yCTPOWCTBA,
TakMe Kak TMepecTpanBaemble (UIBTPHI, MepekitouaTenu win ¢azoBpamarend. JlaHHbie
YCTPOMCTBAa MOTYT OBITh Pa3pabOTaHbI C UCTOIH30BAaHHEM METaMaTEPHUAIIOB C YIIPABISIEMbIMU
XapakTepucTukamMu. B paboTe mpemioxkeHbl MepecTpauBaeMble MeTaMaTepHalbl B BHJE
PETYISIPHON PEIIETKU JUAIEKTPUUECKUX PE30HATOPOB.

CymiecTByeT MHOXKECTBO CIIOCOOOB CO3/1aHUSI CTPYKTYpP C OTPHUIATEIbHBIM 3HAUYCHHEM
3QGEKTUBHON  IUAJIEKTPUYECKOM WJIM  MarHuTHOM  mpoHumaemoctd. Haumbosbiiee
pacrpocTpaHeHHe MOJIY4YMIIM MeTamaTepuasbl B BHJE PErYJSPHBIX CTPYKTYP Pa3OMKHYTBIX
KoJsibLieBBIX pe3oHaTopoB (PKP) w/mnam mapamienbHBIX MeETaNTM4ecKUX MpOBOJOYeK. Psin
aBTOPOB IpEeAJiaraeT peajlu3alyi0 MeTaMmaTepuala B BHJE pPETYISPHON CTPYKTYpbI
JMAJIEKTPUYECKUX PE30HATOPOB, Pa0OTAIONIMX BOJHM3HM TaK HA3bIBAEMOro pe3oHaHca Mu [4-
7]. B nanHOW paboTe MMEHHO AMAIICKTPUYECKHE PE30HATOPHI OBUIM BHIOpAaHBI B Ka4eCTBE
0a30BbIX JIEMEHTOB OJyiarojapsi psay npeuMmyinecTB. Bo-nepBbix, B HuX B omiuuyne ot PKP
OTCYTCTBYIOT IOTEPU B IPOBOAHMKAX. BO-BTOpBIX, AMINEKTPUUYECKUE YACTHUIBI [TO3BOJISIFOT
HOJy4YUTh 00a THUIA OTKJIMKOB: MAarHUTHBIA, BOJU3M KOTOPOTO MAarHWTHasl NMPOHUIAEMOCTb
CTAaHOBUTCA  OTPULATENIbHOW, W  DJJEKTPUYECKUH, BOJNM3M  KOTOPOIO  CTAHOBUTCS
OTPHILIATEILHOW JM3JIEKTpUUecKass NpOHMLAeMOCTh. /[l oOecnieueHuss OTpUIATEIbHBIX
3 PEKTUBHBIX 3IEKTPOMArHUTHBIX MMApaMETPOB MOTYT HCIOJb30BaThcsi Ccdepbl, KyOHKH,
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CTEpXKHH, CIEJIaHHbIE W3 MAaTEpUAIOB C BBICOKOW AMAIEKTPUUECKON IPOHMUIIAEMOCTHIO.
Ilepexox OT MHMKPOBOJIHOBOIO K TEparepuoBOMY [HAaIlla30HY BBIINOJIHAETCA IIyTEM
MacIITaOMpPOBaHUS T€OMETPUUYECKUX [1aPAMETPOB CTPYKTYPBHI.

JIume Mamasg dYacTh M3  ONMCAHHBIX MCTaAMAaTCPHUAIbHBIX  CTPYKTYP  ABJIACTCA
nepecTpanBacMoi B TeparepIioBoM auana3one. B nanHoi paboTe mpeuioKeH OpuruHaIbHbIN
NOJX0/ K IPOCKTHPOBAHUIO TEpecTpanBaeMbIXx MeTamarepuanoB. Ha puc. la m3o0paxken
JTUDJIEKTPUIECKII KyOUK ¢ HAHECCHHOW Ha OJJHY M3 €0 TPaHei pe30HAHCHON METAJTHYECKON
nosiockoil. KyOuk cnenan u3 mMarepuana ¢ BBICOKON TUAJIEKTPUYECKON MPOHULIAEMOCTHIO, a
€ro pa3Mepsl BBIOPAHBI TaK, YTOObI OTKJIMKA MHU-PE30HAHCOB HAOIIOJAINCH B TEpareploBOM
4acTOTHOM Juarna3oHe. [lagaromas BojHa MEpHeHIUKYIIpHA IepeAHel TpaHu KyOa, a BEKTOp
HAIPSDKEHHOCTH 3JIEKTPUUYECKOTO I0JIs TapajlieieH METAIIMUYECKOM M0JIOCKE Ha 3TOM I'PaHU.
DJEKTPOIMHAMUYECKUMHA ~ XapaKTepUCTHUKaMU KyOMKa MOXHO  YIpaBIsATh, H3MEHsA
AIIEKTPUUYECKYIO JUIMHY MOJOCKH. JJI 3IEeKTPOAMHAMHYECKOTO MOJEIMPOBAHUS BHIOPAHBI
CIemyIoIIe pa3Mephl: cTOpoHa Kyba a = 0.22 MM, MIMPUHA METAJUTMYECKON MOJIOCKU W =
0.04 MMm. JIudnekTpudeckas IpOHUIIAEMOCTh MaTeprana Kyouka g; = 50.

S-Parameter Magnitude in dB
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Puc. 1.

Ha puc. 16 mpencraBieHa 4acToTHasi 3aBUCUMOCTh KOX(UIMEHTA Tiepeaadn Sy1 s
JIBYX CIIy4aeB: OJMHOYHOI'O JUAJIEKTPUUECKOro KyOHuKa M KyOuMKa ¢ HAHECEHHON Ha OJHY W3
ero rpasei nosnockoil. Pezonanc 1 coorBercTByer nepBomy (MaruutHomy) Mu-pe3onancy. B
Y3KOH I0JIOCE YacTOT BOJIM3M 3TOr0 pe3oHaHca 3(PQPeKTUBHAs MarHUTHAs MPOHHUIAEMOCTh
CTAHOBUTCSA OTPULATEIBHOM, IPU OSTOM BO3HUKAeT Iosoca 3anupaHus. Pe3onanc 2
COOTBETCTBYET BTOpOMY (dJeKTpuueckoMy) Mmu-pe3oHancy. BoOmm3um »Toro pe3oHaHca
CTaHOBUTCS OTpULIATEIbHON 3((deKTHBHas AMAIEKTpUUYECKas MpOHULIaeMocTh. Kak BUAMM,
4acTOTa MAarHUTHOTO pE30HaHCa CMEMIAeTCs BBEpPX MpHU JA00AaBICHUU METAUITMYECKON
MOJIOCKU. B TO ke Bpems, MOJ0XKeHNE JIEKTPUUECKOTO pe30HaHCa MPAKTUYECKU HE 3aBUCUT
oT Hanuuus nosocku. Kpome Toro, cymecTtByeT eiie oJHO CBOWCTBO KyOMKa C TOJOCKOH,
KOTOPOE 3aKJIF0YAETCs B MOSIBICHUN JIOMIOJHUTEILHOTO pe3oHanca Ha yactote T = 125 I,
COOTBETCTBYIOILIETO JJIEKTPUYECKOMY pE30HAHCY caMOW MOJocku. Oddext capura
PE30HAHCHBIX YacTOT OOBACHSAETCS pacHpeelIeHHeM MAarHUTHOTO U 3JEKTPUYECKOTO IoJiel
BOJIM3M MATHUTHOTO U AJIEKTPUYECKOro Mu-pe3oHaHcoB (puc. 2).
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MarauTHsI pe3oHaHC:
H-koMnonenra: E- xommonenra:

DIIEKTPUYECKUNA PE3OHAHC!
H- xomnoHeHTa:

Puc. 2.

Bnaroz[apsi BIMSHHUIO METAJUIMYECKON ITOJIOCKHM IOJIE nepepacupeaciasaeTCsa Tak, 4YTO
BCACT K CABUTY PC30HAHCHBIX YAaCTOT TOJIBKO JIMIIb BOJIM3U MarHMTHOTO pe30HaHCca. 10T
3(1)(1)CKT MOXKET OBITh HCIIOJB30BaH AJid YIOpaBJICHUA ITOJOXCHUCM YaCTOTbl MAarHuTHOI'O
pe30HaHCa. Ona CYIICCTBCHHO 3aBHUCHUT OT BHGKTqueCKOﬁ JINHBL HOJOCKU. YacToTHas
3aBUCHUMOCTD KOB(l)(I)I/II_II/IeHTa nepeaadn Szl IIpU pa3HbIX IAJIMHAX METANIMYECKON MOJIOCKHU
MMpEeaACTaBJICHA HA PUC. 3.

0 = ‘ ’ : ;
k — ¢=0.22mm| |
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Puc. 3.

PaCHpCI[eJ'ICHI/IC MAaroHuTHOIroO M 3JCKTPHUYCCKOIO noieun BHYTpPU Ky6I/IKa MOXKET
KOHTPOJUPOBATHCA MYTEM U3MCHCHHUA (I)OpMBI HAHOCHMBIX METAJUIMYECKUX 00BEeKTOB. Takum
06pa30M, BO3MOXXHO YIIPpaBJICHUC QJICKTPOAUHAMHUYCCKUMU XapPaAKTCPUCTUKAMU
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metamaTepuasa. OHa M3 BO3MOXHBIX CTPYKTYp H300paxkeHa Ha puc. 4a. OHa mO3BOJSET

KOHTPOJUPOBATH MOJIOKCHUC HC TOJIBKO MAarHUTHOTO, HO U JJICKTPUYCCKOI'0 p€30HaHCa (pI/IC
46).

S-Parameter Magnitude in dB

—— with strip
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Puc. 4.

Jns ymeHbpIIEeHUs 4yBCTBUTEIBHOCTH MeTaMaTepHalla K HAIPABICHUIO IOJISIPU3ALUU
AIIEKTPOMArHUTHON BOJIHBI (hopMa METAJUIM3UPOBAHHBIX IOJOCOK MOXKET OBITh M3MEHEHA.
[Tpumeps! Takux KOH(UTYpAIUil METAIUTM3AIMK TPEACTABICHBI HA PUC. 5.

Puc. 5.

B cBoro ouepenp, anmekTpuueckas IMHA TMOJIOCKH MOXKET HM3MEHSTHCS Pa3TUYHBIMU
crocobamu. IlepBbiii 3akmiroyaercs B (OPMUPOBAHUU AKTHBHOW 00JacTH C TMEPEeMEHHOMN
MIPOBOAMMOCTBIO B 3a30p€ MOCPEIMHE MOJIOCKH, TJie TTOBEPXHOCTHBIA TOK MaKcHMaleH (puc.
6). JlamHas  o0macTh  MOXeT  OBbITh  BBIMOJIHEHA HW3  (DOTOYYBCTBHTEIHLHOTO
MOJYTIPOBOJTHUKOBOTO  MaTtepuia. [IpoBOAMMOCTh MONYNPOBOJHUKA HM3MEHSETCS TOJ
NENCTBUEM 3aCBETKH. YBEIWYEHHE MPOBOJAMMOCTH aKTUBHON 00JAacTH OYyAEeT IKBHUBAJICHTHO
3aKOpaYMBAHUIO 3a30Da.

aKTHBHAS
oty1acTh

MCTA/VINYCCKas
IIOJIOCKa

Puc. 6.

78



Btopoii MmeTon OCHOBaH Ha U3MEHEHHH €MKOCTH 3a30pa. B 3ToM ciiyyae pe3oHaHCHas
4acTOTa MOKET KOHTPOJMPOBATHCS MPUKIAIBIBAEMBIM BHEIIHMM  HANpSOHKEHHEM K
BCTPAMBAEMOMY B 3a30p IMOJOCKH JIEMEHTY €O cTyKTypoii MOMC.

Coueranue pemeTKd KyOMYeCKHX AMDIECKTPUUECKUX PE30HATOPOB M IMPOBOJIOYHOM
Cpelpl MO3BOJISIET CO3/1aTh MeTamaTrepuall C OTPHUIATEIbHBIM 3HadeHHEeM Kodd¢uimeHTa
npenomsieHuss  (puc. 7). MeTtannuueckue — IPOBOJIOYKM — PACMojaralTcs  MEXIy
JTUDJIEKTPUUYECKUMH  pe3oHaTtopaMu. [l mepecTpoilku XapakTepHCTHK MaTrepuaia Ha
BEpPXHEH MOBEPXHOCTU KYOMKOB PACIIOJIAraloTCsl METAIMYECKHUE MOJOCKU C YIPaBIseMbIMU
3a30pamu.

B 3ak/04eHHe OTMETUM, YTO B JAaHHOH cTaThe ObUI PacCMOTpPEH INepecTpauBaeMbli
MeTaMaTepuall TUrarepLoBOro JMana3oHa Ha peleTKe IUIJIEKTPUYECKUX KyOMUecKuX
pPE30HATOPOB € METANIMYECKOM I0JIOCKON, HAHECEeHHOM Ha OJHYy U3 TIpaHeld KyOuka.
[TpenyioskeH OpUTHMHATIBHBIA CIIOCOO yIpaBlIEHUS, OCHOBAaHHBIM Ha IepepacnpeaeIieHun
NOJIE BHYTPHM PE30HATOpa 3a CYET JONOJHUTEIBHOTO BIUSHUSA METAUNINYECKOW IOJIOCKH.
[Tpu cnabom B3aMMOAEHCTBUM AMIIEKTPUUECKUX PE30HATOPOB JPYr C APYrOM B COCTaBe
PETyJIsIpHOM PpEIIeTKH XapaKTepUCTUKU MeTamaTepuana OJIM3KM K XapaKTepUCTUKaM €ro
anemeHToB (Puc. 3 u 4). Meron BO3MyILIEHHS PE30HAHCHBIX CBOWCTB KyOMKa 3a cCYeT
U3MEHEHMs DJIEKTPUYECKON JJIUHBI MOJIOCKH obecrieunBaeT 3((eKTHBHOE YIpaBiIeHHE
3JIEKTPOJMHAMUYECKUMU MTapaMeTpaMy MeTaMaTepuaa.
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