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Toy4ens! u nccaeRoBaHbl JUAIEKTpUYECcKas 1 MarHUTHAS! IIPOHAUIIAEMOCTH KOHEYHOT0 00pasiia MHOTOCIOHHOI MeTaIonu-
UIEKTPUUECKON HAHOCTPYKTYPBI — IUIa3MOHHOIO MYJBTUCIIOS, OTHOCSIIEr0OCs K KIacCy IEKTPOMArHUTHBIX METaMaTrepualloB.
MeTtamarepuaisl IPeACTaBIAIOT COOOH HCKYCCTBEHHO CO3JaHHBIE CTPYKTYpBI, KaK NMPaBUIIO, HEPUOANUECKHE, Pa3MEPHI dJIe-
MEHTApHON AYEHKH KOTOPHIX MHOTO MEHBIIIE JUIMHBI BOJIHBI, 00J1a/[alone HEOOBIYHBIMU 3JIEKTPOMarHUTHBIMHE CBOWCTBaMU,
He HabmonaeMbIMU B nipupoge. Tak, MeTaMaTrepHabl OTKPBIBAIOT MyTh K CO3JaHHIO ONTUYECKHX MAaTepUaoB C MAarHUTHOM
MPOHHUILIAEMOCTBIO, CYIIECTBEHHO OTIMYHOI OT €IMHHIIBI, YTO JOJIro€ BpeMs Ka3aloCh TPYIHOBBIMOTHUMON 3agaueil. [lms
H3BJICUCHUS U3 KOA(P(OUINEHTOB OTpaXKeHHs U IPOXOXKICHUSI MaTePHAIBHBIX I1apaMeTPOB, ONHCHIBAIOIINX 3JIEKTPOMArHUT-
HOE TIOBEAEHHE IIIa3MOHHOTO MYIIBTHCIIOS, OBLT IIPUMEHEH Kiaccnueckuil Meton Huxoncona—Pocca—Beupa. B paccmarpu-
BaeMOM CJIOMCTOM MeTaMmarepuaje HaOlooaeTcsl CHIbHBII MarHeTH3M PE30HAHCHOTO THIIA B ONTHYECKOM JIHAIla30HE YacTOT.
IlonoxxeHue pe3oHaHCa COOTBETCTBYET TOYKE IIPEAECNIbHO MajblX 3HAYCHUI MUANNEKTpUYecKod mpoHunaeMmocTd. Iloxazana
BO3MOKHOCTb I1€PECTPONKH PE30HAHCHOM YacCTOThI ITyTEM M3MEHEHUS COOTHOILCHHUS TOJNLIMHBI CIOEB B JJIEMEHTApHOH sueii-
Ke, oOpasymomiell miIa3sMOHHbIA MyabsTHCI0H. Habmonaemas MarHuTHas aKTUBHOCTD BXOJWT B YCTAHOBUBIUUIICS PEXUM, Ha-
YHMHAsl C TOJIHHBI MYJIBTHCIIOS, COCTABIIAIOIIEH MOPsAAKA HECKONBKUX JECATKOB cI0€B. IIpeanoxkeHo HCIoIb30BaHNe TaKUX
MHOTOCJIOWHBIX HAaHOCTPYKTYpP KakK MPOCTOro u 3pQeKTHUBHOro0 Marepuala, ClocOOHOTO JEMOHCTPUPOBATh MATHUTHYIO aK-
THBHOCTb BO BCEM ONTHYECKOM JMANa3oHe.
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The paper deals with acquisition and analysis of permittivity and permeability for a finite sample made of multi-layered met-
al-dielectric nanostructure — plasmon multilayer referred to a class of electromagnetic metamaterials. Metamaterials are arti-
ficial structures, periodical as a rule, with characteristic unit cell sizes much smaller than the wavelength in vacuum, having
unusual properties not met in nature. For example, metamaterials open the way to fabrication of optical materials with per-
meability substantially differing from unity - the task considered as unrealizable for a long time. The classical Nicolson-Ross-
Weir method has been applied for extraction of material parameters describing an electromagnetic behavior of the plasmon
multilayer from reflection and transmission coefficients. Strong resonance-type magnetic activity in the optical frequency
domain is observed in the metamaterial under consideration. Magnetism appears due to strong spatial dispersion inherent to
the plasmon multilayers. Position of the permeability resonance is located exactly in the epsilon-near-zero region. It is shown
how the resonance can be repositioned by means of the filling factor changing. Observed magnetic activity reaches the steady
state with multilayer thickness equal to a few dozens of layers. Plasmon multilayers are sug-gested as robust and effective
optical materials with a strong magnetic response in the whole optical domain.

Keywords: metamaterials, plasmons, magnetism, multilayered structures.

BBenenue

MHorocnoifHbIe CTPYKTYPHI B OITHKE SBIAIOTCS MPEIMETOM PACCMOTPEHHUS yXKE TOCTaTOYHO JITHTEIBHOE
Bpems [1-3]. OmHako meproaInvecKre MHOTOCIONHBIC CTPYKTYPHI, BKIFOYAIONINE B ceOs CIIOM METallia, CTalld
paccMaTpUBaThCS 3HAYUTEIBHO T03ke. HeonIaHHO 0Ka3aJI0Ch, YTO METAJUIOUIIEKTPHICCKUE MHOTOCIIONHEIC
HAHOCTPYKTYPHI TEMOHCTPUPYIOT BBICOKHI KO3()(HUIMEHT MPOXOKICHHUS B ONTHYCCKOM JMAITa30HE JJIMH BOJH
JTaXe B pexuMe (POTOHHOTO KPHCTAIIA, I XapaKTepHBIN pa3Mep Meproa CTPYKTYPBI D COCTABISACT OKOJIO YeT-
BEPTHU JUIMHBI BOJIHBI B Bakyyme A [4, 5]. JlaHHOe siBneHHE, UMeHyeMOoe 3B (EKTOM MPO3payHOCTH METalia, BO3-
HHUKAeT BCIEACTBHE TOTO, YTO B MEPHOAMYESCKUX METALIOAUIICKTPUICCKIX MHOTOCIOHHBIX HAHOCTPYKTYpax Ha
TpaHHUIIaX MEXIy CIOSMH MOTYT BO30YXKAaThCs MOBEPXHOCTHHIE Iura3MoH-noispuTons! (IIIIIT), obecneunBas
MeXaHU3M TYHHEIHPOBAHUS ONTHYECKOTO M3IYYCHHS Yepe3 TaKylo CTPYKTypy [6—8]. Bexencreue mpucyrcTBus
[II1IT Ha rpaHUIaX MEXAY CIOSMH JaHHBIE CTPYKTYPHI OYAyT IMEHOBATHCS B NAIbHEHINIEM INIa3MOHHBIMHU MYITh-
THUCIIOSMH.
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H3BieyeHne € u p

B Hacrosimedt pabore paccMarpuBarOTCs MJIa3MOHHBIE MYJIBTUCION, 00pa3oBaHHbIE MEPHOIMYECKH MO-
BTOPSIOMICHCS NIEMEHTAPHOUN STYSHKOM, COCTOSMIEH U3 TUAIEKTPUKA TOJIIIUHONW ¢ M MeTaia TOJMIIUHON d,. J{n-
3NMEKTPHUECKasi IPOHUIIAEMOCTh JUIIEKTPUKA € IPUHUMAETCSI TOCTOSHHON U paBHOI 4,6. st MeTaruia Tuamek-
TpHUYEcKasi IPOHUIIAEMOCTH 3aJaeTcst Mozenbto Jpyne:

g=1—-wy/w(wt+il)

I7e IIa3MeHHas 4acToTa o, = 27mc/A,, A, = 250 HM (¢ — CKOpPOCTH CBETa B BaKyyMme), KOO(POHIMEHT 3aTyXaHUs
I'=1,734 ¢!, uto cOOTBETCTBYET Cepedpy C YIETOM OMHYECKHX MOTeph. IlapamMeTpsl B3AThI U3 paGoTsI [9].

Hackonbpko HaM M3BECTHO, MarHUTHas aKTUBHOCTD IIA3MOHHBIX MYIBTHUCIIOEB, COCTaBICHHBIX U3 HEMar-
HUTHBIX MaTE€pHaNIOB, HE ObUIa UCCIEI0BaHa A0 HACTOSIIEro BpeMeHH. Jlajnee HaMu OyayT M3y4YeHBI TUAJIEKTPHU-
YyecKas M MarHWTHas MPOHUIAEMOCTH KOHEYHOTO 00paslia MYNBTHUCIIOS, COCTABIEHHOTO M3 N 3JIE€MEHTapHBIX
A9eeK, ocBem@aeMoro TM-NonIpu30BaHHBIM N3Ty4Y€HHEM HOPMAIBHO K cI0sM. [lafgeHne mo HopManu BEIOPAaHO ©
LENBI0 M3BJICUCHUS MPOJOJIHLHON KOMIIOHEHTBI TEH30pa € IMINCKTPHUYECKOW MPOHMIAEMOCTH ILIA3MOHHOTO
MYJIBTUCIION BBULY TOTO, YTO B JAHHOM CIIy4ae 3JEKTPOMAarHUTHOE M3ITyYCHNE HETYBCTBUTEIBHO K HMEIOLIHMCS
B € HEIMAarOHAJIBHBIM KoMTioHeHTam [10, 11].
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Puc. 1. 3ddekTnBHan ananektpuyeckas (a) n marHuTHas (6) npoHMuaeMocTu (BellecTBeHHbIe — Re
N MHUMBbIE — Im YacTn) obpasLa NNasMoOHHOM MHOTOCITONHONM CTPYKTYphI, cocTosiwen ns N = 200 neprnopnos,
06pa3oBaHHbIX Crioem AnanekTpuka n metanna c TonwmHamm 30 1 60 HM cooTBeTCTBEHHO. XKenTow NMHnen
nokasaHa aHanMTU4Yeckn paccymMTaHHas AnanekTpudeckas NPOHULAeMoCTb AN 6ECKOHEYHOro MybTUCIION

Jis momyyerns 3¢ (eKTUBHBIX TUIEKTPUIESCKOW W MarHUTHON MPOHHUIIaeMOCTEH U3 KOHEYHOTO 0Opasia
IUTa3MOHHOTO MYJIBTHCIIOSN OBUI MPUMEHEH METOJ SKCTPAKIMH MaTepHaJIbHBIX HMapaMeTPOB U3 PACCUUTAHHBIX
IIPY IOMOIIM MaTpuIl epeaadn KodpUIMEHTOB OTpaskeHNsI R ¥ MPOXoKAeHHUs I’ KOHEYHOTo 00pasna MyJbTHC-
nos cornacHo npouenype Hukoncona—Pocca—Beupa [12, 13]:

(1+R)? —T? ~ _ +acos[%(1 —R? +T2)] + 2mm
(1—R)2—T2? n=ou=+ koDN ’

rne D = d,+d,, N — 9ucino nepruonoB B KOHEYHOM MYJBTHCIIOE. [IpaBMIIbHBIN BEIOOD IIEJI0T0 YHciaa m ObUT TOJ-
po6HO obcyxaeH B [14, 15]. PaccunTtaB XxapakTepUCTHYECKII IMIIEaHC Z, a TaK)Ke TIOKA3aTeb MPEIIOMIICHHUS 7,
HETPYAHO YCTaHOBHUTH MaTepHAbHBIC TTapaMeTPhl € U [ oOpasna. [lomydeHHbIe AUAIEKTpUIECKass 1 MarHUTHAS
MPOHUIAEMOCTH UIA MynbTHCHOS W3 200 3JIeMEHTapHBIX SYEeK AMAIIEKTpPHKAa W MeTaula ¢ TOJIMIWHAMH
dy =30 1M, d, = 60 HM COOTBETCTBEHHO IpeACTaBIeHbI Ha pUC. 1. Uncio nepnosoB BEIOPaHO OONBIINM C LEIBIO
CO37IaHusl OOBEMHON CTPYKTYPHI BO M30eKaHne MpoOJIeM IIJIOX0H CXOIMMMOCTH € U |L IIPU MAJIOM YHCIIE JJIEMEH-
TapHBIX SUEEK, COCTABIISIOINX HAHOCTPYKTYpY. Kak BUIHO U3 puc. 1, IUIa3MOHHBIA MYJIBTHCIION B TakoW KOH(H-
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Typanuu JIEMOHCTPUPYET CHIbHYI0 MAarHUTHYIO aKTHBHOCTH B ONTHYCCKOM JMAINa30HE JJIMH BOJH B TOYKE OKO-
JoHyneBoro €. OOBIYHO TaKOE MOBEJCHUE 00YCIOBIUBACTCS CHIIBHOM MPOCTPAHCTBCHHOM TUCIIEPCHEN TIa3MOH-
Horo MynbTHCHOs [16—18]. [TomydueHHass MarHWTHAs aKTUBHOCTH SIBJISETCS YCTOMYMBOM K WM3MEHEHHWIO YHCIa
MIEPUOJIOB U CXOJHUTCS K CTAOMIIbHBIM 3HAUYSHUSIM YKe MpH 0koJio 50 nepronax, 4to BuaHO u3 puc. 2. Takxke cxo-
JMMOCTh MarHUTHO# MPOHHUIIAEMOCTH, OYEBH/IHO, 3aBUCHUT OT TOJIIIMHBI Tleprojia D: 4eM OoJibllle TOJIMHA, TEM
ObIcTpee OyaeT HaOMIOAaThCs CXOTUMOCTbD.
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Puc. 3. UameHeHne nonoxeHns pe3oHaHca MarHUTHOM MPOHNLIAEMOCTM NMPY N3MEHEHUN COOTHOLLEHUS TOMNLLMH
cnoes di/d>. TonwuHa nepuoga dukcmposaHa. [Ins Bcex KpuBbIX KONMYECTBO nepnodos pasHo 200

Tlonoxxenue pe30HaHCHOﬁ YaCTOThI L 3aBUCUT OT COOTHOIICHHSA TOJIIUH METa/la U JUIJICKTPUKA dl/dz
(pI/IC. 3) HpI/I OIMpeACIICHHOM COOTHOIICHWHU TOJIIIHUH CJIOCB Ha6J'IIOZ[aCTC$I MAaKCUMYM pAaCKa4vKu pE€30HaHCa. B stom
MAaKCUMyMEC TOJIIIMHA MCTalljla B 2-3 pasa 6OJ'II>HIC, YEeM TOJIIWHA AUIJICKTPUKA (TO‘-IHOC 3HAQ4YCHUC 3aBUCUT OT
TOJIIIUHBI nepnoaa). Bornee cunpHoe YTOJIIECHHUEC CJIOS METaJlJla MPUBOAUT K YMCHBIICHUIO PACKAYKU PE30HAHCA.

3akjoueHune

Bbi1a mpoJeMOHCTPHPOBaHA CHJIbHAS MAarHUTHAsE aKTHBHOCTH IIA3MOHHOTO MYJIBTHCIIOS BO BCEM BHJIHU-
MOM JMara3oHe [UIMH BOJIH. PE30HAHC M3BIICUCHHON MarHMUTHOM MPOHHUIIAEMOCTH COOTBETCTBYET YacTOTAM IIpe-
JIEIbHO MaJIbIX 3HAUYCHUH AMAIEKTpUYEeCKOl npoHuiaeMocty. [TojokeHne pe3oHaHca 3aBUCHT OT COOTHOLICHHUS
TOJIIIMH B TIEpHOe, o0ecreunBas nepecTpanBaeMoCTh MeTaMaTepuaia [19], u CXoauTcs K YCTOWIUBBIM 3HAYEC-
HUSM yXKE OT HECKOJIBKUX JICCATKOB CJIOCB. B HacTosimee BpeMs MPeNIOKESHHBINA CIIOCO0 MOTyYeHHsI MATHUTHOU
AKTHBHOCTH B BUJIMMOM JIMANa30HE JUIMH BOJIH SIBIISICTCS CAMBIM MPOCTHIM M JOCTYITHBIM JUIsl U3roTOBIeHHs. K
MPUMEPY, IO CPABHCHHIO C TBYMEPHBIMH MACCHBAMH IMOCIICAOBATEIBHO PACIOIOKEHHBIX Map HaHoyactull [20],
[JIc MArHUTHBIA OTKJIMK HAaOJIFOAeTCs BIUIOTH JIO TONYyOOH JIMHUU CIICKTPA, IUTa3MOHHBIC MYIBTHUCIION HE Tpely-
FOT IPUMEHEHUS TIIyOOKO# yIbTpaduoneToBoi HHTEPGEPEHIIMOHHON TUTOrpadUu U SIBISIOTCS OOBEMHBIM MaTe-
pHAaJIOM, a He BCETO JIUIIb TOHKAM CIIOEM YIOPSAAOUYCHHBIX HAHOYACTHII.
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IIJTASMOHHBIE COJIMTOHBI, KHHKH U BOJIHBI ®APAJTESA

B I[BYMEPHOFI PEHIETKE METAJIVIMYECKUX HAHOYACTUII
P.E. Hockos®, JI.A. Cmupnosa®, H.C. Jlammuna®

* Cankr-IleTepOyprekuii HalMOHANBHBIN HCCIENOBATENbCKUM YHABEPCUTET WHMOPMALMOHHBIX TEXHOJOTUM, MEXaHUKH H
ontuku, Cankr-IlerepOypr, Poccust, nanometa@gmail.com
b LenTp HenuueitHON Gu3NKH, ABCTpaTHHCKHI HAaMOHANBHEIN yHUBepcuTeT, KanGeppa, ABcrpanns, namaste§9@mail.ru

PaccmarpuBaioTcs HeNMHMHEHHBIE OUCKPETHBIC MOABI B JBYMEPHOH pEIIETKE METaJUIMYeCKUX HAaHOYACTHL, BO30YXKAaeMOi
ONITHYECKUM M3Ty4eHHEM Ha 4acToTe, OJM3KOH K 4acTOTe MOBEPXHOCTHOTO IUIa3MOHHOTO PE30HAHCA YEAWHEHHOH YacTHIIHI.
IIpeanonaraercs, 4To pazMep 4acTUIL MHOI'O MEHBIIIE ONTUYECKOM [UIMHBI BOJIHBI, 2 MEKYACTHYHOE PACCTOSHUE JOCTATOYHO
BEJIMKO, YTOOBI OTKJIMK YaCTUI] MOXKHO OBLIO paccMaTpuBaTh B paMKax AUIOJBHOTO IPHOIKEHUS. MBI TakKe CUUTaeM, 4TO
HAHOYACTHUIIBI C/ICJIaHEI U3 cepebpa 1 001afaroT HEJIMHEHHBIM OTKIIMKOM KEPPOBCKOTO THIIA.

B cmty Toro, 4To Kaxkaas 4acTHLA MPENCTaBIAeT co00i pe30HAaHCHO BO30Y)KIaeMblif HETMHEHHBIN OCILIIUIITOP C OTHOCH-
TEBHO MEIEHHBIM MHEPIHOHHBIM OTKJIMKOM TI0 CPAaBHEHHUIO C MEPHOJOM KoJIeOaHHi CBeTa, JUHAMUYECKHN OTKIUK CHCTe-
MBI OIHCBIBAECTCA B TEPMUHAX MEICHHBIX aMIUIMTY] MOJIApU3aLUi Kaxgoro mapuka. CTannapTHas mpoueaypa JuHeaau3a-
I[MU 1a€T BO3MOXKHOCTD TOJyYUTh 30HBI MOTYISIIUOHHON HEYCTOWYMBOCTH U OMCTaOMIBHOCTH OJHOPOTHOIO CTAIIMOHAPHOTO
peLICHUs COOTBETCTBYIOLIUX AMHAMUYECKUX YPAaBHEHUM Ha IUIOCKOCTH IapaMETPOB BHEIIHEIO 0N «UHTEHCHUBHOCTb—
yacrora». VIcnonp3ys 5TH JaHHBIE, Mbl IIPEACTABISIEM M aHAIM3UpPyeM IPUMEPBl T€HEepaluy IUIAa3MOHHOIO aHAJlora BOJIH
®apanest, yCTOWINBBIX IBYMEPHBIX COJIMTOHOB, OCIIMJUIOHOB M KHHKOB (BOJIH NEPEKIIIOYEHHS ), PPOHT KOTOPHIX NPEICTABISET
co0oii repexo IpH W3MEHEHUH HOMepa YaCTUIIBI OT OJHOTO OJHOPOJHOTO PACIIPEASNICHUS ITOJSIPH3AIMH JaCTUIl K IPYTOMY
TIPH OTHOPOIHOM BHEITHEM BO30yxaeHUH. Taroke 00CyXKIaeTCsl pealucTUIHas ATUTEIbHOCTh Ja3ePHOTO UMITYIIbCa, KOTOpast
JIOJDKHA OBITH I0CTaTOYHO OO0JIBIIOH 11t GOPMHUPOBAHUS PACCMOTPEHHBIX HEJIMHEHHBIX JUCKPETHBIX MO, HO B TO K€ BPeMs
JOCTaTOYHO MAJOH A NPEeJOTBPAILEHHUS TEMIOBOIO pa3pyIIEeHUs] HAHOYACTHII.

KiroueBble cj10Ba: m1a3MOHMKa, HAHO(QOTOHHUKA, METAUIMYECKAst HAHOYACTHLA, KyOM4ecKass BOCHIPUUMYUBOCTh CepeOpsHOil
HAHOYACTULBI, IOBEPXHOCTHBII IIa3MEHHBIA PE30HAHC, NUCKPETHAs JOKAIW30BaHHAs MOJAA, MOLYJSALMOHHAS HEYCTOHuu-
BOCTb, BOJIHBI Dapazies, CONUTOH, OCLUILIOH, KUHK.

PLASMON SOLITONS, KINKS AND FARADAY WAVES IN TWO-DIMENSIONAL

LATTICE OF METAL NANOPARTICLES
R.E. Noskov*, D.A. Smirnova’, N. S. Lapshina®

¢ Saint Petersburg National Research University of Information Technologies, Mechanics and Optics, Saint Petersburg, Rus-
sia, nanometa@gmail.com
9Nonlinear Physics Center, Australian National University, Canberra, Australia, namaste89@mail.ru

We consider nonlinear discrete modes in a two-dimensional lattice of metallic nanoparticles driven by optical radiation at a
frequency close to the frequency of the surface plasmon resonance of an individual nanoparticle. We suppose that the
particles are small enough and the interparticle distance is large enough to treat nanoparticle within point-dipole
approximation. We also assume that nanoparticles are made of silver and possess an intrinsic nonlinear Kerr-type response.
Since each particle acts as a resonantly excited oscillator with slow (in comparison with the light period) inertial response, we
employ a slowly varying amplitude approach to describe dynamical behavior of particle polarizations. Following a standard
linear stability analysis, we obtain areas of bistability and modulation instability for the homogeneous stationary solution of
the corresponding dynamical system in the plane ‘intensity-frequency’. Based on these data, we present and analyze
examples of generation of plasmonic Faraday waves, stable two-dimensional solitons, oscillons, and kinks (switching waves),
which separate two different homogeneous states of particle polarizations. We also discuss realistic duration of the laser pulse
which should be large enough to cause the formation of the considered nonlinear modes and small enough to prevent particle
ablation.

Keywords: plasmonics, nanophotonics, metal nanoparticle, cubic susceptibility of silver nanoparticle , surface plasmon reso-
nance, discrete localized mode, modulation instability, Faraday waves, soliton, oscillon, kink.

BBenenue

PacTyuuit uHTEpEC K UCCIIEI0BAaHUIO HETMHENHBIX CBOMCTB TUIa3MOHHBIX HAHOCTPYKTYP, TAKUX KaK Mac-
CHUBBI CEpeOPSIHBIX M 30JIOTHIX HAHOYACTHI], OOBSICHIETCS X OOJBIIIMM TOTEHITHAIOM JIJIsl pa3HOOOPa3HBIX HAHO-
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