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Plasmon-induced magnetization of metallic nanostructures
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Plasmon-induced magnetism of nanostructured metallic samples has been studied. Magnetic force micros-
copy measurements show that magnetization of a nanohole array can be achieved by illumination of the
structure at the wavelengths corresponding to various surface plasmon excitations. This second-order nonlinear
optical effect appears to affect propagation of light through an array of such nanoholes in a gold film as
observed by spectroscopic measurements in external magnetic field. This effect can find numerous applications
in magneto-optical data storage and optical communication and computing.
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[. INTRODUCTION development of nanodevices and quantum computing. How-
ever, there still exist some contradictions between meso-

In transparent dielectric materials a quantum of electroscopic theories and experimegsee Ref. 6 for exampleOne
magnetic excitatiorilight) is a photon. However, in the case of the missing intrinsic elements in many current experimen-
of metals photons are not a good approximation, and couplegl and theoretical studies is the effect of surface plasmons on
states of photons and the collective excitations of conductivthe transport and magnetic properties of mesoscopic metallic
ity electrons—surface plasmofSP close to a metal surface samples, such as wires, rings, and various other shapes. The
should be considered to understand optical properties, whicimportance of surface plasmons in mesoscopic phenomena is
are called surface plasmon polaritof&P. Since photons clear from the recent papgeand from the following qualita-
do not penetrate deep into a met@kes,,<0), in many cases tive consideration.
optical properties of metallic materials and structures are de- The usual justification for not considering surface plas-
termined by surface plasmon polaritofpsopagating surface mons in low-temperature measurements is that the efficiency
waves and other surface plasmon excitatioflscalized of excitation of surface plasmons is small if the sample size
and/or cylindrical surface plasmondepending on the metal is of the order of a few micrometers. However, even if there
geometry* Unusual optical properties of metallic nanowires are no real SP quanta in the system, the zero-point fluctua-
and nanoholes stemming from the surface plasmon propetions of the electromagnetic field of all the possible plasmon
ties are the topic of considerable current interest, due to thmodes in the system have to be considered. The importance
strong drive toward development of a new generation obf zero-point fluctuations in mesoscopic systems clearly
nano-optical devices for high-density optical data storagemanifests itself in the observations of negative vacuum en-
classical and quantum optical communications, ancergy density between metal plates separated by submicrome-
computing. ter distancegthe Casimir effect; see Ref. 8, for example

Anomalously high optical transmission of an array of The energy density in such a mesoscopic cavity depends on
nanoholes in a metal film is one of the effects which arethe dielectric constant of the material between the metal
strongly affected by surface plasmon modésSuch an en- plates. A mesoscopic metallic sample constitutes a similar
hanced transmission is related to the properties of the SPiesoscopic resonator for surface plasmons. As has been
Bloch modes on a periodically structured surface, which arshown in numerous papers, the magnetic field produces sub-
excited due to diffraction on a periodic structure, as well asstantial modifications of the surface plasmon dispersion law
cylindrical and localized surface plasmons in holes, dependvia modification of the dielectric tensor of the metand via
ing on the structure parameters. When incident photons ante Aharonov—BohntAB) effect (the frequencies of surface
coupled to surface plasmon excitations in the nanostructurglasmon modes in nanotubes and mesoscopic rings change
light in a form of surface plasmons gets through a film andperiodically by about 10% due to the AB effédt Thus, the
then is decoupled back to photons on the opposite side of th@agnetic field applied to a mesoscopic sample effectively
film. Control over surface plasmons provides means to conehanges its “dielectric constant” as seen by the surface plas-
trol optical properties of the metallic nanostructutés.turn,  mons, and hence, changes the zero-point energy of the plas-
properties of the electromagnetic excitations in such nanomon field. This fact may be interpreted as an additional
structures depend on the nanostructure geometry and sizevacuum contribution to the magnetic moment,,.

The nano-optics effect considered above is just one ex=-JEy/dH of the metal sample, whelg, is the zero-point
ample among a large number of unusual physical phenomerenergy of surface plasmon vacuum. According to the results
in which optics meets mesoscopic physics. Magnetic anghresented in Refs. 9 and 10, this vacuum contribution may be
transport properties of mesoscopic systems are the topics qlite large because of the rather large magnetic moments
very active current researéhgue to the strong drive toward -#%dw/JdH ~ ug of the individual plasmon modes, and be-
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FIG. 1. Model geometry for the calculations of the magnetic
response of surface plasmon vacuum in the case of a squaee
region of a thin metal film with thickness<a in an applied per-
pendicular magnetic fielé.
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cause of the very large total number of plasmon modes sup-

ported by a mesoscopic sample. FIG. 2. SPP dispersion law for the cases of metal-vacuum and
In this paper we study the plasmon-induced magnetism ofnetal-dielectric interfaces in zero magnetic fiédolid lines and in

nanostructured metallic samples. We calculate the plasmdfie magnetic field applied perpendicular to the film surfatseshed

zero-point energy of some metallic mesoscopic samples withnes. At large SPP wave vectoksthe changes in surface plasmon

simple geometries in an external magnetic field. The magfrequency in the applied magnetic field do not dependkon

netic response of the plasmon vacuum (.)f these_samples 3Rald. The SP field decays exponentially both inside the metal
pears to be rather large and diamagnetic. In thin films thig,q the dielectric. Let us assume that both metal and dielec-
predicted surface vacuum diamagnetism appears to be gic completely fill the respective< 0 andz> 0 half-spaces.
least of the same order of magnitude as the magnetism of the sych a case the dispersion law can be writtén as

bulk electrons. Thus, a type of magnetism shown by thin

2
metallic samples, which is complementary to the well-known 2_ ©°_&gen(@) (1)
Pauli paramagnetic and Landau diamagnetic contributions to c? g+ en(w)

the magnetism of electron gas, is demonstrated. Th

plasmon-induced magnetism of such samples may be ®5rude model, andoy, is the plasma frequency of the metal.

hanced by externgl |IIum|nat|on W't_h regonant light. We " This dispersion law is shown in Fig. 2 for the cases of metal-
port on the experiments in which illumination of nanohole4c,um and metal-dielectric interfaces. It starts near the

arrays in metal films induced their magnetization, which hasiignt line” in the respective dielectric at low frequencies and
been observed directly with a magnetic force microscopgpproaches asymptotically= wpl (1+e9)t2 at very large
(MFM). This effect allows one to control optical transmis- yave vectors. The latter frequency corresponds to the so-
sion through such structures with an applied external magcalled surface plasmon resonance. Under the surface plas-
netic field or to illuminate the sample at certain wavelengthsmon resonance conditions both phase and group velocity is
to induce magnetization in an initially nonmagnetic nano-zero, and the surface charge and the normal component of
structure. Such an unusual “magnetic” effect has been olthe electric field diverge. While the dispersion relatidnis
served in the experiments on the magnetic-field-inducednodified in the general case of a lossy metal film, the ap-
changes in the transmission of an array of cylindrical nanoproximation used if(1) remains good in the case of a sym-
holes. It seems that the nonlinear optical coupling betweemetric experimental geometry in which the dielectric con-
the cylindrical plasmons of different nanoholes in the arraystants of the dielectric on both sides of the metal film
may be described as magnetic interactions in a twocoincide. Since at every wave vector the SPP dispersion law
dimensional lattice of magnetic moments, which is reminis-iS located to the right of the light line, the SPPs of the plane
cent of the Ising model. This effect may have profound im-metal-dielectric interface are decoupled f(om the free-space
plications in high-density magneto-optical data storage aghotons due to the momentum conservation law.

well as classical and quantum optical communications and Ve are mostly interested in the region of the SPP disper-
computing. It might provide a route to the development ofS1ON law near the SP resonance. The corrections to surface

optical metamaterials with negative magnetic permeability aP'asmon frequency in an applied magnetic field in the so-
optical frequencies if coherent excitation of cylindrical sur-called nonretarded electrostatic approximatierich is of
face plasmons can be achieved. the most interest to Wisvere calculated by Chiu and Quifin.

In this approximation SPPs have zero dispersiaridk=0,
which makes summation over all the plasmon modes ex-
Il. PLASMON-INDUCED MAGNETIZM OF MESOSCOPIC tremely easy. These modes correspond to the SPPs with large
SAMPLES wave vectors, which propagate in tixg plane along the

Although quanta of electromagnetic figldhotons$ carry planar. metal-@elec;tnc mterface. Assumlng that SPP propa-
tes in they direction, the eigenfrequencies of surface plas-

angular momentum, they do not possess magnetic moment gpiest i field ) %
vacuum. This fact may not be true in every medium. Let ygnons In-magnetic field are given by
consider the magnetic response of the surface plasmon {(w§+ wd) V212 for H L x

(0 + 0)Y42M2+ w2 for HIX,

fhere we will assume that,,=1-w?/ w? according to the

vacuum of a squaraXxa region of a thin metal film with o= 2
thicknessd<a to an applied magnetic field (Fig. 1). Let
us start by considering the SPP dispersion law, which propavherew.=eH/mcis the cyclotron frequency, and the sign of

gates along the metal-dielectric interface in zero magnetia./2 term is determined by the propagation direction. The
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magnetic momenj. of the SPP quanta can be determinedment “idw/dH induced by the externally applied dc mag-
from the basic thermodynamic definition of a magnetic mo-netic field, and the total magnetic moment of the SP vacuum

ment of a system as follows: can be written as
w=- ((9_&)) (3) Myac ™= ~ /LB/ZHZE wc/wpl (5
H /=0 K

Thus, SPP quanta have magnetic moments of the order of t here ug is the Bohr magneton, and summation h?‘s to be
one over all the plasmon modes of the square region of the

Bohr magnetonug=e/2me which are normal to their thin metal film under consideration. The surface plasmon

propagation directior{HIlx). We should point out that the . . . X

Cor . eigenmodes of this square region are defined by the two-

just introduced magnetic moment of a plasmon represents a 2
> - S . component wave vectotk,,k,)=m/ax (n,,n,), where n,

second order nonlinear optical effect. This is evident from d int Due © L Vd dampta Y i

Eq. (2), which basically describes mixing of the ac field of andn, are integer. Due to Landau dampinghe summation

the plasmon with the dc magnetic field. Such second-ordegzgﬁagt Fkosjlgli Séirr]f:c;eglt?irggrvr;?\ﬁo\r/ﬁecrt]?{;n_lr_]ﬁjsto be
mixing produces terms of the order QfZ)E'Z’H in the plas- the total nLT?nberFof SP modes on the top and bottom i’nter—
mon field energy density, where tli factor represents the P

. . 2
terms quadratic in the electric field of the surface plasmor{aces of the metal film is roughly(B-a/m)*, and
and x@ can be con;idered as the generalized §econd—order Mpae = — 8a2n§’3(wclwp) . (6)
susceptibility that includes also magneto-optical effects

(similar to the light-induced magnetization of transparent op-  For thin metal films this surface vacuum diamagnetism is
t|Ca||y active med|é1) As a resu't’ the p|asmon energy ac- at least of the same order of magr“tude as the contribution of

quires contribution, which is linear iH. This contribution is  the bulk electrons. Detailed description of various contribu-

proportional toy?E2. These terms describe both second harions to the magnetism of metallic samples can be found, for
monic and photon drag dc electric fields as well as linea€xample, in Ref. 13. The dominating mechanism of the mag-
magneto-optical effects due to surface plasmons near tHeetism of conductivity electrons is the paramagnetic contri-
metal interface. We should note that the inversion symmetr?ution obtained by Padit as

is broken near every interface, so that sytHEZ terms are 3130, 2
always present at the surface. The fact that this effect is xom= 4,3/§Bné’3, (7)
rather noticeable is also a direct consequence of the zero T h

dispersiondw/dk=0 of surface plasmons with large mo- wherem is the electron mass. The diamagnetic contribution
mentak: according to Eq(2), application of external mag- obtained by Landdd is usually smaller by approximately

netic field changes frequendgnd, hence, energyof such  three time<3 Thus, we only need to compare the magnitudes
plasmons. We should also point out that there is no contraof the Pauli paramagnetic contribution and the surface plas-
diction between this statement and the fact that external magnon vacuum contribution to the electron magnetism of our
netic field cannot change the total energy of a classical syshin metal film sample. Let us assume the free-electron

tem of electric charges. Even though plasmons are classicgdodel value for the plasma frequency of electron gas in the
electron density waves, they cannot be isolated from the reghetal

of the metal, and magnetism in metals is an essentially quan-
tum mechanical phenomenon. Similarly, photons in regular w2= 4meln,
magneto-optical materials mostly respond to the external P m

magnetic field by changing their momenftaecause of the I .

magnetic-field-induced change of the refractive ind@key anq compare these wo contr|but|ons.' The Pauli par.amag—

can also exhibit second-order mixing with an external mag-netIC moment of our sample can be written as follows:

netic field and, hence, dc magnetishHowever, unlike plas- » o 3Y°md 5 o3

mons, photons in transparent materials are highly delocal-  Mpm™= @M chMBZSa ng (wdog)pua, (9)

ized, and such a dc magnetic field should be small. The €

magnetism of surface plasmons is much more pronouncedhered is the film thickness, and some characteristic fre-

because they are highly confined near the interface, and iquency wy=167*3n?/(33md) is introduced. From this

addition plasmons may exhibit localization around topo-expression we immediately see that at small film thicknesses

graphical surface featurés. d, such thatw,~ wy, Pauli paramagnetic and surface plas-
Let us initially consider the most simple case of magneticmon vacuum diamagnetic contributions have the same order

field H applied perpendicular to the metal film bounded byof magnitude. The characteristic film thickness necessary for

vacuum. At large SPP wave vectdighe surface plasmon this situation to occur can be written as

frequency
16’774/3ﬁné/3 8775/6h
313, o 31/3m1/26ré/6

does not depend dn(Fig. 2), wherew, andw.=eH/mcare Thus, according to this simple estimate Pauli paramag-
the plasma and cyclotron frequencies, respecti¥ély.a re-  netic and surface plasmon vacuum diamagnetic contributions
sult, all the surface plasmon modes have the magnetic mae the magnetism of a thin film sample would be approxi-

(8

d~ 2 nm. (10

wsp= (w5 + w))/2]" (4)
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mately equal atd~2 nm. Moreover, the contributions of cylindrical
Landau diamagnetism and plasmon vacuum diamagnetism Kaluza-Kiein Surface plasmon
should be about the same @&t-6 nm. As a result, experi- Sieeon

mental measurements of the magnetic response of mesos-  compactified |

copic thin film samples performed as a function of film Sth dimension
thickness in the 2—20-nm range have reasonable chance of
detecting the surface plasmon vacuum diamagnetism. We
should also point out that in reality the vacuum diamagnetic
moment may be at least an order of magnitude larger than
the value determined by E¢f), since the cutoff wave vector
is known only by an order of magnitude. In addition, mag- "y

. . cylindrical surface
netic response measurements may be performed as a function of a nanowire or a nanchole
of the dielectric constant of the substrate and/or absorbed
layer on the interfaces of the metal film. According to Chiu  FIG. 3. Geometry of the cylindrical surface plasmon with angu-
and Quinng, in the presence of a dielectric layer on the metallar momentunm on a surface of a metal nanowire or nanohole in a
surface and at large SPP wave vectothe surface plasmon metal film. Symmetry between a cylindrical surface plasmon and an

frequency in a magnetic field perpendicular to the SPFelectron is illustrated: both excitations may be represented by a
propagation direction is given by chiral mode of a massless field which is quantized over a compac-

-1 2 2\ /511/2 tified spatial coordinate.
wsp= [(€57wp + wg)/2]77, (12)

where ;4 is the dielectric constant of the layer. As a result, _ - .
the magnetic moment of individual SP modésim/ dH, and oretical predictions. According to these mtzaasureme_nts per-
the total magnetic moment of the SP vacufdefined by formed on an ensemble of LELO° 1 1-um?square silver
Egs.(5) and(6)] are multiplied by the refractive index of the Ngs with the thickness of 70 nm, the magnetic moment of
dielectricng=e}. Since atomic monolayer quantities of the @n individual ring oscillates with the number of magnetic
adsorbents are sufficient to shift the plasmon resonknceflux quanta with an amplitude of approximatelya0and the
SUCh measurements may be Very usefu| in Separating tH@EI’IOd 0f~20 G. Regal’d|eSS Of the nature Of these OSCi”a'
relative contribution of the vacuum diamagnetism into thetions, which we will briefly discuss later, the result of De-
overall magnetic response of the samfd@ce there is no block et al. for the unexpected diamagnetic response of an
reason why a thin absorbed layer would alter either Pauli oindividual ring seams consistent with both the sign and the
Landau contributions In addition, increase of the overall magnitude(according to Fig. 4 from Ref. Gying ~ 10ug) of
effect by another factor of 2 or 3 means that even thickethe vacuum diamagnetic contribution described earlier.
metal films(few tens of nanometersay be used to make a Relatively weak effects of a plasmon vacuum magnetic
mesoscopic sample of interest. This additional increase in theesponse of nanostructured samples may be amplified con-
scale of the film thickness also means that calculations of SBiderably by external illumination. For example, resonant il-
eigenfrequencies based on the macroscopic Maxwell equaumination of the nanohole array samples is known to be an
tions are much more reliable. efficient way of excitation of various surface plasmon
Except for the extreme sensitivity to the absorbed layersygges-4 While the magnetism of SPP Bloch modes on a
the vacuum diamagnetism described above looks similar tBeriodicaIIy modulated surface of a metal film can be con-

the Pauli and Landau contributions with respect to temperasijered in the same way as the magnetism of SPP modes of

ture changes. Since surface plasmon elgenfrequenm_es 'the square sample in Fig. 1, the contribution of surface plas-
volved are of the order of a few electron volts, no consider-

. , mons localized in and around the nanoholes need separate
able changes in the surface plasmon magnetic response MaY cideration

be expected from absolute zero up to the room temperature. L . .
The best candidates for vacuum diamagnetism observations Cylindrical surface plasmongCSP which exist on a cy-

may be the mesoscopic samples made of gold, silver, Coppéwdrlcal surfgce 'of a panohole in metal filtor on the sur-

or aluminum, since these metals exhibit very pronounced@c® Of @ cylindrical wirg are described by the wave vector
plasmon resonancésEven in the presence of absorbed k, _related to CSP propagation in the axial direction of the
layers the vacuum diamagnetic contribution defined by EqCYlinder, and the angular quantum numberelated to the

(6) is rather small due to the smallo/w,) factor. For a a2|muthal' CSP propagatialk,) along the.cylmder C|rcum'—
gold sample aH=1 T this ratio is(w./w,) ~107 Thus, a  ference(Fig. 3. As a result, the CSP trajectory on a cylin-
1X 1-um? square sample would have a vacuum diamagnetiélfical surface can be represented as a spiral with the period
moment of~10%ug at H=1 T, or a few tens of Bohr mag- determined by the CSP angular quantum number:nfo®
netons atH=10 G. However, similar sensitivity has been there is no angular momentum and such CSP is analogous to
achieved recently by Debloait al® who reported measure- the surface plasmon on a plane surface propagating over the
ments of the magnetic response of individual mesoscopicylinder wall in the axial direction; fon>1 CSPs strongly
silver rings and obtained that the measured response of antate around the cylinder and their spectrum converges to
individual silver ring is diamagnetic in the limit of zero mag- wp/21’2 in the large wave vector limit. The magnetic moment
netic field, which was not consistent with the available the-x of individual CSP quanta can be determined as
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dw ed( dw effect is the second-order nonlinear-optical effect, which is
M= (a_H> ) =- (Iﬁ) R (12) somewhat similar to the photon drag, and complementary to
H=0 ¢=0 the generation of second harmonic which always takes place
whereH is the external magnetic field applied in the axial near metal interfaces. Even though the film material itself
direction, a is the cylinder radius, ang is the number of (gold) has a cubic lattice, and the grating of nanoholes is
magnetic flux quanta inside the cylinder. The estimation ofhirror symmetric, this effect is possible due to the broken
CSP magnetic moment is easy to perform in the two limitinginversion symmetry at the metal interface.
cases1=0 andn— <« if the nonretarded electrostatic approxi- !t IS interesting to note that nonlinear optics of CSPs re-
mation is used. These states correspond to the SPP with |ar§Embles [the description of electrodynamics of electric
wave vectors, which propagate parallel and perpendicular t arges in high energy phy3|cs theories Wh'Ch mtrodupe
the axial magnetic field, respectively. In this case we cancomp.aCtIfI6d extra dimensions. In suc_h theorles thef effective
. electric charge of each electromagnetic field mode is propor-
neglect the effects of curvature of the cylinder, and the re-

its of Ref. 9 duced: the eicent . fCSF;ionaI to the component of this mode’s momentann the
Sults of Ret. 9 are reproduced: the eigenirequencies o c%mpactified extra dimension, so that the electric charge con-
in magnetic field are given by

servation becomes a simple consequence of the momentum

c

(w2 + ) VY212 forn=0 conservation law’ In a similar way, cylindrical surface plas-
: . ; .
0=y, b Vol (13  mons of a nanowire or a nanohole may be considered as if
(wp+ wg) 127"+ w2 forn+0. they exist in a curved three-dimensional space-time defined

It is evident that the1=0 plasmons do not have magnetic by the metal interface, which in addition to an extended

moments. whilen<0 CSP quanta have magnetic momentsCoordinate, has a compactified angutardimension along
' . q g the circumference of the cylindé€Fig. 3). As a result, simi-
of the order O.f the Bohr's magnetqus. Exact values Of_ the_ larity between the CSPs with# 0 and Kaluza—Klein elec-
CSP magnetic moments can be determmed by taking .'nt?rons becomes evident: both types of excitations are de-
account the effects of curvature of the cylinder, retardation, _ . . i
5cribed by a respective quantized component of the angular

and the Aharonov—Bohm effect on the CSP dISperSIOnmomenturm along a compactified dimension. A detailed dis-

Analysis of the numerical calculations of the CSP dispersion ussion of this analogy may be found in Ref. 7. If we recall

for a number of different geometries reported in Refs. 10 an hat in addition to an electric charge, electrons posses a mag-
16 indicates that the results of the simple qualitative estimate ge. b 9

: D ) . netic moment, this analogy becomes even more evident.
above remain valid in all these cases: CSPs with zero angul§. . o .

. . imilar to electrons, cylindrical surface plasmons with non-
momentum have no magnetic moment, while¢c0 CSPs

have,u~,uB. Thus, individual quanta of the 0 CSP elec- Zero angular momenta have nonzero magnetic moments as

B . well.
tromagnetic field behave like small magnets. . . i
The n#0 CSP modes in a nanowire or a nanohole aretioAnother potentially importantalthough separaleques

. o n is how the AB effect may affect the plasmon-induced
examples of plasmon modes which exhibit linear dependencr%a netism of mesoscopic samples. Very recently Chagilik
of their frequencies on the applied magnetic field. Similar 9 P pies. vVery Y

cases mav be found in Refs. 9. 10. and 16. For example IET\L demonstrated that the frequencies of surface plasmon

magnetic i‘/ield is applied paréllél to,the metél filin the Xp " modes in nanotubes and mesoscopic rings change periodi-
0,

direction, then according to Chiu and Quihat large SPP cally by about 10% due to the AB effett.The reason for

wave vectork. the surface plasmon frequency is aiven b this effect is the fact that both Fermi energy and the polar-
' P q yisg Y ization operator of the nanotubes and nanorings changes pe-

wep= [(w§+ %wg)/z]mi %wc, (14) riodicall_y with ma_gnetic flux due to the per_iodic dependence
of the single-particle spectrum on magnetic flux. These peri-
where the two signs correspond to plasmon propagation indic changes lead to the periodic changes of the surface plas-
the Fy direction. Such plasmon modes have magnetic momon eigenfrequencies, which can be found by solving the
ments #dw/dH~ + ug. In rotationally symmetric samples Poisson equation. Thus, magnetic moments of these modes
vacuum magnetic moments of these “left” and “right” modes—#dw/JH experience periodic oscillations too. According to
compensate each other, so that only the contributions qudhe results of numerical calculations by Chapikal? the
dratic in the magnetic field are left in the expression for theamplitude of these oscillations is of the orderf for the
total zero-point energy of the plasmon vacuum, and wezero-angular momenturtn=0) plasmon mode of a carbon
would come up with an expression more or less similar tonanotube aka=1 [Fig. 2(b) from Ref. 10, while this mode
Eqg. (6) for the vacuum magnetic moment. However, this maydoes not have any angular momentum in zero magnetic field
not be the case for an asymmetric sample. Considered ifor this modedw/dH=0 atH=0 as is required by symmetry
terms of nonlinear optics, the magnetic moment of a CSRonsiderations earligrSimilar to the classical consideration
mode which exhibits such a linear dependence of its frefor cylindrical surface plasmons with nonzero angular mo-
guency on the applied magnetic field should be treated as mentum, plasmons of the nanotube with O have nonzero
second-order nonlinear optical effect similar to the light-AB-induced magnetic momentgig. 4 from Ref. 10. While
induced magnetization of the transparent optically active meexact numerical calculations for the total AB-induced
dia sometimes called thimverse Faraday effedt The dc  vacuum magnetic moment would be rather cumbersome, be-
magnetic field generated by CSP excitation is proportional t@ause of the complicated dependencies of the frequencies of
the number of SP quanta excited in the sample, and hence, the plasmon modes with arbitraryand k on the magnetic
the square of the fundamental field of the CSP. As such, thiflux,'° there is absolutely no reason for the total vacuum
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magnetic moment not to experience periodic oscillations . 08 Cyindrical
with the amplitude of a fewug due to the AB effect. Thus, % plasmons
the periodic small oscillations of the magnetic response of z 06 /
. . 6 =4 g Surface
the silver rings observed by Debloet al® may also be at s plasmons
least partially attributed to the oscillations of plasmon §
vacuum magnetism. 2 04
2
I1l. EXPERIMENTAL OBSERVATIONS g 0.2-
OF PLASMON-INDUCED MAGNETISM
1 T L] T T
The discussion in the previous section indicates that al- @
though rather weak, magnetism of surface plasmon polari- ——
s . o005
tons and cylindrical surface plasmons should be detectable in =
the experiment. It may be detected either using mesoscopic £ 0.00-
transport measurements similar to a technique implemented 5 .
in Ref. 6, or using optical transmission measurements in -0.05- Wi e B
magnetic field. In addition, direct measurements of the T ®I H/Im \
plasmon-induced magnetic moments may be performed us- -0.10
ing high sensetivity MFM or a superconducting quantum in- ] cc,,- /7
terference devicéSQUID) magnetometery. -0.157 spectrograph
_ Magne_tic properti_es of CSPs s_hould manifes_t themselves 400 450 500 550 600
in the optical properties of cylindrical plasmons in the exter- (b) Wavelength (nm)

nal magnetic field. Influence of the magnetic field on cylin-
drical surface plasmons possessing magnetic moments 104
should lead to the change of the radiation spectrum associ-
ated with CSPs. Since cylindrical surface plasmons with
large quantum numbere>1 have dispersion curves ap-
proaching, in the limit of large wave vectors, the surface
plasmon frequency, it is these CSPs that will contribute most
to the magnetic field effects near w,/2"/? due to their high
density of stategsincedw/dk is small fork— «). However,
such CSPs cannot be excited directly by the incident light
because of the difference in the wave vectors. A periodic
array of cylindrical holes facilitates the excitation of CSPs in
this spectral range due to diffraction effects.

The measurements of the effect of magnetic field on the
spectrum of cylindrical surface plasmofisSig. 4) strongly
indicate the suggested magnetic behavior. The transmission g5 4 (Color onling (a) Optical transmissiof(0) of the nano-

spectra of a periodic array of cylindrical holgthe structure  je array without applied magnetic field) Spectrum of the rela-

is shown in the inset in Fig.(4)] created in a 40-nm-thick  tjve changd T(H)-T(0)]T(0) of the optical transmission in the ap-
gold film on a glass substrate using focused ion beam millingjied magnetic field.(c) Detailed measurements of the CSP
have been measured wihig. 4b)] and without[Fig. 4a)] spectrum around 400 nm obtained with a different UV-sensitized
applied 0.46-T magnetic field having component perpenccbD spectrometer. The inset {B) shows the electron microscope
dicular to the film(parallel to the holes axisThe transmis- image of the double period nanostructure used for spectral measure-
sion spectrum of the array measured under the white lighinents: the hole diameter is 150 nm, periodicitypis=600 nm and
illumination without the applied magnetic field0) has two  D,=1200 nm. The presumed magnetic moments of CSPs are shown
major features in the spectral range of plasmonic excitationdly the arrows. The inset ifb) shows experimental setup: WL-light
The first one is the peak of the enhanced transmission arourf@urce, L-lens, P-polariser, S-sample.

=00 nm Wavele_ngth, which corresponds_to_ the Bloch Surf"J‘C%eak around 500 nm may be identified reasonably well with
plasmon polariton states on the gold-air interface. The de

inati +1. + + +
tailed discussion of such Bloch states at the gold-air anéhe combination of1,£1), (0, £2), (+2, 0), etc. states of

o
1

Transmission (arb. units)
o

t T T T T T T T T
250 300 350 400 450
(c) Wavelength (nm)

. . he D,;=600-nm lattice period of surface plasmon-polaritons
gold-substrate interface can be found in Ref. 3. In genera n the gold-air interface of the nanohole array structure. The

the resonant SPP wave vectdrare given by integer mul- - second spectral feature close to 400 fghown in more de-
tiples of the inverse vector@i,q) of the two-dimensional tajl in Fig. 4(c), which was obtained by using a different
periodic surface structur&k=mu+nd, wherem andn are  charge coupled devic¢€CCD) spectrometer that is much
integer. In case of the double-period structure in Fig@) the  more sensitive in the UV spectral rarjgahould at least par-
picture of Bloch states is somewhat more complicated betially correspond to the excitation and reradiation of cylin-
cause of the more complicated basis of the two-dimensionalrical surface plasmons with large angular momenta in the
rectangular Brave lattice of the structure. However, the widéholes. In this spectral range, the double period structure pro-
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vides the excitation of surface plasmon polariton modes on ahould be possible to observe directly using MFM. The esti-
gold-air interface corresponding to higher in-plane diffrac-mates show that the total magnetic moment of the nanohole
tion orders which can then couple to the CSPs. The differenarray sample may not excedt X ug~10°ug under illumi-
tial transmissio T(H) - T(0)]/T(0) of the nanohole array in nation with 100 mW of the CW 488-nm laser, whélg is
the applied magnetic fielfFig. 4(b)] in this spectral range the number of plasmon quanta excited in the array. Such
was observed to depend on the applied magnetic field. Ounagnetization signals are rather difficult to observe. How-
data indicate a clear negative differential shift belowever, local electromagnetic field enhancement effects often
450 nm; in the longer-wavelength range no magnetic fieldassociated with surface plasmon excitatisee discussion
induced effects was observed. Despite a significant noiskter may facilitate observation of these effects.
level, which is unavoidable in differential measurements of In order to detect the relatively weak plasmon-induced
small signals and which might lead to the difficulties in the magnetism in the nanohole array we have decided initially to
identification of absolute zero of the differential signal, thesacrifice the high spatial resolution of MFM for the sake of
overall signal-to-noise ratio in this spectral range is at least aensitivity. Thus, a custom MFM has been b[#iig. 5(c)] in
factor of 3. We believe that this fact establishes statisticallyour laboratory, which uses larger than usuatade of
meaningful magnetooptical effect observation in the spectrab0-um radius sharpened Ni wireand mechanically softer
range below 450 nm. On the other hand, the SPP-related~103-N/m force constantmagnetic tips. Images of the
transmission above 450 nm is not sensitive to magnetic fieltbcal magnetization of a 3030-um?array of nanoholes
within our experimental precision. This weak magnetic fieldcoated with thin polydiacetilene filrtsimilar to the one de-
dependence corresponds well to the expected weak depeseribed in detail in Ref. Yobtained in zero external magnetic
dence of the CSP radiation on the applied magnetic fieldfield under illumination with 488-nm circular polarized light
According to Eq.(13), the CSP peak is supposed to experi-are presented in Figs(& and §b). In this experiment the
ence some broadening due to the splitting of left and rightntensity of 488-nm laser light was modulated by a chopper
CSP modes as well as possible coupling between CSPs in tia the frequency, which was chosen to coincide with the low-
hole array described below. This broadening of the CSP peagst mechanical eigenfrequency of the magnetic Ni wire used
[located around 375 nm according to Figc@ should lead as a microscope tip. The amplitude of the tip vibration in-
to transmission changes around 400 nm, as detected in tigiticed by periodically chopped 488-nm illumination has
experiment: the broadened peak extends more into the speleeen measured using a conventional optical detection
tral range of measurements in Figgasdand 4b). scheme employed for shear-force and atomic force micros-
It is also interesting to note that the nonlinear optical cou-copy (AFM)/MFM measurements described in detail in Ref.
pling between the CSPs in different nanoholes in the array8. A lock-in amplifier was used to detect the tip oscillation
may, in principle, be described as an effective magnetic exat the chopper frequency. Based on th&é03-N/m force
change interaction in a two-dimensional lattice of magnetigconstant of the tip and the expected plasmon-induced mag-
moments. Similar to the exchange interaction of electrons imetization~10Pug of the array, the amplitude of tip vibration
electronic magnetic materials, this effective interaction ofcan be estimated as at least 30 nm, which is easily detectable
plasmons results not from the direct interaction of their magin the shear-force measurement setup. On the other hand, our
netic momentgwhich is rather weak but from the statistics test experiments performed in the same experimental geom-
of plasmons. The CSPs are bosons, so they would “like” teetry with the same sample and with mechanically similar but
be in the same orbitaland hence magnejicstate, due to nonmagnetic wires did not detect any tip vibrations caused
their statistics, when excited by circular polarized coherenby 488-nmnm illumination of the sample. These experi-
light: the probability of the new CSP to be excited in somements confirm the magnetic nature of the signal imaged in
particular orbital state is proportional to the number of CSPFigs. 5a) and §b).
quanta already excited in this state. In order for this interac- Polymer coating causes small shifts in both CSP and the
tion to occur between the CSP states in neighboring nancsurface plasmon resonances in the wavelength, and increases
holes, the CSP states of these nanoholes should be couplé@nlinear optical properties of the nanohole array due to the
Thus, the distance between the nanoholes in the array shoukrge linear and nonlinear dielectric constants of the polymer
be compatible with;* of the CSPKk;* defines the rate of coating? For example, the lower boundary of the CSP fre-
the CSP field decay along the metal film surface; remembeguencies(the frequency of SP & — =) is defined by the
that z direction for CSPs was introduced as a direction percondition eq(w)=-¢€4, Whereey(w) and €4 are the dielectric
pendicular to the cylindrical surfaceOnce CSPs of indi- constants of the gold and dielectric, respectiviggy. (1)].
vidual nanoholes are coupled to each other, they becomghus, both resonances are located conveniently with respect
delocalized and form Bloch waves, which may propagatgo the wavelength range of the set of argon ion laser lines
along the metal surface in a manner, which is similar to theused in the experiment. According to the dataegfw) re-
propagation of regular SP Bloch waves over the perforategorted in Ref. 19, the shifted CSP peak is located at around
metal surface. As a result, the CSPs in such dense nanohd®0 nm in this case, so that illumination with 488-nm light
arrays experience rather strong effective exchange interacaust lead to the excitation of CSPs in the nanohole array,
tion, and a two-dimensional lattice of magnetic momentswhile illumination with light at longer wavelengths should
which is reminiscent of the Ising model, is formed in the not excite CSPs. Characteristic bright and dark stripes indi-
nanohole array as shown in the inset in Figp)4Thus, two-  cating magnetic dipole behavior of the entire illuminated
dimensional “photonic” magnetic materials may be intro-nanohole array and some smaller structures within the array
duced. Such a “magnetic light” state in a nanohole arrayare clearly visible in the lower portions of the images in Figs.
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'ﬁ potymar film

array of nanohole _
in a gold membrane 488 nm light FIG. 5. (Color online (a)
60X 60-um? image of the light-

induced magnetization of a
30%30-um? array of nanoholes
(located in the bottom left corner
of the image obtained under illu-
mination with 488-nm circular
polarized light. The 3& 30-um?
zoom area shown irtb) is indi-
cated by a square boundarfc)
Schematic of the illumination ge-
ometry. (d) Image of the same
area obtained with 514-nm light
shows no magnetization. In all im-
ages red indicates higher value.
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5(a) and 8b) obtained under illumination with 488-nm light. period arrays produced reasonable MFM contrast. Figure 6
As expected, the observed magnetization signal exhibishows topographical and phase images taken simultaneously
rather pronounced spectral behavior. The image in Fid. 5 on the patterned region of the sample. In Fi¢g)Ghe first
measured outside the presumed CSP resonance under thetliird of the image was obtained with no sample illumination,
lumination with 514-nm light over the same area as in Fig.the second third then illuminated by a multimode argon-ion
5(a) shows no magnetization signal. However, the intensitylaser operating around 488-nm wavelend#ll the laser
of the 514-nm laser line was four times smaller than thdines were within the broad surface plasmon line shown in
intensity of the 488-nm line. This may have contributed toFig. 4(a)], then the last third was obtained with the laser off.
the observed weakness of illumination-induced magnetism d@epeating this experiment using a mechanically similar non-
514-nm wavelength, even though experiments conducted atagnetic, metallic tifFig. 6(c)] shows no effect, eliminat-
488-nm at four times reduced light intensity detected a smaling the possibility that this observation is due to instrumen-
light-induced signal. Thus, evidence of the plasmon-inducedation artifacts or due to some light-induced force of
magnetization in the nanohole array has been obtained inonmagnetic origin.
these experiments. High-resolution images of the local light-induced magne-
Fine structure observable in Fig.(& indicates that tization are presented in Fig. 7. The ringlike features are
plasmon-induced magnetization on the scale of a few nanczlearly visible around the nanoholes in the magnetic image,
holes may be detectable in a MFM with higher spatial resowhile no optically induced MFM signal was detected over
lution. In order to check this possibility a commercial Digital unmilled regions of the film far from the nanohole array.
Instruments Multimode AFM was modified to allow the These ringlike features suggest the picture of surface plas-
transmission of light through the nanohole array. As it ap-mons as circular currents flowing around the nanoholes.
peared from our further work, the magnetic response can b€ontrast in the magnetic image was found to be dependent
detected even without the additional nonlinearity due toon several factors, including laser powar accordance with
polymer coating. Thus, uncoated nanohole array samplethe expectation that the number of SP quanta excited in the
were imaged in lift mode using phase detection with highstructure is proportional to the laser poyand distance be-
moment magnetic tip& We have switched to single-period tween the tip and sample. However, such high-contrast im-
nanohole arrays in these MFM measurements because suafes could be observed only for a few minutes, with the
arrays are much easier to produce in the gold films usingnagnetic contrast gradually disappearing. The magnetic con-
focused ion beam milling. At the same time, such single-rast in the image could be restored again after the tip remag-
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MFM tip,
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" FIG. 6. (a) Nanohole array topography and
(b) MFM signal detected in the lift mode using
phase detection with high magnetic moment tip.

. ’ The middle part of the image has been recorded

n :-3?::':' 3ym o f_-zs:;!e' 3 pm under the illumination with 488-nm laser light;

(b) the illumination was switched off in the top and
bottom parts of the imagec) Topography and

(d) MFM signal recorded with the mechanically

similar metal-coated nonmagnetic tip: there is no

difference in the images measured with and with-

f——
Metal out illumination. In all images white indicates
coated higher value.

AFM tip,
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fb—

‘ -scale: le:
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netization, as shown in Fig. 8. This behavior strongly indi-considerable, the signal-to-noise level was sufficient only for
cates substantial gradual heating of the magnetic coating afualitative observations. On the other hand, the repeatability
the tip under the intense laser illumination in the experimen-of our results was tested with ten different MFM tips and six
tal setup, which leads to a loss of tip magnetization due tdifferent nanohole array samples. In all these cases the
the loss of collinearity of magnetization of individual mag- plasmon-induced magnetization has been observed beyond
netic domains in the MFM tip. On the other hand, we havedoubt, even thougkas often happens in scanning probe mi-
checked that the shape of the MFM tips look unchanged ircroscopy some tips produced better MFM contrast than the
the electron microscope images obtained before and aftathers. For example, the contrast in Fig. 8 is somewhat lower
these measurements. While this effect may be considered #san the contrast observed in Figs. 6 and 7 with a different
very strong evidence in favor of the magnetic nature of theMFM tip. In addition, the MFM contrast was observed to
detected MFM signal, it prevented us from performing moregradually deteriorate after a prolonged use of the same MFM
detailed quantitative studies of the plasmon-induced magneip.

tization on such parameters as the illuminating optical power While the magnetic nature of the contrast in Figs. 6—8 has
and the tip-sample distance. When the laser power was ré&deen well established, a number of alternative competing
duced to the level at which tip-heating effects were no longemechanisms of nanohole magnetization under external illu-

FIG. 7. (a Topography and(b) high-
resolution MFM phase image of the local light-
induced magnetization of the nanohole array. In
all images white indicates higher value.

0 z-scale: 1.5pm 0 p-scale: 1.5 pm
@) 134 nm (b) 2.067°
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FIG. 8. (a) Nanohole array to-
pography andb) MFM signal de-
tected using high magnetic mo-
ment tip. The middle part of the
image has been recorded under
the illumination with 488-nm la-
ser light; the illumination was
switched off in the top and bottom
parts of the images. The magnetic
contrast is observed to gradually
disappear during the tip illumina-
tion. In similar image<c) and(d)
measured after the tip remagneti-
zation the magnetic contrast reap-
pears and disappears in a similar
manner. This behavior indicates
substantial gradual heating of the
magnetic coating of the tip under
the laser illumination, which leads
to a loss of tip magnetization. In
all images white indicates higher
value.

© (b)

(c) (d)

mination may be considered. One of such mechanisms usabfould be of the same order of magnitud&he local dc
somewhat similar language of surface plasmon excitations imagnetic fields of such magnitude are easy to detect with a
the nanohole array. lllumination of metallic and semicon-MFM in the phase imaging mode. However, we should em-
ducting nanostructures with intense light is known to pro-phasize that the language of plasmon magnetic moments and
duce simultaneous strong second harmonic generation ande language of photon drag effect are essentially two differ-
photon drag' effects, which are the related second-orderent languages to describe the same phenomenon: generation
nonlinear optical effects: sum frequen@w) and difference  of dc magnetic fields due to plasmon excitation. Another
frequency generation processes. The dc electric fields irhypothetical possibility to induce magnetic nanoholes is
duced by external illumination had been observed previouslgome plasmon-enhanced nonlinear-optical effect in the glass
via measurements of the effect of surface plasmon polaritosubstratgor polymer coating as in the experiment in Fig. 5
field on the tunneling current of a scanning tunneling micro-We should point out, however, that the nonlinearities of di-
scope(STM).2? In these experiments rather large dc voltageelectric near the metal-dielectric interface which supports
(~1 mV) had been observed over arl0-nm gap between surface plasmon propagation may be included in the plasmon
gold STM tip and sample under the cw 633-nm sample illu-magnetic moment calculations, and thus, should not be con-
mination. It was estimated that the fundamental optical fieldsidered as an alternative explanation.

enhancement in the gap of the order of ¥&s necessary in Unfortunately as a rule, the phase changes in the experi-
order to explain this value of the dc electric field. This en-mental MFM images could not be converted into quantitative
hancement is rather typical in metal nanostructures. Similadata of the magnetic field distribution near the sample of
enhancement factors are observed in other nonlinear opticaiterest. This fact has to do with the complicated shapes of
effects in metal nanostructures, such as the surface enhancedth the sample and the magnetic tip. Magnetic dipole ap-
Raman scattering, etc. In our experimental MFM geometryproximation is clearly inaccurate when the tip-sample dis-
the plasmon-induced dc electric field is effectively screenedance is smaller than characteristic dimensions of the tip and
by the metallic nanostructure, since the sample is illuminatethe sample. In general MFM images are interpreted as some
from the backlFig. 5(c)]. Our estimates of this effect, per- linear combination of the sample magnetic field, its gradient,
formed similar to Ref. 22, promise the dc magnetic fields ofand maybe its higher derivativé$in addition, the effects
the order of a few Gauss, based on the 100 mW power of themeasured by the MFM tip may result from a combination of
illuminating fundamental light, expected amplification of the direct plasmon-induced magnetization of the sample, and
local fundamental optical field of the order of at leastfrom the plasmon-induced diamagnetic reaction of the
10°—1C® in close proximity to the nanoholes, and"i@ypi-  sample to the presence of the magnetized MFM tip. Accord-
cal second harmonic conversion efficiency of metallic nanoing to Egs.(2) and (13), the relative contribution of these
structures(second harmonic and dc conversion efficiencieseffects is defined by the types of plasmon modes excited in
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FIG. 9. (a) Results of our calculations of the vertical component
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tally measured images and the expected field distribution
around nanoholes may be achieved. Figuf® ®epresents
results of our calculations of the vertical component of the
magnetic field at three different tip-sample separations in the
model of currents circulating around the nanoholes of the
array. The nanohole size in these calculations is 250 nm,
which corresponds to the measured nanohole diameter in the
experimental image in Fig.(8). The calculation results at
z=100 nm agree qualitatively with the ringlike structures ob-
served in our experimental MFM images at about the same
tip-sample separation, as evidenced by the cross section of
the experimental image from Fig(l8, which is shown in
Fig. 9b). The contrast in experimental image has been in-
verted in order to get the best fit. The contrast inversion can
be justified by the fact that the sign of the experimental sig-
nal depends on the sign of tip magnetization. In addition, the
calculation data in Fig. @ show the transition from the
ringlike shapes to the simple magnetic field maxima as a
function of the effective vertical distance to the rings. Such a
behavior may be inferred, for example, from Figd8

In summary, we have observed directly the theoretically
predicted surface-plasmon-induced magnetization in the ar-
ray of nanoholes in a metal film. In such metallic nanostruc-
tures, propagation of surface plasmons has been observed to
depend on the applied external magnetic field. Magnetic
force microscopy measurements show that magnetization of
the electromagnetic states in a hole array can be achieved by
illumination of the structure at the wavelengths correspond-
ing to various surface plasmon excitations. Our finding that
zero-point fluctuations of surface plasmon-polariton field
may induce considerable magnetism in nanometer-scale me-
Yallic samples may be of interest to mesoscopic physics. In
addition to the importance of our results to fundamental

sample separation, as shown by the cross section of the experimeﬂanosc'ence' our observations suggest the possibility to con-

tal image shown ir(b).

trol the transmission of nanoholes at a single-photon level
with an external magnetic field. This possibility is extremely

the sample, and by the direction of tip magnetization. Theattractive in quantum communication applications.
latter factor is known only approximately. From the same

equations we may also expect that the diamagnetic response ACKNOWLEDGMENTS
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