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Continuum generation from single gold nanostructures through near-field
mediated intraband transitions
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A broad visible and infrared photoluminescence continuum is detected from surface-plasmon-enhanced
transitions in gold nanostructures. We find that the ratio of generated infrared to visible emission is much
stronger for gold nanostructures than for smooth gold films. While visible emission is well explained by
interband transitions ad-band electrons into the conduction band and subsequent radiative recombination, the
strong infrared emission cannot be accounted for by the same mechanism. We propose that the infrared
emission is generated by intraband transitions mediated by the strongly confined fields near metal nanostruc-
tures (localized surface plasmonsThese fields possess wave numbers that are comparable to the wave
numbers of electrons in the metal, and the associated field gradients give rise to higher-order multipolar
transitions. We compare photoluminescence spectra for single gold spheres, smooth and rough gold films, and
sharp gold tips and demonstrate that the infrared signal is only present for surfaces with nanometer-scale

roughness.
DOI: 10.1103/PhysRevB.68.115433 PACS nuni§er78.55—m, 73.20.Mf, 68.37-d, 07.79.Fc
I. INTRODUCTION intraband transitioncan lead to a reduction of the plasmon

dephasind® While visible photoluminescence from gold sur-

Visible photoluminescence from metals was first reportedaces has been the subject of many studies, there has been no
by Mooradiard in 1969. A broad emission spectrum was Systematic investigation ofnfrared emission from gold
measured when gold and copper samples were excited withgnostructures. In this work we show that the spectrum of
488 or 514 nm light from an argon ion laser, or with the the broad emission from gold nanostructures is strongly in-
300—400 nm emission bands of a high pressure mercury vdlueénced by surface plasmon resonances and we demonstrate
por arc lamp. Since the spectrum did not depend on the exthat infrared emission is not simply the red tail of the visible
citation wavelength, the origin was assigned to radiative rePhotoluminescence spectrum. We find that infrared emission
combination of holes in thel band with electrons in the 'S strongly dependent on the _f|e|d cc_)nfmement near nanos-
conduction band and not to Raman scattering. This repo ale metal structures suggesting a different mechanism than

: o : or visible photoluminescence.
was followed by the observation of similar continuum gen- P - . .
) . " . Because the wave vector of a visible or infrared photon is
eration in various surface enhanced Raman scattering

(SERS experiment-* In agreement with Mooradian's Iu- all compared to the wave vector of an electron, it is cus-
. expe ed | - nag eei % di 0?1 a 6; Sh u tomary to neglect photon momentum when discussing elec-
minescence model, time resolved studies showed that the, ;. ransitions in mattéft However, laser irradiated metal

continuum persisted beyond the characteristic lifetimes Of4nsiructures give rise to very strong field confinement and
Raman scattering.It has been discussed that momentumyy s o a broad spectrum of wave numbers at the metal sur-
conservation at a metal surface can be altered and that thgce. For instance, metal tip-enhanced fluorescence and Ra-
observed photoluminescence could involve additionalman microscopy have shown that electric fields are strongly
transitions® Local field enhancement due to surface plas-confined within 20 nm of a sharp metal tip apex® Conse-
mons has been found to be a prerequisite for efficient SERauenﬂy, it may no longer be appropriate to neglect photon
and continuum generatidnand a systematic study of local momentum in electronic transitions. This has already been
field enhancement in two-photon excited visible photolumi-discussed by Shalaest al. in the context of two-photon ex-
nescence from rough metal films has been published byited photoemission from rough silver film&Also, standard
Boyd, Yu, and Shefi.Near-field scattering studies of rough selection rules are based on the electric dipole approxima-
silver films showed that the field-enhancement predomition, which assumes that an optical field does not vary sig-
nantly originates from a few locatior{bot spot$ where the nificantly over the length scale of an electronic system. How-
presence of local plasmon modes leads to very large fieldver, the strong field confinement near metal nanostructures
enhancementsSimilar emission has been reported for gold is accompanied by strong field gradients, implying that elec-
nanoparticle® and, more recently, for elliptically shaped tric dipole selection rules might no longer be sufficient and
particles'! Recently, Varnavskiet al. performed transient that higher multipole orders have to be taken into account. In
studies of visible photoluminescence using visible and ultrathis article we investigate the enhancement of intraband tran-
violet excitation pulse$’ and showed that photolumines- sitions in gold by localized optical near fields. We present a
cence decay is faster than 50 fs. They speculated that intraletailed study of broadband continuum generation from gold
band excitations of surface plasmons might providenanostructures and discuss the role of higher multipole tran-
additional contributions to thd-hole relaxation rate. Alter- sitions and non-negligible photon momentum. We show how
nately, the suppression of interband transitideaving only  the surface plasmon spectral dependence affects electronic
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by the band structure in these regions, which are shown for
energies within a few eV of the Fermi level in Fig(cL
Visible photoluminescence process begins when an electron
in the d band is excited to an unoccupied state in the con-
duction band. This creates a hole in tthéand, which after
some time will recombine with an electron. Most often the
recombination occurs through nonradiative mechanisms, but

(c) E E the hole can also radiatively recombine with electrons from
/P-Cfg;f;ﬁim the conduction band. Since the photon absorption will nec-
intraban% £ . essarily createl holes at points in the Brillouin zone where

K kK - ky the conduction band is vacant, interband radiative relaxation
interband ~ 1.8 eV Y is only efficient when intraband scattering processes move
the holes closer to conduction band electrons at the Fermi
: d-bands k surface. The peak energy of emitted photons is therefore

r x w L r strongly connected to the energy separation betveleoles

and the Fermi surface, which ne¥ris roughly 1.8 eV, and
FIG. 1. (8) Symmetry points in the first Brillouin zone of gold. nearL, 2.4 eV. Due to these separations, visible photolumi-

(b) The Fermi surface is mapped out along a path between th@escence is generated when the hole recombines with elec-
high-symmetry pointX and L (figure from Ref. 20. Near these  {rons near the Fermi surfacefrared emission, on the other
points, the Fermi surface is deformed from the spherical free elechand, must originate from conduction band states which are
tron surfacgdashed lingdue to Van Hove singularities in the den- further below the Fermi surface. Due to the slope of the
sity of state§(c) Regions of the band structure néarfandl‘ close .__conduction band, the states are progressively more separated
to the Fermi surface. The large density of states in these reglor‘ﬁ momentum space from the region where the holes are
results in interband absorption and emission processes in the visib Ceated in thed band. This along with a decrease in the
spectrum. In contrast, infrared emission is assigned to intraban nsitv of states f r.th ’ nergid ns that infrared
transitions, i.e., electronic states in the same conduction band. ensity of states for these energiesneans that intrare

photoluminescence is not efficiently generated by interband

transitions.

h While infrared emission is weak for smooth gold surfaces
mpared to visible emission, we observe very efficient in-
ared emission from gold nanostructures. This spectral
<change of the emission cannot be accounted for by interband
In Sec. Il we discuss the physical processes involved in gol&ransmons and requires an alternative explanation. Since our
photoluminescence, Sec. lll describes our sample prepar amples were made from pure gold_, we have assumed that

)and structures and electron dynamics are common between

tion and experimental apparatus, Sec. IV compares the ph h Wi dered v interband b
toluminescence from smooth films with particles, and Secslnem. WWe considered separately interband processes between

V and VI report on photoluminescence from rough films andoccupiedd bands to.t.he par.tia'lly fillecsp cond'uction ba_nd

sharp tips, respectively. These results are followed by con@md intraband transitions within the conduction band itself.

cluding remarks. Intraband transitions represent the free electron response of
the sp conduction band, which is a good approximation in
gold for long wavelengths. In the visible, interband processes

IIl. OPTICAL TRANSITIONS IN GOLD are important, but for near-infrared wavelengths, gold be-

The optical properties of gold depend on both interband"aves_ like a free-electron gas. The dielectric response can be
and intraband transitions between electronic states. Thdescribed by a Drude model
strength of these transitions is determined by the spectral
overlap of two factors(1) the energy dependent joint density
of electronic states an(®) the radiation coupling efficiency
defined by interfaces and nanostructure shape resonances.
Following Boyd, Yu, and Shefiwe separate the photolumi- Wherewp=47-rNe2/m0 is the plasma frequency for gold and
nescence generation into these two processes. The first conds the electron relaxation time. From the work of Johnson
cerns the electronic transitions within gold, and the seconénd Christy’! 7=9.3 fs, and so in the near-infrared
describes the optical coupling and enhancement specific & 1/7, gold behaves similar to an ideal metal.
each sample. As indicated in Fig. {c), we believe that infrared emis-

Figure Xa) shows the primary regions in the gold’s first sion originates from intraband transitions within the conduc-
Brillouin zone in which optical transitions between tde tion band. The existence of such transitions is usually forbid-
bands and the conduction band occur. The Fermi surfaceen for two reason: first, a direct intraband optical transition
bulges away from the free-electron sphddashed ling is dipole forbidden because the initial and final electronic
shown in Fig. 1b) near theX and L because of van Hove states have the same symmetry. Second, the states are sepa-
singularities in the density of electronic statésThe large  rated by a momentum which cannot be mediated by a propa-
number of states causes the optical response to be dominatgdting photon. However, the evanescent fields near metal

transitions by comparing emission from smooth films wit
three nanostructures: isolated spheres, rough films, and sha?

We have organized the remainder of this paper as follow

2
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nanostructures possess wave numbers that can be large
enough to span momentum space between the initial and
final states of a near-infrared intraband transition. Further-

more, the spatial confinement of the near-field results in an F;?(zzo
increase of higher-order transitions moments, such as the
electric quadrupole moment, whose symmetry rules no \ Lm
longer prohibit intraband transitior8. .
IIl. EXPERIMENTAL b l\lo?gxs
A. Sample preparation ( ) '/I"-‘ 20 ‘_"\ — !
[ [

We compared the influence of nanostructure resonances | Ti.gapphire |t | PhasePlate 11 e
(or lack thereof on photoluminescence spectra for four 780 nm  FHA—1 | BS
samples: smooth films, isolated 100 nm spheres, rough films, \an Mirrorsj/
and sharp tips. Smooth films were taken as a reference Excitation Filters
sample. They represent the bulk properties of gold mainly Notch Filters
because of the lack of shape-induced resonances. Our study munEnEn Fiip
is then extended to well-defined resonant structures in the Spectrometer l Mirror
form of gold nanoparticles. We then investigated rough films 7 5‘0(;700 . /E,‘T‘E

where optical resonances are randomly distributed and are GG420  Bandpass Filters
roughness dependent. Finally, optical responses of sharp me-
tallic tips have been measured. Here, the resonances are lo- FIG. 2. (8 SEM micrographs of a 15 nm end radius gold fip.
calized at the tip apex but are strongly influenced by the=xperimental setup. Pulses from a Ti:Sapphire 14880 nm, 120
shape of the tip itself. fs) are either directly sent into the microscope or first frequency
Smooth films were formed by sputtering a 300 nm thickdoubled (2). The laser mode can be converted from aghli@ode
|ayer Of gold onto a Clean glass Coversllp To reduce théo a HG_LO mode USIng a phase plate The laser beam|s deflected by
intrinsic roughness, the films were annealed at 600 °C for 18 50/50 beam splitter and focused by a 1.3 NA objectlvg on the gol_d
h in a nitrogen atmosphere. The interface between the covdP ©OF the surfaces of other samples. Gold photoluminescence is
slip and the gold film leads to smooth films. On the otherC,OHeCted by the same objective, filtered with notch and bandpass
hand, rough gold films were prepared by sputtering a Ver;;lters, and sent to a spectrometer or an avalanche photodiode
thin layer of gold onto clean glass coverslips. This resulted in(APD)'
films with an average thickness of 10 to 20 nm, for which
gFiﬂotﬁ?ﬁ)g;;%?hgu'rrgsgees g?%vg;dpgﬂsi\éer:griéog??r?eesrzggon microscope. We used tips with end radii of 5 to 30 nm.
film samples were annealed at 600 °C for 12 h in a nitrogen typical gold tip is shown in Fig. @),
atmosphere, while others were left unannealed. It has to be
emphasized here that the annealing process of the thin layer
does not influence large grain sizes but rather allows for We measured photoluminescence from the gold samples
molecularlike gold aggregates to diffuse into the sample. using the experimental setup shown in Figh)2which has a
Isolated gold particle samples were prepared by spinvariety of excitation/illumination modes and possible detec-
coating a dilute particle solution onto a clean glass coversliptors. A mode-locked Ti:sapphire laser producing 120 fs
The solution was taken as supplied by Ted Pé€lled Pella, pulses ail =780 nm was the primary excitation source. The
Inc., Redding, CA which consisted of particles of an aver- peak power associated with the pulse excitation allowed us
age size of 100 nm and with a variation coefficient of 8%.to generate photoluminescence by a two-photon absorption
We used the dark-field illumination mode of our microscopeprocess. Alternatively, the laser was also used in continuous
to check that the particles were isolated and had not formediave mode or was frequency doubled using 208 of beta
clusters. barium boratgBBO). The laser beam was linearly polarized
Gold tips were produced by etching 99.999% pure goldand had a Gaussian Hgintensity profile. This mode was
wire in concentrated hydrochloric acid using the technique oluised to excite the gold spheres and films. For some of the
Libioulle et al?® In this method, sharp gold tips are formed experiments involving the excitation of the tip, this polariza-
with short electrical pulses between the vertically submergetion was converted to an inhomogeneously polarized, HG
wire and a submerged platinum loop. The typical pulse wasnode. This higher-order mode is known to produce, when
30 ws in duration and 8 V in amplitude applied directly be- tightly focused, longitudinal fields oriented in direction of
tween the gold wire and the platinum loop with a repetitionthe propagation axis. Longitudinal fields provide the neces-
rate of 5 kHz. The wire is etched away until it only makessary polarization conditions to efficiently excite large field
contact with the surface of the acid. The tips were then reenhancements at the tif5The conversion of the mode was
moved, rinsed with distilled deionized water, dried with ni- obtained by placing a fused silica phase plate into the beam
trogen, and stored in a 18 Torr vacuum. The tips were to introduce a relativer phase shift between two halves of
systematically inspected and selected with a scanning elethe beanf’

B. Experimental setup
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Before entering the microscope, the 780 nm excitation
light was filtered using a 20 nm band pass filter to remove all
visible and infrared laser fluorescence. When used, the sec-
ond harmonic was also filtered from laser fluorescence. The
beam was spatially filtered to produce a clean transverse
mode, and collimated inta 2 cmdiameter beam. A 50/50
beam splitter reflected the beam into a microscope objective
(1.3 NA, 100X, Plan-Fluorfocused on the sample. Alterna-
tively, the setup allowed us to study the spectral dependence
of light scattering. This is achieved by installing a dark-field
illumination condenser into the microscope and by replacing
the 1.3 NA objective with a 0.75 NA 40X Plan-Fluor objec-
tive. The white-light source was a quartz halogen lamp.

The film and sphere samples were scanned through the
laser focus using an active feedback piezoelectric flexure
stage. Tips were held above the surface using a crystal
tuning-fork-based shear-force detection schéfehe tips
were positioned within the focus using a piezoelectric tube as
sketched in Fig. 2.

The collected photoluminescence, or scattered response of
our samples, was sent to either a spectrometer with a high-
quantum efficiency CCD for spectral detection, or a single
photon counting silicon avalanche photodioG&PD). For
the spectrograph, a#irelay system was used in combination
with two 780 nm notch filters. The filters removed reflected
or scattered laser light with more than 12 optical densities 0.5 500 550 700 pv. 900
(OD’s) of attenuation. Additional filters were also used to Wavelength [nm]
remove light at the second-harmonic frequency. Whenever
possible, measured spectra were background subtracted us-FIG. 3. (a) Gold photoluminescence from a smooth film excited
ing the spectrum of a bare glass coverslip as reference. Intéy 400 nm femtosecond pulsdb) White light dark-field scattering
gration times for measured spectra ranged between 30 arsgectra from two gold particle€l and 2. (c) Photoluminescence
100 s, depending on signal intensity. The measured spectrfipm particles 1 and 2 excited using 780 nm femtosecond pulses.
intensity has been corrected for the wavelength dependent
detection efficiency of our system using the manufacturer'gjepths of the gold film will be excited at different intensities
published values of the grating efficiency and the CCD quani, 3 manner more complicated than given by a single expo-
tum efficiency, respectively. In combination with the APD, pential decay. Furthermore, the emission spectra from each
we used dielectric band-pass filterg which transmitted "9hboint within the metal will depend on the emission depth and
between 500 and 700 nm and provided more than 12 OD &4p angle. These considerations, combined withaapriori
rejection outside of this band. thermalization of the excited electronic distribution, were

A simpler version of the microscope was equipped with afirst calculated by Boyd for a smooth surfdtapell?® later
Hamamatsu 3680 streak cameitdamamatsu Corporation, showed that a second-order perturbative approach could de-
Bridgewater, NJjto measure the photoluminescence transientcripe the initial nonthermal distributions relaxation through
response. A 0.13 NA objective was used to focus 780 NNhhonons and reproduce the measured spectra.
femtosecond pulses onto a gold coated glass coverslip held at The spectrum of interband photoluminescence from a
45°. A 0.40 NA objective collected the photoluminescence smooth interface excited using 400 nm femtosecond pulses
This system has a much larger focal spot than the previouGsv 200 fs) with an average intensity of 20W, is shown in
microscope. Fig. 3(a). Using the frequency doubled laser line allowed us
to understand the spectral response of the smooth sample
without additional complications due to nonlinear processes.
The photon energy at =400 nm is enough to excite an
interband transition with a single photon. It is worth noticing

A smooth gold interface is the simplest possible geometnthat very little photoluminescence was observed by exciting
for studying photoluminescence spectra. However, complicathe smooth film with 780 nm wavelength. The spectrum of
tions still arise from the large range of incident angles and=ig. 3@ agrees well with the spectrum measured by
inhomogeneous polarizations within the laser focus. For eacMooradian® with a peak near 2.5 eV~500 nm). This sig-
incident ray of the laser focus, the Fresnel coefficients denal is attributed to photoluminescence from absorption and
scribing the transmission across the interface must be takezmission processes occurring between the uppercibahd
into account, and for each transmitted ray, the optical patland thesp conduction band near thé andL points in the
length through the material will be different. Thus, different Brillouin zone. It is important to stress that the shape of the

(@)

Smooth gold photoluminescence
excited at L =400 nm

g
o
1

0.4 1

0.2 1

Intensity [arb. units]

400 500 600 700 800 9200

Particle 1 Particle 2

(b) 100 nm gold particle
0.8 Dark-field scattering

o
o
1

o
'S
1

o
¥
1

o
500 600 700 800 9200

Intensity [arb. units]

o

=}
IS
o
S

Particle 1 Particle 2

-
o
]

100 nm gold particle
photoluminesence
excited at . = 780 nm

(c)

o
o
1

0.6 1

0.4 -

Intensity [arb. units]

IV. PHOTOLUMINESCENCE FROM SMOOTH FILMS
AND PARTICLES

115433-4



CONTINUUM GENERATION FROM SINGLE GOLD. .. PHYSICAL REVIEW B58, 115433 (2003

spectrum in Fig. &) is not a result of an electronic reso-
nance, but merely the signature of an increase of the density
of states in the peak energy region.

In a next step, we measured the influence of surface plas-
mons on the photoluminescence spectrum. We investigated
the emission of gold particles with characteristic well-
defined Mie resonancé%3!We first measured the scattering .
spectrum of two individual particles using the dark-field il- ¥ o
lumination mode of our microscope. To a good approxima- 1.5 million counts/s
tion, the gold particle’s polarizability is described by the .[500-7Q0 nm]

electrostatic term in Mie’s theory. This is confirmed by the .
normalized scattering spectra shown in Fi¢0)3The peak

wavelengths of the resonances are slightly redshifted from ’ "

the static Mie value due to the relatively large particle size .

and the inhomogeneous surrounding dielectric function of
the coverslip interface. The slight difference in the spectral
peak position most likely originates from particle asymme-
tries. The dips in the curves centered at 780 nm are the result
of the rejection filters. We then compared the scattered spec-
tra with photoluminescence spectra by exciting the particles
with 780 nm femtosecond pulses. The spectra for the same
particles are shown in Fig.(8. In this case, the particles
were excited with the 0.75 NA objective and not the 1.3 NA
objective, so that a direct comparison between the scattered
spectrum and the photoluminescence could be made for each
particle. Subsequent measurements showed that the change ™ 4,
in numerical aperture has no effect on the measured spectra. 500 600 7V?I[:!velength [r?r?\t]J 900 1000
The average excitation power of the femtosecond pulses at 1.0+

the. back aperture of the microscope objective was 3.4 mw, 0] (€) 780 nm CW

which corresponds to a peak power of approximately
1 GW/cnt in the center of the focus.

Comparing the four spectra shown in Figgb)3and 3c)
illustrates the strong relationship between the photolumines-
cence and the surface plasmon peak. For both particles, the
photoluminescence peak is shifted to the blue side of the Y
surface plasmon resonance. This shift originates from the 500 600 700 800 200 1000
large number of available electronic states near 2.5 eV Wavelength [nm]

(~500_nm). Th_e effect is not large for particle lz whose FIG. 4. (a) Visible photoluminescence from a rough gold film
scattering peak is at 2.25 eV~(650 nm), but for particle 2, oycited by two-photon absorption. Image SizeXZD un?, A,
the shift of the photoluminescence peak away from the sur=7g0 nm. Spectra were recorded at the point indicated by the ar-
face plasmon peak is over 20 nm towards the blue. SinCgw in (a). Two-photon excitation was used {h) and CW excita-
both the smooth film and particles are macroscopic polycrystion in (c).
tals, they have the same bulk electronic properties, and the
differences in the photoluminescence spectra must be due {g strongly enhanced at rough fili8y scanning the rough
the addition of the sphere surface plasmon resonance. It igm through the focus of our objective, we can identify lo-
worth noticing, that the intraband contributions, i.e., thg i_”'cations of enhanced photoluminescence. A two-dimensional
frared part of the spectra, are much weaker than the visiblgap of the surface optical response is reconstructed by re-
photoluminescence. cording the visible photoluminescence yield for each sample
position. Such a map is shown in Fig(at Hot spots of
localized field enhancement, which originate from isolated
hemispheroidal structures or from constructive interference
Extensive research has gone into understanding how af multiple nanostructures, dominate the total emission in-
nanoparticle shape is related to the magnitude of the locaknsity. The peak intensity of the 780 nm femtosecond pulses
field enhancement produced on its surface. In single molwas 100 MW/cm 2, but the visible photoluminescence yield
ecule SERS experiments, enhancement factors as large asthe point indicated by the arrow is a thousand times larger
10** have been observéd33Brus and co-workers have ob- than what was produced previously by the isolated spheres.
served that large SERS enhancements are often accompanieidgure 4b) shows the photoluminescence spectrum at the
by strong continuum generatidfilt has also been reported location indicated by the arrow. While the visible photolumi-
that two-photon excited visible interband photoluminescenc@escence yield at such points has been studied before, the
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401 tures were used for the growth of smooth gold films which
25 ’ show no infrared luminescence. The difference here is that

the initial film thickness is only=10 nm as opposed to 300
30 nm used for the smooth films.

Aem = 500-700 nm The fact that the infrared emission appeared from both

annealed and unannealed rough gold films indicates that the
signal is intrinsic to the bulk material and is not due to clus-
ters of a few gold atoms. It is known that in gold clusters
electronic states are localized and are molecularlike in na-
ture. Luminescence generated by optical transitions from ex-
cited states of these clusters can span the near infrared
regions®® However, once the cluster grows beyond a thresh-
old of a few hundred atoms, the particle electronic states
become essentially those of the bulk crystal band struéfure.
0 100 200 300 400 500 600 Therefore, since the electronic states are bulklike, we at-
Average excitation power [LW] tributgl the or.igi.n of the strong infrared signal _imtraband _
transitions within the conduction band as indicated in Fig.
FIG. 5. Intensity dependencies of visible and infrared photolu-1(C).
minescence originating from a rough gold film excited Xt Infrared emission due to intraband transitions is a weak
=780 nm. Visible photoluminescencé&00 nm <A<700 nm)  process in bulk gold samples for the following reasons: first,
shows a quadratic dependence, while infrared photoluminescendbe dispersion of the conduction band is lafgee Fig. 1c)],
(A>850 nm) has a linear dependence. and a photon momentum cannot span the distankesjace
between the initial and final electronic states. Second, these

strong infrared signal associated with the photoluminescencgiates both lie in the conduction band, and transitions be-
has not been reported so far. A very broad infrared spectrunfween them are dipole forbidden due to symmetry. However,
that extends beyond the laser wavelength, has appeared félese restrictions do not apply for rough gold films and for
the rough film which was not present for single particles. ThePther gold nanostructures. The characteristic wave numbers
signal is constant in time and stable for more than 5 h. Théssociated with strongly confined fields are much larger than
infrared part appears for both femtosecond pulsed and corit® wave number of a freely propagating photon, and since
tinuous wave(cw) excitation, as shown in Fig.(d). As the f|eld_s are no Ionge_r uniform across the dlmens_|(_)ns of the
shown in Fig. 4b), heating of the electron gas by the fem- elect_ronlc system, higher-order multipolar transitions are
tosecond pulses gives rise to additional Stokes and antROSSible. o
Stokes signals near the laser wavelength. However, beyond TO better understand the origin of large wave numbers let
900 nm, the signals are identical for both pulsed and cw laseS consider the evanescent waves confined to a particular
excitation, indicating a strong electronic state dependence fdfanostructure. Along the surface boundary, the electric field
the signal. It should be mentioned that the fine modulation ofan b& decomposed into an angular spectrum of plane waves
the measured infrared spectra is caused by an etalon effect #d evanescent waves indexed by their wave vectorhe
the back illuminated CCD. wave vector can be decomposed into components that are
Our spectral measurements suggest that the infrared phgerpendicular and parallel to the metal surface, thakis,
toluminescence originates from a different mechanism tha@ndkj, and can be written as
the visible photoluminescence. This difference is emphasized
by the fact that the yields of visible and infrared photolu_mi-_ k= \/ki—Jrkﬁ
nescence do not have the same dependence on excitation

intensity. As shown in Fig. 5, the spectra measured betweeE anescent fields arise whdg becomes imaginary, and

50_0 and 700 nm has a_quadratlc d(_apepdence when excuedw ile the total wave vector magnitude is still equal to the far
A=780 nm. This nonlinear behavior is expected from thef. Id value the independent proiectioks and ki can be
two-photon absorption process responsible for the visible'< ' P pro) 1 I
: . uch larger

photoluminescence. On the other hand, the infrared parp,1
measured above 850 nm, depends linearly on the excitation Ik, |, |k||| > k.
intensity. This difference strongly indicates an intraband pro-
cess, since a hole cannot be created through a single-The largest wave number present in the near field is charac-
photon absorption at 780 nm. terized by the inverse length of the typical distarttever

We find that the enhanced infrared signal persists whenwhich the field varies, i.ek~m/d. For rough metal films
ever there is surface roughness, including samples madnd for nanostructures such as a sharp golddipan be a
from metal sphere clusters. For rough films and particle agfew nanometers. Our sputtered rough gold film has an aver-
gregates, annealing in a nitrogen atmosphere at 200 °C for I8ge roughness of 5 nm which yieldk ~ m/5nm
h, still resulted in hot spots with strong infrared signals. In-~10" cm™ . On the other hand, the Fermi wave number has
creasing the annealing temperature to 600 °C did not remova value of approximately £ocm™? in gold, corresponding to
these photoluminescence spots. Notice that similar tempera length comparable to the crystal lattice constant. Taking a

N
[+)]
1

Counts [KHZz]
3.3

Aem > 850 nm

c
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simple parabolic dependence for the conduction band disper- 200+
sion yields a change of wave number between the Fermi
surface and an excited state of 1.6 eV above the Fermi sur-
face of roughlyAk~10" cm™*. Thereforek, is of the same
magnitude ad\k, and consequently, in the near field, direct
promotion of electrons to different energies within the con-
duction band is possible. Furthermore, the spatial confine-
ment of the near-field results in strong field gradients and
thus in an increase of the electric quadrupole moment, whose
symmetry rules no longer prohibit intraband transitiéhs.
While intraband transitions should be possible within the 0
optical near-field of a surface, the energy must be coupled to
the far field for any radiation to be detected. This coupling
can be mediated by the excitation of localized surface plas- fiG. 6. Infrared §>830 nm) photoluminescence transient ex-
mons, i.e., radiatively decaying eigenmodes of the particulagited atx =780 nm from a rough gold film measured with a streak
gold nanostructure. Localized surface plasmons couple neg@amera. 2.4 ps reflects the instrument response function, indicating
fields with large wave numbers to propagating radiation (kthat the total relaxation lifetime of gold is shorter than 2.4 ps.
= w/c). For instance, in the one-dimensional case of a planar
material interface, a surface plasmon can be coupled to fggonent of the dielectric functiog”. This leads to the second

field radiation by use of a diffraction grating which compen- geometric factor consequence: the plasmon damping of an
sates the momentum difference between the surface plasmefiptical particle depends on its aspect ratio. Taking the

and far field radiation. It is not so simple to define the dis-imaginary part of Eq(2) gives
persion relation for a three dimensional nanostructure, but at
each point along its surface the effect is similar. IM(a) e[ e+ L(2€ +e)], ()
Surface plasmon resonances in random media are more
complicated than those of an isolated sphere, and are géngghere the surrounding medium dielectric is taken to be
ally modeled by taking an ensemble average of many indipyrely real. AsL approaches zero, the resonance quality will
vidual hemispheroidal bosses over an appropriate distribupcrease as long as the wavelength dependenag ooes
tion of shapes and sizéS.lt is often assumed that the not cause it to simultaneously grow too quickly. As a conse-
spheroids do not interact with each other, although interacyyence, rough gold films are able to support localized infra-
tions can be accounted for by assuming a self-affine spatigeq surface plasmons. Thus, we argue that intraband emis-
distribution and calculating the resulting polarizabifitfhe  sjon in gold nanostructures is a three step proodsd:ocal
simpler calculation has been applied to the enhancement gfg enhancement creates optical fields with large wave
visible photoluminescence from various metals with a goothympers near the surfad®) these large wave numbers carry
agreement between theoretical and measured sfeBB-  enough momentum to allow direct intraband transitions
damental to this result is the shape resonance of an ellipticglithin the conduction band, an@) these transitions couple
particle. In the nonretarded limit, the polarizability is given 5 plasmon eigenmodes of the structure and hence radiatively
by decay into the far field. Between the near-field and far field,
the shift in the optical wave number must be mediated by a
€(w) ~ ém(w) (2)  plasmon.
em(w) T L[ e(w) —€epn(w)]’ In order to observe photoluminescence, it is important
that the radiative relaxation rate is comparable to or faster
than other nonradiative relaxation rates. While Fermi-liquid

is a factor which ranges between 0 and 1 depending on thfl€0fy underestimates the electron and hole lifetimes in
particle aspect ratio and orientation to the incident electrid®ld:™ hlt IS st|II.truefthat thhe r}lgher ar? electron is exr?ted I
field. L approaches O for fields polarized along the length of2P0Ve the Fermi surface, the faster the scattering channels
a needlelike particlé® will act to return it to thermal equilibriurfi? The main con-

This has two important consequences: first, the p|(,315[11()Hibutions, to the total decay rate are the electron-electron
resonance condition, given by the pole of E2}, depends on scattering rat€10—100 f$ and the electron-phonon scatter-
L ing rate(100—1000 f& In order for the intraband radiation to

have any significant appearance, it must be nearly as fast.

1 We measured the transient decay of the infrared photolu-
e=¢€' +i€"”€m( 1- L 3 minescence from gold films using a streak camera. The
sample was excited using 780 nm 120 fs pulses, with a peak
Sincee’ becomes more and more negative in the infrared, atensity of 200 MW/crf in the focus. Only near-infrared
the particle aspect ratio increases and iécomes large, the wavelengths larger than 850 nm were detected. This wave-
resonance peak must shift to longer wavelengths. The equdkngth range excludes the spectral components which differ
ity is approximate because of the imaginary part of the debetween the femtosecond excited spectra and the cw spectra.
nominator in Eq{(2), which is related to the imaginary com- The infrared photoluminescence signal resulted in the instru-

1501

2 4 ps

Counts
8
A 4

501

0 10 2'9 30 40 50
Time [ps]

a(w)=V

whereV is the particle volume and and ¢, are the respec-
tive particle and surrounding medium dielectric functiobhs.
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infrared region. The main difference between photolumines-

FIG. 7. () One- and two-photon excited emission spectra fromcence excited by one or two-photon absorption lies in the
sharp gold tips illuminated in the configuration shown in Fig. 2. Thedifferent cross sections of these processes. We analyzed the
detection range of the APD is indicated by the shaded BwxThe  dependence of the visible photoluminescence signal as a
APD signal dependence for=390 nm excitation, shown with a fynction of the average excitation power and laser energy.
linear curve fit.(c) The APD signal dependence far=780 nm  The trends are shown in Figs(oF and 7c).
excitation, with a quadratic curve fitted at lower intensities. When pumped at 390 nm, the 500—700 nm emission re-

gion [shaded box in Fig. (3] has a linear power depen-

ment response function, which measured at 780 nm, was 2dence, indicating a one-photon excitation process. However,
ps full width at half maximum as shown in Fig. 6. when pumped with 780 nm femtosecond pulses, the visible

Measurements of the transient response of the visible phghotoluminescence shows a quadratic dependence for low
toluminescence yielded slightly longer widths of 5 ps, butaverage intensities. This nonlinear response is consistent
due to a change in the leading slope of the transient, thigith a two-photon excitation process. At higher pump pow-
seems to be a chromatic artifact of the camera. Although wers a saturation is observed. We believe that this is the result
believe that the intraband and interband radiative decay ratesf a bleach of thal-band electrons. Although the total num-
are different, this was not resolvable with our measurementser of electrons is very large, the number of electrons laying
In any case, it is clear that the radiative recombination rate ifn this narrow energy range and situated within the small
competitive with nonradiative decay channels. This is reaexcitation region near the tip apex is much less. Similarly to
sonable considering that the energy is coupled out througthe rough film, the infrared region above 850 nm depends
the fast surface plasmon decay rate, which from the spectr@hearly on the 780 nm pump intensifglata not shown This
width of individual nanoparticles is of the order of 2-201s.  dependence, along with the spectral similarity of the infrared
signal, which for a given tip can extend continuously to
wavelengths longer than 1 micron, leads us to conclude that
the infrared signal is of the same origin as the signal seen for

While every rough gold film yields visible and infrared the rough films. This is despite the very different preparation
emission, the randomness of the surface makes it difficult tbechniques between the films and tips.
determine the size range which is critical for the efficient An immediate advantage of the tip configuration is that
generation of the infrared signal. In order to gain more infor-the photoluminescence originates from a single well-defined
mation about the size dependence, we investigated the pheeurce near the tip apex. The near-field nature of the photo-
toluminescence of well characterized sharp gold tips. Thiduminescence enhancement is revealed by measuring the
allows us to study the influence of the nanostructure sizeevanescent decay of the photoluminescence away from the
shape, and orientation on the signal enhancement. A typicdip, shown in Fig. 8. The experimental data can be fitted by a
spectrum emitted form a gold tip is shown in Figaj7/for  single exponential decay with a characteristic length of 33
two laser wavelengths. The tip was placed in the focal regiomm. The decay length is consistent with the size of the tip
of the objective and adjusted to maximize the photoluminesand with tip-sample approach curves for near-field Raman
cence response. Similarly to the rough film, a white-lightand fluorescence studit®
continuum spans the visible and extends into the near- Enhanced fields near metal nanostructures are the result of

VI. PHOTOLUMINESCENCE FROM SHARP GOLD TIPS
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and photoluminescence when it is excited along its axis. This
means that the surface plasmon resonances correspond to
longitudinal oscillations along the tip axis. Unlike an ellipti-

cal particle though, there is no boundary to set the resonance
condition, which suggests that the optical response of the tip
is due to the interaction of multiple plasmon gquasimodes.

HGo VII. CONCLUSIONS

06 -04 -02 00 02 04 06 06 -04 -02 00 02 04 06
x distance [um] x distance [um]

We have measured the photoluminescence originating
(d) from smooth gold interfaces, particles, rough films, and
sharp tips. We attribute the visible photoluminescence to in-
terband recombination of holes in tkleband with electrons
' in the conduction band near the Fermi surface. This signal
can be excited directly with violet light, or with two-photon

absorption in the near infrared. The spectrum of the photo-
luminescence represents the convolution of the electronic
joint density of states between the two bands and the optical

-06 0.4 -02 00 02 04 06 -06 -04 02 00 02 04 06 coupling efficiency due to the particular structure geometry
x distance [um] x distance [um] and associated resonances. This coupling can be readily seen
FIG. 9. Photoluminescence maps recorded by raster scanningifl the spectra obtained from individual gold particles.
gold tip through tightly focuse@a) HGy, and(c) HG;, beams. The For rough films, we observe both visible photolumines-
recorded patterns correspond well with calculated longitudinal fieldcence and a broad infrared signal. The infrared photolumi-
distributions in(b) the HGy, focus and(d) the HG, focus. nescence is linearly dependent on the near-infrared excitation

power, and is excited with equal efficiency for both cw and

femtosecond excitation. The signal is steady in time and does
a combination of quasistatic lightning rod effect and local-not bleach over the course of several hours. As long as some
ized surface plasmon resonances. The former effect arisgsirface roughness remained, annealing of the films did not
from the singularity of electromagnetic fields at sharp edgegause the signal to disappear. Photoluminescence from a gold
or tips whereas surface plasmons resonances are modestf shows the same power dependence and similar spectral
collective charge oscillations. Based on the typical dimenteatures as those of a rough film. The polarization depen-
sions of our gold tips we conclude that a field confinement tQjence of the tip photoluminescence showed a very strong
distances of 5-30 nm is required for efficient infrared pho-gnnancement for excitation fields polarized along the tip
toluminescence generation. We have found that strong fieldyjs e attribute the origin of the infrared signal to near-
enhancement is accompanied by strong infrared photolumige|y gptical intraband transitions which are coupled to the
nescence anq we believe that mfrared. photoluminescence {3r field by the radiative decay of localized surface plasmons.
therefore an indirect measure for the field enhancement at\&e determined that the photoluminescence is confined to the

patlt_lﬁlejIzglgdoglr?::gjgzzttu;?a old tio depends critically o near-field of a gold tip indicating that the critical size range
9 P dep y QO observe infrared emission from nanostructures is 5-30

the tip orientation with respect to the electric field polariza-

tion of the excitation bearft To prove that the same polar- nm

ization conditions are responsible for the generation of pho-

toluminescence we took advantage of the inhomogeneous

polarization in strongly focused laser beaf$® As shown ACKNOWLEDGMENTS
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