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exittion of lolized surfe plsmon resonnesF 1 es onsequene of the redued spetrl rnge over whih the lolized surfe plsmon interts with lightD vivid olored e'ets n e produed referred to s plsmoni olorsF lsmoni olors in omintion with grting e'ets hve een proposed s lterntives to pigments nd re prtiulrly promising for in ntiEounterfeiting pplitionsF hieletri nnostrutures hve een proposed reently to produe olorsD 24 however the most extensive work onerning polriztion e'et hve used metlli nnostruturesF he spetrl response of the metlli nnostterers depends on the metl usedD on the geometry nd on the environmentF ell these prmeters hve een vried nd o'er degrees of freedom to engineer olor plettes with suwvelength resolution nd extended gmutF 5,6 sn ddition to suwvelength resolutionD polriztion onversion in Ih grtings hs lso een used to design overt imges or to modify their olor renderingF 7,8 esymmetri resontors hve lso een used to intrite di'erent imges in the sme pttern nd t di'erent wvelengthsF 911 fesides suEwvelength resolution nd extended gmutD one keypoint in ntiEounterfeiting systems is to produe e'ets tht re spei( to one struture nd tht would not e reprodued y lowost proess like inkEjet printingF sn tht respetD it would e gretly ene(il to design overt imges in irulr polriztion insted of liner onesF st is known tht hirl plsmoni resontors or hirl stks of resontors n exhiit liner optil tivity 1215 s well s nonEliner optil tivityF 16,17 seudoE hirl resontors re nonEhirl resontors exhiiting n optil tivity whih origintes in mgnetoEeletri ouplingF 1821 heir onstnt orienttion yields n dditive e'et resulting in net optil tivityF 2226 e hrteristi unique to pseudoEhirl resontors is tht the sign of the optil tivity depends on the diretion of propgtion of the inoming lightF emong the di'erent types of resontors tht exhiit this propertyD Eshped resontors re the most ommonly used sine they feture strong mgnetoEeletri oupling nd re esy to friteF 18,21,28,31 e hve shown reently tht the extintion rossEsetion ssoited with mgnetoEeletri modes in the visile is only PFS times the footprint of the resontors Q with mgnetoEeletri tensor element whih mounts to TQ7 of the eletri dipole oneF 19 his hints towrds the possiilityto design smll pixels where the irulr dihroism would sle with the numer of Eshped resontors in the pixelF sn this work we explin how plsmon resonnes with mgnetoEeletri oupling n e used to enode imges in irulr polriztion with ontrst reversl depending on the diretion of oservtion nd we illustrte our study with the reliztion of n imge of veonrdo h ini¡s msterpieeD v toondeD displyed t the vouvres wuseum in risF he polriztion stte of the light sttered y n isolted pseudoEhirl resontor exited t mode presenting mgnetoEeletri oupling n e otined from the knowledge of its polrizility tensorF he polrizility tensor reltes the eletri nd mgneti momentsD p nd m to the exittion eletri nd mgneti (elds E exc nd H exc F 18,2426 he mgneti dipole moments re ssoited with plsmon modes for whih the urrent distriutions exE hiit urrent loops @see pigure I@AAF ithout loss of generlityD we neglet in this study the eletri qudrupole moments 19,21,29,30 nd ssume tht the dependene on the grdients of the (elds n e desried y n e'etive polrizility tensor α X 19,30

   p m    =    α ee α em -( α em ) T α mm       E exc H exc    @IA
where α ee D α mm nd α em re the eletriD mgneti nd mgnetoEeletri polrizility tensors orreted for the grdients of the (eldsD respetivelyF gonsidering the orienttion of the dipole moments in Eshped resontor @pigure I@AA nd ssuming pointElike dipole momentsD it is possile to determine the totl eletri (eld sttered in the plne ontining the ottom rm of the resontors @plne @y,z AA for inident light propgting in the plne @y,z A t n ngle θ from the xis z @ pigure I@AAF hen the inident light is pEpolrized @iFeF in the @y,z A plneA the eletri (eld sttered in the sme diretion s the inident one n e deomposed in p nd s ontriutions @see upporting snformtion FsFIA

X R    E scatt pp E scatt sp    = k 2 4π o    α ee yy cos 2 (θ) - i 2c α em yz sin(2θ)    @PA nd when the inident light is sEpolrized @iFeF long x A one otins X    E scatt ps E scatt ss    = k 2 4π o    i 2c α em yz sin(2θ) α ee xx + α mm zz sin 2 (θ)    @QA
where k is the wvenumerD c the elerity of lightD o the dieletri permittivity of vuumF he third omponent on the vetor eing long the propgtion diretion in this sis is equl to zero nd ws omitted in iqutions @PA nd @QAF he α ij re the @iDjAa@xDyDzA elements of the di'erent polrizility tensorsF he totl trnsmitted (eld should lso ontin the ontriution of the inident (eldF roweverD in the following we will fous on the onversion of polriztion nd on oservtion etween rossedEpolrizers for whih the inident (eld is (ltered outF es onsequene of the presene of the mgnetoEeletri oupling element α em yz in the polrizility tensor yielding the E scatt ps nd E scatt sp omponentsD the trnsmitted light is elliptilly polrizedD exept t norml inideneD nd the hndedness of the polrE iztion rottion hnges of sign when the ngle of inidene is hnged from θ to -θ s onsequene of the sin(2θ) ftorF his property is mintined in rrys of resontors @see shemti of pigure I@AAF 28,31 st n lso e seen from iqutions @PA nd @QA tht whtE ever the inident liner polriztion usedD p or sD the rdited light trnsmitted in liner polriztion orthogonl to the inident one is proportionl to sin 2 (2θ) α em yz 2 @pigure I@AAF por light propgting in the plne ontining the lterl rms of the resontorsD no light is expeted to e oserved etween rossed liner polrizersF he plsmoni resontors investigted here re skethed in pigure I@AF hey were fE S pigure IX @A keth of the dipole moments exited in n isolted Eshped resontor sE soited with the urrent distriution t resonneF @A sn)uene of n rry of U Eshped resontors on the trnsmitted polriztionF @A xormlized vrition of intensity etween rossed liner polrizers |E scatt ps | 2 with respet to the ngle of inidene θF he symols present the vlues lulted t wvelength of UUH nm using pinite ilement wethods @piwAF hey follow the sin 2 (2θ) vrition @lineA expeted in presene of mgnetoEeletri ouplingF ee FsFP for desription of the piw lultionsF rited with eletron em lithogrphy followed y onventionl liftEo' methodF e IQH nm thik lyer of wwe ws spinEoted on len glss sustrte @fuUA nd thin lyer of luminum ws thermlly evported on the wwe to void ny hrging e'et during the exposure with eletronsF efter exposure nd efore the development of the resistD this ondutive lyer ws removed in uyr thF efter developmentD R nm hromium lyer ws evported to ensure the dhesion of the RH nm gold lyer on the glss sustrteF he resist ws then liftedEo' with etoneD nd the sustrte susequently rinsed in ethnol to revel the U Eshped stterersF uh resontors exhiit resonne with mgnetoEeletri oupling ner 770 nm exited y the omponent of the eletri (eld of light prllel to the y xisF o investigte the dependene of the sttered intensity in irulr polriztion s funtion of the resontors densityD we hve relized plette where pixels onsisted in 3 × 3 mtrix of resontors with totl footprint of 1.4 × 1.4µm 2 per pixel @pigure P@AAF he numer of Eshped resontors in eh pixel vried etween I nd WF hen only Eshped resontors re usedD the trnsmittne of the surfe sles inversely with the numer of resontorsF o keep the trnsmittne onstnt ross ll pixel on(gurtionsD the missing resontors were repled y irulr resontors in eh pixel nd ll the surfes in etween the plette were lso (lled with irulr resontors @pigure P@AAF girulr resontors do not show ny optil tivity @iFeF α em = 0AD ut they stter unpolrized light in n mount T omprle to tht of Eshped resontors in diret trnsmission onditions @see lso FsFPAF he purpose of dding the irulr resontors is to strengthen the mou)ge of the struture t norml inideneF sn this wy n enoded pttern oserved with unpolrized light will e invisile wheres it will e lerly visile when seen etween rossed polrizersF pigure P@A shows tht the sorne ws pproximtely onstnt ross ll on(gurtions nd tht the Eshped resontors ould not e distinguished from the irulr ones with di'rtion limited resolutionF sn ontrstD pigure P@A presents mirosopy imge of the plette of pigure P@A tken etween rossed liner polrizers t n inidene θ ≈ 30 o round the xis x @see pigure I @AAF st n e seen tht light ws trnsmitted in these onditions in the re ontining the Eshped resontorsD with luminne sling pproximtely with the numer of Eshped resontors in eh pixelF he topmost row of the plette in pigure P@A ontins rrys of pixels ontining 3 × 3 resontors mong whih Q Eshped resontors ut with di'erent positions in eh pixelF he intensity trnsmitted t olique inidene eE tween rossed liner polrizers shows some vritions with the orgniztion of the Eshped resontors inside pixelF his suggests tht the luminne n e further engineered y orgnizing the resontors within eh pixelF he in)uene used y the distriution of the Eshped resontors within the pixel is of seond order ompred with the in)uene of the tul numer of shped resontors within the pixelF hereforeD in the ontext of this workD ttention will e pid on the e'ets used y the numer of Eshped resontors per pixelF o investigte more quntittively the in)uene of the numer of Eshped resontors per pixel on the irulr dihroism oserved t olique inideneD urte mesurements of the irulr dihroism hve een performed on the pletteF e de(ne here the irulr dihroismD (3) pigure PX @A iw imge of pixel with Q Eshped resontors nd T disks pled on squre lttie with onstnt of RHH nmF @A yptil mirosopy imge in trnsmission t norml inidene @× SHA using unpolrized white light of the plette mde of Eshped resontors nd disksF he re ontining pixels with Q Eshped resontors hs een highlighted with dotted lines for illustrtion purposesF @A me plette s in @A ut oserved etween rossed polrizers t olique inideneF he orienttions of the liner polrizer @A nd liner nlyzer @eA re indited in the (gureF he numer of Eshped resontors per pixels is indited for eh rry @leled I to WAF yn the top rowD R di'erent on(gurtions of Eshped resontors re displyed @leled Q to QdAF V irulr dihroism mesured in trnsmission @ojetive ×SHA t wvelength of 650nm on the plette of pigure P@AF he wultimodl imging wueller polrimetri mirosope used to mesure the irulr dihroism is desried in detils in FsFQ nd is sed on the system desried in efF QPF wo di'erent diretions of propgtion in the plne @y,z A were used orresponding to θ = -35 o nd θ = +35F he CD n lso e lulted from iqutions P nd Q y projetion of the trnsmitted (elds onto the sis of irulr polriztionsF por unpolrized inident exittionD the totl intensity in eh irulr polriztion is then otined y dding the intensities otined for pE nd sEpolrized inident lightD yielding

@see FsFIA X gh= RCP -T LCP a - 1 c ( k 2 4π o c ) 2 Re α ee yy cos 2 (θ) + α ee xx + α mm zz sin 2 (θ) α em * yz sin(2θ)@RA
xo notiele irulr dihroism should e mesured neither t norml inidene nor t olique inidene with light propgting in plne ontining the lterl rms of the resontors @@x,z A plneAF sn ontrstD when light propgtes t olique inidene nd in the plne ontining the ottom rm of the resontors @@y,z A plneAD signi(nt signl should e oserved in irulr dihroism sling s the mgnetoEeletri oupling element α em yz F sn dditionD sign reversl of the CD with respet to the diretion of propgtion with respet to the norml to the surfeD iFeF to the sign of θD is expeted euse of the ftor sin(2θ) present in iqution @RAF his sign reversl ws indeed oserved in the experimentl mesurements performed t wvelength of TSH nm nd presented in pigure QF he vlues pigure QX girulr dihroism mesured on the plette @symolsA nd lulted y pinite ilement wethods @linesA for di'erent numers x of pseudoEhirl resontors per pixel t +35 o @lue line nd symolsA nd -35 o @red line nd symolsA of inideneF he dotted lines re simple liner interpoltions of the mesured vluesF he inset shows the imges of the plette @xSHA oserved in irulr dihroism @enoded in flse olorsAF

st n e inferred from iqutions @PA nd @QAD on the one hndD nd iqution @RAD on the other hndD tht oth olor nd luminne pereived etween rossed liner polrizers sle diretly s the solute vlue of the irulr dihroism sine oth liner nd irulr dihroism sle s α em yz sin(2θ)F he interest of using rossed liner polrizers is tht it is esy to (nd e0ient rod spetrl nd liner polrizersF he enoded imge would pper only t olique inidene s right imge on drk kground reted y the rossed polrizers provided tht the sorne of the Eshped resontors is ompensted for y hirl plsmoni disks @pigure P@AAF he pereived olor nd luminne were lulted from the lulted spetrl response of the irulr dihroism for eh type of pixel on(gurtion nd di'erent ngles of inideneF pigure R shows the spetrl dependene of the lulted irulr dihroism for pixel ontining W Eshped resontorsF et norml inidene no irulr dihroism is otined wheres s soon s the ngle of inidene is tilted from the IH norml inideneD irulr dihroism ppers nd inreses with the ngle of inideneF st n e noted tht the mximum of gh is oserved ner UUH nm whih is the position of the resonne exhiiting mgnetoEeletri ouplingF he orresponding olors were lulted from the spetrl response of the pixel for eh ngle of inidene y using the onventionl olor mthing funtions @gwpA nd using the olor response of the tungstenEhlogen lmp used in our mirosopeF he olors in irulr dihroism ssoited with eh ngle of inidene re plotted on top of the grph in pigure RF e very good greement etween lulted @pigure RA nd oserved vlues @pigure P@AA ws otined for n inidene of θa35 o F e rownish olor ws lulted nd oserved s seen in pigure P@A nd @dA euse of the omintion of the resonne in the ner infrred nd of the internd trnsitions of gold in the lueEgreen prt of the visile spetrum of lightF st ws lso oserved @not shown hereA tht the luminne sled with oth the numer of resontors nd the ngle of inideneF hese vritions were in the sme proportion for eh pixel whih ensures tht the e'et is roust nd tht the imge ontrst enoded in irulr polriztion would e mintined for ny ngle of oservtion @with the exeption of norml inideneAF hese results re ompletely onsistent with the presene of mgnetoEeletri oupling in mostly independent Eshped resontors with n extintion rossEsetion of the order of mgnitude of PFS times the surfe of eh resontor pled on lttie of PFV times the surfe of eh resontorF o illustrte the potentil of pseudoEhirl resontors to enode imge ontrsts with resolution of IFR µm in irulr polriztionD we hve trnsformed grysle imge of detil of the pinting v toonde in luminne imge oserved in irulr polriztion dihroismF he grysle imge of pigure S@A ws (rst pixelized with ten vlues of gry to otin pigure S@AF ih pixel ws then repled y n rry of QxQ resontors with E or irulr shpeF he numer of Eshped resontors per rry rnges etween H nd W whih de(nes the IH vlues of luminne used to pixelize the pinting @see pigure P@AAF efter eEem lithogrphyD the metsurfe ontining the overt imge of v toonde ws II Angle of incidence θ (°) Wavelength (nm) Figure 4 pigure RX @A petrl dependene of the irulr dihroism s funtion of the ngle of inidene for pixels ontining W Eshped resontorsF he vlue of the irulr dihroism inreses with inideneF he olor pereived in irulr dihroism is displyed on top of the grphF oserved in unpolrized optil mirosopy @pigure S@AAF he grysle imge of pigure S@A ws oneled nd only drker re ould e oserved t the lotion of the pixelsF ithout dding irulr resontorsD the imge would hve een visile under unpolrized light illumintion @see FsFRAF he inset in pigure S@A shows imge @using iwA of 2 pixels with di'erent ompositionsF he metsurfe ws then oserved etween liner rossed polrizersF he olors of the imge were orreted y white lne performed on the sustrte imged etween prllel liner polrizers nd drk orretion performed on the sustrte imged etween rossed liner polrizersF hen oserved t norml inidene no imge ould e seen @pigure S@dAAF es soon s the metsurfe ws tilted out x xisD the right imge of v toonde ws reveled on drk kground @pigure S@eAAF sndeedD t olique inidene only the Eshped resontors indued irulr polriztion tht ws reveled etween the rossEpolrizers while the disks remined drkF he olors were lso in good greement with those lulted in pigure R@AF o on(rm tht the imge n truly e enoded in irulr polriztionD seond metE surfe ws relized where the pixels were otined y repling the disks y upsideEdown IP pigure SX sllustrtion of the trnsformtion of @A grysle imge of detil of the pinting v toonde to @A the sme imge fter pixeliztion @50 × 70 pixelsA nd redued to IH grysle levelsF @A wetsurfe oserved in optil mirosopy where eh gry level hs een repled y 1.4×1.4µm 2 pixels ontining rry of W stterers @U Eshped nd irulrD see insetAF @dA smge oserved etween rossed liner polrizer @A nd nlyzer @eA t n inidene θ = 0 o nd @eA t n inidene θ ≈ 30 o F he olorr is extrted from pigure RF Eshped resontors s illustrted in pigure T @AF st n e seen tht in unpolrized trnsE mission the imge ws oneled @pigure T @AAF fut now the imge ws lso rely distinE guishle etween rossed liner polrizers t olique inidene s wellD s shown in pigure T @A in ontrst with wht ws oserved when the pixels were oded using Eshped resontors nd disks @ompre with pigure S@eAAF roweverD t olique inidene the overt imge of v toonde ws reveled in irulr dihroismF pigure T@A presents the imge oserved in irulr dihroism t TSH nmF feuse of the omintion of Eshped resontors nd upsideEdown Eshped resontorsD the imge ppered in one prtiulr irulr dihroism on kground with opposite irulr dihroism nd the ontrst in irulr dihroism ws reversed upon hnge of the ngle of inidene from +35 o to -35 o s displyed in pigure T@AAF elthough the oservtions were mde in trnsmission in the present workD similr e'ets would e oserved in re)etion modeF sndeedD irulr dihroism nd its reversl with propgtion diretion hs een desried on rrys of Eshped resontorsF 18,28 hese results evidene tht pseudoEhirl resontors present n dditionl degree of seuE rity ompred to imges enoded in liner polriztions whih would not possily show suh
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Figure 6 +35° -35° -"vrai" négatif pigure TX @A npolrized trnsmittne imge of v toonde with pixels enoded with right nd upsideEdown Eshped stterers @see insetAF @A me metsurfe oserved etween rossed liner polrizers t olique inideneF @A girulr dihroism mesured in trnsE mission t wvelength of TSHnm s funtion of the ngle of inideneF he symmetri grysle rnges from negtive @lkA to positive @whiteA vlues of irulr dihroismF IR ontrst reversl upon ngle of oservtion hngesF hi'erent olors my e otined y usE ing di'erent mterils expnding the essile resonnes to the lue prt of the spetrum nd omining di'erent types of resontors in the sme pixelF fetter ontrst vritions my lso e otined y inresing the numer of resontors in eh pixelD to the detriment 
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