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Single-photon- and multiphoton-induced luminescence spectra were obtained from clean samples
of silver, copper, and gold with both smooth and rough surfaces. The spectra reveal new features
which are correlated with interband transitions at selected symmetry points in the Brillouin zone.
Calculating luminescence spectra based on simplified models of the band structures of the noble
metals and taking into account the Fresnel local-field corrections, we find qualitative agreement
with the observed spectra from smooth samples. The agreement between theory and experiment is
less satisfactory for rough samples. The influence of surface roughness on the luminescence is large-
ly attributable to local-field enhancement in the rough surface protrusions.

I. INTRODUCTION

Photoluminescence has been used extensively in the
study of inelastic scattering processes in semiconductors.
Its use in characterizing carrier relaxation and the band
structure of metals was first suggested by the discovery of
photoluminescence from copper and gold by Mooradian. '
In the original experiment, monochromatic light at 4880
A was used to excite a luminescence spectrum which
displayed a broad peak centered near the interband ab-
sorption edge of the metals. The peak was attributed to
direct radiative recombination of electrons near the Fermi
level with holes in the first d band. Many of the essential
details of this mechanism, such as the excited-electron-
and hole-population distributions, the specific regions in
the Brillouin zone where the recombination takes place,
and the reabsorption of the emitted luminescence, have
not been discussed. By Mooradian’s hypothesis, addition-
al peaks in the luminescence spectra should result if
higher-energy excitations are used to create holes in
lower-lying d bands. The peak energies would correspond
to the energy difference between the Fermi level and the
various d bands at certain symmetry points. Despite the
possible usefulness of this technique as a band-structure
probe, luminescence from metals has remained relatively
unexplored since Mooradian’s original experiment. >

Renewed interest in luminescence from metals came
with a number of discoveries related to noble metals with
roughened surfaces. Much excitement was generated by
the observation of an enormous enhancement in the Ra-
man cross section of molecules adsorbed to a roughened
noble-metal surface. In addition to the sharp Raman
peaks from the adsorbed molecules, a broadband lumines-
cence background was observed.® Experiments in ul-
trahigh vacuum showed that at least part of the lumines-
cence must originate from the substrates.®~% This back-
ground currently constitutes the fundamental noise limit
for surface-enhanced Raman scattering (SERS). It is now
widely accepted that for optical processes the primary role
of the roughness in metals is to enhance the local optical
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fields via localized plasmon resonances, and thus improve
the efficiency of light absorption and emission. This so-
called local-field effect is responsible for a major part of
the Raman enhancement,® and for a variety of other ef-
fects including the enhancement of luminescence of dyes
adsorbed to roughened metals,” ! and the increase in pho-
tochemical activity of adsorbates on roughened metals.!!
Local-field effects are also used to explain the enhance-
ment of light emission from tunnel junctions with
roughened noble-metal electrodes.'>~'* The broadband
spectra from these junctions are strongly influenced by the
dispersion of the localized plasmon resonances. It is ex-
pected that the same resonances will affect the photo-
induced luminescence spectra as well. A comparison of
such spectra from rough and smooth metal samples would
provide a probe of the plasmon dispersion and a test for
the local-field models.

Luminescence may also be excited by multiphoton ab-
sorption. Multiphoton-induced luminescence was first ob-
served as a broadband background in second-
harmonic—generation (SHG) measurements on roughened
noble metals.!® Preliminary studies revealed significant
differences between the broadband emission excited by
single-photon and multiphoton absorption.'® In the form-
er case, the luminescence intensity rises with increasing
emission energy towards the pronounced interband peak,
for both rough and smooth surfaces. However, the
multiphoton-induced luminescence from the roughened
surfaces dramatically decreases with increasing emission
energy, and displays no detectable peak. Some authors
have speculated that the missing peak is the result of
two-photon selection rules.!” The mixed parity of the d
and sp bands for these metals, however, weakens this ar-
gument. On the other hand, because the multiphoton
luminescence was observed from a roughened metal, the
effects of the localized plasmon resonances must be in-
cluded in the interpretation of the spectra. In particular,
the multiphoton luminescence is more sensitive to the lo-
cal fields than the single-photon luminescence. Since the
local fields are strongest just outside the metal surface,
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multiphoton-induced emission from the surface atoms
may dominate over that from the bulk, yielding different
luminescence spectra from the bulk.

In addition to the many unexplored theoretical ques-
tions regarding metal luminescence, much of the previous
experimental data may have been complicated by emission
from surface contaminants, since many of the spectra
were obtained from samples exposed to the air or im-
mersed in an electrochemical cell. Unless precautions
against contamination are taken, it is possible that the
photoinduced luminescence from a roughened sample
may include enhanced luminescence from adsorbates.
Another complexity in the existing experimental results is
the response of the various detection systems. Since the
emission energies may range over many electron volts, a
correction for this dispersion is essential to obtain the true
luminescence spectra.

This paper presents spectra of single-photon- and
multiphoton-induced luminescence obtained from clean
films of sliver, copper, and gold, prepared and maintained
in high vacuum (10~° Torr). All spectra were corrected
for the dispersion of the detection system. Furthermore,
in order to probe the lower-lying d bands, higher excita-
tion energies than those of previous experiments were
used. New features appear in the single-photon-induced
luminescence spectra as a result. When possible, spectra
were obtained from both smooth and rough surfaces, with
the same surface morphology for all metals. The
multiphoton-induced spectra could be detected only from
the roughened samples.

The details of the sample preparation, the excitation
source, and the detection system are given in the next sec-
tion. Following this, we present the single-photon-
induced luminescence spectra from smooth samples of
silver, copper, and gold, and include a brief physical inter-
pretation of the results. The effects of roughness on these
spectra are then described and discussed. The
multiphoton-induced luminescence spectra from the
rough samples are then presented, and contrasted with the
single-photon-induced luminescence. A more detailed in-
terpretation of all the spectra is given in the Discussion
section. There we present a simple calculation which
correlates the spectral peaks with interband recombination
at selected symmetry points in the Brillouin zone. The
excited-electron- and hole-energy distributions are de-
duced from the data to provide insight into the carrier-
relaxation process. The effects of roughness on the
luminescence are estimated with a simple local-field
model and compared with the data. We then examine the
multiphoton-induced luminescence spectra, stressing the
effects of local plasmon resonances in interpreting the
spectra. We conclude with a summary of the results and
an evaluation of photoluminescence as a band-structure
probe for metals.

II. EXPERIMENT

A. Sample preparation

In an effort to eliminate possible contributions to the
luminescence from surface adsorbates, the samples were
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prepared and maintained in high vacuum (10~° Torr).
The samples were made by evaporating approximately
1000 A of high-purity metals (99.998%) onto roughened
and smooth substrates. The pressure during the evapora-
tion did not exceed 107 Torr. Before each evaporation,
the chamber and the source filament were out-gassed at
high temperature (200°C for the chamber, 800°C for the
filament) for 24 h. Several measurements were performed
to establish that these films were sufficiently clean: (1)
No surface-enhanced Raman peaks were detected from
these samples, indicating that they were free from organic
adsorbates. (2) Rough samples in air produced as much as
100 times the two-photo-induced luminescence as these
samples in vacuum. (3) Gold films prepared under similar
conditions have been shown to be free of surface adsor-
bates.!® On the other hand, the luminescence intensity
from our Au films exceeded that from Ag and Cu, which
under these conditions could still be contaminated by sur-
face oxide.!” This indicates that the minor surface con-
tamination on Ag and Cu contributed negligibly to the
luminescence, if at all. The substrate used was a glass
slide, half of which was roughened by a chemical etching
technique.?’ The evaporated films conformed to the sub-
strate morphology to produce a metal surface, half of
which was rough and half of which was smooth (Fig. 1).
Electron photomicrographs of the rough samples revealed
a surface covered with structures 100—1000 A in size.
The same roughness morphology was guaranteed for each
metal by chemically removing the metal films and reusing
the same substrate.

B. Optical arrangement and detection system

A Q-switched Nd:YAG (YAG denotes yttrium alumi-
num garnet) laser and a harmonic generator were used to
provide excitation energies of 1.17, 2.34, 3.50, and 4.67

°[1]
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FIG. 1. Diagram of the experimental apparatus. Noble met-
als were evaporated from source (S) onto smooth and roughened
substrates in a high-vacuum chamber. The excitation beam was
p-polarized by a prism (P) and passed through a spectral filter
(F). The luminescence was focused onto a monochromator (M)
and detected with a photomultiplier (D).
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eV. The incoming beam was p-polarized, having a nearly
Gaussian spatial profile, and was incident at 45° to the
sample surface. The intensities used were typically 1—10
MW /cm?, with pulse durations of 8 ns. The luminescence
was collected at 90° to the incident beam by an f/1.5
fused-quartz lens, and focused either onto a triple mono-
chromator [80 A full width at half maximum (FWHM)]
in the case of the one-photon-induced luminescence, or,
for the weaker multiphoton-induced spectra, onto a single
monochromator (100 A FWHM) equipped with spectral
filters. The monochromators were scanned in 10-nm in-
tervals. Any incident light which was specularly reflected
was removed by a nonluminescing absorber. Tests using
the monochromators and spectral filters were routinely
performed to insure that the signals included no elastical-
ly scattered light. Additional spectral filters were used in
some cases to avoid higher-order diffraction from the
monochromator gratings. A photomultiplier which had a
broad spectral response (Hammatsu H955), was used as
the detector. The electrical signal was processed by a gat-
ed integrator, interfaced to a microcomputer which aver-
aged each spectral point over at least 1500 laser pulses.

Absolute spectra were obtained by compensating the
data for the dispersion of the detection system, measured
with a calibrated tungsten-halogen lamp. All final spectra
were repeatable typically to within 20%.

III. RESULTS
A. Single-photon-excited spectra from copper

1. Smooth sample

The spectra of single-photon-induced luminescence,
from the smooth sample of Cu, are shown as solid curves
in Figs. 2(a)—2(c) at increasing excitation energies. At the
lowest excitation energy [Fig. 2(a)], the spectrum consists
of a single peak at 2.15 eV, in good agreement with the
spectra obtained by others.!™® The quantum efficiency of
the luminescence was approximately 10~ !0, which is also
in agreement with earlier measurements.! The peak has
been attributed by Mooradian to recombination radiation
between electrons near the Fermi level and photoexcited
holes in the first d band.

At a higher excitation energy of 3.50 eV, we observe an
additional peak in the luminescence at 2.90 eV [Fig. 2(b)].
Since 3.50-eV photons have enough energy to excite elec-
trons from the second d band of Cu,?! we will attribute
the second peak to recombination radiation between elec-
trons near the Fermi level and holes in the second d band.
The spectrum also displays a slight rise in intensity to-
ward the excitation energy. Various tests were made to
assure that this is definitely from luminescence instead of
elastic scattering. Because there are no further d band
transitions which can be reached by 3.50-eV photons,?! we
have to attribute it to recombination radiation between
photoexcited electrons above the Fermi level, and holes in
the first and second d bands.

At the highest excitation energy of 4.67 eV, the
luminescence signal detected from smooth Cu was 30
times weaker than that obtained with 2.34-eV excitation,
and no spectral structure could be clearly discerned.

Cu
hw, =234 eV

20 3.0 4.0
hw, V)

FIG. 2. Luminescence spectra from smooth ( ) and
rough (— — —) samples of copper induced by incident energies
of (a) 2.34, (b) 3.50, and (c) 4.67 eV. Spectra from the smooth
surfaces are enhanced by the factors indicated.

2. Rough sample

The effects of roughness on the one-photon lumines-
cence were also investigated. The spectra from the rough
Cu film are shown as dashed curves in Figs. 2(a)—2(c). At
the lowest excitation energy [Fig. 2(a)], the spectral peak
is 8 times larger than that from the smooth sample, and is
shifted to a lower energy. This shift of the emission peak
is a natural consequence of localized plasmon resonances
which produce an increasingly large surface enhancement
as the emission energy decreases.

At the excitation of 3.50 eV [Fig. 2(b)], again because of
the localized plasmon resonances, only the low-energy
peak appears to have shifted to lower energies from that
of the smooth sample, in addition to being more intense.
The rise in intensity near the excitation energy, which is
evident from the smooth sample, is absent in the rough
sample spectrum. This could be due to roughness quench-
ing of the photoexcited electrons above the Fermi level.
At the excitation energy of 4.67 eV, however, roughness
quenching is apparently insufficient to remove the tail in
the spectrum of the rough sample, seen in Fig. 2(c). We
also observe in this spectrum a broad feature from 1.9 to
3.3 eV containing several weak peaks, which are shifted
from those of Fig. 2(b).

B. Single-photon-excited spectra from gold

1. Smooth sample

The one-photon luminescence spectra from the smooth
sample of Au are shown as solid curves in Figs. 3(a)—3(c).
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FIG. 3. Luminescence spectra from smooth ( ) and
rough (— — —) samples of gold induced by incident energies of
(a) 2.34 eV, (b) 3.50, and (c) 4.67 eV. The spectrum in (a) from
smooth gold is enhanced by 2.2

The peak which has been observed by other investigators,
at 2.4 eV,"?2 is just above our first excitation energy of
2.34 eV. The spectrum shown in Fig. 3(a) is evidently the
tail of this peak, which monotonically decreases with de-
creasing emission energy. At the higher excitation energy
of 3.50 eV, a peak appears at 2.50 eV in addition to one at
295 eV. As with Cu, we will attribute these peaks, as
well as the weak structure near 1.8 eV, to recombination
between electrons near the Fermi level and holes in the
top two d bands. The sharp rise toward the excitation en-
ergy is also evident as in the case of Cu.

At the highest excitation of 4.67 eV, many new features
appear in the spectrum [Fig. 3(c)]. Pronounced peaks at
2.2 and 3.2 eV are evident, with additional features at 1.9,
2.55, and 3.0 eV. The rise towards the excitation energy is
also very strong. Most of the new features will be as-
signed to transitions involving holes created in the three d
bands.

2. Rough sample

The one-photon-induced luminescence spectra from the
rough sample of Au are shown as dashed curves in Figs.
3(a)—3(c). For the excitation energies of 2.34 eV, as with
Cu, the roughness broadens the luminescence, especially
at energies below the interband absorption edge. For the
excitation energy of 4.67 eV [Fig. 3(c)], the major spectral
feature near 3.2 eV is strongly suppressed. In all cases,
the sharp increase of luminescence towards the excitation
energy observed from smooth samples is strongly
suppressed, presumably due to roughness quenching.
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C. Single-photon-excited spectra of silver

1. Smooth sample

No luminescent peak can be expected from excitation
below 3.5 eV for Ag. With the excitation at 4.67 eV, the
spectrum, shown as a solid curve in Fig. 4, consists of a
single peak, extending from 3.6 to 3.9 eV, and a shoulder
above 4 eV. An examination of the band-structure calcu-
lations for Ag,?! and the photoabsorption** and photo-
thermal data®*? from the literature, reveals that the peak
position is far from any direct Fermi-level—to—d-band
transition. However, the volume- and surface-plasmon
energies for Ag are in close correspondence with the ob-
served peak.??

2. Rough sample

The one-photon-induced luminescence from rough Ag
is shown in Fig. 4 (dashed curve). The essential effect of
the roughness is to broaden the luminescence peak to en-
ergies as low as ~3 eV. We will attribute the broadening
to surface plasmons. It is well documented that surface-
plasmon emission for Ag may be extended to these ener-
gies by roughening the surface.?

D. Multiphoton-excited spectra

Photoluminescence was also induced by multiphoton
absorption. The resulting spectra from the rough samples
of Cu, Au, and Ag are shown as solid curves in Fig. S.
No multiphoton-induced luminescence could be detected
from any of the smooth samples.

All the spectra exhibit a second-harmonic, and in some
cases, a third-harmonic peak resulting from surface har-
monic generation. The broadband luminescence in each
spectrum rises monotonically with decreasing emission
energy.

I
1 L == 1 1 .
2.0 3.0 40
hwz (eV)
FIG. 4. Luminescence spectra from smooth ( ) and
rough (— — —) samples of silver induced by an incident energy
of 4.67 eV.
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FIG. 5. Multiphoton-induced luminescence spectra from
rough samples of Cu, Au, and Ag ( ). Dashed curves show
corresponding one-photon-induced spectra from smooth sam-
ples, taken from Figs. 2 and 4. Spectra (a)—(c) were obtained
with laser excitation at 1.7 eV and spectrum (d) was obtained
with excitation at 2.34 eV.

The number of photons involved in the multiphoton ex-
citation can be inferred from the high-energy cutoff of the
luminescence spectrum. For Cu and Au, at an excitation
energy of 1.17 eV, the cutoff is at the two-photon energy,
implying that the luminescence was initiated by two-
photon absorption. To confirm this, the power depen-
dence of the luminescence (as well as the second harmon-
ic) was obtained, and found to be quadratic to within ex-
perimental error. For Ag, at an excitation of 1.17 eV, the
luminescence extends continuously to the three-photon en-
ergy, implying its initiation by three-photon absorption.
For an incident energy of 2.34 eV, the luminescence from
Ag cuts off at an energy which implies two-photon ab-
sorption.

The one-photon-induced luminescence spectra from the
smooth samples are reproduced as dashed curves in Fig. 5,
for comparison. The peaks in the one-photon spectra of
Cu and Ag are not apparent from the two-photon-excited
spectra [Figs. 5(a) and 5(d)]. In addition, for all three
metals, the one-photon luminescence decreases towards
the low emission energies, while for the two-photon
luminescence it increases. This can be attributed to the
dispersion of the localized plasmon resonances on the
rough surface.

IV. DISCUSSION

Our discussion of the photoluminescence spectra
proceeds in several steps. We begin in subsection A by
developing an expression for the luminescence resulting
from direct transitions. A detailed comparison between
the predictions and the data is then given in subsection B.
The luminescence from the rough samples is treated in
subsection C by replacing the local fields of the smooth
surface with those of the rough surface, derived from a
simple model. The results are compared with the ob-
served spectra in subsection D for both the single-photon
and multiphoton-induced luminescence.

A. General theory

Photoluminescence in solids is a three-step process in-
volving photoexcitation of an electron-hole pair, the relax-
ation of the excited electrons and holes, and finally emis-
sion from the electron-hole recombination. The process is
diagrammed in Fig. 6(a) between two representative bands
for Au. We shall consider only direct transitions in the
absorption and emission processes.

We may express the single-photon-induced lumines-
cence from a slab of width dz at a depth z into the metal
as

IL((I)z)dZ =I(wl’Z)Ylabs YR Yede s (1)

where w, and w, are the luminescence and incident fre-
quencies, respectively, I (w1,2) is the excitation intensity at
o; at a depth z, Y, is the probability for a single-
photon absorption at w;, Yy is the probability of relaxa-
tion of the electrons and holes from the excited states to
the emitting states, and Y., is the emission probability of
radiative recombination at w,. The excitation intensity is
given by

I{w,z)=Iy(w;) | L(w,) | *exp[ —alw;)z], (2)

where Io(w;) is the source intensity, | L(w;)|? is the
Fresnel transmission coefficient at w;, and a is the ab-
sorption coefficient. For two-photon-induced lumines-
cence, I(®,,2)Y 1, becomes IH@1,2)Y yu0s, Where Yy, is
the two-photon—absorption probability at 2w,.

(a) (b)

\ +lev

FIG. 6. (a) Partial band structure of Au at the L symmetry
point showing excitation and emission paths. The band energies
are relative to the Fermi level. (b) Electron and hole distribution
functions used in the calculation. E, is the electron energy after
excitation by the incident photons.
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The direct absorption of photons at w;, will promote
electrons from bands below the Fermi level into bands
above the Fermi level at all points in the Brillouin zone
where the band-energy separation is #iw,. The theory for
direct photoabsorption in the noble metals is treated in
Refs. 21 and 24, and need not be reproduced here. After
the absorption, the electrons and holes will relax from
their initial excited states to new energy states, via the
many scattering processes in the noble metals.?” The
luminescence results from the radiative recombination of
these relaxed carriers. We will account for the relaxation
]

Yo x0dw,dQ | L(w,) | 2exp —alw,)z]
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by assuming a simple energy distribution of the relaxed
electrons and holes in the calculation for the emission
probability.

The probability of emission at w, will be proportional
to the total radiative recombination rate between all elec-
trons and holes with an energy difference of #iw,. If we
designate the energy and wave vector of the Bloch state to
which the electrons relax as E and k, respectively, then
from Fermi’s golden rule for spontaneous emission from
direct recombination (into a solid angle dQ) and band-
width dw,), we have

X [ [ {1P2|%[E —Ey(K)]8[E —iw,— EL (K)1f .\ E)fy(E —#iw;) }dE d’k,, 3)

where Ey and E; are the energies of the upper electron
and lower hole bands, respectively, p, is the momentum
matrix element between the bands, and | L (w;) | 2 is the
Fresnel transmission coefficient at w,. The factor
exp[ —al(w)z] accounts for the absorption of the outgoing
light within the metal. The functions f, and f, are the
electron- and hole-population distributions, respectively,
which result from the excitation and relaxation processes.
These distribution functions are difficult to calculate from
first principles, because they depend on the complex
scattering processes in the metal. However, we expect the
electron and hole populations to diminish continuously
away from their initially excited states. For simplicity,
we assume that these populations decay exponentially as
the electrons sink down the upper band and the holes float
up the lower band. If we designate the initial excited-state
energy of the electrons as E, then

fe(E)=Fp(E)+©(E —Eq)exp[(E —E,)/8,.], 4)
where
Fp(E)=[1+exp(E/kT)]™!

is the Fermi-Dirac distribution, the unit step function
O(x) is zero for x <0 and unity for x >0, and &, is an
adjustable parameter representing the exponential width.
The hole distribution is similarly written as

SuEp)=1—Fp(E})+O(Eq, —Ep)exp[(Eogy —E) /8],
(5)

where the hole energy is E, =FE —#iw,, Ey,=Ey—fiw,,
and 8, is also an adjustable exponential width. These
functions are plotted in Fig. 6(b). The exponential terms
in f, and f, are used to fit the observed rise in the
luminescence intensity near the excitation energy. The
rise is attributed to radiative recombination of excited
electrons above the Fermi level with the excited holes in
the lower band.

Further simplifications in the calculation of Y., can be
made. The integration over the Brillouin zone may be ap-
proximated by considering only those regions close to the
symmetry points, since they will contribute the largest
joint density of states for emission. We also need only

T
consider the regions where the band pairs have an energy
difference no greater than the excitation energy. In addi-
tion, we will ignore those regions in which the excited
electrons and holes would scatter in different k directions
such that direct recombination would not be possible.
After an examination of the calculated band structures of
the noble metals,?! it is apparent that, for the excitations
used in this experiment, these restrictions limit us to re-
gions near the X and L symmetry points for all the noble
metals. We will further assume that the momentum ma-
trix elements are independent of k over such regions.
This latter approximation has been used successfully in
the calculation of the dielectric constants of the noble
metals. 2>

The emission spectrum is estimated by evaluating Y.,
using the assumed electron and hole distribution functions
in Egs. (4) and (5). After combining Egs. (1)—(5) and in-
tegrating over z, we have, with the above approximations,

I () « F(w,0,) [ dE[D(E,fiw,)f,(E)fy(E —#,)],

(6)
where
Flw1,0))=w;|L(0))|? | L(w,)|?zo(w,0,),
zo(w,0)=1/[alw))+alw,)],
and
D (E,fiw,)= fL,xd3k8[E —~Ey(k)]8[E —fiw,—E; (k)] .
(7)

Rosei evaluates D(E,#iw,) by writing the energy of the
Bloch state near the L and X symmetry points as2*

Ei(kK)=A; +#k?/2m;+#k3/2m5;, (8)

where A; is the energy of the ith band at the symmetry
point, measured from the Fermi level, k, is the electron
wave factor pointing from the L or X symmetry point to
I, k, is perpendicular to k;, and m,; and m,; are the
band masses. Equation (7) then becomes

D (E,#w,) < [E —E,(#w,)]'/?, 9

where
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E \(fiw)=Ay+my (Ay—Ap —fiw)/(myy—my) . (10)
The limits of integration in Eq. (6) are given by
E nin=E | (#iw,) — fiw, + fiw,
and
E ox =E (i)
for #iw, > Ay — A, while for fiw, <Ay — Ay,
Enax=Ay+(Ay—Ap —fiwy)m p /(myy—my) .

B. Calculated single-photon excitation spectra
and comparison with experiment

We evaluate the single-photon excitation spectra from
Eq. (6) by first evaluating the factor F(w,w,), containing
the Fresnel transmission coefficients at w,, and the effec-
tive absorption depth, z,. For the smooth surface, with
p-polarized incident light, the dominant fields inside the
metal will be parallel to the surface. The relevant Fresnel
coefficient is then?®

L(w)=2cosh,, /[€}/*(w)cosO+ cosb,, ], (11

where €,, is the metal dielectric constant, 6 is the angle of
incidence, and 6,, is the angle of refaction in the metal.
Figure 7 shows a plot of

F=w,|L(0))]|*|L(w,)|*zol0,0,)

versus w,, for 6=45° and #iw;=3.50 eV. The necessary
dielectric constants were obtained from Ref. 23. We see
from the figure that, for Cu and Au, F shows a peak
around the onset of the interband transitions. The peak
for Ag which appears at 3.78 eV corresponds to the exci-
tation of a volume plasmon, where Re(€, )=0. Such a
peak is expected to strongly affect the spectrum from Ag.

The integral in Eq. (6) was evaluated using band param-
eters obtained from the calculations of Lasser and
Smith,?! listed in Table I. The bands are numbered begin-
ning with the lowest d band as band 1. The resulting
spectra are shown in Figs. 8—10. The notation in the fig-

(a)

T

(c

] L I ] ] 1
20 30 4.0
hw, (eV)

FIG. 7. Effects of the Fresnel coefficients and the absorption
of the outgoing light on the one-photon-induced luminescence
from the smooth surface are seen in the plot of the Fresnel
factor [defined in the text following Eq. (6)], F
=w, | L(w))|? | L(w,)]|*20lwy,w,) versus w,, for fiw;=3.50 eV.

ures, e.g., 6-5L, refers to radiative recombination of elec-
trons in band 6 (sp conduction band) with holes in band 5
(top d band), near the L symmetry point. In the spectral
range we have studied, we only need to calculate lumines-
cence from the radiative recombination of electrons in
band 6 with the scattered holes in the d bands. The de-
crease in the luminescence at low energies results from a
diminishing hole population [the exponential term in Eq.
(5)], and the dispersion of the factor F (Fig. 7). Because
of the many approximations used in this calculation, we

TABLE 1. Band parameters used in the calculation derived from Ref. 22. Masses are in units of the electron mass. The energy A

isineV.
Band Au Cu Ag

(symmetry
point) A m, m, A m, m, A m m,

6 (L) —1.27 —-0.174 0.225 —1.22 —0.182 0.341 —0.65 —0.30 —0.474
(X) 0.91 —0.162 0.300 1.90 —0.195 0.366

5 (L) —2.20 —1.74 —1.49 —2.02 —1.49 —5.0 —4.05 —2.73 —4.8
(X) —1.86 —1.46 —1.40 —1.85 —3.80 —-5.0

4(L) —273  —0507  —0.544 —215  —0564  —0.690 —410  —227  —121
(X) -259 —128 —1.04 -197  —32 —2.06

3 (L) —4.46 3.7 —4.2 —3.40 5.0 3.8
(X) —2.97 —1.79 —0.744 —2.08 —4.0 —1.02

a (A) 4.06 3.61 4.09
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FIG. 8. Calculated one-photon-induced luminescence spectra
for smooth Cu for excitation energies of (a) 2.34, (b) 3.50, and (c)
4.67 eV. Solid line denotes 6-5L transitions, dashed line denotes
6-4 L transitions, and dashed-dotted line denotes 6-3X transi-
tions.

\ hw,=2.34ev
Au

(a)

hw,=3.50 eV

¢

FIG. 9. Calculated one-photon-induced luminescence spectra
for smooth Au for excitation energies of (a) 2.34, (b) 3.50, and
(c) 4.67 eV. Solid line denotes 6-5 transitions, dashed line
denotes 6-4 transitions, and dashed-dotted line denotes 6-3 tran-
sitions.
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FIG. 10. Calculated one-photon-induced luminescence spec-
trum for smooth Ag for the excitation energy of 4.67 eV. Verti-
cal arrows indicate the position of two peaks resulting from the
6-5L transition ( ) and the 6-4 L transition (— — —).

should not take the calculated spectrum too seriously, but
simply focus our attention on the peak positions.

1. Copper

The calculated luminescence peak, at ~2.0 eV shown
in Fig. 8(a) for Cu for the excitation energy of 2.34 eV, re-
sults from transitions from band 6 to band 5 near the L
symmetry point. The position of the peak is within 0.1
eV of that measured from the smooth sample [Fig. 2(a)],
and is well within the accuracy of the band-structure pa-
rameters from Table 1. At the excitation of 3.50 eV, holes
are also created in the second-highest d band (4), giving
rise to the second major peak at 2.7 eV in Fig. 8(b), also in
good agreement with observation from the smooth sample
[Fig. 2(b)]. The calculated rise in intensity near the exci-
tation energy results from recombination of holes and
electrons near their initial excitation energies. This is also
evident in the measured spectrum in Fig. 2(b).

The calculated spectrum with 4.67 eV excitation is
shown in Fig. 8(c). There is a transition from a lower d
band (3) near the X symmetry point which contributes a
peak near that of the 6-5L transition. Because an experi-
mental spectrum is not available in this case, no compar-
ison between theory and experiment can be made.

2. Gold

The calculated luminescence spectrum for smooth Au,
excited at 2.34 eV, is shown in Fig. 9(a). This energy is
just sufficient to promote electrons from the top d band to
the Fermi level near L. Consequently, the spectrum
shows only part of a peak. The calculation is in reason-
able agreement with the data in Fig. 3(a). For the excita-
tion energy of 3.50 eV, the full peak of the 6-5L transition
at 2.4 eV is evident in Fig. 9(b), along with peaks at 3.1
and 1.9 eV from the 6-4L and 6-5X transitions, respec-
tively. The shoulder at 2.4 eV in the 6-4L contribution is
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due to dispersion of the Fresnel factor [Fig. 7(b)]. The ob-
served peaks in the luminescence spectrum from the
smooth sample of Au [Fig. 3(b)], differ from the 2.4- and
3.1-eV peaks in the calculation by less than 0.1 and 0.3
eV, respectively, which is within the accuracy of the band
parameters used. The weak structure in the data near 1.9
eV correlates with the calculated peak position of the 6-
5X transition.

At the excitation energy of 4.67 eV, many more transi-
tions, become possible in Au, as is evident in Fig. 9(c). A
comparison of this figure with the measured spectrum in
Fig. 3(c) leads to the following assignments: The main
peak at 3.1 eV in the experiment appears to be a compos-
ite of the 6-4L and 6-3X transitions. The smaller peak at
2.2 eV is a combination of the 6-5L and 6-4 X transitions,
while the weaker structure near 1.9 eV may correspond to
the 6-5X transition. The rise in the luminescence near the
excitation energy is again attributed to recombination of
electrons and holes near their initial excitation energies.

3. Silver

For the excitation of 4.67 eV, Eq. (6) predicts lumines-
cence peaks for Ag at 4.0 and 4.3 €V, resulting from the
6-5L and 6-4L transitions, respectively. Unlike Cu and
Au, however, the Fresnel factor shows a pronounced peak
[Fig. 7(c)] at the volume-plasmon resonance energy, which
masks over these interband peaks. The calculated spec-
trum is shown in Fig. 10. The positions of the interband
transition peaks are indicated by the vertical arrows in the
figure. The calculation is in reasonable agreement with
the measured spectrum from the smooth sample (Fig. 4).
The step in the data above 4 eV corresponds with the cal-
culated step due to the 6-4 L transition at 4.3 eV.

The measured peak actually appears to be shifted by
~0.1 eV below the volume-plasmon energy of 3.8 eV.
This lower-energy cutoff of the peak is likely due to the
surface-plasmon resonance at the Ag-vacuum interface
[Re(e,,)=—1]. There is ample evidence in the litera-
ture?®?? suggesting that coupling between radiative fields
and surface plasmons can occur on evaporated Ag films
via grain-boundary scattering. The peak we observe from
Ag at ~3.7 eV may therefore result from luminescence
via combined volume- and surface-plasmon emission. To
our knowledge, such a photoinduced plasmon emission
from a vacuum-metal interface has never been reported.

Whittle and Burstein®® have suggested that this peak re-
sults from electron-hole recombination between two con-
duction bands, namely 7-6L. However, photoabsorption
from band 6 to band 7 is relatively weak in Ag.?> An ex-
amination of the calculated band structures for Ag (Ref.
21) further shows that electrons photoexcited into the
upper conduction band should relax to a minimum at L,
after which direct recombination would yield a peak near
4.3 rather than 3.7 eV.

C. Effects of roughness on the surface local fields

From SERS and surface-enhanced SHG studies, »2%28 it
is known that an important effect of surface roughness is
the enhancement of the incoming and outgoing fields via
local plasmon resonances. For the smooth surfaces, the

Fresnel factors L (w;) and L (w,) were used to account for
the changes in the incoming and outgoing fields after
crossing the metal surface. These factors may be thought
of as macroscopic local-field correction factors, which can
also be derived for a rough surface.?® A simple model can
be used to approximate a rough surface, and has been suc-
cessfully applied to the analysis of surface-enhanced Ra-
man scattering, absorption, and SHG results.#2%2® The
rough surface is assumed to be a random collection of
noninteracting hemispheroids of dielectric constant ¢,
siting perpendicularly on an infinitely conducting plane.
The local field factors for each hemispheroid, Ly, will
be a function of €,,, their height a, and radius b. From
Ref. 28, we have for the local-field factor within the
spheroid,

Lon(@)=A4"{e,(0)—1
+ A7 [1+i47 V(1 —€,(0)) /3437,
(12)
where the depolarization factor
A4 =1-£01(8)/Q,(8),
E=[1—(b/a)]~'"2,
Q(&)=(&/2)n[(§+1)/(E—1)]—1,
Q1(8)=dQ,(§)/d¢,

A is the optical wavelength, and V =4m7ab2/3 is the
spheroid volume. The emitted single-photon lumines-
cence power from the volume of the hemispheroid is then

Pigpn(@y, a /b, V)=PB12* | By | 2 V[L 0L X @)) ]spn,
(13)

where B, is a proportional constant which includes the in-
trinsic luminescence spectrum, and E, is the incident elec-
tric field. The effects of spheroid shape on the dispersion
of P, may be seen in a plot of P, /B, versus #iw, and a /b.

FIG. 11. Calculated single-photon-induced luminescence
power, Py, /B, from Cu hemispheroids of height a and radius
b, versus a /b and the emission energy #iw,, with #iw;=3.50 eV.
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Figure 11 shows such a plot for Cu spheroids with
#iw; =3.50 eV. We see from the figure that each emission
energy is resonantly enhanced within a specifically shaped
spheroid. At progressively lower emission energies, the
resonance shifts to more prolate spheroids, where the so-
called “lightning-rod” effect increases the local-field
enhancement.”® At emission energies above the interband
absorption edge, the plasmon resonance is significantly
damped (near 2 eV for Cu), resulting in a sharp drop in
P,.

We compare the luminescence from the rough surface
to that from a smooth surface. The one-photon-induced
luminescence power emitted from the bulk of a smooth
metal can be rewritten from Eq. (6) as

J
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Plplane(c’-’Z):Bl | EO I 2 AZOC"2 I Lz(wl)L 2(("2) I plane » (14)

in which 4 is the illuminated area. Assuming that the
smooth and rough surfaces differ only in their L factors,
the one-photon luminescence enhancement from a single
type of spheroids will be

7’1=N(a/b, V)Plsph/Plplane ’

where N(a /b, V) is the number of spheroids of volume V
and aspect ratio a /b within a specified interval +AV and
+A(a/b). To obtain the total luminescence enhancement,
we sum 7); over a distribution of a /b and ¥ which simu-
lates our rough surfaces. From Egs. (13) and (14) the to-
tal enhancement becomes

mir(e,o)= 3 {[N(a/b, V)/A]2*V[L o)L *0;)]sn/[2oL X)L *(@2)Jpiane} - (15)

a/b, vV

We make the approximation that all shapes are equally
probable, so that the factor N/A4 in Eq. (15) can be taken
out of the sum. The factor N/A represents an effective
shape density, and may be used to characterize the rough
samples. It may be determined by comparing the calcu-
lated sum 7,7/(N/A) with the luminescence enhance-
ment, defined as the ratio of the single-photon lumines-
cence from the rough samples to that from the smooth.
The effects of local-field enhancement is expected to be
more pronounced for the multiphoton-induced lumines-
cence, because of the higher power dependence in the in-
cident field. The largest fields on the rough samples will
be at the surface of the metal protrusions, being roughly
€,/2 times the fields in the metal bulk. If we consider,
for example, the two-photon-induced luminescence from
the surface atoms, over a thickness ¢ on a metal spheroid,
and compare it to that from the spheroid volume, we have

PZSurf - [L:ph(wl)Lgph(wZ)abt]surf
P2vol - [L;‘ph(wl)Lgph(wz)abz]vo,
z2_651,‘"(601)5,2"(602)1'/1) .

For fiw,=1.17 eV, #w,=2 eV, and t/b=0.05,
Pigurt/Pryoi =300 for Au and Cu, and 1.4X10° for Ag.
Thus, although the volume contains more atoms, the
local-field enhancement is sufficient to make the contribu-
tion from the surface atoms dominate. A similar estimate
for one-photon-induced luminescence yields (Pisph)surt/
(Pisph ve1=0.2, 0.3, and 1.6 for Au, Cu, and Ag, respec-
tively (fiw;=2.34 eV, #iw,=2.0 eV), indicating that the
surface contribution is less important.

The complete expression for the two-photon-excited
luminescence power from a single hemispheroid comes
after integrating the fields over its surface:

Py=PB, | Bo|*f(a/b)b’ [(L"Y @)L (@) ]spn, (16)

where B, incorporates the intrinsic luminescence spec-
trum, and L, (0)=¢€,Lgpy(w). The geometric factor
fla/b)is

fla/b)=E%b/a)*{(56/2) cos™\(b /a)
+(a/b)’[10/36—1/28*—5E/2]}
~(b/a)/3 (a>>b). (17)

The effects of the spheroid shape on the dispersion of
P, may be seen in the plot of P,/pB, in Fig. 12 for Cu, us-
ing fiw;=1.17 eV. Since P, is dependent on (L’);‘ph(col),
the luminescence predominantly emanates from spheroids
resonant at w;, here at a/b=10.0. The plasmon reso-
nance at o; will significantly modify the intrinsic multi-
photon luminescence spectrum, causing the intensity to
rise near ,, and drop above the interband absorption edge
(=2 eV for Cu) where the plasmon resonance is damped.

We sum P, over all values of a /b and V, as was done
for the single-photon excitation. We designate the total
two-photon-induced luminescence power as

Pyr= 3 Nl(a/b, V)P,(a/b, V). (18)
a/b vV

In addition, we obtain for the two-photon luminescence
enhancement,

Cu
P2
Bz
haw,-
o
hwZ\a.s
(eV) s
35 5 '_/‘—IO
a
L)

FIG. 12. Calculated P,/,, as defined in Eq. (16), for Cu
hemispheroids of height a and radius b, versus a/b and the
emission energy fiw,, with #iw;=1.17 eV.
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mr= 3 m2(N/A)f(a/bbH (LY (L") ;) ]spn/[(L" Y 0)(L")(@3) ]ptane (19)

a/b v

where?®

L yane(@)=26,{() cosO/[ €3/ () cosO+ cosf,,] . (20)

D. Comparisons with the luminescence
from the rough surfaces

In this subsection the local-field calculations of subsec-
tion C are compared with the measured one-photon
luminescence enhancement, and with the multiphoton
luminescence spectra of the rough surfaces of noble met-
als.

1. Single-photon excitation

a. Copper. The measured surface enhancement of the
luminescence spectrum, which is the ratio of the one-
photon-excited spectra from the rough and smooth sam-
ples, is compared with the predictions of Eq. (15) for Cu
in Figs. 13(a) and 13(b). For the excitations of 2.34 and
3.50 eV, we deduce a value for N /A4 ~0.2/um?, using the
optimum spheroid volume in the -calculation, and
A(a/b)=1. From electron photomicrographs of our
rough surfaces, this value for N/A is quite reasonable.
The dispersion of the enhancement is in good agreement
with the predictions of the spheroid model of the rough
surface. Little or no enhancement is predicted for
#iw, > 2.2 eV, due to the damping of the localized plasmon
resonances. Below this energy, the rise in 77,7 is due to a
shift of the resonances to more prolate structures which
show stronger enhancement due to the lightning-rod ef-
fect.

A similar dispersion in the enhancement is expected for
the excitation at 4.67 eV [Fig. 14(a)]. However, because
an experimental spectrum from the smooth surface is not
available, we cannot make a comparison between the
theoretical and experimental enhancements. We see from
Fig. 14(a) that the local-field enhancement should only af-
fect the luminescence spectrum below 2.2 eV. The spec-

Au
" hw,=234ev

hw=35 ev
I i ‘]
- (d)\\.L_’WPf ]

30 25 3035 ° 20
hwz(eV)

25 3035
hw, V)

FIG. 13. Ratio of the measured one-photon-induced lumines-
cence from the rough samples to that from the smooth (dots),
compared with the prediction (solid curves).

T
trum from the rough surface [Fig. 2(c)] shows peaks at 2,
2.4, and 3 €V, in addition to a rise in intensity near the ex-
citation. With the exception of the 2.4-eV peak, the
agreement with the peak positions from the analysis for
the smooth surface [Fig. 8(c)] is satisfactory. The origin
of the 2.4-eV peak is unknown.

b. Gold. The measured and calculated single-photon
luminescence enhancements for Au are compared in Figs.
13(c) and 13(d). We deduce a value for N/A4 from the
comparison, for both the 2.34- and 3.50-eV excitations,
which is approximately one-fourth the value obtained for
Cu. This discrepancy is in spite of the fact that the same
roughened substrate was used for both metals, implying
similar morphologies, and that the calculated resonant
values for a/b were also approximately the same. Be-
cause of the crudity of the rough-surface model, however,
close agreement for the absolute value of N /A4 is not ex-
pected. The dispersion of the luminescence enhancement
is in reasonable agreement with the local-field calculation.
The predicted leveling off above 2.2 eV results from the
damping of the plasmon resonances. Essentially the same
dispersion is predicted for the surface enhancement with
the 4.67 eV excitation, but is different from what we ob-
served [Fig. 14(b)]. The order-of-magnitude decrease in
the rise in the luminescence near the excitation can be
modeled by a decrease in 8, and 8, in the electron and

5.
L (@) Cu
qlT |
0 1 i 1 i 1 1
4
TIIT L
0
4
7_
hr i
(o] 1 Il 1 1 L I
20 25 30 35 40 45
hw, (eV)

FIG. 14. Ratio of the measured one-photon-induced lumines-
cence from the rough samples to that from the smooth (dots)
compared with the prediction (solid curves), for #iw,=4.67 eV.
The ratio could not be obtained for Cu.
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hole distributions in Egs. (4) and (5). This implies a more
rapid energy decay of the carriers, perhaps induced by
more frequent collisions with the rough surface. A de-
crease in these exponential widths, however, does not ex-
plain the suppression of the luminescence peak near 3.2
eV. It is unknown why this peak, assigned to the 6-4L
and 6-3X transitions, is suppressed by roughness.

c. Silver. For fiw;=4.67 eV, Eq. (15) predicts a
single-photon luminescence enhancement for Ag which
rises monotonically with decreasing emission energy [Fig.
14(c)]. However, the actual ratio of the spectra from the
rough and smooth samples of Ag shows an enhancement
which levels off below 3.3 eV. It seems that surface
roughness on Ag is more effective in enhancing and ex-
tending the surface-plasmon emission to lower energies
via increased momentum scattering’®?’ than enhancing
luminescence via local plasmon resonances. This effect
has already been observed for Ag in surface-plasmon
emission induced by electron bombardment.?! The low-
energy cutoff we observed in the rough-sample spectrum
is then related to the limit in scattering momentum avail-
able from our roughened surface.

2. Multiphoton excitation

Unlike the single-photon-induced luminescence, multi-
photon luminescence could not be detected from the
smooth surfaces with our detection system. This sets a
lower limit for the enhancement of approximately 10? for
all the metals. On the other hand, we may estimate the
two-photon luminescence enhancement from Eq. (19).
Using #iw;=1.17 eV, and the values already deduced for
N /A, we find 9,7~ 10® for Ag and 7,7 ~ 10° for Cu and
Au. Thus, the multiphoton-induced luminescence is not
likely to be detected without the local-field enhancement.
The effect of the rough surface on the dispersion of the
multiphoton luminescence may be estimated from Egs.
(16)—(18). The results of the calculation are compared
with the measured spectra in Figs. 15 and 16.

The plot of the calculated spectrum P,r(w,;) from Eq.
(18) for Cu is shown as a solid curve in Fig. 15(a). The
rise in intensity with decreasing emission energy results
from the resonance at w, discussed in Sec. IV C. The lev-
eling off of P, near the interband absorption edge is due
to the damping of the plasmon oscillations. The same
behavior is observed in the measured spectrum shown as a
dashed curve in the same figure. In a similar calculation
of the two-photon luminescence originating from the bulk
of the spheroids, only a very gradual rise in intensity with
decreasing w, is predicted. This is consistent with an ear-
lier conclusion in subsection C that the enhanced multi-
photon luminescence predominantly emanates from the
surface atoms of the rough structures. The one-photon
luminescence, on the other hand, is more likely to ori-
ginate from the bulk. This could explain the lack of a
luminescence peak in the two-photon-excited spectrum
from Cu, since the dispersion of the surface enhancement
strongly dominates, and since the spectra from the surface
and bulk atoms may be very different. It has also been
suggested that the peak is missing because of two-photon
selection rules.!” However, we do not expect the band
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FIG. 15. Solid curves indicate the calculated two-photon-
induced luminescence power from a distribution of spheroids,
P,7, versus the emission energy #iw,, using fiw;=1.17 eV. The
dashed curves are the measured spectra from Fig. 5.

parities to be so well defined as to forbid direct two-
photon absorption at transitions allowed for one-photon
excitation.

A plot of the calculated P,z(w,) for Au, using
fiw;=1.17 eV, is shown as a solid curve in Fig. 15(b). As
with Cu, the local-field dispersion for the surface atoms

37

1
15 2.0 25
huw, (eV)

FIG. 16. Solid curves indicate (a) the calculated two-photon-
induced luminescence power from a distribution of spheroids,
P, 7, versus the emission energy #w,, for Ag with #iw;=2.34 eV,
and (b) the three-photon-induced luminescence power, Pz, for
#iw;=1.17 eV. The dashed curves are the measured spectra
from Fig. 5.
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of the spheroid corresponds with the observed lumines-
cence spectrum (dashed curve). The same calculation for
emission from the spheroid bulk gives a much more gra-
dual rise. We conclude, as with Cu, that the two-photon-
induced luminescence emanates predominantly from the
surface atoms of the roughness protrusions.

The solid curve in Fig. 16(a) is a plot of the calculated
P,r(w,) for Ag, for fiw;=2.34 eV. As with Cu and Au,
the observed rise in intensity with decreasing emission en-
ergy is predicted by the local-field model, assuming emis-
sion is predominantly from the surface atoms. The dip in
P, r(®,) near the volume-plasmon energy of 3.8 eV results
from a decrease in the fields at the surface as Re(e,, )=0.
This reduction in the local-field enhancement may be the
reason why no peak exists at this energy in the measured
two-photon luminescence spectrum [Fig. 5(d)].

For #w,;=1.17 eV, the observed multiphoton-excited
spectrum from rough Ag extends out to the three-photon
energy [Fig. 5(c)]. Assuming that the luminescence was
induced by three-photon excitation, we computed the em-
itted luminescence power, as in subsection C, from the
surface of a distribution of spheroids. The result, desig-
nated as P3r(w,), is plotted as a solid curve in Fig. 16(b).
The rise in the luminescence with decreasing emission en-
ergy is again predicted. We note that because the disper-
sion of this curve results from the localized plasmon reso-
nance at ®;, we obtain qualitatively the same result as for
P 27‘(0)2).

We have estimated that the enhancement of the three-
photon luminescence exceeds that of the two-photon
luminescence by ~ 10° for Ag, but only by ~10* Au and
Cu, for #iw;=1.17 eV. This may help to explain why the
luminescence is very weak at energies above 2w; for Au
and Cu.

V. CONCLUSIONS

The luminescence spectra induced by single-photon ab-
sorption from the smooth noble metals display pro-
nounced structures. A detailed calculation qualitatively
reproducing most of the observed structures suggests that
the peaks in Cu and Au result from direct radiative
recombination of electrons below the Fermi level with
holes in the d bands around the X and L symmetry
points. The decrease in the luminescence on the low-
energy side of the peaks results from a diminishing hole
population in the d bands, and a decrease in the transmis-
sion coefficient of the outgoing light. The rise in the
luminescence intensity near the excitation energy is be-
lieved to originate from radiative recombination of elec-
trons and holes near their initially excited energies. In

contrast to Cu and Au, the single-photon-excited lumines-
cence spectrum from Ag appears to be dominated by radi-
ative emission of the surface and volume plasmons.

Many of the effects or roughness on the single-photon-
excited spectra may be attributed to the effects of local-
ized plasmon resonances. In particular, the enhancement
of the luminescence by such resonances begins only at
emission energies below the interband absorption edge of
the metal, where the plasmon oscillations are less damped.
However, the observed suppression of certain spectral
features when the surfaces are roughened cannot be ex-
plained by a simple local-field theory for the rough sur-
face. We suggest that the roughness may somehow
quench the luminescence, for example, by increasing the
nonradiative recombination rate, perhaps via collisions
with the rough surface.

For the multiphoton-excited spectra from the rough
samples, we observe a monotonic rise in the luminescence
intensity with decreasing emission energy, and an absence
of the peaks which characterize the single-photon spectra.
An analysis of the effects of local-field enhancement
shows that the multiphoton luminescence is emitted
predominantly from the surface atoms of protrusions on
the rough surface with localized plasmon resonances at
®;. The rise in the luminescence intensity towards lower
energies is attributed to this resonance. The peak near 2
eV in the one-photon luminescence spectrum from Cu is
believed to be missing from the two-photon spectrum, be-
cause of an intrinsic difference in the luminescence of the
surface atoms from that of the bulk. For Ag, the peak at
3.7 eV is believed to be missing from the two-photon spec-
trum because of a drop in the local-field enhancement at
this energy, at the surface of the protrusions, as
Re(e,, )=0.

As we see, the uncertainties in the population distribu-
tion of the electrons and holes, and the various local-field
effects, complicate the interpretation of the spectra. This
limits the use of photoluminescence as a band-structure
probe. One could, however, obtain far more complete
band-structure information if the excitation frequency o,
could be scanned continuously to yield a series of lumines-
cence spectra. Despite the limitations of the present pho-
toluminescence technique, it may still prove useful in
complementing the data from other techniques, such as
photoabsorption and photoemission, for studying the elec-
tronic properties of metals.
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