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基于单劈裂环-双劈裂盘结构的多重磁Fano共振

牛启强,霍义萍,姜雪莹,周辰,郭懿圆,侯艺博,何倩,郝祥祥
(陕西师范大学 物理学与信息技术学院,西安710062)

摘 要:采用有限元方法对单劈裂环-双劈裂盘纳米结构的表面等离激元共振进行了理论研究.当入射

光垂直于结构表面时,亮磁模式和暗磁模式相互干涉会产生磁Fano共振.当双劈裂盘、空腔和单劈裂环

的间隙同时沿x 轴负方向偏移时,可产生高阶磁模式和双重磁Fano共振.在此结构的基础上,进一步调

节单劈裂环的间隙宽度,可以在近红外区域增强磁模式的强度,并产生三重磁Fano共振;同样地,通过

调节双劈裂盘的上劈裂角,在可见光区域可得到新的高阶磁模式,并产生三重磁Fano共振.此外,该结

构的最大灵敏度和磁场增强分别达到1400nm/RIU和69.7倍.这些光学特性使得该结构在超灵敏度

生物传感器和多控磁Fano开关领域具有潜在的应用价值.
关键词:表面等离激元;有限元分析;高阶磁模式;多重磁Fano共振;折射率灵敏度
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MultipleMagneticFanoResonancesBasedonSingle-splitRingand
Double-splitDiskStructure

NIUQi-qiang,HUOYi-ping,JIANGXue-ying,ZHOUChen,GUOYi-yuan,
HOUYi-bo,HEQian,HAOXiang-xiang

(SchoolofPhysicsandInformationTechnology,ShaanxiNormalUniversity,Xi'an710062,China)

Abstract:Thesurfaceplasmonresonancesofananostructurecomposedofasingle-splitringandadouble-
splitdiskisstudiedtheoreticallybythefiniteelementmethod.Whentheincidentlightisnormaltothe
structuresurface,amagneticFanoresonancecanbegeneratedbytheinterferencebetweenabright
magneticmodeandadark magneticmode.HighordermagneticmodesanddoublemagneticFano
resonancescanbegeneratedwhenthedouble-splitdisk,thecavity,andthegapofthesingle-splitring
offsettogetheralongthenegativex-axis.Onthebasisofthisstructure,furthermodulatingthegapwidth
ofthesingle-splitring,magneticmodesintensityisenhancedinthenear-infraredregionandtriple
magneticFanoresonancesisgenerated;similarly,bymodulatingtheuppersplitangleofthedouble-split
disk,high-ordermagneticmodeisobtainedinthevisibleregionandtriplemagneticFanoresonancesis
generated.Inaddition,themaximumsensitivityandmagneticfieldenhancementofthestructurecan
reach1400nm/RIUand69.7,respectively.Theseopticalpropertiesmakethestructurehaspotential
applicationvalueinthefieldofultra-sensitivebiosensorandmulti-controlmagneticFanoswitch.
Keywords:Surfaceplasmons;Finiteelementmethod;Highordermagneticmodes;Multiplemagnetic
Fanoresonances;Refractiveindexsensitivity
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0 Introduction
SurfacePlasmons(SPs)isanelectromagneticwaveformedbytheinteractionoffreeelectronsand

photonsinametalsurfaceregion[1-3].Itisabletobreakthroughthetraditionalopticaldiffractionlimitsand
hasastronglocalfieldenhancement.SPsisverysensitivetotheshapeandsizeofthestructure,the
refractiveindexoftheenvironmentandthepolarizationdirectionoftheexcitationlight[4-6].These
propertiesareofgreatsignificanceforspectralregulation.ForFanoresonanceintheSPssystem,the
radiationattenuationiseffectivelysuppressed.Theenergyofincidentlightfieldcanbebetterlocalizedon
thesurfaceofmetalnanostructure,thusobtaining morefinespectrumandlargerlocalelectricfield
enhancement[7-8].Thesecharacteristics make Fanoresonance havea hugeapplication prospectin
biosensing[9-10],surfaceenhancedRamanspectroscopyandmicro-nanooptics[11-12].

Fanoresonancecanbegeneratedbytheinterferencebetweenabrightmode(superradiant)andadark
mode(subradiant).Thebrightmodehasalargenetdipolemoment,whichhasalargeradiationdamping
andawidelinewidthinthespectrum.Thebrightmodecanbeexcitedbyincidentlightdirectly.Thenet
modedipolemomentofthedarkmodeisalmostzero,soithasasmallradiationdampingandpresentsa
narrowerlinewidthinthespectrum[13].Thedarkmodecan’tbeexcitedbyincidentlightdirectly,which
canbeexcitedbynear-fieldcouplingorsymmetrybreaking[14].TheFanoresonancelinetypeisasymmetric
andsharp[15],whichisverysensitivetothechangeofexternalenvironmentrefractiveindexandstructural
parameters.Becauseofthesecharacteristic,Fanoresonancehaspotentialapplicationvalueinthefieldof
highsensitivitysensors[16].SingleFanoresonancehasbeenstudiedextensively.Atpresent,multipleFano
resonancesreceivedmuchattentionforitcanmodulatespectrumatmultiplewavebands.KHANADetal.
reportedmultipleFano-likeresonancesareinducedbytheinterferencebetweenbrightanddarkplasmon
modesinthree-layeredbimetallicnanoshelldimer[17].Inaddition,KHANAD’steamalsoinvestigated
multipleplasmonicFanoresonances,whichcanbeinducedbythemodescouplingbasedonthesplitnano-
ringstructure[18].LIUShao-dingetal.demonstratedmultipleFanoresonancescanbeachievedinthe
plasmonicheptamerclusters,whichcanbeswitchedonandoffbyadjustingthepolarizationdirection[19].
LIJingetal.reportedmultipleFanoresonancesandthedarkmultiplemodesareexcitedinthetworing/
diskcavitiesnanostructure[20].

Thestudyofmagneticmodeoriginatedfromitscriticalroleinthestudyofnegativerefractive
materials[21-23].Magnetic modecanbeappliedtosensors,artificialmagnetism and magneticplasma
waveguide[24-26].However,the “magneticsaturation”ofnaturalmaterialshinderstherealizationof
magneticmode[27].Infact,magneticFanoresonancecanbegeneratedbytheinducteddisplacementcurrent
loopintheSPssystem.Therefore,thedisplacementcurrentloopiscriticaltothegenerationofmagnetic
Fanoresonance[28-32].ManystructureshavebeendesignedtostudymagneticFanoresonance,suchas
dielectricpolymer,metalpolymer,metalanddielectriccompositestructure[31,33-35].SHSFIEIFetal.
demonstratedmagneticFanoresonanceisinducedbythestrongmagneticandelectricresponsesina
subwavelengthplasmonicmetamoleculeconsistingoffourcloselyspacedgoldnanoparticles[28].BAOYan-
junetal.investigatedapurelymagneticFanoresonancewhichcanberealizedatopticalfrequencywithAu
splitringhexamernanostructurewithanazimuthallypolarizedincidentlight[34].CHERQUICetal.
reportedall-magneticFanocanbeinducedbytheinterferencebetweenthebrightanddarkmagneticmodes
basedonplasmonoligomerdimers[32].TheradiationlossofmagneticFanoresonanceissmall,whichcan
beapplied to negative refractiveindex metamaterials and low loss magnetic surface plasmon
waveguide[36-37].AlthoughmanystructuresaboutmultipleFanoresonanceshavebeenproposed,thedesign
ofanovelstructurethatcangenerateandregulatemultiplemagneticFanoresonancesisstillaresearch
hotspot.

Inthispaper,ananostructureconsistingofaSingle-splitRingandaDouble-splitDisk(SSR-DSD)is
designedandstudied.MagneticmodesandmagneticFanoresonanceareexcitedwhenthestructuresurface
isilluminatedbytheplaneelectromagneticwave.HighordermagneticmodesandmultiplemagneticFano
resonancescanbegeneratedwhenthedouble-splitdisk,thecavityandthegapofthesingle-splitring
offsettogetheralongthenegativex-axis.Onthebasisofthestructurewithoffset,magneticmodesand
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magneticFanoresonancecanalsobegeneratedinthenear-infraredandvisiblewavelengthsbymodulating
thegapwidthofthesingle-splitringandtheuppersplitangleofthedouble-splitdisk.Atthesametime,
themaximumsensitivity(S)andFigureofMerit(FOM)ofthestructurecanreach1400nm/RIUand
29.43,respectively[38-39].Themaximumelectricandmagneticfieldenhancementofthestructureare290.8
and69.7,respectively.Thestructurehaspotentialapplicationinultra-sensitivebiosensorandmulti-control
magneticFanoswitch.

1 Structuremodelandsimulationmethod
TheschematicoftheSSR-DSDnanostructureisshowninFig.1.Thecentersofthesingle-splitring

anddouble-splitdiskareOandO1,respectively.R,wandgaretheouterradius,widthandgapwidthof
thesingle-splitring.R1andθaretheradiusandthesplitangleofthedouble-splitdisk.Thethicknessof
thestructureisT.TheparametersofthestructureareR=100nm,R1=70nm,w=30nm,T=40nm,
g=10nmandθ=10°,respectively.Thepuremetalnanostructureisthefree-standingandaperiodic
structure.

Fig.1 SchematicoftheSSR-DSDnanostructure

Inthearticle,silver(Ag)ischosenasthematerialofmetallicelementsbecauseithasthelowloss
properties[1].Therefractiveindexdataofsilverusedinournumericalsimulationareobtainedfrom
JohnsonandChristy (JC)[40].Anplaneelectromagneticwaveincidentsalongnegativez-directionand
polarizesalongx-axis.TheComsolMultiphysicsisusedtodoallthecalculations,whichisamultiphysics
simulationsoftwarebasedonthefiniteelementmethod[41].Thestructureissurroundedbyadielectric
layer,whichisair.Inordertoeliminatetheinfluenceofelectromagneticwavereflectionontheboundary,
aperfectmatchinglayerisplacedoutsidetheairlayer.Wemainlystudytheextinctioncrosssectionofthe
SSR-DSDstructure,whichisdefinedasthesumofthescatteringcrosssectionandtheabsorptioncross
section.Thescatteringcrosssectionistheamountofscatteringenergyflowthroughtheentireclosedouter
surfaceofthenanostructure.Energylossinananostructureisdefinedastheabsorptioncrosssection[42].

2 Resultsanddiscussion
2.1 ThespectralpropertiesoftheSSR-DSDnanostructure

Fig.2(a)showstheextinctioncrosssectionoftheSSR-DSDnanostructure.Therearefourpeaksand
twodipsinthespectrum whenthestructuresurfaceisilluminatedbytheplaneelectromagneticwave.
Fromlefttoright,theresonancepeaksarenamedM1,M2,M3,M4,andthedipsarenamedm1andm2.
Tofurtherexplorethemechanismofthesepeaksanddips.Fig.2(b)~(i)showthechargedistributions,
thecurrentdensityandmagneticfieldenhancementdistributionsofmodeM1,M2,M3anddipm2.Thered
andbluecolorsrepresentthepositiveandnegativecharge,respectively.Thecolorbarsrepresentthe
amplitudeof|H|/|H0|,hereHrepresentsthelocalmagneticfield,andH0representsthebackground
magneticfield.AsshowninFig.2(b),M1isanoctupole-hexadecapolemode,whichisadarkmode.InFig.
2(f),M1hastwomagnetichotspotsandtwooppositecurrentloops,soM1isahigh-orderdarkmagnetic
mode.Fig.2(c)showsthatmodeM2isaquadrupole-octupolemode.Accordingtothechargedistribution,
thenetdipolemomentofmodeM2isalmostzeroandthelinewidthisnarrow,soM2isadarkmode.A
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magnetichotspotandaclockwisecurrentloopcanbeobservedinFig.2(g).M2isdefinedasadark
magneticmode.ModeM3isaquadrupole-quadruplemode,whichhasalargernetdipolemomentanda
widerlinewidth,somodeM3isabrightmode.Fig.2(i)showsthatthemodeM3hasamagnetichotspot
andacounterclockwisecurrentloop,som3isamagneticmode.AccordingtotheformationtheoryofFano
resonance,dipm2isgeneratedbythedestructiveinterferencebetweendarkmagneticmodeM2andbright
magneticmodeM3.AmagnetichotspotandacounterclockwisecurrentloopareobservedinFig.2(h),so
dipm2isamagneticFanoresonance.However,dipm1isnotFanoresonancebecausebothM1andM2are
darkmodesandthecouplingdistanceislarge.

Fig.2 Theextinctioncrosssection,thechargedistribution,thecurrentdensityandmagneticfieldenhancement
distributionoftheSSR-DSDstructure

2.2 Breakingthesymmetryofthestructure
HighordermagneticmodeandnewmagneticFanoresonancecanbeachievedbyfurtherbreakingthe

structuresymmetry.Fig.3(a)showstheextinctioncrosssectionofthenanostructurewhenthedouble-split
disk,thecavityandthegapofthesingle-splitringoffsettogetheralongthenegativex-axisby4.5nm,9
nm,13.5nmand18nm.Theoffsetproduceaphasedelay,soanewresonancepeakM5appearsatthe
wavelengthof690nm.AsshowninFig.3(b),M5isaquadrupole-quadrupolemode,whichhasalargenet
dipolemoment.ModeM5hasfourmagnetichotspotsandadjacentcurrentloopsareinoppositedirections,
soM5isdefinedasamagneticmode.Astheoffsetincreases,theintensityofmodeM5increases,butthe
intensityofmodeM2decreases,becausethesymmetryofthestructureisfurtherbrokenandthecharge
distributionismoreuneven.AsshowninFig.3(c)and(e),themagneticfieldofM5ismainlydistributed
inthecavityofthestructure,whilethemagneticfieldofM2ismainlyinthecenterofthedouble-split
disk,somagneticfieldenhancementistransferredfromthedouble-splitdisktothecavityofthestructure.

Dipm3isgeneratedbytheinterferencebetweendarkmagneticmodeM1andbrightmagneticmode
M5.AsshowninFig.3(d),dipm3hasfourcurrentloopsandadjacentloopsareinoppositedirections,so
itisamagneticFanoresonance.Withtheincreasesoftheoffset,anewresonancepeakM6appearsatthe
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longwavelengthof1180nm.InFig.3(f)and(g),themagneticfieldofM4ismainlydistributedinthe
centerofthedouble-splitdisk,whilethemagneticfieldofM6ismainlydistributedonbothsidesofthe
cavity,somagneticfieldenhancementistransferredfromthecavitytothedouble-splitdisk.Therearetwo
magneticFanodip(m2andm3)inFig.3(a),whichiscalleddoublemagneticFanoresonances.

Fig.3 Theextinctioncrosssection,thechargedistribution,thecurrentdensityandmagneticfield
enhancementdistributionofthestructurewhenoffsetd

2.3 Increasingthegapwidthofthesingle-splitring
Surfaceplasmonresonanceisverysensitivetostructureparameters,sowefurtherincreasethegap

widthofthesingle-splitringonthebasisofthenanostructurewithd=18nm.AsshowninFig.4(a),at
thelongwavelength,modeM6andM4areenhancedwiththeincreaseofthegapwidthofthesingle-split
ring.M4isadipole-dipolemodeandhasalargenetdipolemoment,whichisabrightmode.Fig.4(c)
showsthatM6isaquadrupole-dipolemode.Dipm4isgeneratedbytheinterferencebetweenthebright
magneticmodeM4andthedarkmagneticmodeM6,whichhasacounterclockwisecurrentloopontheleft
ofthecavity,sodipm4isamagneticFanoresonance.Dipsm2,m3,andm4canbedefinedasthetriple
magneticFanoresonances.
Inthecase,thesplitringissimilartocapacitorandinductorinseries.Theresonancefrequency

formulacanbeexpressedas

f=
1
LC

(1)

wherefistheresonancefrequency,LrepresentstheinductanceandCrepresentsthecapacitance.Cisthe
capacitancebetweenthetwoarmsofthesingle-splitring,whichisinverselyproportionaltothedistance
betweenthearms.Withtheincreaseofthedistancebetweenthearms,thecapacitancedecreases,andthe
frequencyincreases,whichresultinasignificantblueshiftofmagneticmodesM6andM4.Itcanalsobe
understandthatincreasingthegapwidthofthesingle-splitring,thedistributiondistanceofthechargeon
thesingle-splitringbecomesshorter,whichleadstotheenhancementofrestoringforceandtheblueshift
ofmodesM4,M6anddipm4.Figs.4(e)and(f)showthedependenceoftheresonancewavelengthand
intensityonthegapwidthofthesingle-splitring.
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Fig.4 Theextinctioncrosssection,thechargedistributions,thecurrentdensityandmagneticfield
enhancementdistributionofthestructurewhendifferentg

InordertoexplorethesensitivityofFanoresonancetotherefractiveindexoftheexternal
environment,wegivetheextinctionspectrawithdifferentrefractiveindexes1.00,1.05,1.10,1.15and
1.20.AsshowninFig.5(a)~(b),peaksM4,M6anddipm4allhaveasignificantredshiftwiththe
increaseoftherefractiveindex.Inordertobetterdescribethepotentialapplicationsofthestructurein
sensing,theFOMisstudied,whichisanimportantparametertoevaluatesensingperformance.FOMis
definedas

FOM=
S

FWHM
(2)

Fig.5 Theextinctioncrosssectionandtheresonancewavelengthofthestructurewithdifferentn
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whereSistherefractiveindexsensitivity,andFWHMisthefullwidthathalfmaximumoftheresonance
peak.TherefractiveindexsensitivityScanbeexpressedas

S=
δλ
δn

(3)

whereδλrepresentsthedisplacementoftheresonancepeak,andδnisthechangeoftherefractiveindex.In
ourstrucure,thesensitivityofdipm4is1400nm/RIUandthemaximumFOMvalueis29.43,whichis
onafairlyideallevel.Therefore,thestructurehaspotentialapplicationinsensor.
2.4 Increasingtheuppersplitangleofthedouble-splitdisk

Here,wefurtherstudytheextinctioncharacteristicsofthestructurewithoffsetd=18nm by
increasingtheuppersplitangleofthedouble-splitdisk.AsshowninFig.6(a),anewresonancepeakM7
appearsattheshortwavelengthofthespectrum.InFig.6(b),M7isaquadrupole-octupolemode,which
hasalargenetdipolemoment.ModeM7hasthreemagnetichotspotsandthreecurrentloops,butthe
centralcurrentloopisoppositetotheinter-cavitycurrentloops.Dipm5isgeneratedbytheinterference
betweenthebrightmagneticmodeM7andthedarkmagneticmodeM1.Dipm5hastwomagnetichotspots
andtwocurrentloopsinoppositedirections,som5isamagneticFanoresonancemode.Dipsm2,m3and
m5arecalledtriplemagneticFanoresonances.

Fig.6 Theextinctioncrosssection,thechargedistribution,thecurrentdensityandmagneticfield
enhancementdistributions,theresonancewavelengthwithdifferentθ

InFig.6(e),itcanbeclearlyobservedthatthevariationofresonancewavelengthsofmodeM7andm5
whentheuppersplitangleofthedouble-splitdiskincreases.Bycomparingthephenomenageneratedby
theregulationofthesingle-splitringandthedouble-splitdisk,itcanbeconcludedthattheregulationof
thesingle-splitringmainlyaffectsthemagneticmodesandmagneticFanoresonanceinthenear-infrared
region,whiletheregulationofthedouble-splitdiskmainlyaffectsthatofthevisibleregion.Therefore,
magneticmodeandmagneticFanoresonancecanbeobtainedindifferentwavebandsaccordingtoactual
needs.ThischaracteristicofthestructuremakesithavepotentialapplicationsinmultiplemagneticFano
switch.

3 Conclusion
ThenanostructureconsistingofaSingle-SplitRingandaDouble-SplitDisk(SSR-DSD)isdesigned

andstudied.Whentheincidentlightisnormaltothestructuresurface,magneticFanoresonancecanbe
generatedbytheinterferencebetweenabrightmagneticmodeandadarkmagneticmode.Highorder
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magneticmodesandmultiplemagneticFanoresonancescanbegeneratedwhenthedouble-splitdisk,the
cavityandthegapofthesingle-splitringoffsettogetheralongthenegativex-axis.Onthebasisofthis
structure,magneticmodesandmagneticFanoresonancecanalsobegeneratedinthenear-infraredand
visiblewavelengthsbymodulatingthegapwidthofthesingle-splitringandtheuppersplitangleofthe
double-splitdisk.Inaddition,themaximumsensitivityofthenewresonancemodeis1400nm/RIUand
themaximumFOMis29.43.Themagneticfieldenhancementofthestructurehasalsoreached69.7.These
excellentopticalpropertiesmaketheSSR-DSDnanostructurehavepotentialapplicationsinultra-sensitive
biosensor,multi-controlmagneticFanoswitch.
References
[1] BARNESWL,DEREUXA,EBBESENT W.Surfaceplasmonsubwavelengthoptics[J].Nature,2003,424(6950):

824-830.
[2] LIGang,GUANWen-jun,ZHANGYan-jun,etal.Polarization-controlledopticalswitchbasedonsurfaceplasmon[J].

ActaPhotonicaSinica,2020,49(3):0326001.
[3] YANYun-fei,ZHANGGuan-mao,QIAOLi-tao,etal.DesignontheconvexringMIMstructurefilterbasedonsurface

plasmonpolaritons[J].ActaPhotonicaSinica,2019,48(2):0223002.
[4] LANCEKK,CORONADOE,ZHAOLL,etal.Theopticalpropertiesofmetalnanoparticles:theinfluenceofsize,

shape,anddielectricenvironment[J].JournalofPhysicalChemistryB,2003,107(3):668-677.
[5] MOCKJJ,SMITHDR,SCHULTZS.Localrefractiveindexdependenceofplasmonresonancespectrafromindividual

nanoparticles[J].NanoLetters,2003,3(4):485-491.
[6] PAYNEEK,SHUFORDKL,PARKS,etal.Multipoleplasmonresonancesingoldnanorods[J].JournalofPhysical

ChemistryB,2006,110(5):2150-2154.
[7] MA Guang-hui,ZHANGJia-bin,WANG Xiao-yi,etal.Goldlocalizedsurfaceplasmonenhancedluminescence

characteristicsofgalliumarsenide[J].ActaPhotonicaSinica,2019,48(5):0526002.
[8] ZARRABIAFB,KUHESTANIBH,RAHIMICM,etal.Plasmoniccross-junctionringantennaimplementationfor

fieldEnhancement[J].Optik,2015,126(21):3129-3131.
[9] HEBing-qian,LIYong-hong,CAOYa-nan,etal.Tunablefanoresonancebasedonmetalsquarecorestructureembedded

inMIMresonator[J].ActaPhotonicaSinica,2018,47(11):174-181.
[10] MAYERKM,HAFNERJH.Localizedsurfaceplasmonresonancesensors[J].ChemicalReviews,2011,111(6):

3828-3857.
[11] SOWI,GRAND,LEVIG,etal.Revisitingsurface-enhancedramanscatteringonrealisticlithographicgoldnanostripes

[J].JournalofPhysicalChemistryC,2013,117(48):25650-25658.
[12] DONGJun,QU Shi-xian,ZHENG Hai-rong,etal.Simultaneous SEF and SERRSfrom silverfractal-like

nanostructure[J].SensorsandActuators,2014,B191(Feb.):595-599.
[13] HUSen,LIUDan,YANGHe-lin.Electromagneticinducedtransparencybasedonall-dielectricmetasurface[J].Acta

PhotonicaSinica,2018,047(11):211-219.
[14] LIM Wen-xiang,SINGHRan-jan.Universalbehaviourofhigh-QFanoresonancesinmetamaterials:terahertztonear-

infraredregime[J].NanoConvergence,2018,5(1):0-6.
[15] MIROSHNICHENKOAE,KIVSHARYS.EngineeringFanoresonancesindiscretearrays[J].PhysicalReviewE

StatisticalNonlinear&SoftMatterPhysics,2005,72(2):056611.
[16] ZHUZhi-qiang,SUYuan-yuan,LIJiang,etal.Highlysensitiveelectrochemicalsensorformercury(II)ionsbyusing

amercury-specificoligonucleotideprobeandgoldnanoparticle-basedamplification[J].AnalyticalChemistry,2009,81
(18):7660-7666.

[17] KHANAD,KHANSD,KHANRU,etal.Excitationofmultiplefano-likeresonancesinducedbyhigherorder
plasmonmodesinthree-layeredbimetallicnanoshelldimer[J].Plasmonics,2014,9(2):461-475.

[18] KHANAD,KHANSD,KHANRU,etal.Generationofmultiplefanoresonancesinplasmonicsplitnanoringdimer
[J].Plasmonics,2014,9(5):1091-1102.

[19] LIUShao-ding,YANGZhi,LIURui-ping,etal.Multiplefanoresonancesinplasmonicheptamerclusterscomposedof
splitnanorings[J].AcsNano,2012,6(7):6260-6271.

[20] LIJing,ZHANGYi,JIATian-qing,etal.Hightunabilitymultipolarfanoresonancesindual-ring/diskcavities[J].
Plasmonics,2014,9(6):1251-1256.

[21] SMITHDR,PADILLA WJ,VIERDC,etal.Compositemedium withsimultaneouslynegativepermeabilityand
permittivity[J].PhysicalReviewLetters,2000,84(18):4184-4187.

[22] ZHANGHao,TONGYuan-wei.Tunablepass-bandfilterbasedononedimensionalsplitringresonantstructure[J].
ActaPhotonicaSinica,2018,47(7):190-196.

[23] GRIGORENKOAN,GEIMAK,GLESSONHF,etal.Nanofabricatedmediawithnegativepermeabilityatvisible
frequencies[J].Nature,2005,438(7066):335-338.

8-1006290



NIUQi-qiang,etal:MultipleMagneticFanoResonancesBasedonSingle-splitRingandDouble-splitDiskStructure

[24] WANGJ,FANC,HEJ,etal.DoubleFanoresonancesduetointerplayofelectricandmagneticplasmonmodesin
planarplasmonicstructurewithhighsensingsensitivity[J].OpticsExpress,2013,21(2):2236.

[25] LIUN,MUKHERJEES,BAOK,etal.Magneticplasmonformationandpropagationinartificialaromaticmolecules
[J].NanoLetters,2012,12(1):364-369.

[26] LIUN,MUKHERJEES,BAOK,etal.Manipulatingmagneticplasmonpropagationinmetallicnanoclusternetworks
[J].AcsNano,2012,6(6):5482-5488.

[27] ZHOUJ,KOSCHNYT,KAFESAKIM,etal.Saturationofthemagneticresponseofsplit-ringresonatorsatoptical
frequencies[J].PhysicalReviewLetters,2005,95(22):223902.

[28] SHAFIEIF,MONTICONEF,LEKQ,etal.Asubwavelengthplasmonicmetamoleculeexhibitingmagnetic-based
opticalFanoresonance[J].NatureNanotechnology,2013,8(2):95-99.

[29] ZHAOKai-jun,HUOYi-ping,LIUTing-zhuoetal.Manipulationofmagneticfanoresonancesindoublesplit-holedisk
[J].Plasmonics,2016,11(1):269-275

[30] NAZIRA,PANSROS,PROIETTIZACCARIAR,etal.Fanocoil-typeresonanceformagnetichot-spotgeneration
[J].NanoLetters,2014,14(6):3166-3171.

[31] SHOROKHOVAS,MELIK-GAYKAZYANEV,SMIRNOVADA,etal.Multifoldenhancementofthird-harmonic
generationindielectricnanoparticlesdrivenbymagneticfanoresonances[J].NanoLetters,2016,16:4857-4861.

[32] CHERQUIC,WUYue-ying,LIGuo-liang,etal.STEM/EELSimagingofmagnetichybridizationinsymmetricand
symmetry-brokenplasmonoligomerdimersandall-magneticfanointerference[J].NanoLetters,2016,16:6668-6676.

[33] PANAROS,NAZIRA.,PROIETTIZRetal.Plasmonicmoon:afano-likeapproachforsqueezingthemagneticfield
intheinfrared[J].NanoLetters,2015,15:6128-6134.

[34] BAOYan-jun,HUZhi-jian,LIZi-wei,etal.MagneticplasmonicFanoresonanceatopticalfrequency[J].Small,2015,
11(18):2177-2181.

[35] SHEIKHOLESLAMISN,GARCIA-ETXARRIA,DIONNEJA.Controllingtheinterplayofelectricandmagnetic
modesviaFano-likeplasmonresonances[J].NanoLetters,2011,11(9):3927-3934.

[36] NEMATIA,WANGQian,HONG Ming-hui,etal.Tunableandreconfigurablemetasurfacesandmetadevices[J].
Opto-ElectronicAdvances,2018,1(5):180009.

[37] GUOShu-ting,CHENMin-cheng,ZHANGYu-hong,etal.ObservationofFanoresonanceinonewhispering-gallery-
modemicroresonator[J].ActaPhotonicaSinica,2019,48(11):1148021.

[38] LIUZheng-qi,LIU Gui-qiang,LIU Xiao-shan,etal.Plasmonicsensorswithanultra-highfigureofmerit[J].
Nanotechnology,2019,31(11):115208.

[39] LIUZheng-qi,YU Mei-dong,HUANG Shan,etal.Enhancingrefractiveindexsensingcapability withhybrid
plasmonic-photonicabsorbers[J].JournalofMaterialsChemistryC,2015,3(17):4222-4226.

[40] JOHNSONPB,CHRISTYRW.Opticalconstantsofthenoblemetals[J].PhysicalReviewB (SolidState),1972,6
(12):4370-4379.

[41] JINJM.Thefiniteelementmethodinelectromagnetics[M].JohnWiley&Sons,2002.
[42] LIYuan,HUOYi-ping,ZHANGYing,etal.GenerationandmanipulationofmultiplemagneticFanoresonancesin

splitring-perfectringnanostructure[J].Plasmonics,2017,12:1613-1619.

9-1006290


