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Tema. VccnenoBanoch BIUsHUE HAlPaBIE€HUs. MArHUTHOTO MOJIS H ua CHEKTP BBIXOJHBIX CUTHAJIOB CIIUHOBBIX BOJIH
4-mopTOBOM KPECTOBUIHON CTPYKTYPHI NMPH BO30YXKIECHHH BXOIHBIM MpPeoOpa3oBaTeieM MOBEPXHOCTHOW MarHUTOCTATHYE-
ckod BonHbl (IIMCB) B ycinoBHAX HapaMeTPUUYECKOM HEYyCTOMYMBOCTH IEPBOrO HOpAgKa (TPEeXMarHOHHOMN).
Hens. O6Hapyxenne BausHUs 3G(HEeKTOB HEB3aNMHOCTH Ha Pa3BUTHE NTapaMETPUIECKOH HEYyCTOMIMBOCTH CIIMHOBBIX BOJH B
KacaTeJIbHO HaMarHWYEHHBIX MYJBTHIIOPTOBBIX MHKPOCTPYKTYpPaX Ha OCHOBE IUICHOK JKEIE30-UTTPHEBOTO TIpaHaTa.
MeToabl. DKCIIEPUMEHTBI BBINOIHINCH C KPECTOM M3 IUICHKH JKEJIe30-UTTPHEBOr0 IpaHaTa TONIMHON d ~ 3.8 MKM, B
BUJIC IBYX OPTOTOHAJBHBIX BOJTHOBOAOB IMMpHHON w ~ 500 MKM u umHOW L ~ 3 MM ¢ pacHOJOXCHHBIMU Ha KOHIaX
BOJIHOBOJIOB NTPOBOJIOYHBIMH aHTEHHAMH CIIMHOBBIX BOJIH, T7I€ OlHA U3 aHTEHH Ha MONEPEYHO HAMarHUYE€HHOM BOJTHOBOJIE SIB-
nsitack BxogHoH. Pesynabrar. OGHapY)XeHO, YTO Ha BBIXOAHBIX aHTEHHAX, PACIIOIOKEHHBIX BOJIHM3U KOHIIOB MPOIOJIBHO Hamar-
HUYEHHOTO BOJIHOBOJA W OPHCHTUPOBAHHBIX MEPICHAUKYIIPHO MATHUTHOMY TOJIO, CIICKTPHI CIIMHOBBIX BOJIH Ka4€CTBCHHO
pa3NuYHBEl ¥ HEB3aWMHBI [0 OTHOIICHUIO K HAIPABICHHUIO MO H wmm cvene HalpaBJICHUS PACHPOCTPAHCHUS TOBEPXHOCT-
HBIX MarHUTOCTATHYECKUX BOJIH Hakadyku. Oocy:xmaenne. OOHapykeHHBINH 3()(GEKT CBSI3BIBACTCS ¢ HEB3aUMHBIM XapaKTepOM
pacrpocTpaHeHus B CTPYKTYpEe KaK BOJHBI HAKAYKH, TaK M POXKIACMBIX IIPH ITaPaMETPUUCCKO HEYCTOHYMBOCTH BOJTH.
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Subject. We studied the effect of magnetic field H direction on the spectrum of the output signals in a 4-port
cross-shaped structure where magnetostatic surface waves (MSSW) are excited by an input transducer under the condition
of the first-order parametric instability (three-magnon). Objective. To detect the influence of nonreciprocal effects on the
development of parametric instability of spin waves (SW) in tangentially magnetized multiport microstructures based on
films of yttrium iron garnet (YIG). Methods. The experiments were carried out for a cross structure from YIG film with
the thickness d ~ 3.8 pum, in the form of two orthogonal waveguides having a width w~500 um and a length L~3 mm
with the SW wire antennas placed at the ends of the waveguides, where one of antennas on the transversely magnetized
waveguide was considered as an input. Results. It has been found that at the output antennas located near the ends of the
longitudinally magnetized waveguide and oriented perpendicular to magnetic field, the SW spectra are qualitatively different
and nonreciprocal with respect to the field direction H or to the change in the propagation direction of the MSSW pumping
signal. Discussion. The observed effect is associated with the nonreciprocal character of propagation of both the pumping
wave and waves generated at parametric instability condition.
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BBenenune

UzBectHo [1, 2], uT0 pacmpocTpaHeHHE MMOBEPXHOCTHBIX MarHUTOcTarndecknx BoyH ([IMCB) B
(eppOMarHUTHON IJICHKE C BOJIHOBBIM BEKTOPOM k, HalpaBJICHHBIM MEPIEHINKYISPHO KacaTeIbHOMY
K TUIEHKE MarHUTHOMY TIOJIIO H, HeB3auMHO. YKasaHHas HEB3aHMHOCTD IPOSABIAETCS B paclpesene-
HuM ammutyasl [IMCB no tojinmee mieHkd d ¥ XapakTepu3yeTcs MOJI0KEHHEM MaKCUMyMa BOJIU3U
MPOTHBOIIOIOKHBIX ITOBEPXHOCTEH JJISI BOJNIH ¢ OOpaTHBIM HalpaBlIeHHEM k v momst H. O dexTsr
Hep3anMHocTd [IMCB B nocnenHee Bpems MNMPOKO 00CY)KIOAIOTCSI B CBA3H C IEPCIIEKTHUBAMH UX MPH-
MEHEHHWH B ycTpoiicTBax 00pa0boTku MH(GOpPMAalUK Ha MPUHIHIAX MarHOHWKU [3-16]. HMccnemyrorcs
0COOEHHOCTH NoBefeHus (pa3bl HEB3aMMHBIX BOJIH [3] M MEXaHM3MOB BO30Y)KIEHUS MHUKPOIIOJIOCKO-
BBIMU aHTeHHaMH [4-7], BIMsSHHE HEB3aMMHOCTH Ha (OPMHPOBAHHME CIIEKTPa MAarHOHHBIX KpHCTaN-
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70B [8-12], a Takke MepcreKTHBEI HCIONBb30BaHU HEB3aUMHBIX 3P (EKTOB 11 HOCTPOCHUS CIIHHOBOU
moruku [13,14]. KpoMe TOro, Ha OCHOBE HEB3aWMHBIX 3(PQEKTOB, PealM3yeMBIX MPH PacIpoCTpaHe-
HUM CITMHOBBIX BOJIH B dIUTAaKCHAJBHBIX IUIEHKaX jkene30-uTTpueBoro rpanara (JKUI) Ha momnoxkax
ragonmuHAi-TammeBoro rpadara (I'TT), paspabareBatorcss CBY ycTpoiicTBa QrIBTpannud, MUPKYIATO-
pel, BenTuin [15-17]. K atomy crnenyer mo6aBUTh, YTO HEB3aMMHBIE CBOMCTBA MPOSBIAIOTCA W AJIA
00paTHBIX 00BEeMHBIX MarHuTocTaTnaecknx BoiaH (OOMCB), nmognepkuBaeMbIX KacaTelIbHO HaMarHu-
YeHHOU (heppoMarHuTHOM ieHkoi [1,2], B cinydae, ecnu BosHOBOM BekTrop OOMCB otkitoHsieTcs ot
HampaBiIeHus MarHuTHoro mons [18-21]. BnusHue HeB3anuMHBIX 3QPEKTOB HA HETHHEHHBIE BOIHOBHIE
MpoLecChl B MAarHUTHBIX IJICHKaX paHee 00CYKAajIoCh, MO-BUAMMOMY, JHIIb IPUMEHUTEIBHO K 3aa-
gaM CBEpTKH [22] u komOuHanmoHHOTO paccesHus [23] Berpeunsix [IMCB. beuto mokazano, 9To u3-3a
nokanu3anuu BerpeuHblx [IMCB Ha pasnuuHBIX HOBEPXHOCTSX IUICHOYHOTO BOJNHOBOAA, 3(dexTHs-
HOCTb IPOLIECCOB CBEPTKH M KOMOMHAIIMOHHOTO pacCesHUs MaiaeT Ipy Mepexo/ie B KOPOTKOBOTHOBYIO
obmactp ciekrpa [IMCB.

Brusane 3¢ QexToB HEB3aMMHOCTH Ha Pa3BUTHE MAapaMETPUYECKONl HEYCTOHYHMBOCTH B CHCTE-
M€ CIIMHOBBIX BOJIH 0 CHX IOp He o0cyxkaanocsk. Llesns qanHOH paboThl — cooOMMTh 00 0OHAPYKeHUH
HEB3aMHBIX 3P ()EKTOB MpH MapaMeTpUUECKO HEyCTOHYNBOCTH CITMHOBEIX BOJIH B 4-TIOPTOBOM KpecTo-
BUAHOW CTpyKType Ha ocHoBe IuleHKkH JKUI' npu Bo30Oy)XIeHUM BXOOHBIM IIpeoOpa3oBaTeeM (mapai-
nenbHbIM H ) IIMCB B ycnoBusAX napaMeTpU4ecKoil HEyCTOMYMBOCTH MEPBOTO MOPsAKA (TpeXMarHoH-
Hol). Iloka3aHo, 4TO0 cMeHa HampaBICHUs MOJI OAMAarHUYUBAHUS H HaIpaBJIEHUS PaclpocTpa-
HeHust [IMCB nmpHBOIUT K MHBEPCUHM CHEKTPOB CUTHAJIOB Ha BBIXOIHBIX aHTEHHAX, PACIIONOKEHHBIX
BOJIM3H KOHITOB TIPOIOJIBHO HAMarHMYEHHOTO BOTHOBOMA. OTMETHM, 4TO paHee [24] B KpEeCTOBUIHOMN
CTPYKType M3 ABYX OPTOTOHAJBHBIX BOJHOBOAOB HIMpHUHOM w ~ 500 MKM u anuHOM L ~ 3 MM Ha
ocHoBe TuieHkH JXUI TonmuHOM d ~ 3.8 MKM C PacIOJIOKEHHBIMH Ha KOHIIaX BOJIHOBOJIOB TTPOBOJIOY-
HBIMH aHTEHHaMH{ CIMHOBLIX BoiH (CB) nccnenoBanoch BIMsHUE TPeXMarHOHHBIX (3M) mporeccoB Ha
pacupoctpanerrne CB. bputo moka3zaHo, 9To IpH JOCTATOYHOM MPEBBIMICHUH MaAaromed MommHoctn P
Ha 4acTOTe CHUTHaja Hakauyku f, Haa noporom 3M pacnana Py, KOTOpoe XapaKkTepusyercs ypOBHEM
HagkputunaHoctd C' = 10log(P/Pyy,) > 10 ab, Buj crieKTpa Ha BBIXOJHBIX aHTEHHAX OPTOTOHAIBHO
PAacCIIOJIOKEHHBIX BOJTHOBOJOB KPECTOBUAHOM CTPYKTYPBI MOXKET 3aMETHO pa3nndarbcs. OIHAKO BIHA-
HUE HaIPABJICHUS I10JIs H na yKa3aHHBIE CIIEKTpPHI B padote [24] He uccnenoBaiock. B nanHo# padore
IIPOBEICHO UCCIIEI0BAHNE BIUAHMS HEB3aUMHOCTH CBOIicTB CB Ha Buj CIEKTPOB ¢ BBIXOIHBIX Ipeodpa-
30Baresel KpecTOBUIHON CTPYKTYpHI IIpH pa3BuTHH B cucteMe CB napameTpuieckoil HeyCTOHUMBOCTH.

1. Pe3ynbTaThl 3KCHEPUMEHTA MO MCCIEOBAHUIO BIUSIHUS HANPABJIEHUSI
MATrHMTHOTO MOJIsl HA cneKTp curHaja Hakauku [IMCB
NpH pacnpocTpaHeHuu B ycjaoBusax 3M pacnaios

Bug uccnenyemoii cTpyKTyphl mokasaH Ha puc. 1. Bce o0o3HaueHus, mapameTphsl CTPYKTYPHI,
ONMCaHWE W3MEPUTENIbHOW YCTAaHOBKM M METOAMKA SKCIIEpUMEHTA NpuBeleHbl B [24]. 3nech paccMoT-
peH JHIIb clydaid, KOTIa BHEIIHEE IMOJIe HalPaBICHO BAOJIb IMPOBOJOYHOM aHTEHHHI 1, 4TO OTBEYaeT
reomeTpun Bo3Oyxaeawst [IMCB Jlpiimona—3Ombaxa [1, 2]. UtoObl oxapakTepu3oBaTh HaIlpaBIICHUE
MOJIS TIO/IMArHMYMBAHUS H, CBSKEM C MaKeToM CUCTEMY KOOpIOMHAT TaK, KaK MOKa3aHO Ha BCTaBKe
K puc. 1.

Ha puc. 2 moka3ana 0rok-cxema SKCIEpUMEHTAJIbHON YCTaHOBKW. BXomHOW curHam ¢ aHamu-
3atopa ueneit / ENA Agilent ES071C, 4epe3 ycunurens momuoctn 3 «Mukpan» MAHWO010120 u
perynupyemsblil arTeHoaTop 5 mojaBajics Ha mopT 1 crpykrypsl. Ilpu 3ToM MakcuMaibHBIH YPOBEHB
majarome Momuoct coctasst Py, ~ 100 MBt B wactorHoM nmamnaszone 1...8 I'T'h. BeixonHsle cur-
HaJBI ¢ IOpTOB 2, 3, 4 uccnemyemoit cTpykTypsl uepe3 CBU-nepexirouarens u CBY mmpoKomoaoCcHbIH
yeunutens 4 Agilent Technologies Preamplifier 87405C nmoctymanu Ha aHanu3arop crekrpa 2 Agilent

Koowcesnuros A.B., [lyoxo I'M., Xusunyes IO.B., Caxaposé B.K., Bvicoykuii C.JIL,
Huxynun FO.B., Ilagnos E.C., Xumyn A.I, Qurumonos FO.A.
170 W3Bectus By3os. [TH/, 2020, T. 28, Ne 2



Puc. 1. Bug uccnemyemoil cTpyKTypsl M 3KCIepHUMeEHTanbHOro Maketa. Lludpamu 1-4 mokazaHBl 30J70THIC MPOBOJIIOYHEIC
anTeHHbl nuamerpoM 30 MkM U anmuHOU 0.6 MM, oTCTOsIIME OT KpaeB Kpecta Ha paccrosHus 100...200 mxm. Ha BxomHyro
aHTEeHHY | Tojaercs cHrHan Hakadky Ha yactore fp, ~ 3.0 I'Tn u momnocThio P & 0.1...100 MBt. Ha BcraBke npuBesieHa
reoMeTpus 3aJ1adi U IJIOCKOCTHBIE pa3Mepbl CTPYKTYpbl. CIEKTPBI € BBIXOO0B 2,3,4 U3yyalluch pU JABYX HAIPaBICHUAX MO
H: Broms n nporus ocu Ox

Fig. 1. A view of the investigated structure and experimental prototype. Numbers 1-4 indicate the gold wire antennas with
the diameter of 30 um and the length of 0.6 MM, spaced from the edges of the cross at the distance of 100...200 wm. Pumping
signal at the frequency f, ~ 3.0 GHz and power P ~ 0.1...100 mW was applied to the input antenna 1. The inset shows
the geometry of the problem and the planar dimensions of the structure. The spectra from the outputs of 2, 3, 4 were studied
for two directions of the field H: along and against the Ox axis

Puc. 2. Brok-cxema 9KcIiepMMEeHTaIbHON yCTaHOBKU: / — BeKTOpHBIH aHanmu3atop nenei Agilent ENA ES071C; 2 — anamu-
3atop cnekrpa Agilent N9320A; 3 — ycunurens momHoctd «Mukpan» MAHWO010120; 4 — mmpoKOIoOIOCHBIH YCHIUTENb
Agilent Technologies Preamplifier 87405C; 5 — arrentoarop

Fig. 2. Block diagram of the experimental setup: / — vector network analyzer Agilent ENA E5071C; 2 — spectrum analyzer
Agilent N9320A; 3 — power amplifiers «Mikran» MAHWO010120; 4 — wideband amplifier Agilent Technologies Preamplifier
87405C; 5 — attenuator
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N9320A. OtMeTuM, 4TO BEKTOPHBIN aHAIM3aTOp JIEKTPUUECKUX LIETNeil HCIOIb3yeTCs I Ompenee-
HUS TPAHUYHBIX YacTOT, BEIUUYUHBI TOPOTOBOM MOIIHOCTH HEIMHEHHBIX MPOLECCOB MEPBOTO MOPAIKA,
oOmiell HACTPOMKHM SKCIEPUMEHTA, a TaK)Ke B Ka9eCTBE TeHeparopa CHrHalla (PUKCHPOBAHHOM YacTOTHI
MIPH FCCIEOBAaHUH CIIEKTPOB BBIXOIHOTO CHUTHAJIA.

Obparumcs K puc. 3, TAe MPHUBEACHBI CIEKTPHl BBHIXOAHBIX CHUTHAIOB C aHTeHH 2, 3 u 4 mpu
sHaueHusIX H ~ +394 D u H ~ £459 3D u ypoBusax Hagkpurnydoctd C' ~ 9 n1b u C' =~ 30 b,
COOTBETCTBEHHO. [looXXHUTENbHBIE U OTpHULIATETIbHBIE 3HAYeHNSI [ OTBEYaroT OpHEHTAIlMN BEKTOpa H
BIIOJIb U TIPOTUB OCHU T, CM. BCTaBKy K puc. 1. Ha puc. 3 anst cpaBHEHUs TIPUBE/ICHBI CIICKTPBI CUTHAIA
[IMCB, mpomenmiero yepes miactuny JKUI' ¢ mmockoctHBEIME pazmepamu 15 X 10 MM (Hccaemyembie
KpecToBas cTpykTypa u miactua XU uzrorasinuBanuce u3 ogHoi mnénku JKUID). [Tapamerpsl sxcre-
pUMEHTOB OBUTH TakKe MIACHTHYHBIMH. [ImeHka nMerna 3QPeKTUBHYI0 HAMAarHUYECHHOCTh HACHIIICHUS
4nM =~ 1876 I'c m mmpuHy TUHUU (GeppoMarHuTHOTO pezoHanca (PMP) AH = 0.5 D. lua Bo3-
Oyxxnenus u npuema [IMCB B rutacTiHE HCIIOIB30BATMCH U3TOTOBJICHHbIE HA TIOJIMKOPOBO MOATIOKKE
MHKPOIIOJIOCKH MMUPUHON ~ 30 MKM, JJIMHOH ~ 5 MM, pa3HECEHHbIE Ha paccTosgHue ~ 5 MM. OTMme-
THM, YTO NIPU BBIOPAHHBIX pa3Mepax IUIACTUHBI BIMSIHHEM JIaTePalIbHOTO KBAHTOBaHUs [25] Ha CHEKTp
I[IMCB MoxHO TIpeHeOpeYb.

U3 puc. 3 MOXHO BHIETh, YTO B IJIACTWHE CMEHA HAIlpaBJICHHS IO HMPUBOIWT K IAICHUIO
aMIUTMTYAbl BHIXOJHOTO CHUTHAJIa KaK HAa YaCTOTE HAKayKW, TaK U HA YaCTOTaX CHEKTPAJIbHBIX COCTaB-
nsommx. IIpu 3TOM HEKOTOpBIE W3 YACTOT CATEJIUTOB B CHEKTPE MOTYT MCYE3HYTh. OTHAKO CHEKTP
Ka4eCTBEHHO HE MEHSETCS MPU CMEHE HAaIlpaBJICHUA H,a HCYE3HYBIINE CATEIUIUTHI MOTYT MOSIBUTHCS
B CIIEKTPE MPH yBEIMYCHUHN HAIKPHUTUYHOCTH Hakauyku a0 3HaueHnd C' = 12...15 nb, cM. BCTaBKy Ha
HIkHeM puc. 3 (B). OTMeueHHbIE H3MEHEHHS B CIIEKTPE TUTACTHHBI OTPaXaroT aMIUIUTYIHYIO HEB3auM-
HocTh [IMCB pacnpocTpaHSIOIIMXCsS OT BXOJHON K BBIXOJHOW aHTEHHAM NPH CMEHE HaIpaBJICHUS H.

Takasi aMIIUTyIHAsT HEB3aUMHOCTh MOXKET BO3HUKATh KaK M3-32 YBEIWYCHHS MapamMeTpoOB pe-
nakcaruu CB Ha maTepdeiice JKUT/T'TT, Tak u u3-3a mageHus 3G HEKTHBHOCTH BO30YKICHIS/TIpreMa
IIMCB pacmnonoxeHHOH Ha ee TOBEpXHOCTH MUKPOIIOJIOCKOM M3-3a YMEHBIIIEHU UHTErpajia nepeKphl-
tus CBY noneit h antensl u Hamaraudennoctd TIMCB 7. JetictBuTenpHO, pocT 3HaueHUH A Hy,
Ha rpanune JKXUI/TTT moxer oOycnaBmuBaThCs HapyIIEHUEM CTEXHOMETPHH IUICHKH W3-3a2 B3aUMO-
T Qy3uu aTOMOB TUICHKH W TTOIJIOKKH, a TaKKe yNPYTHMMH HANpPsHKCHUSMH W3-32 PacCOTIaCOBAaHUS
noctossHHBIX pemetku JKUI u I'TT. K nagenuto spdexruBHOCTH BO30OY ) neHus/mpuema IIMCB mpoBo-
JIOYHBIMH aHTEHHAMHU MPUBOIHUT HE TOJBKO CMEIIEHHE MAaKCHMaJIbHOW aMIUIUTYIbl HaMarHU4eHHOCTH
[IMCB k noanoxke, HO U CHAJaHUE TOJISI MUKPOIIOJIOCKU A 10 TOJLMHE IUICHKH OT MIOBEPXHOCTH K
MOJIIOXKKE.

BrusHue HampaBieHus H na CIIEKTP BBIXOAHBIX CHTHAJIOB C aHTEHH 3 W 4 MPOSBISETCS B WH-
BEPTUPOBAHUM CIEKTPOB, TOIJIA KAaK CIEKTP C BBIXOIHOH aHTEHHBI 2 KauyeCTBEHHO He MeHsercs. [Ipu
STOM MOXXHO TOBOPHUTH JIMIIb O KAaYECTBEHHOM HHBEPTHPOBAHMU CHEKTPOB Ha aHTeHHax 3 u 4. Ko-
JUICCTBEHHOE COOTBETCTBHUE CIIEKTPOB ¢ aHTeHH 3 W 4 mpu moisix H ~ +£394 D mw H ~ +459 O
OTCYTCTBYET, UYTO MOXKHO CBSI3aTh KaK C pa3jIHMudeM MECTOIOJOXCHHSI aHTCHH M UX MapaMeTpoB, TaK
Y BIMSHUEM HEYYTEHHBIX (DaKTOPOB, ONPENEISIONINX PAaCHpOCTPAaHEHHE CITMHOBBIX BOJIH, HAIpUMeED,
MarHuTHOW aHu3oTporuu. OTMETHM, YTO B KpecTe 00JacTh IIYMOBOTO CIEKTpa MpPU YPOBHE HaKaYKH
C =~ 30 nb okaspiBaercs mmpe, yem B miactune JKUT. HuskouactoTHas rpaHuia myma B KpecTe co-
CTaBJISICT 1% ~~ 2700 MTI'u, Torma kak B IUTACTHHE ffﬁ) ~ 2910 MI'u. K stoMy ciemyetr 100aBUTbh, 4TO
«aMIUTATYZIHAS HEB3aMMHOCTB» B KPECT€ MEHEe SIPKO BBIpa)K€Ha, YeM B IUIACTHHE. DTO JIETKO BHJIETH
W3 CPaBHEHUS CIEKTPOB C BBIXOJIa aHTEHHBI 2 U TUIACTHHBI pU HankputHauHOCTH C == 30 b 1 momsx
H ~ 4459 3.

[TockonmpKy K HEB3aUMHOCTH MOXET IMPUBOAUTH CMEHA HAIIPABJICHUS HE TOJIBKO MO H, Hon
BEKTOpPa E, MPENCTABISAET UHTEPEC CONOCTABUTh BIMSHHUE HAIpPaBICHUS IOJ HA CHEKTP CUTHAJIOB C
auTeHH 3 u 4, KorIa B KauecTBe BO30yknatomieit 6epercs antenna 1 wim 2. Ha puc. 4 B kononkax (A),

Kooiceenuros A.B., [lyoko I'M., Xusunyes IO.B., Caxaposé B.K., Bvicoykuii C.JIL,
Huxynun FO.B., Ilagnos E.C., Xumyn A.I, Qurumonos FO.A.
172 W3Bectus By3os. [TH/, 2020, 1. 28, Ne 2



A, dBm (A) By o © . (D)
-80 No No No

(1) -90 B Ll | M\\ka\ R

-100

Cr S1 Sl
-80 No No No

(2) 90 @

-100

Cr Sl Sl
-80 No No No

(3) -9 @

100 — . : ¥

Cr Sl Sl
-80 - No No No

@ o I RS

e ,
-100 — : : -

28 29 3.0 28 29 30 27 28 29 3.0 28 29 3.0

Puc. 3. Bnusaue HanpaBieHus MO Ha BUJ CHEKTPa CUTHAJIA Ha BBIXOJHBIX aHTCHHAX KPECTOBUAHOW CTPYKTYpHI (psasl 1-3)
U IUIEHKH C IIOCKOCTHBIMU pa3MepamMu 15 X 10 MM (HIKHHH psit) mpu Hakadke Ha gactore f, ~ 3.0 I'Tm, nocrynaromeit Ha
anrenny 1. Konouku (A) u (B) orseuator nonsm H ~ £394 D u naakputnunoct C' =~ 9 nb. Konouku (C) u (D) orBeuaror
H ~ +459 D u C =~ 30 ab. Mone H napajjieIbHO BXOAHBIM aHTeHHaM 1 u 2, cM. puc. 1. BepTuKaabHBIMU MyHKTUPHBIMH
JIMHHESAMH [TOKA3aHEI TIONOXKCHHS YaCTOT foh M fr., COOTBETCTBYIOIMX HEDKHEH IPAHHIE IIyMOBOTO CIIEKTPA B CILIONIHOG
wienke JKUI u B kpecre. Ha HmxHeM pucyHke B konoHke (B) Ha BcraBke mokasan ydactok crekrpa [IMCB nporemero
yepe3 mwieHky JXUL mpu C ~ 12...15 ab. dust Bcex mmepennidt RBW = 1 MI'u (RBW — mmpuHa moN0Ck MPOITy CKaHU
paspemiaronero GUIbTpa)

Fig. 3 The influence of the field direction on the signal spectrum at the output antennas of the cross-shaped structure (rows
1-3) and film with planar dimensions 15 x 10 mm (lower row) when pumped at antenna 1 with the frequency f, ~ 3.0 GHz.
Columns (A) and (B) correspond to the fields H ~ +394 Oe and above-critical value of pumping C' =~ 9 dB. Columns
(C) and (D) correspond to H ~ £+459 Oe and C' ~ 30 dB. Field H is parallel to the input antennas 1 and 2, see Fig. 1.
Vertical dashed lines show the positions of the frequencies f& and f© corresponding to lower frequency boundary of the
noise signal spectrum in a continuous YIG film and in the cross-shaped structure. In the lower figure, in column (B), the
inset shows the part of the MSSW spectrum that passed through the YIG film at C' = 12...15 dB. For all measurements,
RBW =1 MHz (RBW is the bandwidth of the resolution filter)

Kooicesnuros A.B., [lyoko I'M., Xusunyeg IO.B., Caxaposé B.K., Bvicoykuii C.JIL,
Huxynun FO.B., Ilasnos E.C., Xumyn A.I", @urumonos FO.A.
U3zBectus By3os. [TH/, 2020, T. 28, Ne 2 173



A, dBm
-80

(B)

in2 outl

(1) -90

-100

-80

(2) -90

-100 - - ‘ ‘
out4 1 out4

fOHi fIH fd— fOH IH

Jo NI EVNSW

ey
1 |1 | | i i | i | | /. GHz
2.8 2.9 3.0 2.8 2.9 3.0 2.8 2.9 3.0 2.8 2.9 3.0
Puc. 4. Buj criekTpa curHania Ha BEIXOAHBIX aHTEHHaX MpH Hakadke Ha yacTtore fp = 3.0 [Ty, Haakputuunocteio C' = 30 n1b
unosix H ~ +465 D (xonouku (A), (B)) u H ~ —465 O (xomnonku (C), (D)). Kononku (A) u (C) oTBeHaroT cirydaro mogaqu
BXOJHOTO CHTHaJIa Ha aHTeHHY 1, (B) u (D) — xorna B kauecTBe BXOIHOH B3sATa aHTCHHA 2. MarHUTHOE MOJIe H napajieIbHO

801 1
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BXOJIHBIM aHTeHHaM | u 2 — cM. puc. 1. BepTuKanbHBIMH MyHKTUPHBIMHU JIMHUSIMH TTOKa3aHbI MOJIOKEHHUS 4aCTOT f(‘)‘ u 1”,
OTBEUAIOIIEH MEepBOH MHUPHHHON MOJIE B BOJIHOBOAEC HAMarHHYEHHOM NpoaoibHO. [iist Beex namepennit RBW = 1 MI'g

Fig. 4. Spectrum of the signal at the output antennas for pumping frequency f, ~ 3.0 GHz, above-critical value C' ~ 30 dB
and fields H ~ +465 Oe (columns (A), (B)) and H ~ —465 Oe (columns (C), ( D)). Columns (A) and (C) correspond to
the case of input signal applied to antenna 1, (B) and (D) — when antenna 2 is taken as input. Magnetic field H is parallel to

the input antennas 1 and 2 — see Fig. 1. Vertical dashed lines show the positions of the frequencies f(l)l and f1” corresponding
to the first width mode in the longitudinally magnetized waveguide. For all measurements, RBW = 1 MHz

(B) mpuBeneHbl CHEKTPHI CUTHAJIOB C BBIXOIOB KpecTa mpu none H ~ +465 D u ciydaes, Koraa B
KadecTBe BXOIHOU Oepercst aHTeHHa | (koyoHKa (A)), mubo anTeHHa 2 (kosnoHKa (B)). MoxHO BUaETS,
YTO CMEHa HalpaBJiCHHUs PAaCHpPOCTPAHCHMS TAaKKe HMHBEPTHPYET CIEKTPhl Ha BbIxomax 3 u 4, Kak U
HampasleHue moiist. B mocnemnem nerko yoenutbes, oopatusimch kK kononkam (C) u (D) Ha puc. 4.

2. O0cy:xkaeHne pe3yibTaTOB IKCIEPUMEHTA

[Ipexxne Bcero, COMOCTaBUM BHJ CIEKTPOB BBIXOIHBIX CHUTHAJIOB KPECTOBUAHOU CTPYKTYPHI U
mnenku JKUI, mokazanHeix Ha puc. 3. MOXHO BHAETb, UTO MPH HapameTpax 3KCIEPUMEHTA, OTBE-
yaronux KoioHkaM (A) u (B), korma B cnekTpe BBIXOAHBIX CUTHAJIOB IUICHKA M C BBIXOAA 2 KpecTa
MIPUCYTCTBYIOT CATEJUINTHI, B CIIEKTPaX C BBIXOAOB 3 M 4 KaK YMCIIO, TaK ¥ HHTCHCUBHOCTH CaTCJUIMTOB
3aMeTHO MeHbIe. Hao0opoT, mpu mapaMmerpax skcrnepuMeHTa, otedaronmx kononkam (C) u (D), korma
B CIICKTPE BBIXOMHBIX CHTHAJIOB IUIEHKH M KPECTa MPHUCYTCTBYET ITYMOBOW CHUTHAJ, 9acTOTa HIDKHEH
rpaHuIlBl IIIyMOBOTO curHaia B mieHke JXXUI' cocraBnser fﬁlo ~~ 2910 MI'u u oka3bIBaeTCsl 3aMETHO
BBIIIIE, YEM B KpecTe flg; ~ 2700 MI'.

biu3kuil XapakTep CEKTPOB KPECTOBUIHOU CTPYKTYphl U IuieHkH XK no3BoseT cuuTars, 4To
MPOIIECCHI, TPUBOAINNE K MX 00pa30BaHUIO, OJHOTHITHEI H COCTOST U3 HECKOJIBKUX JTAaIoB, XapakTep-
HeIx i [IMCB B mnenkax JKUI [2,27-34]. Ha nepBoM npoucxonut pacnan [IMCB nakauku Ha 1Be
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napamerpuieckue crumHoBbie BonHb ([ICB), npunaanexamue obnactu criekrpa OOMCB, ¢ 3akoHaMu
coxpaHeHus [2,28,29]:
fo=H+ [ )

kp = kl + k27 (2)
IJIe YaCTOTHI fj, 1,2 U BOJTHOBBIE BEKTOPHI k) 1 2 0TBeYaloT, coorBeTcTBeHHO, [IMCB 1 IICB. Takue 3M
nporiecchl ¢ yuactueMm [IMCB paspeliieHbl, €Ciii BBITIOIHSIETCS YCIOBUE

fo > 2/, )

rae fp —vacrora nHa criektpa CB B muieHKe, KOTOpast B AUIMOILHOM NPHONIMKCHUN IPUHUMACT 3HAYCHHUEC
f» = Fg = yH. ObmenHoe B3aumopueticteue [30] u MmarHuTHas aHu30Tponus [31] MOTYT CyIlIiecTBeH-
HO BIUATH HA MOJIOKEHHUE «THA». [ MCONh3yeMoil B SKCIIEPUMEHTAX TUICHKH XapaKTepHO HAIMIHE
OTHOOCHOHM aHW30TPOIHH THUTIA «JIeTKas TIOCKOCThY mopsanka H,, ~ 90 O. [Ipu 3ToM Bce XapaKkTepHble
gacToThl crekTpa CB KacaTenbHO HAMarHWYEHHOHN TUIGHKH OKAa3BIBAIOTCS B PAaCCMAaTPUBACMOM JHaria-
30HE TOJEH CIBHUHYTHI OTHOCHTENBHO CITydas M30TPONHON Oe3o0MmenHOW tureHkH Ha 180...150 MI'mg

(puc. 5).

3.51f, GHz

H, Oe
500 550

Puc. 5. 3aBuCHMMOCTD OT MOJNA XapaKTEPHBIX I'PaHUYHBIX 4acToT crmekrpa [IMCB, ompenensrommx obnacts 3M pacmagos
Y TIOJIOKECHUE HWKHEH 10 4acTOTe I'paHHIBI MIyMOBOro cmekrpa. /| — 2f, = 2yH — rpanmuynas vactora 3M pacmajgos
B H30TPOIHOMN IUIeHKe B Ge300MeHHOM npubmmwkennn, 2 — fo(H) nmHHOBONHOBas rpanuua crnekrpa [IMCB B usorporn-
HOH IUIeHKe, 3 — rpaHudHas dactora 3M pacmamoB 2f, B W30TPOMHOW IUICHKE C YYETOM BKIAJa HEOTHOPOAHOro oOMEHa,
4 — zaucumoctb fo(H ), ompeneneHHas U3 9KCepUMeHTa (CIBUT OTHOCHTENBHO KPHBOM 2 3a CYET HOPMAIbHOU OJHOOCHOM
QHM30TPOIHH THIA «IETKasi ILIOCKOCTEY); 5 — IKCIEPHMEHTAIBHO H3MEPEHHAsI 3aBUCUMOCTE 2 fp(H ) B HCCIeayeMOil IeH-
Ke (COBHT OTHOCHTENBHO KPHBOW 3 3a CUET MO OZHOOCHOI aHM30Tpomnmu). BepTukanbHas IyHKTHpHAs JIHMHUS OTBEYaeT
MarHUTHOMY IOJIIO, AJIs1 KOTOPOro Ha pHUC. 3 NPUBEICHBI CIEKTPbl BBIXOAHBIX CUTHAJIOB AJSl KPECTOBUAHOW CTPYKTYpBI U
mwiactunsl JKUT npu C' =~ 30 nb. Toukamu OTMEYCHO MOJIOKEHHE HIDKHUX YaCTOTHBIX TPAHUIl B CIEKTPax ¢ BBIXOAHOM aH-
TEHHbI U1 IVIACTHHBI fab = 2911 MI'n u xpecta fry. = 2700 MI'n. IlTpuxoBKoi BeieneHa obnacts napamerpos (f, H),
B KOTOPOH Juid paccmarpuBaeMoii ieHkd 3M npoueccsl pacnaga [IMCB paspeniensl

Fig. 5. Dependence on the field of characteristic boundary frequencies in MSSW spectrum which determine the 3M decay
region and the position of lower frequency boundary of noise spectrum. 7 — 2f, = 2yH is the boundary frequency of 3M
decays in an isotropic film for exchangeless approximation, 2 — fo(H) is long-wavelength boundary of MSSW spectrum in
an isotropic film, 3 — the boundary frequency of 3M decays 2 f; in an isotropic film taking into account the contribution of
inhomogeneous exchange, 4 — dependence fo(H ) determined from the experiment (shift relative to curve 2 due to normal
uniaxial anisotropy of «easy plane» type); 5 — experimentally measured dependence 2f,(H) in studied film (shift relative
to the curve 3 was caused by the uniaxial anisotropy field). The vertical dashed line corresponds to the magnetic field, for
which Fig. 3 shows the spectra of the output signals for the cross-shaped structure and the YIG plate at C' = 30 dB. Dots
indicate the position of lower frequency boundaries in the spectra from output antenna for slab fS. = 2911 MHz and cross

$E = 2700 MHz. Shaded area marks the region of parameters (f, H) where the MSSW 3M decay processes are allowed
for the film used in experiment
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Ha BTopom stane mpoucxoaut 6ecroporoBoe ciustaue IICB ¢ poxaennem Bropuunsix [IMCB
[29], koTOpBIE OyIyYn MPUHATHIMH BBIXOAHON aHTCHHOM BOCHPHHHMAIOTCS B CIIEKTPE BBIXOIHOIO CHUT-
Halla Kak caTeJUIUThl. [Ipy 3TOM BBIMONHSIOTCS 3aKOHBI COXpaHeHUs [29]

fi+ fo=Fs, 4)
ki +ky = ks, 5

rJe yacToTta Fs U BOITHOBOW BEKTOP K, caTeiuTa 0TBEHAIOT BropuuHoii [IMCB, kKoTOpast COOTBETCTBY-
eT coOCTBEHHON Moze (BOJHE) IUICHKH W MO3TOMY CIIOCOOHA /100eXaTh M OBITH MPHUHATONW BBIXOIHOM
auTeHHOU. OTMeTHM, 4YTO TomagaHue nponaykTtoB ciusHus [ICB, ompeaenseMbix 3akoHamu (4), (5),
B CIIEKTp COOCTBEHHBIX BO30YKICHUH CTPYKTYPHI OOECIIEYHBaET PE30HAHCHOE HAKOTUICHHE CUTHAIa U
MO3BOJISIET €TO BBIACIUTH HaJl YPOBHEM TEIJIOBOTO IIyMa CHCTEMBI. 10 00CTOSTENBCTBO, UTO TPH ITOM
OKa3bIBA€TCs BBINONHEHHBIM ycioBue Fy # f, , ciemyer cs3aTh ¢ TeM, uTo B mpoueccax (4) u (5)
YYaCTBYIOT MapamMeTpU4ecKue CIMHOBBIC BOJHBI C YacTOTaMu fi # fo, IpUYeM OJIHA U3 HUX HMEET
dactoty fi1 = fp/2, a apyras fo = Fy — f,/2 [32].

O/HaKO MPH BHICOKUX HATKPUTUIHOCTIX Hakauku C' A 30 1B caTe/umThl B CIIEKTPE BBIXOIHOTO
CUTHAJIa CMEHSIOTCS ITYMOBBIM CHEKTPOM, cM. puc. 3 kosoHku (C), (D) [33,32]. IlosBiaeHHE IITyMOBOTO
CIIEKTpa TPAKTyeTCs Kak pokaeHue kuHernmdeckon neyctoumoctu (KH) [32,33,35], mubo kak KoH-
nencanus boze-Oinmmreitna [36] B cucteme IICB. Ilpu stom, B ciiydae KH Bropo#t atan nomosnHseTcst
npolieccaMy YeThIPEXMarHOHHOTO B3aUMOJIEHCTBHUSI, C 3aKOHAMU coxpaHeHus [35]:

fi+ fa=fi+ fa, (6)
/514—/22:/53%—%, (7)

rae f{72 u E’m — YacTOTHI ¥ BOJHOBBIE BeKTOPHI BropuuHbIX [ICB, 3amonHsonme y4actku criekrpa
OOMCB mnieHKH, HEJOCTyIHbIE K 3anonHeHuto npu pacnajae [IMCB nakauku Ha 9acToTe f, ¢ 3aKOHa-
mu coxpanenus (1), (2). [Ipu 6ecioporoBreix npoueccax causHus Buaa (4), (5) ¢ yuacTueM BTOPHUYHBIX
[ICB mpoucxoauT poxkaeHue myMmoBoro crekrpa [34,33,32]

f{ + fé = FNoisea (4,)

_»/1 + E/Q = ENoise- (5,)

OtMeTHM Terepb 0COOCHHOCTU (POPMUPOBAHUS CIIEKTPa KPECTOBOH CTPYKTYPHI MO CPaBHEHHUIO
¢ renkoit JKUI. Ydrem, 4yTo npu BBIOpaHHBIX IIOCKOCTHBIX pa3Mepax (15 x 10 MM) ucrons3yeMoit
B akcriepumMenTe TuieHkn JKUI, xapakTepHble 9acTOTBI CIIEKTpa CHMHOBBIX BOJIH OyayT ONHM3KH Ciy-
qaro 0e3rpaHMYHON OJHOPOJHO HaMarHMYEHHOH IieHKH, rae cnekTpsl [IMCB u OOMCB 3anumaror
HEIEPEeKPhIBAOIIMECST HHTEPBAIIBI 9acToT [ fs, fol U [fo, fu], tae fo = 4/ f% + fH fm DIMHHOBOJHOBAs
(k — 0) rpanuria cuekrpos, a 4actoThl fs = fr7 + 0.5, u fir = YH onpenensioT KOPOTKOBOJHOBBIC
(k — o0) rpanunsl, f,, = ydnM.

J1st KpECTOBUIHOM CTPYKTYPBI, COCTABIIEHHOM U3 BOJIHOBOJOB, XapAKTEPU3YEMbBIX COOTHOLICHU-
eM JHHEHHBIX pa3mepoB (L > w > d), Ha ClIeKTp OKa3bIBaeT BIMSHHE aHU30TPONHUS (OPMBI, YTO
MPUBOAMT K pa3HOHAIIPABICHHOMY OTHOCHTENILHO fo CIOBHUTY JJIMHHOBOJHOBBIX I'DaHHMI] CIIEKTPOB IO-
MepeYHo fol U TIPOAOIBLHO fg‘ HaMarHWYeHHBbIX BOJIHOBOAOB [24,26]

fol ~ fO <1 . wam(gig +fm)) 7 (8)
I~ fo (1+M”§;%;fm>, ©)
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rae Ny, — K03GGUIMEeHT pa3MarHuuMBaHsI [0 IIMPUHE BOJIHOBOJA U B PACCMATPUBACMOM CJIydae HMEET
BeamuuHy N, ~ 0.015 [24,26].
Kpome Toro, KBaHTOBaHHE CIEKTPa IO MIUPUHE BOJIHOBOJOB MPHBOAUT K TOMY, YTO B CIIEKTPE

OOMCB B npoJoiapsHO HAMATHUYEHHOM BOJIHOBOZE Ha 4acTOTax f,'l BBIIIE fj MOSABIAKOTCSA «IIUPHH-
Heie» Moasl OOMCB, a crekTpe monepeyHo HaMarHMYeHHOTO BOJTHOBOJA, HA00OPOT, — «IIHPHHHBIC)
monbl [IMCB ¢ yactotamu j}! < f H, rJ€ HOMep IHUPUHHOU MOABl . = 1,2... OTBEUAeT YUCITY HOIY-
BOJIH 10 IIMPHUHE W BOJIHOBOAA. YaCTOTHI OTCEYKH TAKUX «ILIMPHUHHBIX» MOJ MOXHO ONpPEAEIUTh, KaK

[24, 26]:

Lol _pl ™ 1

fa = fy =V 5 (10)
~ 7l 1Ln

M= fo+Veg (11)

e Vg”’J' — rpymmoBsie ckopocTd [IMCB 1 OOMCB B «0e3rpaHU9IHBIX» TUICHKAaX, I KOTOPHIX B
JUTAHHOBOJIHOBOM TMPUOIMKEHUH MOXHO TIOIYYUTh OIIEHKY C TIOMOIIBIO COOTHOIIEHUH [27].
CrenaHHbple 3aMeYaHHS OTHOCHTEIBHO «YCTPOWMCTBA» CHEKTpa CIMHOBBIX BOJH KacaTelbHO Ha-
MarHMYeHHOTO KpEecTa IMO3BOJISIOT OOBSICHUTH P pa3iuduuii CIekTpoB Ha puc. 3. Ilpu mapamerpax
JKCIIEPUMEHTa, OTBEYAIOIIUX CIEKTpaM B KojoHkax (A), (B) na puc. 3 (H ~ 394 3, C' =~ 12 1b,
fp = 3 I'T'n), JUIMHHOBOJIHOBBIE TPAHUIIBI CIIEKTPOB IPOJOIBLHO U IONEPEYHO HAMATHUYEHHBIX BOJIHO-

BOJIOB COCTAaBIIAIOT f(|)| ~ 2.86 I'Toy n foL ~ 2.56 I'Tu, 4TO CyHIECTBEHHO MEHBIIE YacTOT CaTellIu-
toB (F5 > 2.8 I'Tm) B cnekTpax kak ¢ BeIxonoB 2—4 kpecta, Tak u mieHkd JXUI. Dto 3Haumt, uTo
caresuutel uMeroT xapakrep [IMCB. Ilo 3Toif mprymHe Ha BbIXOAax 3 W 4 aMIUINTYJA CaTeJUINTOB
CYILIECTBEHHO IMaJaeT, TaK Kak aHTeHHBI 3 U 4, OpUEHTUPOBAHHBIC TEPIICHIUKYIISIPHO OO H , omru-
MaipHBI 1 ipuema OOMCB. Ha6mogaemsrit ipu oiie H = +394 O ¢ Beixoma 4 cinalbIii curaan
Ha gactore Fy ~ 2.895 I'T' cBs3an, mo-BuauMoMy, ¢ monaganueM 4actoTsl Fy ~ 2.895 I'T'm Ha oxny
M3 COOCTBEHHBIX MOJ KPECTOBUIHOW CTPYKTyphl. [Ipy cMeHe Mo NaHHBIH caTeJUIUT IMpomnajaeT Ha
BBIXOJIE 4, HO TIOSIBIISICTCST HA BBIXOJE 3.

ITpu mapamerpax skcnepumenTa (H ~ 459 O, C' ~ 30 ab, f, ~ 3 I'T), oTBeyaronmx KoIOHKaM
(C), (D) na pucyHke 3, IIMHHOBOJHOBEIE TPAHMIIBI CIIEKTPOB B IJICHKE M KPECTOBHIIHOW CTPYKTYype

MpUHUMAIOT 3HaueHus fo =~ 2.9 [T, (|)| ~ 292 ITun foL ~ 2.78 I'Tu. CnexTp BBIXOAHBIX CHUTHA-

JIOB UMEET IIIyMOBOM XxapakTep, uTo cBsazaHo ¢ pa3uteM KH B cucreme [ICB. MoxxHO BUAETH, 4TO
HHU3KOYACTOTHAs TpaHulla IIIyMa B BBIXOJAHOM curHaie B mienke KT fﬁlo ~ 2911 MTI'y Oam3Ka K JIHH-
HOBOJIHOBOM rpanulie crekrpa fo ~ 2.9 ['T'm, 4yTo cormacyercsi ¢ TeM, YTO BBIXOJHAs aHTEHHA B 3TOM
ciayyae MoxeT npuHumarb Tojabko [IMCB. B KpecTOBHIHOH CTPYKType BBIXOAHBIE CUTHAJBI TAKXKE
MMEIOT XapakTep ITyMOBEIX, HO B 0oJice MTUPOKOU TOI0CE, UeM B cydae IUICHKU. [ paHuiia nryMmoBoro
cnektpa fy, ~ 2700 MI'l HaxoUTCA HUKE JUTMHHOBOJTHOBBIX I'PAaHUIL fOH’J' MOMEPEYHO U MPOAOIHHO
HaMarHMYEHHBIX BOJIHOBOJIOB, YTO TIO3BOJIAET €€ MOJIoXKEeHue cBs3arh co crnekrpom OOMCB. Pacmu-
pEHHUE IIYMOBOTO CIIEKTPa B KPECTE CBA3aHO C CYHICCTBOBAHHUEM B CIIEKTPE CTPYKTYPHI «ILIHPHUHHBIX)
moxn IIMCB, xotopsie hopMHPYIOTCSI B pe3yibTaTe mporeccoB ciusaus Bropudabix [ICB ¢ 3akonamu
coxpanenus (4'), (5'). Takue MOIBI HMEIOT YACTOTHI OTCEYKH, OTBevaromue pesonancam OOMCB o
IIMPUHE BOJHOBOMA. VIMEHHO 1O 3TOi MpUYMHE OHW HAOIIONAIOTCS sipue Ha BBIXOAHBIX aHTEHHaX 3 U
4, opueHTAaI¥s KOTOPHIX HAWIYYIIHM o0pa3oM momxomuT s mpuema OOMCB. U3 cpaBHeHus BHza
CHEKTPOB C BBIXOAOB 3 M 4 mpu pa3HBIX HampaBieHHsIX MarHuTHoro nois (H =~ £459 D) moxHO
BUJIETH, YTO HAONIONAETCS MHBEPCUS XapaKTepa aMIUIUTYIHO-9aCTOTHBIX XapaKTEPUCTHK CIEKTPOB.

3. MukpoMaruuTHoe MoaeaupoBaHue 3¢ ¢eKToB HEB3AMMHOCTH MPH PACHPOCTPAHEHUH
HEJIMHEHHBIX CIIMHOBBIX BOJIH B KPECTOBHIHOH CTPYKType

[IpencrapnseTr nHTEpEC BBISICHUTD, KaK IPOSIBUTCS CMEHA HAIPaBIICHHS TTOJIS B pe3yIbTaTax MHK-
POMarHuTHOIO MOJEIMPOBaHUsS pacnpocTpaHeHus CB B KpecTOBHAHOM CTPyKType C MapaMeTpamu,

Koowcesnuros A.B., /lyoxo I'M., Xusunyeg IO.B., Caxaposé B.K., Bvicoykuii C.JIL,
Huxynun FO.B., Ilasnos E.C., Xumyn A.I., Quiumonos FO.A.
W3zBectus By3os. [TH/, 2020, T. 28, Ne 2 177



AQHAJIOTHYHBIMH HCCIICIOBAHHOHN dKCIIepUMeHTaIbHO. C 3TOH LEeNbIo, B paMKaX MOAX0a, U3JI0KCHHOTO
B paborax [24,26], mpoBOIUIOCH MOACIHPOBAHUE CIIEKTPOB BBIXOMAHBIX CHTHAJIOB C aHTEHH 2, 3, 4 mpu
nofade Ha BXoj 1 curnana Ha yacrore f, = 3 [Tnyunone H = 410 D npu HanpapiaeHUK BAOJIb U IPO-
TUB OCH T (cM. puc. 1). AMIIUTYAa BO30Y>KAAIOIIEro Mmojist Ha aHTeHHe 1 3agaBanack paBHO# h = 40 D,
YTO CYIIECTBEHHO BBIIIIE MOpora nmapameTrpudeckoil HeycroitunBoctu CB [24,26] u xapakTepusyercs
HaakputuaHoCThi0 C' = 30 nb. [Ipu 3TOM B YMCICHHOM CYE€TE AHTCHHBI CUMTAIMCh OJUHAKOBBIMU U
HMMeJHN OAMHAKOBOE PACIIONIOKEHHE OTHOCUTEIBHO KOHIIOB KpecTa. OTMETUM, UYTO HCIIONb30BAHHLIN B
[24,26] nonxon u3-3a 3HAUUTENBHOIO pazMepa npoctpaHcTBeHHOU ceTku 10 X 10 X 1 MM mo3BosnsieT
MIPOBECTH MOJICIIMPOBAHUE JIUITh HETMHEWHBIX 3(PQEKTOB, CBI3aHHBIX C MapaMETPHUESCKUMH IPOIec-
caMH BTOpOTO MOpsJIKA, TaK KaK Takas CETKa 3aXBaThIBAacT JIMIIb 00JacTh (Pa3oBOro MPOCTPaHCTBA
CB ¢ BOJHOBBIMH 4YHCIIAMHU |E\ < 5000 CM_l, rae MuHuUMalbHbIe YacToThl CB f;, He ynoBnerBopstoT
ycnouio (3).

Ha puc. 6 nmpuBeieHB pe3yabTaThl MUKPOMAarHUTHOTO MOICTHUPOBAHUS CIIEKTPOB BBIXOIHBIX CHUT-
HaJIOB C aHTeHH 2, 3, 4. MOXHO BHUJETh, YTO JI1 BHIOPAHHOTO YpPOBHS HAJKPUTUYHOCTH CIIEKTPHI
CHUTHAJIOB C BBIXOZOB 2, 3, 4 NIyMOINOJAO0HBI U UMEIOT BUJ, XapaKTEPHBIA I MapaMeTpHUecKux IMpo-
IIECCOB BTOPOTO TMOpsA/IKa (4eThIpexMarHoHHBIX) [35]. Ha BcTaBkax K prCyHKaM IpUBENEHBI pacipere-
JIEHHs aMIUTHTYJ 110 CTPYKTYpe Ha 4yacToTe Hakauku f, ~ 3 I'T1 (komoHka out2) n yacToTe careianTa
F, ~ 2.65 I'Tn (komoHkw out3 u out4) mMpy COOTBETCTBYIOIINX HAMPABICHUSX OIS, JlaHHBINA caTeITUT
MPUCYTCTBYET Ha BCEX BBIXOAX CTPYKTYPHI IPU CMEHE IOJIS.

JleBast kOoJIOHKA Ha PUC. 6 OTBEYAET CUTHATY C BBIXOAHOW aHTEHHBI 2. Pacnpenenenue aMIuTyn
B KPECTE Ha 4acTOTe HaKauKH MOKa3bIBAET, YTO OOJIBbIIAS YaCTh CUTHAJA Ha yacTore f, ~ 3 I'T1 mocty-

out2 out3 out4
1.2F

10

0.8

L
oL

b O 1 1 0
2.6 2.8 3.0 32 24 26 2.8 3.0 2.6 2.8 3.0
Frequency, GHz

Fourier Amplitude, a.u.

Puc. 6. ®ypbe-cnekTpsl MOIIHOCTH BBIXOMHBIX CHTHAJIOB Ha aHTeHHaX 2 (KojoHKa out2), 3 (komoHka out3) u 4 (KOJIOHKA
out4) npu noine H = 410 O, opuenTupoBanHoM Bosb ocu Oz, (cTpoka a)); npu mnone H, OpHEeHTHPOBAaHHOM MPOTHUB OCH
Oz (ctpoka b)). Ha BcTaBkax ImokaszaHbI paclpeneNeHns] aMIUIUTYZ [0 CTpyKType Ha dactore f, ~ 3 I'Tu (xomoHka out2)

Fs ~ 2.65 I'Tu (xonoHka out3) mpu COOTBETCTBYIOIIMX HaNpaBieHUAX mois H

Fig. 6. Fourier spectra of the output signals power at antennas 2 (column out2), 3 (column out3) and 4 (column out4) for
field H = 410 Oe oriented along the Ox axis (row a)); for the field H oriented against the Ox axis (row b)). The insets
show the distribution of amplitudes over the structure at the frequency f, ~ 3 GHz (column out2) F; ~ 2.65 GHz (column

out3) for the corresponding directions of the field H
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MaeT Ha BBIXOM 2. MOXKHO BHJETh, YTO IPH 33JAHHOM YPOBHE HAIKPUTHYHOCTH CHEKTPHI BBIXOTHBIX
CHUTHAJIOB Ha aHTEHHaX 3 W 4 MpeTepIeBaloT Ka9YeCTBCHHBIC N3MEHECHUS P CMEHE HAIIPaBIICHUS ITOJIA.
UTo0B! 0XapaKTepU30BaTh AT U3MEHEHHUs, IPOCIEANM 32 MOBEACHUEM CIIEKTPaIbHOU COCTABIISIONICH
¢ gacrorot Fs ~ 2.65 I'Tm. [lpn HampaBieHHH OIS BIOJH OCH T aMIUIMTYAa 3TOTO caTellIuTa Ha
BbIXOZle 3 MpHUMEpHO B 2 pa3a Ooiblue, yeM Ha Bbixoze 4. IloaTBepikaeHHE TakoMy COOTHOLICHHIO
MOXXKHO Tak)K€ HaWTH B KapTe pacIpencicHus aMIUIUTYIBI CaTe/UINTa B KpEeCcTe Ha BCTaBKE K PUCYH-
KaM — MHTCHCHUBHOCTH BOJIHBI, OCTYIIeH K BBIXOAY 3, BhilIe. [Ipu cMeHe HallpaBlIeHHS OIS, HECMOTPS
Ha o0IIee MaJcHNe aMIUTATY] CIIEKTPAIBHBIX COCTABJISIONINX, MOYKHO BHACTH, YTO CUTHAI HA YaCTOTE
F, =~ 2.65 I'Tu ¢ Beixoma 4 Oojiee 4eM Ha MOPSAIOK IMPEBBIIIACT CHUTHAT C BBIXOMA 3. DTH pe3ysbTa-
ThI TIOATBEPIKAIOT, HA HAII B3IVIAJ, HAJTMYHME B KACATEITbHO HaMarHquHHon KPECTOBUAHON CTPYKTYpE
MEXaHHM3MOB, BBI3BIBAIOIINX, IIPH CMCHE HaIpPaBICHHUS H wm k BxomHoro curtayia [IMCB, uHBepcHIo
CIIEKTPOB CUTHAJIOB C BBIXOOB 3 U 4 MPOIOIFHO HAMAarHWYEHHOTO BOJTHOBOJA.

3akaouenue

Takum 00pa3oM, SKCIIEPUMEHTAILHO UCCIIEIOBAHO BIUSHUE HAIPABICHUS MarHUTHOTO TIOJS H
Ha BHUJI CIIEKTPOB BBIXOAHBIX CUTHAJIOB YETHIPEXITOPTOBON KPECTOBUIHON CTPYKTYPHI HA OCHOBE TUICH-
ku JKUI' npu nomaye Ha BXomHyr aHTeHHY curHaia [IMCB MouiHocThl0, NpeBbliatoiiei mopor 3M
pacnaga. [Toka3zaHo, 9YTO MpU JOCTATOYHO BHICOKMX YPOBHSIX HAAKPUTUYHOCTH HAKAYKH, OTBEYAIOIIUX
MOSIBJICHHIO B CIIEKTPE BBIXOJHBIX CHTHAJIOB YaCTOT CaTEJUIMTOB MM LIYMOIIOJJOOHOTO CHUTHAJa, CMEHa
HampasieHuss H, opueHTHpyeMoro BAOJNb BXOAHOW aHTCHHBI, WJIM CMEHA HAIPaBICHUS PACIPOCTpa-
HeHusi BxonHoro curHaia [IMCB, 3a cuer ero mojayu Ha JAPYTYI0 aHTEHHY, NapalielbHYIO H , CO-
MPOBOX/IACTCS MHBEPCHEH CIEKTPOB C aHTCHH HAa KOHIAX MPOJOJIbHO HAMATHHMYCHHOTO BOJIHOBOJA.
MuKpOMarHUTHOE MOICTUPOBAHUE PACTIPOCTPAHEHHUS CITMHOBBIX BOJH B KPECTOBUHOMW CTPYKTYpPE TIO-
Ka3bIBaeT BO3MOKHOCTh aHAJIOTUYHOTO MTOBE/ICHVsI HETMHEHHBIX CIIEKTPOB M B YCIOBHSIX IapaMeTphye-
CKOM HEYCTOMYHMBOCTH BTOPOTO Mopsiaka. [lomydeHHbIe pe3yinbTaThl TOKA3bIBAIOT HATUIHE B KPECTOBHI-
HOW CTPYKType MEXaHH3MOB, KOTOPbIE MOTYT NMPUBOAUTH K WHBEPCUH CIIEKTPOB CUTHAJIOB C BBIXOJIOB
MPOAOIHHO HAMAarHUYEHHOTO BOJHOBOAA KPECTOBHUIHON CTPYKTYpHI IIPU CMEHE HAIPaBICHIUS H wm
pacnpoctpaderns [IMCB B ycioBHAX mapaMeTpUIECKONH HEYCTOWYHMBOCTH CITMHOBBIX BOJH. OOHApy-
JKEHHBIN 3P(EKT CBI3BIBACTCS C HEB3aUMHBIM XapaKTePOM PacIpOCTPAHEHUs KaK BOJIHBI HAKAYKH, TaK
1 POXKIIAEMBIX TTPH MapaMeTPUIECKOH HEyCTOWYMBOCTH BOJTH.

OTMeTuM, 9TO MPENCTABISIET HHTEPEC U3yUeHNE XapaKkTepa MPOsBICHIS HEB3aNMHOCTH PacIpo-
CTpaHEHUsI CIIMHOBBIX BOJIH Ha TEHEPAIUIO CHTHAJIA B aKTHBHBIX KOJIBIIEBBIX CHCTEMaX Ha OCHOBE Hepe-
TYISPHBIX MarHOHHBIX CTPYKTYp [37].

Aemopul gvipadicarom Oaazooaprocms Pooicnegy AL 3a nonesnoe obcysicoenue pesynomamos
pabomei.
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