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The lifetime and intensity of ultrafast luminescence in the near-infrared region were investigated for 15
representative elemental metals: simple light metals (Be, Mg, and Al); 3d (Ti, Ni, and Zn), 4d (Zr, Mo, Pd,
and Sn), and 5d (W and Pt) transition metals; and noble metals (Au, Ag, and Cu). The luminescence intensity at
0.9 eV was distributed over a range as wide as 2.5 orders of magnitude. The sum of an instantaneous response and
an exponential decay component well approximated the time-evolution of the luminescence intensity at 0.6 eV.
The lifetimes obtained from this decomposition were distributed in a narrower range from 110 fs (Be) to 694 fs
(Ag), corresponding to a factor 6.3. We proposed a model based on the dielectric function of the bulk metal to
understand the luminescence intensity of the quasi-instantaneous component. It was found that the luminescence
intensity was inversely proportional to the Drude damping constant, that is, the slower the damping, the stronger
the luminescence. This shows that quasi-instantaneous luminescence is quenched by the nonradiative decay of
the nonthermal electrons via electron-electron scattering. The electron-phonon (e-ph) coupling strengths were
evaluated using Eliashberg functions derived from ab initio calculations, and the decay rates corresponding to
e-ph scattering were evaluated using the extended two-temperature model considering the equilibration process
of excited electrons. We found fairly good agreement between the experimental and theoretical results for the

absolute values of the exponential decay rates.
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I. INTRODUCTION

The study of photoluminescence in metals was initiated
half a century ago by Mooradian [1], who discovered in-
terband luminescence in bulk gold and copper under blue
laser irradiation. Boyd et al. [2] further investigated the lu-
minescence mechanism using well-controlled surfaces and
established interband luminescence involving the d band for
noble metals. Recently, authors have also identified the in-
terband luminescence in Mg, which does not belong to the
noble metals [3]. In addition to interband luminescence, a
two-photon-induced intraband luminescence was reported by
Beversluis ef al. [4] for gold, and a cascade-type excita-
tion mechanism for this luminescence was shown by Imura
et al. [5]. Research progress in this field was hindered due to
the associated very low quantum yield and consequent lack
of applications, unlike for luminescence in semiconductors.
However, luminescence from nanostructured metals has much
higher intensity and has recently received increasing attention
for applications in imagers or tracers in biomedicine [6-8].
Luminescence is an important tool for investigating the ex-
cited states and their dynamics in nanometer-sized metals,
which function as useful catalysts and photonic devices [8].
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Motivated by these applications, attempts have been made
to comprehensively understand light emissions from metals
[9-11].

Luminescence spectra in metals and their time-
development originating from nonthermal and thermal
electrons were treated theoretically [11,12]. The stepwise
electron distribution characteristic to the cascade excitation
predicted by the theory was verified by excitation density
dependence (so-called power-law exponent) of luminescence
intensity in Au nanorods under femtosecond pulse-train
excitation [11]. This provided evidence for emission from
nonthermal electrons generated by laser pulse excitation.
Several reports on nanostructured metals have appeared
recently. The light emission mechanism in Au nanospheres
and nanorods have been studied by polarization correlation
of luminescence [13]. The Purcell effect in the light
emission mechanism in Au nanorods was discussed based
on luminescence spectra and their excitation wavelength
dependence [14]. Despite the active research in theory and
experiment, understanding of metal luminescence has not
been established.

Until now, the luminescence of metals has been mainly
studied in noble metals in the bulk form [1,2] and in nanos-
tructured form [4-7,15,16] with a few examples of other
metals such as Pt and Pd in the form of nanometer-sized
particles [8,17-20]. The preparation methods and morpholo-
gies of the samples were very different among the available
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reports, and a systematic review of the general behavior of the
luminescence properties of metals was difficult.

Looking at this present situation, we can point out three
major obstacles in research of metal luminescence from the
experimental side: (i) lack of ultrafast time-resolved lumi-
nescence data, (ii) lack of information on a wide range of
metals other than noble metals, and (iii) lack of studies on
bulk materials free from specialized morphology. Recently,
we established a method for measuring luminescence spec-
tra with good reproducibility using intentionally roughened
surfaces. Previously, we reported the ultrafast infrared lumi-
nescence of group 11 noble metals (Au, Ag, and Cu) and
group 10 transition metals (Pt, Pd, and Ni) measured under
nearly the same conditions [21]. The luminescence intensities
and lifetimes were very different for these two groups. The
lifetimes were short (on the order of 100 fs), and the intensities
were significantly lower for group 10 metals than for group
11 noble metals. We qualitatively interpreted this behavior
in terms of the difference in density of states (DOS) of the
electrons near the Fermi surface. When the DOS is large, the
electron-electron (e-e) and electron-phonon (e-ph) scattering
rates increase, resulting in short lifetimes and weak lumines-
cence. However, the size of the subgroups investigated was
insufficient to discuss the general behavior of metal lumines-
cence quantitatively.

Our preceding investigation showed that infrared lumi-
nescence originating from intraband transitions could be
observed in many kinds of metals, including alloys and
semimetals, when the surface is roughened by sandblasting
or similar methods [21-23]. Although the fabricated surface
morphology is not the same for every metal, the sample-
dependent effect of the surface morphology can be corrected
by normalizing the luminescence spectra by the absorption
spectra, which are equivalent to the emissivity spectra accord-
ing to Kirchhoff’s law for radiation. Thus, the correct internal
luminescence spectra can be obtained [23]. The inhomogene-
ity of the surface is further averaged out by rotating the sample
during measurement, if precise and highly reproducible spec-
tra are required. As our method is robust and general, it applies
to any metal.

In this paper, we present the luminescence properties of 15
elemental metals including the aforementioned six metals. It
should be noted that this paper is not a simple complement
of our previous work but provides another set of information
because it is essential to compare all metals under the same
experimental condition. A semiempirical model was proposed
to understand the elemental dependence of luminescence in-
tensity. We performed ab initio calculations to evaluate e-ph
interaction strength and interpret the lifetime.

II. EXPERIMENT

We used an in-house—developed femtosecond-
luminescence spectrometer based on an up-conversion
technique. Mode-locked pulses with a repetition rate of
100 MHz at 1036 nm (1.19 eV) from a Yb-fiber laser were
amplified to an average power of 600 mW using a Yb-fiber
amplifier. Pumping pulses (typically 150 fs duration, 200 mW,
2 nJ/pulse) were focused on the sample with a spot size of
20 wm. Assuming a typical penetration depth of 10 nm, the

transient increase of temperature is estimated to be 200 K,
which is comparable with the energy of room temperature.
The luminescence was collected and focused on a nonlinear
optical crystal (lithium iodate) using two paraboloidal
mirrors and frequency mixed with gating pulses. A Si plate
was placed between the two paraboloidal mirrors close to
the Brewster angle to remove anti-Stokes luminescence
from the sample. The generated sum-frequency light was
passed through a long-wave-pass edge filter and directed
to a spectrometer consisting of tunable band-pass filters.
The signal was detected using an avalanche photodiode
(APD; COUNT-50N-FC, Laser Components, Germany),
and the photons were registered using a frequency counter.
The time resolution of this system is typically 240 fs (full
width at half maximum). Our experimental setup with
a photomultiplier for the detector instead of an APD is
described in the supplemental material of our previous paper
[22]. All luminescence measurements were performed in air
at room temperature.

The absorptivity of the samples was measured at 1.19 eV
as an increase of temperature under irradiation by a Yb-fiber
laser with reduced power (20 mW) using an in-house-made
calorimeter. The absorptivity at longer wavelengths (see the
Supplemental Material [24]) was measured using an optical
parametric amplifier operating at a repetition frequency of
1 kHz.

Metal samples were purchased from the Nilaco Corpora-
tion as sheets or rods. The rods were sliced into pieces of
1-2 mm thickness. The surfaces of the samples were either
sandblasted or pressed with an alumina polishing film. The
samples were rotated during the measurement to avoid degra-
dation and average the inhomogeneity of roughness, except
for some samples which did not have flat surfaces. The sam-
ples studied in this paper are listed in Table I in the order of
their atomic number. They are categorized into five groups:
light metals; 3d, 4d, and 5d transition metals; and noble met-
als. Although noble metals belong to transition metals, they
are categorized separately as noble because of their special
luminescence properties.

II1. RESULTS

Figure 1 shows the time evolution of luminescence inten-
sity at 0.9 eV for eight representative metals. The data for the
other metals are compiled in the Supplemental Material [24].
To reliably compare the luminescence intensities of 15 met-
als, we performed measurements continuously for a few days
under the same conditions as far as possible. The intensity
data for different days were calibrated using the luminescence
intensity of Au as a standard. Namely, we measured a standard
Au sample to check the total sensitivity of the measurement
system just before or after a series of measurements and scaled
the count rate of the samples by that of the Au standard
sample. Although Cu and Ni exhibited the highest and lowest
intensities, respectively, in this figure, Zr had the lowest inten-
sity among all (Supplemental Material [24]). The maximum
count rates of the time-evolution curves at 0.9 eV are tabulated
in Table I [column (b)].

The luminescence efficiency is enhanced by surface rough-
ness, and the enhancement factor critically depends on the
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TABLE I. Luminescence properties of metals.

Atomic number Element A (%) I° I Fexp? Comments
4 Be 74.8 775 1385 9.1 Light metal
12 Mg 56.4 1366 4294 6.4
13 Al 51.7 2424 9069 6.94
22 Ti 92.3 72 85 8.55 3d trans.
28 Ni 81 68 104 8.619
29 Cu 85.6 15562 21238 2.57 (Noble)

30 Zn 90 2446 3020 3.02 4d trans.
40 Zr 72.6 44 83 6.9

42 Mo 71.5 448 876 8.84

46 Pd 65.2 236 555 4.48

47 Ag 73.9 14373 26318 1.44 (Noble)
50 Sn 47.5 555 2460 3.88

74 w 71.6 218 425 4.5 5d trans.
78 Pt 58.1 594 1760 3.38

79 Au 82.5 6594 9688 1.54 (Noble)

*Absorptivity at 1.19 eV.

"Luminescence intensity at 0.9 eV (I').
“Emissivity corrected intensity I = I’ /A2.
9Decay rate (1/ps) defined in Eq. (1).

surface morphology. We normalized the count rate by the
absorptivity at excitation and emissivity at the luminescence
photon energies to avoid the uncertainty of luminescence
intensity due to this surface effect. For Ag surfaces with var-
ious degrees of surface roughness, we have shown previously
that the luminescence intensity at 0.9 eV under excitation at

Tr T r [T T T T[T rrr [ rrrr [ rrr [ rrrrrrrrT

Time Evolution of Luminescence Intensity at 0.9 eV
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Time (ps)

FIG. 1. Time evolution of luminescence intensity at 0.9 eV for
eight representative metals (Ag, Au, Cu, Pt, Zn, Sn, Ni, and Al).
The ordinate is the actual photon counting signal measured under
the same experimental conditions without normalizing by emissivity.
The data taken on different days are scaled using the Au signal as a
standard. The data for other metals are compiled in the Supplemental
Material [24].

1.19 eV is nearly proportional to the square of the absorptivity
at 1.19 eV [22]. Because emissivity is a gentle function of the
photon energy, we can reasonably assume the emissivity at
0.9 eV to be nearly equal to that at 1.19 eV. The absorptivities,
which are equal to emissivity according to Kirchhoff’s law,
at 1.19 eV measured by calorimetry are listed in Table I
[column (a)]. Applying the above-mentioned square law to
these metals, we corrected the effect of surface morphology on
the luminescence intensity and obtained the intrinsic lumines-
cence intensity, represented as I [column (c)] in Table I. This
enables a meaningful comparison of luminescence intensities
of different metals. The large variation in / among the different
metals, by a factor of 300, will be discussed in Sec. IV A.

Since the luminescence at 0.6 eV has a slower decay rate
than that at 0.9 eV and is suitable for evaluating the lifetime,
we performed measurements at 0.6 eV. Figure 2 shows the
time evolution of the luminescence intensity at 0.6 eV, where
the peak intensities have been normalized to 1000 counts/s
for a set of metals shown in Fig. 1. To analyze these curves,
we assumed a quasi-instantaneous response (expressed by a
delta function) and an exponentially decaying component.
The experimental curves were approximated by a convoluted
response curve

I(t)Z/ gt —1)[Ag 8(t") + Ay exp(—TexptHldt’, (1)
where
)= ! (— i) 2
s= wa/mT P\ T W2

is a normalized Gaussian function representing the instrumen-
tal response. The function g (t) for FWHM = 0.29 ps is shown
by a dashed curve in Fig. 2. It properly represents the shape
of the curves for a negative delay near = 0 but shows a large
deviation below r = —0.3 ps, where the signal is lower than
the % level owing to the nonideal pulse shape of the laser.
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FIG. 2. Time evolution curves of luminescence intensity at
0.6 eV for eight representative metals (Ag, Au, Cu, Pt, Zn, Sn, Al,
and Ni). The curves are normalized to 1000 counts/s at their maxima.
The instrumental response function for full width at half maximum
(FWHM) = 0.29 ps approximated by a Gaussian curve is shown
by the dashed curve. The data for other metals are compiled in the
Supplemental Material [24].

Therefore, we used data > % of the maximum value to fit
both for the negative and positive delays. As the width of
g (¢) fluctuates between 0.27 and 0.30 ps from measurement
to measurement, we regarded w as a variable, which was
adjusted for each curve. The time evolution curves for all
the metals could be well approximated using Eq. (1), and the
decay rate for the exponential component I'c,, was obtained.
The decomposition procedure for Au is illustrated in Fig. 3
as an example. The decay profiles of all the metals were
reproduced using this decomposition procedure with a similar
fitting quality. The obtained exponential decay rates I'eyp, are
listed in Table I [column (d)].

The correlation between the peak intensity 7 at 0.9 eV and
the exponential decay rate I'eyp is shown in Fig. 4. For metals
with very short lifetimes, such as Be, Mo, Ti, and Ni, the
deconvolution procedure includes a larger ambiguity because
the time constant is close to the instrumental response. It
is interesting to note that the data points are not distributed
homogeneously but are distributed in the area above a line
with a negative slope. This indicates that metals with long
exponential lifetimes always exhibit high instantaneous lumi-
nescence intensities.

The physical meaning of the two components in Eq. (1)
is understood as follows. As we have discussed in previous
papers [21,23], the electron population can be approximated
by a sum of a thermal (Fermi-Dirac) distribution frp(x, t)
with an appropriate electron temperature and the nonthermal
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FIG. 3. Decomposition of the time evolution curves into an
instantaneous response (blue dashed curve) and an exponentially de-
caying component (green dashed curve). This figure shows the result
for Au as an example. Inset: Calculated time evolution of electron
temperature, 7(¢) (black chain) and electron population (blue dots)
at 0.6 eV for kT, = 0.24 eV, both normalized to unity. The time axis
is normalized by the cooling time constant. The red solid line shows
the slope att = 0.

distribution fyr(x, t) created by optical excitation:

nNTe(Eexc - )C),

for x > 0,
fNT(-x’ 0) - {1 — nNTQ(EexC +X),

forx < 0,

3

where 6(x) is a unit step function, E.. is the excitation photon
energy 1.19 eV, and nnr is the population of nonthermal
electrons. Just after excitation by a short laser pulse, the elec-
tron population is dominated by fnt(x, 0), and the maximum
kinetic energy of the electron reaches Eex.. When time elapses,
the population fyr(x, #) decreases from the top end. We as-
sume that the quasi-instantaneous response corresponds to the
high-energy electrons described by fnr(x, t), which disap-
pears via e-e scattering in a very short time compared with the
time resolution of the present experiment. After some time,
the Fermi-Dirac distribution frp(x, t) is established, and the
time evolution is well described by the cooling of the electron
system emitting phonons. Of course, both processes occur at
the same time and cannot be strictly separated. However, this
simplification was used to see the essence of the relaxation
process of excited electrons.

IV. DISCUSSION

The roughness on surfaces enables our samples (15 met-
als) to absorb and emit photons with high efficiency. This
is because the surface roughness resolves the wave number
mismatch between the photon in vacuum and the surface plas-
mon polariton (SPP) that is confined near the metal surface.
For example, Ag with a heavily roughened surface shows hot
luminescence that is three orders of magnitude larger than a
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FIG. 4. Maximum internal luminescence intensities / at 0.9 eV as
a function of decay rate I'¢, at 0.6 eV (double logarithmic plot) for
15 elemental metals. The red line shows a boundary of distribution:
Metals with small decay rate exhibit high luminescence intensities.

smooth surface [22]. Note also that a series of elementary pro-
cesses, i.e., photon absorption, SPP propagation, and photon
emission, has been studied in high-quality patterned metals
[25-27], and the radiation process mediated by SPP has been
established for noble metals.

In this paper, we assume that, (i) in the initial stage of
relaxation, the SPP decays due to e-e scattering; (ii) in the
final stage of relaxation, the SPP decays due to e-ph scattering;
and most importantly, (iii) nonthermal or thermal electrons
near the surface (either) form a steady state with the SPP at
the moment of radiation, where the steady state in this paper
expresses a frequent energy exchange between the SPP and
excited electrons: The SPP collapses to excited electrons, and
simultaneously, excited electrons are combined to create the
SPP. The third assumption, which allows us to replace the SPP
dynamics with the electron dynamics, is speculated from the
fact that the time-resolved luminescence spectra in metals are
well described by the cooling process of the electron system
[21,23].

Using the frequency-dependent dielectric constant and the
e-ph coupling constant, we demonstrate below how the quan-
tities I and Iy, are explained under these assumptions.

A. Interpretation of the peak intensity

First, we consider how the peak luminescence intensity is
determined. In our experiment, the absorptivity at the exci-
tation photon energy was adjusted in a range 47-92%, and
the absorbed energy by the samples coincide within a factor
2 for all metal samples. The absorbed energy is definitely
transferred to the electron system because no other elemen-
tary excitation is expected in this energy region. The initial
electron number generated in the metal is nearly the same

for all metals. In addition, the emissivity is common for
all samples within a factor of 2. Therefore, the 300 times
difference in the luminescence intensity at 0.9 eV among the
metals should be ascribed to the different nonthermal elec-
tron dynamics before radiation of luminescence. In metals,
electrons lose energy through e-ph interaction far faster than
radiation process. This is one of the reasons why the quantum
efficiency of luminescence in metal is very low under con-
tinuous wave (CW) excitation. However, the e-e scattering is
an even faster process to reduce the nonthermal component,
and it can be a mechanism of quenching the luminescence. In
the following, we propose a model to interpret the intensity of
the quasi-instantaneous component of luminescence. Here, we
demonstrate that e-e scattering is relevant to the luminescence
dynamics at the early stage of relaxation and that the peak
luminescence intensity is determined by the inverse of the
Drude damping rate.

Let us suppose a metal at a very low temperature as an
initial state and photoexcitation by an infinitely short light
pulse. The electron population just after photoexcitation is
given by Eq. (3), showing that electrons with very high energy
on the order of 1 eV exist.

We define the quantum yield of luminescence for the elec-
tron in an energy window AE at E as

I
T+ Cu(E)

where I'; is the radiative decay rate and assumed constant.
Here, ', (E) is the nonradiative decay rate, which is strongly
dependent on E, as will be discussed below. Here, the quan-
tum yield is the number ratio of emitted photons to electrons
generated in this energy window defined by AE. Since the
nonradiative decay rate is far larger than that of the radiative
decay process in metals, Eq. (4) reduces to

I
T (E)

The nonradiative decay process, in other words, depopula-
tion of the electrons from the energy window AE, is caused
by e-e and e-ph scattering. After single collision with other
electrons, the nonthermal electrons lose a large amount of
energy, while the energy loss due to e-ph scattering is on the
order of the phonon energy, which is rather small. Therefore,
e-e scattering is expected to be dominant in the decay process.

The relaxation of photoexcited high-energy electrons has
been studied by means of time-resolved two-photon photoe-
mission spectroscopy (2PPE) [28]. In most metals, it has been
verified that the lifetime is nearly proportional to (E — Eg) 2,
as Fermi liquid theory predicts [29,30]. This means that the
lifetime is dominated by e-e scattering. Lifetimes at 0.5 eV
above Ef lie between 100 and 5 fs for many metals, whereas
the lifetime is exceptionally long in Au (180 fs) due to the
screening by d electrons. The 2PPE results support the domi-
nance of e-e scattering for the decay of nonthermal electron.

The most probable radiative process for the electron at
energy E is the recombination with holes just above Er be-
cause the hole population is close to unity above Eg, and the
spontaneous radiation probability is proportional to the square
of the transition energy. Therefore, Y (E) approximately rep-
resents the intensity of the quasi-instantaneous component at

Y(E) = 4

Y(E) =

&)
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a photon energy E — Ey Therefore, we can conclude that the
intensity of the quasi-instantaneous luminescence is inversely
proportional to the e-e scattering rate, as given by Eq. (5).
Here, we should note that the experimentally obtained in-
tensity of the quasi-instantaneous luminescence is the photon
number counted within the time window of the time resolution
(typically 0.24 ps), which is far larger than the lifetime of
the instantaneous luminescence. Of course, the total energy
of the electron system is conserved under the e-e scattering
processes. In contrast, the decay of the exponential component
is attributed to the cooling of the thermalized electrons via
phonon emission, giving rise to overall energy loss of the
electron system, as discussed in the following section.

Having established the relevance of the e-e scattering in the
quasi-instantaneous luminescence, we next discuss the peak
intensity /. As discussed, nonthermal electrons are responsible
for 1. In other words, if the e-e scattering rate is very fast,
the electron quasiequilibrium is established instantaneously,
giving rise to small /. Ideally, the evolution of electron dis-
tribution due to the e-e scattering should be studied by the
Boltzmann transport equation [11,31-33]. However, it is not
easy to study the relaxation dynamics based on a theoretical
model by considering material-dependent properties such as
electronic band structure and intraband transition rate. Alter-
natively, we propose a semiempirical approach based on the
existing experimental information on the dielectric property of
metals. By assuming dispersive media, we calculate the dissi-
pation rate of electric field energy corresponding to frequency
w [34,35]:

der ()]
Jw i| ’ ©)

y(w) = 282(0))[
where ¢;(w) and &;(w) are the real and imaginary parts of
the frequency-dependent dielectric function of a metal at a
frequency . This expression is also used to describe the
damping rate of the plasmon mode in metal nanostructures
[35]. Furthermore, this is consistent with the Drude formula
[35]. In fact, by substituting the expression of & = g5 —
w}/(@* + ioyp) into Eq. (6), where &, is the dielectric con-
stant at the high-frequency limit, @, is the bulk plasmon
frequency, and yp is the w-independent Drude damping rate,
one obtains y = yp. In this sense, we can regard y in Eq. (6)
as the Drude damping rate that reflects several scattering pro-
cesses. Of course, the e-e scattering should be dominant in the
quasi-instantaneous response, as discussed above.

To calculate y for 15 elemental metals, we extracted the
experimental data of the w-dependent refractive indices, n and
k, from the refractiveindex.info database [36]. To interpolate
the discrete data points, the @ dependence of the dielectric
constant was calculated by using a cubic spline algorithm.
Figure 5 shows the luminescence intensity /(0.9 eV) as a
function of 1/y(0.9 eV) for 15 elemental metals. The noble
metals have a small damping rate (large 1/y ), which prevents
ultrafast relaxation of nonthermal electrons. Therefore, they
exhibit strong brightness (large 7). The 1/y exhibits a large
variation among different metals. The 1/y’s of noble metals
and Ti, Ni, and W differ by >100 times and have a strong
correlation with /. In addition, 11 metals (except Zn, Mg,
and Ni) are distributed within the /10 tolerance limits of the
solid line, and three exceptions (Zn, Mg, and Ni) are located

Do ]
2 o Mg - ]
s ]
Q 3k Zn. P B
o &Sn
-~ 2r // T
> , " Bee
» 10" | -
C F ]
L Fec1/y b,
£ s 8
aF ]
sk |
2 -
10 ° y =
°r il R | L]
2 3 4 5678 2 3 4 5678 2 3 4 5678
0.1 1 10 100

FIG. 5. Correlation between luminescence intensity / at 0.9 eV
and 1/y calculated by Eq. (6). The solid straight line shows the
I o 1/y relation. The dashed lines show the +/10 tolerance limits.
Zirconium (Zr) is omitted because de;/dw < 0 at 0.9 eV.

close to the tolerance lines. This simple model is sufficient
to explain the general trend of the luminescence intensity of
metals. As mentioned, / reflects the population of nonthermal
electrons within the time resolution of the measurement, so
that we evaluated y at iw = 0.9 eV. Luminescence from
electrons before e-e scattering is also found in gold flakes
under CW excitation and is referred to as prescattering
emission [15].

B. Interpretation of the exponential decay rate

Next, we consider the luminescence decay rate ey, that
describes the electron-cooling rate after the electron tempera-
ture is almost established. We emphasize that Iy, is different
from y that describes the quasi-instantaneous response dom-
inated by e-e scattering. We calculated the cooling rate due
to the e-ph scattering by utilizing the theory developed by
Kabanov and Alexandrov (KA) [37,38]:

3R (922)
- 2 kB Tph ’
where /i is the Planck constant, and Ty, is phonon temperature,
which is set to room temperature because the heat capacity
of the lattice is large, and the transient increase of the lattice

temperature is not significant in our experimental condition.
The e-ph coupling strength is given by

(N

KA

MO = 2/a2F(sz)sz"*1dQ, 8)

where o?F (Q2) is the Eliashberg function at the phonon fre-
quency €2, and n is an integer. This is the phonon DOS
weighted by the e-ph matrix elements. For 15 metals, we
computed ?F (R2) based on density functional perturbation
theory implemented in the QUANTUM ESPRESSO code [39].
The computational details are provided in the Supplemental
Material [24].
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FIG. 6. Correlation between exponential decay rate I, at
0.6 eV and electron-phonon coupling constant. The blue dashed line
represents the values calculated by Eq. (7). The values multiplied by
1.5 are shown by a solid line.

Equation (7) is derived using a linearized Boltzmann trans-
port equation and treating the nonequilibrium component of
the electron distribution as a perturbation [37]. In this sense,
Eq. (7) is applicable even when the e-e collision rate is lower
than the e-ph collision rate. This is different from the relax-
ation rate in an ordinary two-temperature model [40], where
the e-e collision rate is assumed to be large enough to establish
an electron quasiequilibrium at any time. Here, 'k, is linearly
proportional to A(?). This relationship has been used to
understand the transient optical responses of elemental metals
[38], superconductors [41], and nanostructures [42].

Figure 6 shows I'e, in experiment vs A{(AS2)?). The blue
dashed line represents 'k calculated from Eqgs. (7) and (8),
using the computed Eliashberg function. The experimental
trends are explained well by the linear dependence. It is
noteworthy that even the absolute value is close to those of
experiment.

However, we notice a systematic upward shift of the exper-
imental points in Fig. 6. This is because the parameter ['ga
corresponds to the relaxation rate of macroscopic quantity
such as excess electron energy or electron temperature, while
[exp is the decay rate of population observed at a fixed energy.
To show this, we calculate a population decay at a fixed
energy (0.6 eV) by assuming that the electron distribution is
in quasiequilibrium and the electron temperature decays at a
rate I'ka. As shown in the inset of Fig. 3, the decay rate of the
electron population at 0.6 eV near the time origin is faster than
I'ka, for the typical initial condition kzTy = 0.24 eV, where T
is the initial electron temperature [21].

The overestimation of I'ks in Al and Be can be attributed
to an implicit assumption in the theoretical model. The deriva-
tion of ['ks assumes that the phonon system is characterized
by a single temperature [37]. However, the phonon distribu-
tion becomes a nonequilibrium one, if the 2 dependence of
a’F(Q) is strong and the equilibration process within the

phonon system is slow (i.e., weak phonon-phonon scatter-
ing rates). In such a case, the temperature of some specific
phonon modes increases, and electron cooling is hindered.
This kind of phenomenon is often observed in semicon-
ductors and is known as the hot phonon effect [43-45]. In
fact, this was observed in Al, where electrons coupled with
longitudinal phonons yielded different temperatures for the
longitudinal and transverse phonons [46]. We consider that
a similar scenario holds for Be: The Debye frequency is
exceptionally large (~20 THz) [47], and o> F (S2) in the high-
frequency regime is relatively larger than in the low-frequency
regime (see Fig. S4 in the Supplemental Material [24]), which
may hinder the decay of high-frequency phonons into lower
phonon modes.

V. CONCLUSIONS

The lifetimes and intensities of the luminescence of
15 elemental metals were investigated using femtosecond
luminescence spectroscopy, and the time profile of the lu-
minescence was decomposed into quasi-instantaneous and
exponential decay components. The variation of the intensity
of the quasi-instantaneous component / among 15 elements
was well understood in terms of a model based on two as-
sumptions, i.e., (1) the instantaneous luminescence intensity
is inversely proportional to nonradiative decay rate of the
nonthermal electrons, and (2) a steady state is established
between nonthermal and/or thermal electrons and the SPP. It
was shown that the luminescence intensity / was proportional
to the inverse of the Drude damping constant y evaluated from
the dielectric functions. It is worth noting that the ultrafast
phenomena can be understood in terms of well-known clas-
sical parameters of metals. In other words, the luminescence
data provide a microscopic verification of the Drude damping,
in which all types of scatterings such as e-e, e-ph, and e-defect
collisions are included. In this paper, we suggest that the
Drude damping is dominated by the e-e scattering at least for
the infrared regime. Assumption (1) can be replaced by a di-
rect determination of the fast component of the luminescence
with measurements with higher time resolution. It would, in
principle, be possible because a time resolution of 40 fs was
demonstrated in the visible region [48]. As for the verification
of assumption (2), rigorous theoretical work describing the
radiation from the excited-electron-SPP coupled system is
required.

The exponentially decaying component was attributed to
the cooling of thermal electrons via phonon emission, and the
decay rates were found to be proportional to the e-ph cou-
pling strength from ab initio calculations. Even the absolute
values are in good agreement with experiment. This in turn
shows that the luminescence method is usable for determin-
ing fundamental material constants, which are important for
superconductivity theory, for example.

To summarize, in this paper, we highlight the fact that
the underlying physics behind the infrared luminescence of
metals with heavily roughened surface is governed by a com-
plex interplay between hot carriers, phonons, and the SPP. We
have demonstrated that the relationships I o 1/y (Fig. 5) and
Fexp A{(Q?) (Fig. 6) are satisfied for most of the 15 metals,
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providing a unified simple picture for the luminescence of
metals.

At the end of this paper, we want to emphasize that
our study of many kinds of metals with nearly equivalent
geometry made it possible to reveal underlying physics of
metal luminescence. This is in contrast with foregoing studies,
in which authors were mostly concentrated on single metal
(mainly noble metals) and specialized geometry such as nan-
odots, rods, flakes, or flowers.

Note added. We note an independent theoretical work dis-
cussing the luminescence of metals under CW excitations,
introducing the generalized Kirchhoff’s law [49].
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