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Phase-sensitive spectroscopy of surface plasmons in individual metal nanostructures
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We analyze both theoretically and experimentally the response of individual gold nanoparticles and nano-
particle dimers to a near-field excitation with broad-band radiateofiemtosecond white-light continugm
delivered through a subwavelength aperture. Because of the coherent superposition of the field emitted by the
aperture and the secondary field reemitted by the nanostructure, the signals detected in the far zone exhibit a
pronounced dependence on the phase of plasmon oscillations excited in the nanostructure. This phase sensi-
tivity allows us to accurately determine positions of plasmon resonances not distorted by dielectric losses in a
metal. In the near-field extinction spectra of individual nanoparticles, the plasmon resonance is observed as the
“zero-extinction” point in which the transition from constructivdower spectral energi@¢so destructive
(higher spectral energiggterference occurs. By using spatially selective near-field excitation with a femto-
second white-light continuum, we are able to detect slight asymmetries in dimers composed of nominally
identical nanoparticles.
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Optical responses of metal nanostructures can be manipend white-light continuum coupled into a fiber probe of a
lated via morphology-controlled resonances associated withear-field scanning optical microscodSOM). We apply
surface plasmoiSP modes. 3 These SP resonances lead tothis broad-band, near-field spectroscopy to studies of indi-
a significant enhancement of local electric fields, which carvidual gold nanoparticles and two particle aggregates
result in increased radiative dechjarge nonlinear-optical (dimers. We observe that because of the coherent superpo-
responses, and strongly enhanced Raman scattefiry. sition of the aperture field and the secondary field reemitted
Near-field SP-enhanced interactibhalso provide exciting by @ nanostructure, the detected far-field spectra exhibit clear
opportunities for confining, guiding, and switching light signatures of constructive and destructive interference and

using nanoscale, metal-based circuit¢'SP nano-  Provide direct information regarding the phase of single-

photonics”).1112 nanostructure plasmon oscillations. The analysis of these
Among the spectral and spatial properties of the SPs orfocal” interference spectra allows us to determine the fre-

the nanoscale, the phase)(of SP oscillations is one of the quencies and damping constants of plasmon resonances in

most important characteristics. In particular, if the SP phaséhdividual nanoparticles. Furthermore, by using spatially se-

spectrum is known, the conditioh= /2 determines the lective, near-field excitation, we are able to detect slight

precise SP resonance frequency that is not affected by diele@symmetries in dimeric systems comprising nominally iden-

tric losses in the nanosystem. Therefore, the phase specti§dl nanoparticles. Our experimental findings are in agree-

can provide more accurate information on SP energies thafent with the results of the semiquantitative modeling of

the traditional intensity spectra. Furthermore, the manipulahear-field optical responses for both single particles and two-

tion of SP phases can allow one to control the spatial distriParticle aggregates.

bution of plasmon modes in metal nanostrucutres. In our theoretical modeling, we consider a system of gold
In the case of macroscopic nanostructured sam@es, nanospheres of radR, (a=1,2,...) subjected to the field

an ensemble of a large number of metal nanopanictee ~ E*(r) of a nanoaperture of raditg, in an ideal metal. The

phase information can be lost in the integral signal becauséperture f|eld is described by the Bethe-Bouwka(BiB)

of the inevitable sample heterogeneities. A possible approadh‘Ode| ®we assume that the external excitation electric

to experimentally detecting local phase responses is througfigld is linearly polarized in the plane of the apertutiee x

the use of near-field measurements in which individual nanodirection and is of amplitude unity. At amath nanosphere,

structures can be spatially selected using a subwavelengthis field induces multipole moments

aperture positioned in close proximity<(LO nm) to the

sample surfac&"!® The feasibility of imaging in the phase- (@ _ RlI+2, £ E(a)_2| +1 EAD)YE (6,0)d0,
sensitive regime has been demonstrated using a single wave-1m ~ "a  “I=Im A
length excitation source and an external interferom@ter. 1)

However, spectroscopic studies of the phase responses of
individual nanostructures have not been conducted yet, likeljvhere the mtegral is extended over the surface of the nano-
because of the experimental difficulties associated with atsphere E(%) is the spherical tensor of the excitation field,
taining broad-band, near-field illumination of a sufficiently E (r) is the radial component of the aperture field at the
high intensity. nanosphere surfacey =[e(w) —1]/[le(w)+1+1] is the

In this article, we experimentally realize broad-band,dimensionlesd-multipolar polarizability, ands(w) is the
phase-sensitive, nanoscale spectroscopy by using a femtoseelative dielectric function of the nanosphere material at light
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frequencyw. Usingq(?) from Eq. (1) as the right-hand-side ~ We will describe theE1 radiation of the near-field tip as
values in the coupled multipole equaticiswe obtain the that of an effective dielectric sphere with raditg(Rs
induced dipole moments of the nanospheres, which are fur<R,) and polarizabilityR3a,. This sphere is positioned at
ther used to calculate the electric dipoll() radiation of the  the center of the nanoaperture and emulates the dielectric
system in the far zone. In our semiquantitative modeling, Weore of the NSOM fiber tip. In the far zone, thd. radiation
neglect the influence of the field of the particles on the apxyf this effective sphere interferes with tie radiation of the
erture field, assuming that the metal surrounding the nanoappetal nanoparticles and thé1 radiation of the nanoaperture
erture (in our experiments it is _alumlnum; see belodoes to produce the resulting field that determines the intensity of
not have plasmon resonances in the spectral range of the e far-field signal. For the system of metal nanoparticles, we

resonances of .the gold nanospheres. . fietermine the near-field transmissidr1/1, and extinction
A nanohole in a perfect metal described by the BB model ™ o "
Q=—In(T), wherel andl  are far-field intensities calculated

emits pure magnetic dipol(1) radiation in the far zoné: in the presence and in the absence of nanoparticles, respec-
However, theM1 and E1 radiations do not interfere effi- tively P P ’ P
gﬁgtlz rtg;?i\lj:le g:;g[gf“ﬁ)eh:ksae Zt“:rto?:ttvr;/ee(iin tg;vrzlre-l(—jhte) re- First, we consider the case of a single gold nanoparticle

! y g P y (radiusR and polarizabilitye) that is positioned at the axis

a *real _metal can S|gn|f|can_tly change the interference be'of symmetry of the nanoaperture. For the collection solid
tween fields emitted by the tip and the nanostructure. Impor- .

: " o angle of 27, we obtain
tantly, this change modifies not only the radiation angular
distribution but also the total flux, i.e., the observed extinc-

tion. As shown below, it can lead to the enhanced total trans-

mission(the “nanoantenna” effegtin the spectral region im- T=1+Acos¢+Bsing+C, 2
mediately to the red of the SP resonance. Counterintuitively,

this enhancement occurs despite strong dissipation in metal

nanoparticles in the SP spectral region. A=18m°kEsRiaga|D, B=64Rf|alD,
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The phase shifty, is determined by th&1l andM1 radia-
tions of the NSOM tip alone and is independent of the prop-
erties of the metal nanoparticle. Furthermodg, is a weak
-0.05 function of the frequency in the spectral range of SP reso-
26 nances in gold particles and can be considered a constant.
Hence, the near-field extinction spectriify. (3)] provides a
direct measure of the phase spectrum of SPs.

If the SP resonance has a high finesse, i.e., the SP fre-
guency wg is much greater than its spectral width the
phase spectrum has the same form as for a simple harmonic
oscillator

0.05F ' ' ' =A%+ B?. In this case, the modulation of the outgoing ra-
g diation by the nanosphere is weak, and we can present the
= local extinction and transmission as
c
% Q=Gcog ¢~ o), T=1+Q, 3
2 bo=arctafi32RY (9m2kEs,R3as) . (4)
S
[}
pd

p=arcco$Aw/JAw?+(I'12)?], )

whereAw= w— wq is the detuning from the SP resonance.
Thus, phasep is equal tom/2 exactly at the resonance fre-
quency Aw=0), independent on the magnitudelodf Fur-
thermore, if the constant phase shif is small compared to
! ! ! ! ! 1 /2, the plasmon resonance is directly observable in the
2.1 2.2 2.3 24 25 2.6 near-field extinction spectra as a zero-extinction poi@t (
=0), i.e., the point of crossover from negativenhanced
Photon energy (eV) transmissioh to positive (reduced transmissigrextinction
[Eg. (3)]. This effect is due to switching from constructive
FIG. 2. (Color) (a) The near-field extinction spectra of an indi- (w<wy, in-phase SP oscillationgo destructive > wy;
vidual gold nanoparticleR=25 nm) calculated using Eqel)~(4)  gytof-phase SP oscillationsinterference between the
for two cases: the NSOM aperture is the purdhi emitter R NSOM tip radiation and the induced field reemitted by a
=_O)_ (dashed_ line; scaled by a factor of §).&nd the aperture ra- nanoparticle.
d'at!on. Colma'ns both thMl. nd EL components Rs=30 nm) Experimentally, to measure single-particle extinction
(solid line); the aperture radiuR,=30 nm. (b) The calculated ex- . . .
tinction spectra of the asymmetric dimer illuminated with unpolar-SpeCtra’. we use a NSONFig. 1(a), left], in which the
sample is illuminated through-250-100 nm aperture at the

ized light through the near-field aperture located directly above ei . :
ther one or the other particlinsets; the dimer consists of particles ?nd, of the Al-coated tapered fib&the th'CkneS_S Of_ the ,Coa,t'
ing is ~50 nm). Intense, broad-band, near-field illumination

of radii R;=28 nm andR,=23 nm separated by 2 nfsurface to ' ] S -
surface. Nearly the same results are obtained for the linear polariS Provided by a femtosecond white-light continuiirgen-

ization of the nanoaperture field orientedz## with respect to the ~€rated by focusing 200-fs pulses from an amplified Ti-
dimer axis. sapphire laser onto a sapphire plate. In addition to a wide

spectral coveragEL.8 to 2.8 eV, Fig. la), right] and a high
KRE brightness, the white-light continuum exhibits a low, laser-
D= X _ beam-like divergence, which allows us to couple it into a
16R}+ 9m?k?EZRS single-mode, near-field fiber with an efficiency greater than
40%.
HereE,, andE, are thex components of the effective field We apply femtosecond white-light illumination for both
obtained from Eq(1) (I=1) at the locations of the effective imaging and spectroscopic measurements. In the imaging
dielectric sphere and the metal nanoparticle, respectikéy, mode, the light transmitted through the sample is collected
the radiation wave vector, ang=arg(e) is the relative with a photomultiplier tube; in the spectroscopic mode, the
phase of the SP oscillations. Coefficiedtsand B describe transmitted light is dispersed in a spectrometer and is de-
the interference of the radiation of the metal nanoparticlgected with a charge-coupled devi@@CD). Simultaneously
with theE1 andM 1 components of the tip emission, respec-with the optical image, we obtain a topographic image using
tively, andC is a direct contribution from the radiation of the a feedback signal generated to maintain the constant tip-to-

Near-field extinction

C=97%kE,R% a|?D,

metal nanoparticle. sample separation. The optical resolution in our measure-
We assume that the emission of the tip is much strongements is defined by the aperture diameter and is
than that of a metal nanospheil@<G<1, where G ~50-100 nm.
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FIG. 3. (Colon (a) A topo-
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linker illustrated in(b). (c) Two
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Samples of gold nanoparticles are prepared by allowingposition of the zero-extinction point is likely due to the fact
colloidal gold solutions to settle on thin layers of poly- that we approximate the nanoparticle polarizability by that of
L-lysine. In spectroscopic measurements, we acquire pairs diulk gold.
the transmitted light spectra by placing the near-field tip ei- To obtain further insight into the experimental spectra and
ther directly above the selected nanopartjtian) ] or above to derive the positions and the widths of SP resonances, we
the nominally transparent substrate regidp(w)]. The re- treatwg, I', and ¢y as adjustable parameters and apply a
corded spectra are used to calculate the near-field extinctiosimple interference formulgEg. (3)] in which both the rela-

Q. tive phasep [Eq. (5)] and the amplitudé& are described by

An example of the experimental spectrum recorded for a forced harmonic oscillator model. By fitting the spectrum
single particle with a nominal radid® of 25 nm is shown in in Fig. 1b) (open circleg we find wy=2.25¢eV, I’

Fig. 1(b) (solid line). It clearly exhibits the transition be- =180 meV, andd,=0. The fact thaip,=0 indicates that
tween destructive@>0) and constructive@<0) interfer-  in our experiments the tip radiation is predominangy,
ence(the “nanoantenna” effegtpredicted by our theoretical and hence, the zero-extinction point indeed provides an ac-
model. The theoretical spectrum calculated using Etjs:  curate measure of the SP resonance not affected by dissipa-
(4) taking into account both th&1l and M1 tip radiation tion in the metal. Furthermore, the calculated plasmon phase
(R,=Rs=30 nm) [the solid line in Fig. 2a)] closely repro- spectrum¢(w) [dashed line in Fig. (b)] indicates that the
duces both the magnitude and the overall spectral shape afeasured extinction closely correlates with the change in the
the measured extinction, including the switching betweerphase that occurs arounsh. The linewidthl” derived from
negative and positive values @ Interestingly, in the spec- our near-field spectra is considerably smaller than that ob-
trum calculated for the puril 1 emission of the apertuféhe  served in ensemble spectfabut it is comparable to the SP
dashed line in Fig. @], the extinction is predominantly broadening measured in previous single particle stifdies.
positive, indicating the importance of including in the model The near-field extinction spectra measured for particles of
the E1 radiation of the tip. A small discrepancy-0.1 eV) 10 and 5 nm radi{not shown also indicate a clear transition
between the calculated and the experimental spectra in tHeom negative to positive extinction that occurs at 2.33 and

085401-4



PHASE-SENSITIVE SPECTROSCOPY OF SURFAC. . PHYSICAL REVIEW B 69, 085401 (2004

2.35 eV, respectively. These results indicate that the SP resobserve that the spectrum recorded by exciting particle | is
nance frequency increases as the particle size is decreaseegshifted with respect to that obtained when particle Il is
which is consistent with a trend observed in ensembleexcited. This result indicates that the nominally symmetric
measurement€. dimer is actually built of nanoparticles that are of slightly
We have also applied our theofgs. (1)—(4)] to near- different_ sizes. Furthr—.jrmort_a, from our modelifigig. 2(b)]

field extinction spectra of two-particle aggregategmery ~ We can infer that particle | is smaller than Il.

both consisting of identical and slightly different nanopar- I conclusion, we have shown both theoretically and ex-
ticles. In Fig. 2b), we display the results for an asymmetric perimentally that the near-field extinction of metal nanopar-
dimer of nanospheres whose radii differ by 5 riim these ticles is strongly affected by interference between the radia-
calculations we took into account the multipoles of up to thetion of the near-field probe and the secondary field reemitted

s0ih ordet We id acea ifrence in the exincion spec- 11 TTPerlcR ey 20 2 2 nanosrienna, Sireny
tra depending on whether the near-field driving “force” is 9

applied to either the smallédashed lingor the larger(solid tion. We e'?"p'PY this effect ta expe_nmentally study SP reso-
line) particle. This difference is due to the fact that the lon-Nances of individual gold nanoparticles and two-particle ag-

gitudinal SP mode in a dimefthe polarization oscillates gregates(dimers using a high-intensity illumination with a

) . : : broad-band, femtosecond white-light continuum coupled into
along its axis is red-shifted with respect to the SP frequencya near-field fiber probe. We obsegrve the pronouncgd signa-

wq In an isolated nanoparticle. This mode has a greater am- : :
‘ ures of the nanoantenna effect, in particular, a strong en-
plitude on the smaller nanosphere that plays the role of th o . . Lo 2
anced transmissiofnegative near-field extinctionin the

dimer “tip.” In contrast, the twofold-degenerate trans;verseSpectral region immediately below the SP resonance, which

mode_ is blueshifted with respect i, and is Iocall_zed _pref- is due to constructive interference between the radiations of
erentially on the larger nanosphere because of its higher PPhe NSOM tip and the nanoparticle. The measured near-field

Iar|z'ab|I|ty. Therefore, the driving f'e!d applled to the smgller interference spectra provide accurate information on the fre-
particle couples better to the longitudinal mode causing a

low-energy shift of the extinction spectrum. The spectralquenCies of .SP resonances in individual nanop«_atrticles not
shift is opposite if the larger particle is driven, which pro- affected by dielectric losses and allow us to derive the SP

. . ! linewidths and the phase spectra of SP oscillations. We also
vides a better coupling to a high-energy transverse mode.

This result can be used for experimentally detecting sli hpemonstrate that broad-band, near-field spectroscopic mea-
S ber y -cting s1g ﬁurements can be used to detect slight asymmetries in nomi-
asymmetries in a nanosystem, which can provide a muc

higher effective spatial resolution than the usual imaging{ggbﬁgr?nnlﬁg'ESZZT?;)‘{:;”S%%GS'mers that are unde-

mode. To illustrate this capability, we use our interference
spectroscopy to detect small asymmetries in nominally sym- This work was supported by Los Alamos LDRD Funds
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