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Observation of femtosecond infrared luminescence in gold
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Femtosecond infrared luminescence in Au was observed using the upconversion technique. The instantaneous
luminescence intensity for a sample with an appropriate surface roughness was three orders of magnitudes higher
than that for a flat film and comparable to the hot luminescence in InAs. The time-resolved spectra from 0 to
1 ps exhibited broad features spreading from 0.3 to 1.04 eV, indicating a continuous joint density of states around
the Fermi energy. In terms of a simple model that considers nonthermal and thermal carriers for describing the
hot luminescence, most of the characteristic behaviors are semiquantitatively understood.
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I. INTRODUCTION

Luminescence is a standard tool for investigating the
excited electronic states and their relaxation dynamics in
semiconductors [1-3] and insulators, which have an energy
gap to prohibit the fast nonradiative carrier recombination
process. In gapless materials such as metals and semimetals,
the photoexcited carriers relax very quickly, mainly owing to
the electron-phonon interaction, before emitting an apprecia-
ble amount of luminescence photons. However, luminescence
from graphite [4], which is known as a semimetal, and that
from metallic surface states of a topological insulator [5],
was recently observed using femtosecond time-resolved lu-
minescence spectroscopy. The instantaneous intensity of the
luminescence in these materials is relatively high, allowing us
to investigate the excited state dynamics using femtosecond
luminescence spectroscopy.

Regarding the luminescence from elemental metals, little
information has been collected in the half century since the
discovery of luminescence in noble metals. Visible lumines-
cence from Au and Cu—under irradiation with a blue laser
(wavelength of 488 nm)—was reported by Mooradian [6] in
1969. The luminescence was attributed to inferband radiative
recombination between electrons near the Fermi level and the
holes created in the first d band, which is far below the Fermi
energy.

The discovery of surface-enhanced Raman scattering [7],
which appears on noble metals with roughened surfaces, led
to a renewed interest in the luminescence from metals in the
1980s. A comprehensive investigation of the luminescence in
carefully controlled surfaces of Au, Ag, and Cu in ultrahigh
vacuum was performed by Boyd er al. [8]. Based on the
excitation energy dependence of the spectra, the mechanism
of recombination luminescence involving d band holes was
established. The quantum yield was estimated to be on the
order of 10719 for the smooth surfaces, and the intensity was
one or two orders of magnitude higher for rough surfaces.
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This enhancement has been ascribed to the localized surface
plasmon resonance, as in the case of surface enhanced Raman
scattering [7].

However, concerning the dynamical behavior of lumines-
cence in metals, very little information is available. Although
the time response of luminescence from a rough Au film was
reported, only the upper limit of the lifetime was presented
(2.3 ps) [9].

In this paper, we present the time-resolved infrared (IR)
luminescence from Au, which is a demonstration of the fem-
tosecond luminescence in metals. With roughened surfaces,
the instantaneous intensity was enhanced three orders of
magnitude and comparable to that observed in InAs, which is
known as a direct-gap semiconductor. A simple model consid-
ering the nonthermal and thermalized electrons is introduced
to interpret the basic behavior of the luminescence, and the IR
luminescence in Au is ascribed to the intraband radiative tran-
sitions across the Fermi surface. Additionally, the three orders
of magnitude enhancement of the luminescence intensity by
roughening the surface was ascribed to the increases in the
absorbance and emissivity.

II. EXPERIMENT

We employed the upconversion technique [10] to per-
form luminescence measurements with femtosecond time res-
olution. Mode-locked pulses at a wavelength of 1036 nm
(1.19 eV) and a repetition rate of 100 MHz from a Yb-fiber
laser were amplified with a Yb-fiber amplifier to an average
power of 600 mW (fluctuation stabilized below 1%) and
divided into pumping and gating pulses. The pumping beam
was focused on the sample with a spot diameter of 20 um.
The luminescence pulses from the sample were collected and
focused on a nonlinear optical crystal (lithium iodate, LIO)
by using two paraboloidal mirrors and frequency mixed with
the gating pulses. The laser light and the second harmonic
from the LIO crystal were blocked by a shortwave-pass fil-
ter and a longwave pass filter, respectively. The anti-Stokes
luminescence, which may overlap in wavelength with the sum
frequency, was removed by passing the luminescence through
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FIG. 1. Normalized luminescence decay profiles at 0.9 (black)
and 0.6 eV in Au (red) with an excitation power of 145 mW.
Experimental and calculated results are shown by squares and solid
curves, respectively.

a Si filter placed between two paraboloidal mirrors. The time
shift due to group velocity dispersion in Si was compensated
numerically in the data acquisition.

The generated sum frequency light was directed to a band-
pass filter (Semrock TBPOI series), which was exchangeable
and tuned by changing the incident angle, and detected by a
cooled photomultiplier (Hamamatsu R943-02). This system
had a sensitivity between 1.05 and 0.3 eV and a time resolu-
tion of 200 fs (full width at half maximum). The sensitivity
of the system, including the upconversion efficiency, was
calibrated by observing the upconverted signal of a W-lamp
with a sapphire window (HELIOWORKS EP-3965; color
temperature 1900 K) between 0.3 and 1.07 eV. The time-
resolved spectra were plotted on a scale proportional to the
photon numbers per unit energy window per unit time. All
measurements were performed in air at room temperature.

The metal samples that we used were commercially avail-
able Au plates. The surfaces were roughened with sand-
blasting, grinding paper or diamond paste. The samples were
excited at Eexc = 1.19eV and continuously rotated in a plane
to avoid degradation due to prolonged laser irradiation and to
average the effect of surface roughness. For the measurements
shown in Figs. 1-3, we use a sample roughened by sand-blast
technique with 6-pm particles. The surface profiles are probed
by a laser confocal microscope (Keyence VK-9700). For the
measurement of absorption, we used a calorimeter, which
measures the temperature increase of a sample piece with a
thermistor under irradiation of 100-mW laser light.

III. RESULTS

The decay profiles of the luminescence at £y = 0.9 and
0.6 eV are shown in Fig. 1. As the curves exhibit an asym-
metric shape around the peak, the signal is not ascribed to the
sum frequency of Rayleigh scattering, which should reflect
the laser pulse shape directly. The possibility of white-light
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FIG. 2. Time-resolved luminescence spectra for Au at O ps
(black), 0.2 ps (red), 0.5 ps (green), and 1 ps (blue). The experi-
mental and calculated results are shown by squares and solid curves,
respectively. The dotted curves are nonthermal components at O ps
(black) and 0.2 ps (red) calculated in the model.

generation via a nonlinear process, such as self-phase modu-
lation, is also rejected, because the intensity is not far from
linear (exponent of 1.3-1.47) dependence on the pumping
power, as mentioned later. Because the Au surface is inert in
air, we do not expect any contributions from oxides or other
compounds on the surface. Therefore, the signal is ascribed
to the intrinsic luminescence of Au. The decay curves are
slightly nonexponential and that for 0.6 eV shows longer
lifetime than 0.9 eV.

Figure 2 shows the time-resolved luminescence spectra.
All the curves are plotted on a scale proportional to the
photons/s per unit energy window. The spectral shape slightly
depends on the roughness of the surface, which could not be
fully controlled. Nevertheless, we observe important common
features in the spectra. First, they spread over the whole
measurement range without any pronounced structures. The
broad feature suggests the continuous density of states (DOS)
for the electrons and holes involved in the radiative transition,
as expected in metals. As the decrease is faster at a high
photon energy (e.g., at 1 eV) than at a lower photon energy
(e.g., 0.6 V), the spectrum weight moves to a lower energy
over time, indicating cooling and/or thermalization processes
of the electrons at the subpicosecond timescale.

The excitation-power dependences of the decay profiles
measured at 0.9 eV are shown in Fig. 3(a). Here, 100% power
corresponds to an excitation power of 145 mW applied to
irradiate a 20-pum-diameter spot on the sample surface. We
observe that the lifetime decreases as the excitation power
decreases from 100% to 20%. The luminescence intensity at
0.9 eV evaluated at the peak is shown in Fig. 3(b), where we
observe a superlinear power dependence.

IV. DISCUSSION

To identify the origin of the luminescence in Au, we refer
to the band structure near the X point illustrated in Fig. 4(a).

125405-2



OBSERVATION OF FEMTOSECOND INFRARED ...

PHYSICAL REVIEW B 100, 125405 (2019)

4 o
10 F T T T T E T T T T 7
oF E
o (a) { Luminescence decay profiles 3 (b) Excitation power 1
- / at 0.9 eV for Au 1 dependence at .
3 09eVforAu /
2k 1 6x10°F R
3L q Excitation power | ,"
107,E E
£ 1 ® 100% 1 ~ ’
8 6 | O 50% ] Y ’
Y 4 | 0 4 £ ’
4 I ]l 5 4F )/ .
c .
3 2+ .<5? | §/ K
o . >
10%F 4 ) =
e j g _
e o\ .° 1 <
4o ON e .
e 04. ° of]
23— © :o N
1 " O e o
10 L] e | |
-0.5 0.0 0.5 1.0 1.5 2.0 60 80 100
Time (ps) Excitation power (%)

FIG. 3. (a) Excitation power dependence of the decay profiles at 0.9 eV in Au. The pump powers are 100% (black solid circles), 50% (red
open circles), and 20% (green squares) of the full power (145 mW). The solid curves represent the calculated results for each excitation power
(shown with corresponding color). (b) The power dependence of the luminescence intensity evaluated at the peak position at 0. 9 eV (red
circles). The solid and dashed curves are the fitting to the data points up to 50% and 100%, showing /'-* and I'*’ dependences, respectively.

The calculated results are shown by open squares.

Here, the top of the d band, which is responsible for the
well-known visible optical transitions, is located 2.1 eV below
the Fermi level. Although the interband (vertical) transition
between the sp band and the d band is also possible near
the L point and K point, the energy separation is >2 eV.
Therefore, the IR laser (1.19 eV) used in our experiment
cannot induce any interband absorption or emission. Two-
photon absorption can contribute to the luminescence at a
very high excitation intensity, but it is unlikely to be the
main process, because the excitation-power dependence at
low excitation power (<50%), is close to linear (exponent of

1.3), as shown in Fig. 3(b). This is supported by the results of a
previous time-resolved photoemission spectroscopy (TrPES)
study performed under similar excitation conditions, in which
the experimental observation was explained by a one-photon
process [11].

The IR luminescence spectrum (time-integrated) for a
rough Au surface was reported by Beverslius et al. [9]. Using
780-nm (1.58 eV, 120 fs) excitation, they found that the
excitation-power dependence of the luminescence between
850 and 1000 nm was linear, in contrast to the quadratic
dependence of the visible luminescence associated with the
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FIG. 4. (a) Band structure of Au near X point reconstructed from Ref. [12]. The arrows indicate intraband transitions corresponding to
absorption (green) and emission (red). (b) Thermal (red curve) and nonthermal (grey hatched) distributions of electrons. (c) Time development

of the electron temperature calculated in the model.

125405-3



SUEMOTO, YAMANAKA, AND SUGIMOTO

PHYSICAL REVIEW B 100, 125405 (2019)

interband transition involving the d band. Thus they attributed
the IR luminescence to one-photon excited intraband tran-
sitions within the conduction band, while the visible lumi-
nescence was ascribed to two-photon excitation from the
d band to the states above the Fermi surface. Similarly,
in our case, the absorption of the IR photons is assigned
to one-photon intraband transitions near the Fermi level.
Although the wavelength range studied is longer than theirs
(>1200 nm), we expect that the same principle applies. The
momentum-conservation rule in the intraband transition may
be fulfilled by electron-electron scattering, electron-phonon
interaction, or the surface roughness.

Regarding the electronic-relaxation dynamics in metals,
numerous theoretical studies [13—16] have been performed
since the 1990s, motivated by progress [17,18] in experiments
using pump-probe techniques. However, in these theories,
the luminescence was not explicitly treated. Therefore, we
construct a very simple model to elucidate the basic behaviors
of metal luminescence.

A. The model for metal luminescence

The luminescence intensity at a photon energy Ep is given
by

L(EL) = &(Eexc)e(EL)WE]
x / f @) (1= f(x — EL)Dx)D(x — Ep)dx,
(1

where ¢(Ey) is the emissivity at Ey; €(Eexc) is the absorption
at Ee., which is equivalent to the emissivity according to
Kirchhoff’s law of thermal radiation; and W is the radia-
tive recombination probability. Because the dispersion of the
conduction band in Au near the Fermi surface is nearly
straight, the DOS D(x) at energy x can be assumed to be
constant near Eg. The time-dependent distribution function
of the nonequilibrium electron cannot be treated easily and
is still under intense debate, because the system is in a highly
nonequilibrium state and the thermalization and cooling pro-
cesses proceed simultaneously. Therefore, for simplification,
the nonthermal and thermal components are often separated
[11,19]. The electron-decay dynamics in Au were studied by
Fann et al. [11] using TrPES. The existence of a nonthermal
distribution at the early stage was indicated by the energy
spectrum of photoemission, which had a long high-energy
tail extending to the excitation photon energy (1.84 eV), far
above the thermal distribution. They successfully interpreted
the time-resolved spectra according to the sum of the thermal
and nonthermal distributions. Here, we adopt this formulation.
The electron-distribution function is expressed as

F&x) = fro(x) + far(x). @

The Fermi-Dirac distribution is given by

frp(x) = 3)

ex/kT + 1

Although the chemical potential at a finite temperature should
generally be determined to keep the number of electrons

constant, it can be set as Er while the DOS is assumed to be
constant near Ef.

The nonthermal distribution is expressed by a stepwise
function [13]:

forx >0
forx <O,

nyr[1 — 0(x — Eexe)],

fNT(x) = {1 _ nNT[l — 0(—x — Eexc)]’ (4)

where 0 (x) is the unit step function, and nyr is the population
of nonthermal electrons, which are assumed to be produced
instantaneously at the excitation.

For the thermal electron system, we assume preheating
temperature 7, at ¢ = 0. Since the excitation pulse has a finite
time width, the system will have some thermalized electron
at t =0, due to the first half of the excitation pulse. In
addition, a very fast e-e scattering process will produce low
energy electrons, which are recognized as thermal electrons.
These effects could contribute to the preheating of the electron
system.

For the population of nonthermal electrons, we assume an
exponential decay given by

nyr(t) = npe™"/™. (5)

Here, the initial population of nonthermal electrons ng is
proportional to the excitation power. The thermal electrons,
which obey the Fermi-Dirac distribution, are further heated
by receiving energy from nonthermal electrons, and the tem-
perature increases, compensating for the decrease in the pop-
ulation of nonthermal electrons. Total energy of the preheated
and nonthermal electrons should be equal to the light energy
absorbed by the sample. Then, assuming that the specific
heat of the electron system is proportional to the electron
temperature, the electron temperature is given as

T@) = [(T,2+ (T2 = T,A)(1 — e /™))e™ '™ 4 Trr2]?,

(6

where Trr is the asymptote temperature at t = oo; t; and
7, are the time constants for thermalization and cooling,
respectively; and 7T is the nominal maximum temperature,
i.e., the final temperature of the thermal electron system, when
the cooling is neglected. As the energy-transfer efficiency is
unknown, Ty is treated as an adjustable parameter.

B. Interpretation of spectra, time evolution,
and power dependence

By using the experimental condition Ee. = 1.19eV and
setting the free parameters as 1y = 0.12 ps, 7, = 0.9ps, Tp =
2000K, T, = 1800 K, Ty = 600K, and ny = 0.005, we at-
tempt to reproduce the experimental results. Figure 4(c) shows
the time evolution of the calculated temperature; the real
maximum electron temperature in this calculation is 1915 K.
This is not far from the value of 1680 K determined via TrPES
under similar excitation conditions [11]. We can reproduce the
decay profiles in Fig. 1 and the increasing tendency of the
lifetime at a low energy. In this calculation, we convolute the
instrumental function with a time resolution of 200 fs.

The calculated time-resolved spectra are indicated by solid
curves in Fig. 2. The time development of the spectrum from
0 to 1 ps, particularly the movement of the spectrum weight
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toward a lower energy during decay, is well reproduced. The
dotted curves represent the contribution of nonthermal com-
ponents at 0 and 0.2 ps in calculation. We can see that the fast
decay of the intensity at high energy part is mainly ascribed
to the decay of the nonthermal component. The lifetime of
nonthermal distribution, 0.12 ps, assumed in our model is
consistent with TrPES experiments, because persistence of
the nonthermal distribution at 400 fs has been observed [11],
and the lifetime of electrons at 1 eV above Fermi energy is
reported as 70 fs [20].

The luminescence intensity at lower excitation power is
calculated as follows:

As the number of the nonthermal electrons will be propor-
tional to the input energy /, we assume,

1
no(I) = A no(lo), @)

where [, is the input energy at full power excitation.

As the preheating temperature and the nominal maximum
temperature will be proportional to square root of the input
energy

To(D) = (/1) Ty(ly) ®)

and

T,(D) = (/)" T, (L) ©)

are assumed. The decreasing tendency of the lifetime at low
excitation powers in Fig. 3(a) is also nicely reproduced in the
calculation. The maximum temperatures for 100, 50, and 20%
power in the model are 1915, 1411, and 1014 K, respectively.
The decay profiles seen after 0.5 ps are recognized as the
cooling process of the thermalized electrons, because the non-
thermal component after 0.2 ps is negligible, as seen in Fig. 2.
The faster decay at lower excitation power is a consequence of
the faster decay of the high energy tail of thermal distribution,
when the initial temperature is low.

In this model, the power dependence of the intensity at
the peak is superlinear in agreement with the experimental
results, as shown in Fig. 3(b). At higher excitation density,
the exponent of the power law is larger than 1.3, because
the excessive heating of the electrons make an increasing
contribution at 0.9 eV. It is worth noting that we do not
need to consider two photon absorption for understanding this
superlinear power dependence.

In spite of the simplicity of the model, the agreement
with the experiment is extremely good. According to these
results, we conclude that the femtosecond luminescence that
we observed is an intrinsic effect of Au and reflects the
dynamics of photoexcited carriers of the bulk material. Thus,
the femtosecond luminescence provides direct dynamic in-
formation for the nonequilibrium electron system in a wide
energy range.

C. Effect of surface roughness

The spectrum of the emissivity €(Er) may modify the lu-
minescence spectrum observable outside the metal. The emis-
sivity responsible for radiating the luminescence is expected
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FIG. 5. (a) Luminescence intensity in Au with various surface
roughness evaluated at 0.9 eV and ¢ = Ops plotted as a function
of absorption (%). The solid line is a fitting by power function
L oc A>%*, (b) Typical surface profile measured by laser confocal
microscope for sand-blasted sample.

to be the same as that for thermal radiation, because both types
of radiation originate from the thermally distributed electrons
(neglecting the contribution from IR-active phonons, which is
absent in Au). The effect of the surface morphology on the
emissivity for thermal radiation [21] from metals has been
extensively studied in artificially fabricated regular structures
of Pt [22], W [23], heavily doped Si [24], roughened brass
[25], etc. It is generally known that the emissivity is enhanced
by surface roughness with a characteristic lateral correlation
length close to the relevant wavelength.

To understand the three orders of magnitude enhancement
of the luminescence intensity, we examined the correlation
between the absorption strength and luminescence intensity.
The absorption was evaluated at a wavelength of 1036 nm
with a calorimeter, and the luminescence intensity was eval-
uated at the peak of the wave form at 0.9 eV. Figure 5(a)
shows a plot of the luminescence intensity L with respect
to the absorption A for many samples with different surface
conditions. These include surfaces ground by grinding pa-
pers or finished with various diamond pastes, as well as a
high quality film evaporated on an optically flat Si substrate.
The dependence is approximated by the function L oc A>%4.
The effect of the absorption strength is responsible for both
the excitation and emission processes. In Eq. (1), €(Eexc) = A
and e(Ep) at Ep, = 0.9 is approximated as ¢(E.x.), because
the energy difference is not large. Since the peak intensity has
a I' dependence on the incident light intensity at relatively
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low excitation intensity, according to Fig. 3(b), the effect of
the absorption strength is proportional to A'*. Then we obtain
the relationship L oc A>3, which is close to that obtained
experimentally from Fig. 5(a). From this result, we conclude
that the significant increase of the luminescence intensity is
essentially caused by the increase of emissivity (absorption)
accompanying the roughening of the surface. Figure 5(b)
shows a typical surface profile of a sandblasted sample mea-
sured with a laser confocal microscope. The surface has a
submicron fluctuation with a root mean square deviation of
0.14 pm. According to the study of thermal radiation from
metals with surface structures [21], the fluctuation with a
lateral wavelength close to the relevant light wavelength (1 ~
4 pm) is expected to play important role in coupling between
the electromagnetic waves inside and outside the sample.

D. Comparison with other methods

The information obtained from time-resolved lumines-
cence spectroscopy is similar to what would be obtained from
TrPES [11,20]. The femtosecond luminescence measurement
is applicable to a wide energy range (0.3 to 1.05 eV in this
case) and accessible directly to the electron distribution as
TrPES is. However, ultrahigh vacuum conditions or a clean
surface are not required in luminescence measurements. This
is a practically significant advantage over TrPES.

Pump and probe transient absorption/reflection measure-
ment is another group of methodology widely used in inves-
tigation of ultrafast phenomena in bulk [26,27] and nanoscale
metals [28,29]. The sensitivity and time resolution are very
high and important parameters such as electron temperature,
cooling time constant, ballistic transport, and diffusion veloc-
ity [25,30] are obtained. Nevertheless, in most of the cases,
the information about the electron distribution itself is rather
indirect, because the interpretation of the response rely on the
model involving frequency integrated dielectric properties.

We propose this ultrafast IR luminescence spectroscopy
method as an alternative approach to ultrafast optical observa-
tions of metals, for which the usefulness of the luminescence

spectroscopy has not been widely recognized. Nevertheless,
it should be noted that the model used in this report is
very simple, neglecting many important factors such as the
energy dependence of the thermalization rate, ballistic and
diffusive motion of the carriers, optical transition probability,
energy dependence of DOS, and emissivity spectrum. The
development of a more precise theory is required to elucidate
reliable dynamical parameters and to apply this method to
other metals with more complicated band structures near
the Fermi level. Understanding the luminescence mechanism
of metals is important for identifying the properties of not
only bulk metals but also metal nanostructures, which receive
considerable attention for application as catalysts [31] in
environmental engineering and as imaging markers in biology
and medical science [32,33]. Relatively strong luminescence
of gold in a very wide range (1200-4100 nm) may be useful
for biomedical purpose, because the near-infrared window of
the biological tissue (650-1350 nm) is included.

V. CONCLUSIONS

Ultrafast luminescence was observed in the IR region for
Au and the major behaviors were interpreted in terms of a sim-
ple model, assuming nonthermal and thermal distributions for
excited electrons. In addition, the three orders of magnitude
enhancement in luminescence intensity by surface roughness
is ascribed to the increase of the absorption and emissivity.
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