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Differentiating contributions of electrons and phonons to the thermoreflectance spectra of gold

Kexin Liu®,' Xinping Shi®,' Frank Angeles,! Ramya Mohan®,? Jon Gorchon,? Sinisa Coh,">" and Richard B. Wilson"?:
'Mechanical Engineering, University of California, Riverside, California 92521, USA
2Materials Science and Engineering, University of California, Riverside, California 92521, USA
3 Université de Lorraine, CNRS, IJL, F-54000 Nancy, France

® (Received 4 February 2021; revised 10 September 2021; accepted 21 September 2021; published 22 October 2021)

To better understand the many effects of temperature on the optical properties of metals, we experimentally
and theoretically quantify the electron vs phonon contributions to the thermoreflectance spectra of gold. We
perform a series of pump/probe measurements on nanoscale Pt/Au bilayers at wavelengths between 400 and
1000 nm. At all wavelengths, we find that changes in phonon temperature, not electron temperature, are the
primary contributor to the thermoreflectance of Au. The thermoreflectance is most sensitive to the electron
temperature at a wavelength of ~480 nm due to interband transitions between d states and the Fermi level.
At 480 nm, the electron temperature is responsible for ~20% of the total thermoreflectance. In the near
infrared, the electron temperature is responsible for < 2% of the total thermoreflectance. We also compute the
thermoreflectance spectra of Au from first principles. Our calculations further confirm that phonon temperature
dominates thermoreflectance of Au. Most of the thermoreflectance of Au is due to the effect of the phonon

population on electron lifetime.
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I. INTRODUCTION

Despite a half-century of study [1-15], the relative
contributions of electrons vs phonons to the temperature de-
pendence of the optical properties of a metal are not clear.
A relatively common explanation for thermo-optic spectra
of metals is that the electron temperature affects interband
optical transitions [16-19]. An interband transition threshold
is the energy difference between band extrema and the Fermi
level. Absorption probabilities are higher for photon energies
near the transition threshold. Therefore, a change in the elec-
tronic occupancy near the Fermi level can increase/decrease
absorption for photons kg7 above/below the interband tran-
sition threshold. This electron-temperature-based explanation
for the thermoreflectance spectra is often invoked to explain
the thermoreflectance spectra of simple metals Cu, Ag, and Au
[19,20]. These metals have a maximum in their thermo-optic
spectra near their interband transition thresholds. Other ways
for the electron temperature to affect optical properties include
altering electron-electron scattering rates [21] and shifting the
Fermi level [1].

An alternative explanation for thermo-optic spectra of
metals is thermal expansion [5]. Like changes in the electron
occupancy, thermal expansion can also change the optical
transition probabilities between band extrema and the Fermi
level [5]. Since thermal expansion occurs because of increas-
ing phonon populations, this explanation credits thermo-optic
spectra to phonons. Additionally, electron-phonon interac-
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tions can affect optical properties [9,14]. Electron-phonon
scattering rates are determined by the phonon temperature.

Experimentally evaluating the relative importance of elec-
trons vs phonons to the thermo-optic spectra of metals is
challenging. While many experimental studies report the ther-
moreflectance spectra of metals [1-15], these experiments
were carried out at conditions where electrons and phonons
were in equilibrium. To differentiate electron and phonon
contributions to thermo-optic properties, the metal needs to be
driven into a nonequilibrium state where electron and phonon
temperatures differ 7, # T,,. Additionally, the nonequilibrium
state needs to be such that the electron and phonon temper-
atures are definable. In other words, the electron distribution
needs to be a Fermi-Dirac distribution, and the phonon distri-
bution needs to be a Bose-Einstein distribution.

A straightforward way to cause nonequilibrium between
electrons and phonons is photoexcitation [22]. However, pho-
toexcitation drives the metal into a nonequilibrium state where
the electrons and/or phonons have nonthermal distributions
[18,23-26]. The distributions remain nonthermal until enough
electron-electron, electron-phonon, and phonon-phonon scat-
tering events occur to maximize entropy. Depending on the
scattering rates, it takes between 0.1 and 5 ps for a nonthermal
distribution to evolve into a thermal one [17,24,27]. This
timescale is typically comparable with how long it takes for
electrons and phonons to thermalize with each other [24]. In
short, after photoexcitation, the electron and phonon temper-
atures may not be well defined until 7, ~ T),. Several recent
studies report that the nonthermal character of photoexcited
electron distributions affects the optical response of metals in
pump/probe experiments [17,18].

To overcome the challenge of nonthermal effects, we per-
formed pump/probe measurements on Au/Pt bilayers. After

©2021 American Physical Society
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FIG. 1. Two temperature model calculations for the Au/Pt bi-
layer for a pump wavelength of 783 nm. (a) Absorption of the pump
beam vs depth. (b)—(d) Electron temperature (solid lines) and phonon
temperature (dashed lines) vs depth at delay times of 0, 10, and
100 ps. Nonequilibrium between electrons and phonons in the Au
layer persists for ~100 ps. (e) Electron and phonon temperature
of the Au surface as a function of delay time. The shaded region
represents the uncertainty in the electron and phonon temperature
profiles due to uncertainties in thermal model parameters.

photoexcitation of the Pt layer, the electron and phonon
temperatures in the Au are both definable and unequal on
timescales between 2 and 100 ps after photoexcitation [28].
Unlike a single Au layer, where electrons and phonons take
only a few picoseconds to thermalize after photoexcitation
[17], electrons and phonons in a Au/Pt bilayer take as long
as 100 ps to equilibrate [28,29]. We show the temperature
dynamics after photoexcitation for a Au/Pt bilayer in Fig. 1.
In a single Au film, the electron-phonon thermalization time is
short because Au electrons have a small heat capacity. Alter-
natively, in a Au/Pt bilayer, the Au electrons, Pt electrons, and
Pt phonons have strong enough thermal coupling to effectively
form a single thermal reservoir [28,29]. Collectively, this

reservoir has a heat capacity two orders of magnitude larger
than Au electrons in isolation and therefore takes ~100 times
longer to thermalize with Au phonons. Another advantage of
Au/Pt bilayers is that strong electron-electron interactions in
Pt reduce the importance of nonthermal effects to the dynam-
ics at all timescales [24,30].

The main results of our study are wavelength-dependent
pump/probe measurements of Au/Pt bilayers. Our
wavelength-dependent experiments reveal that the thermo-
reflectance of Au is primarily driven by changes in phonon
temperature. The thermoreflectance of Au is most sensitive to
electrons at 480 nm, where dR/dT, makes up ~20% of the
total thermoreflectance. Alternatively, in the near infrared,
the electron temperature is responsible for < 2% of the total
thermoreflectance.

We also computed the thermoreflectance spectra of Au
from first principles. Accurately calculating the thermore-
flectance is challenging because of the multitude of ways
that temperature affects optical properties. Nevertheless, in
agreement with our experimental data, our first-principles
calculations find that the dominant contribution to thermore-
flectance spectra is through phonons. The large thermore-
flectance of Au near the interband transition threshold is
dominated by the temperature dependence of the electron
lifetime due to electron-phonon interactions. Increases in the
electron-phonon scattering rate decrease/increase absorption
at wavelengths shorter/longer than the interband transition
threshold wavelength of 510 nm.

II. EXPERIMENTAL METHODS

We deposited a 60 nm Au thin film and two Au/Pt bilayers
on sapphire substrates for pump/probe experiments using a
direct current magnetron sputter deposition system. The two
bilayer samples are the focus of our study. The geometry of
the two bilayer samples was (71 nm Au)/(17 nm Pt)/sapphire
and (64 nm Au)/(19 nm Pt)/sapphire. Electron backscattering
analyses show that the films are highly (111) textured. Further
information on the sample preparation and our measurements
of film thickness are provided in Ref. [31].

We performed front/back time-domain thermoreflectance
measurements on the Pt/Au bilayers. By front/back, we mean
the probe beam measures the Au reflectance at the front of
the sample (Au/air interface), and the pump photoexcites the
Pt layer through the back of the sample (Pt/sapphire inter-
face). The pulse duration of the pump and probe beams was
~100-200 fs. The pump beam was electro-optically modu-
lated with a 50% duty cycle at 10.7 MHz. The intensity of the
reflected probe pulse was monitored with an amplified silicon
photodiode detector. The photodetector was connected to a
radiofrequency lock-in that detected 10.7 MHz signal. Both
pump and probe beams had a 1/e? radius of ~7 um. We con-
ducted experiments where the pump and probe beams had the
same wavelength, tuned between 690 and 1000 nm. To extend
the range of our study, we also conducted experiments with
a frequency-doubled probe beam with wavelengths between
400 and 525 nm. Further details of our experimental setup are
reported in Ref. [32].

We analyzed our pump/probe data with a two-temperature
thermal model. The predictions of our thermal model for the
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(71 nm Au)/(17 nm Pt) sample are summarized in Fig. 1.
The model consists of two coupled heat equations for each
layer in our sample. The heat equations describe how the
electron and phonon temperatures evolve in space and time
after photoexcitation with the pump:

a7, 32T,
CgE = Aea—Z2 + gep(T, — T,) + S(z, 1), (D
oT, 02T,
Cogr =Mooz T 8aTe—Tp). @)

Here, T, and T, are the electron and phonon temperatures,
C, and C, are the electron and phonon heat capacities, and g,
is the electron-phonon energy transfer coefficient. The model
considers where the heat is deposited via S(z, ), which de-
scribes the absorption of optical energy by electrons (Fig. 1).

The input parameters of the thermal model are the
thermal properties and optical constants of the sample. The
outputs of the thermal model are the electron and phonon
temperatures as a function of depth and time. All thermal
model parameters we used to calculate the evolution of heat
in the bilayer were fixed by independent measurements or
literature values. To fix electronic thermal conductivities
in our model, we sputtered separate 60- and 200-nm-thick
Pt and Au single-layer films on sapphire. We then used
the four-point probe method to measure the electrical
resistivity of these films. Then using the Wiedemann-Franz
law, we estimated A,~190Wm'K"! for Au and
A, ~40Wm K for Pt. We assume that the electronic
heat capacity scales linearly with electron temperature
C, = yT,. For Au, based on Ref. [29], we used ya, &
70 x 107°ITm—> K™, g, ~2x10°Wm> K™, C,~
25MIm—=K™!, and A,~3Wm~'K~!. For Pt, based
on Ref. [30], we used yp ~4x 107*Tm3 K2, 8ep N
6x 10"Wm—3K™!, C,~27MIm3K™!, and A, =~
7Wm~! K~!. The shaded region in Fig. 2 indicates what
range of electron and phonon temperatures is possible given
uncertainties in the input parameters of the model.

We assume the time dependence of S(z, 7) tracks the inten-
sity vs time of our laser pulse, which we previously measured
and reported as a function of wavelength in Ref. [32]. Zero-
delay time is defined as the time when the pump beam
intensity is a maximum. This means that the pump pulse
deposits half of its energy before zero-delay time. To de-
termine the depth dependence of S(z,t), we calculated the
absorption profile using a multilayer reflectivity calculation
like the one described in Ref. [29]. We used literature values
for the indices of refraction of similarly prepared Au and Pt
thin films [11]. The depth dependence of the absorption of
the pump is shown in the top panel of Fig. 1 for a pump
wavelength of 783 nm. In our experiments, as we changed
the laser wavelength, the depth dependence of S(z,t) was
slightly altered due to the wavelength dependence of the index
of refraction of Au and Pt. However, at all wavelengths that
we conducted experiments, at least 97% of the energy of the
pump pulse was absorbed directly by the Pt layer.

Solving Egs. (1) and (2) requires boundary conditions. We
couple phonon heat equations for Pt, Au, and sapphire by
assuming the heat current carried by phonons across the inter-
face is J, = GiyyAT,, where AT, is the phonon temperature

30 r . : .
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695nm, 2a=0.10 4
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FIG. 2. Pump/probe data for the Au reflectance at 480, 695, and
960 nm. The transient reflectance of the Au layer depends on wave-
length due to changes in electron vs phonon temperature sensitivity.
Lines are thermal model predictions for the change in reflectance
with different values for the electron temperature sensitivity param-
eter a. The shaded region represents our estimates for uncertainty in
the electron and phonon temperature profiles due to uncertainties in
thermal model parameters.

difference across the interface, and Gy, is the interfacial ther-
mal conductance for either the Au/Pt or Pt/sapphire interface.
We took Gij,e values from Ref. [29]. For boundary condi-
tions on the electron heat equations, we assume an adiabatic
boundary condition at the Pt/sapphire and Au/air interfaces.
For electrons at the Au/Pt interface, the model assumes J, =
G._.AT,. Data for the electronic thermal conductance of
Au/Pt interfaces is limited [29], but measurements of specific
electrical resistance combined with the Wiedemann-Franz law
[33] predict G._, of 10 and 30GW m2K~! for Pt/Cu and
Pd/Au interfaces [34,35]. Our model predicts no detectable
change in the temperature evolution of Au electrons and
phonons for values of G,_, ranging between 5GW m=2 K~!
and infinity. Therefore, for simplicity, we set G,_, = o0, i.e.,
we assume the electron temperature is continuous across the
Au/Pt interface.

Our model predicts that heat is transported into the Au
phonons in two ways. First, heat is exchanged between Au
electrons and phonons due to the g, term in Egs. (1) and
(2). Second, heat can diffuse from the Pt phonons into the
Au phonons due to a conductive boundary condition on the
heat current at the Au/Pt interface (see Ref. [31] for more
details). To qualitatively gauge the relative importance of
these two heat-transfer mechanisms, we estimated the thermal
conductance for these two processes. The effective conduc-
tance per unit area between Au electrons and Au phonons is
g‘;‘dAu ~ 1GWm 2K, where da, is the length scale over
which Au electrons and phonons are different temperatures.
For a thick metal layer, this nonequilibrium length scale is
A \/Ae/8ep, which is ~100 nm for Au [29]. In our samples,
the nonequilibrium length scale dy, is limited by the ~70 nm
thickness of the Au film. In contrast to the large electron-
phonon conductance, a typical value for the phonon-phonon
conductance at an interface between two materials is only
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between 0.1 to 0.3GWm 2K [36,37]. Therefore, we
conclude electron-phonon energy exchange is the primary
mechanism by which Au phonons are heated.

To compare with our experimental data, we parameterize
the change in reflectance as

AR(t) = Crr(M)[a(M) AT, (1) + bA)AT,(1)]. 3

Here, t is the time delay between the pump and probe
pulses, AT,(¢) is the transient electron temperature, AT,(t)
is the transient phonon temperature, and Crg () describes the
dependence of the thermoreflectance spectra on wavelength A.
We define Crr as the magnitude of the equilibrium thermore-
flectance coefficient Crr(A) = |[dR/dT| when AT, = AT,.
The functions a(A) and b()) define the sensitivity of the
thermoreflectance to electrons vs phonons. The relationship
between these sensitivity functions and the partial derivatives
of the reflectance is 0R/dT, = a(A)Crr(X) and OR/0Ty, =
b(L)Crr (). The value of a(A) + b(X) must equal 1 or —1,
depending on whether the thermoreflectance is positive or
negative at that A. The temperatures AT, (t) and AT, (¢) are
a weighted average of the electron and phonon temperature
profile as a function of depth [29]. The weighted average is
calculated using a multilayer reflectivity calculation [38] that
we describe in Ref. [31].

We do not consider the temperature dependence of Cygr (1).
Prior studies suggested the thermoreflectance of Au is nearly
constant across temperatures between 300 and 500 K [15].
The temperature rise of the Au electrons in our experiment is
< 200K on timescales < 3 ps and < 20K on the 3-200 ps
timescales we fit our data across.

III. THEORETICAL METHODS

We used the first-principles calculated electron band struc-
ture energies E,x and orbitals i, within the perturbative
approach to evaluate the optical conductivity of Au [39,40]:

oup(w) = ifz lim/dk
2m)’ a—0
Jmktq = ok (Vik Vo Vinkq) (Vimkt-qUs¥nk)
~ Enk+q — Enk Enk+q — Enx — h> — ik /2
4)

The conductivity o, describes the current in direction o
in response to an electric field pointing in direction 8. Equa-
tion (4) is a summation over possible electronic transitions
between states in band m at wave vector k 4+  to states in
band n and wave vector k. The limit as q — 0 indicates that
we include both intraband and interband contributions to the
optical conductivity. The Fermi-Dirac distribution occupation
factor is denoted as f, while the velocity operator is denoted
by v. Here, n,,,x describes the effect of electronic scattering
rates on transitions due to electron-electron scattering. We
treat the electron-phonon scattering via the special displace-
ment method described in Ref. [41].

Electron and phonon temperatures appear at several places
in the expression above for the optical conductivity. For ex-
ample, the electron temperature 7, appears in the occupation
factors f,x — fuk(T.). However, the electron temperature also
affects optical properties by altering electron-electron scat-

tering rates 1,k — Nk (T2). Changes in phonon population
alter ¥,k and E,x because electron-phonon interactions shift
and warp energy bands (see Fig. 3). The phonon population
also changes optical properties by modifying electron-phonon
scattering rates. Finally, the phonon temperature 7, also af-
fects Eq. (4) through the effect of volume expansion V (7},) on
wnk and Enk~

We treat the effect of phonon temperature on optical
properties with the special displacement method approach
described in Refs. [41,42]. In this approach, Au atoms in a
supercell are displaced by vector & away from their equi-
librium locations based on the phonon temperature 7). As
described in Ref. [41], vector & is computed as a sum over
phonon eigenvectors, weighted by the Bose-Einstein occupa-
tion factor. Once we obtain the band structure for a system
with displaced atoms, we recompute its optical conductiv-
ity. The special displacement method approach includes both
Debye-Waller and Fan-Migdal electron-phonon terms and ac-
curately describes the effects of electron-phonon interactions
on both the real and imaginary part of the interband and intra-
band optical conductivity. The inclusion of both Debye-Waller
and Fan-Migdal terms is an advantage over conventional
treatments of electron-phonon interactions [14,43]. Similarly,
we treat the effect of phonon-driven thermal expansion by
computing the band structure and optical conductivity with
different volume unit cells ¥,k — ¥x[V(T,)] and E —
ExlV(T))].

We model the temperature dependence of the electron-
electron interaction contribution to carrier scattering rates
using the Fermi liquid approach [44]:

Nk = 0.0082 eV ™!
x [ 2Bk — Ep)*+ 1 (Ea — Ep)* + (wks T.)*], (5)

where we average the contribution of electron and hole state.
We arrived at a prefactor of 0.0082 eV~! by fitting to the
first-principles GW calculations [45—47]. This prefactor is
also consistent with two-photon photoemission data [48-50].
Importantly, Eq. (5) does not explicitly include the effects
of electron-phonon interactions. Those effects are already
included in our previously mentioned special displacement
method approach.

Using the framework described above, we computed the
thermoreflectance due to electron (7,) or phonon (7)) tem-
perature with a finite-difference approach. Electron wave
functions and energies were computed within the PBEsol +
U approach as implemented in the QUANTUM ESPRESSO
package [51]. We used U = 2.7¢eV following Ref. [43]. We
sampled the indirect absorption on a supercell containing 64
gold atoms. We sampled the charge density on a 24 x 24
X 24 mesh of k-points in the equivalent one-atom unit cell.
The interband contributions to the optical conductivity were
well converged with a 200 x 200 x 200 mesh of k-points in
the equivalent one-atom unit cell. The intraband contributions
converged at 40 x 40 x 40 mesh.

IV. RESULTS AND DISCUSSION

The change in reflectance of the Au layer after pump
heating of the adjacent Pt layer is shown in Fig. 2 for probe
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Effective band structure due to electron-phonon interaction

T =300K

FIG. 3. Band structure of gold, including electron-phonon interaction contribution, along high-symmetry path in the Brillouin zone for
temperature of 300 K (top) and 600 K (bottom). Calculations are done in a 4 x 4 x 4 supercell with thermal displacements of atoms (blue
and red circles in the right panels). The band structure is unfolded into a primitive unit cell, as indicated with color on the plot. Darker colors

correspond to larger intensity.

wavelengths of 480, 695, and 960 nm. For wavelengths in
the near infrared, AR slowly increases for ~100 ps after
excitation. Alternatively, for wavelengths near the interband
transition threshold of Au, e.g., 480 nm, AR depends only
weakly on time after the first few picoseconds. We credit these
differences in thermoreflectance signals at timescales between
2 and 100 ps to differences in sensitivity to the electron vs
phonon temperatures.

We fit the data with Eq. (3) by treating the electron and
phonon sensitivity parameters a and b as fit parameters at
each wavelength, see Fig. 2. Figure 4 summarizes the best-fit
values for a(}) at wavelengths between 400 and 1000 nm. The
markers are the average value of a()) we deduced by fitting
data from both Pt/Au bilayer samples. The error bars account
for the uncertainties in AT,(t) and AT, (t) due to uncertainties

in the thermal model input parameters. Most of the uncertainty
in a(}) arises from a 10% uncertainty in the thickness of the
Pt film.

To test our concerns that nonthermal effects [17,18,24]
prevent us from differentiating the effect of 7, vs 7, on
thermoreflectance in a single Au layer, we also performed
measurements on a 60 nm Au film with no Pt film. We used
the values for a(A) shown in Fig. 4 to make two-temperature
model predictions for AR(¢) of the Au film. At some wave-
lengths, predictions for AR(t < 2ps) disagree with the data in
both magnitude and sign, see Ref. [31].

The values for a(A) and b(A) we derived from our experi-
ments are intrinsic properties to Au and do not depend on the
details of our sample geometry. The reflectance of the probe
beam depends primarily on the optical properties of the Au

A (nm) A (nm) A (nm)
1200 800 400 1200 800 400 1200 800 400
03 | | L L L 1o 1 PR |
(a) % 17 1074 4
02 N ‘:\ JPeY=-
| — S o=
0 A — _
% 5 ]
01 7 N ‘K 10
© o} | —
9 -1 =T 10-5
0.0 1 Z & [~ 107° 3
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FIG. 4. (a) Sensitivity of the thermoreflectance to the electron temperature as a function of photon energy, a(w). (b) and (c) Electron (blue)
and total (red) thermoreflectance as a function of photon energy. Measured data are shown with symbols, while first-principles calculated

results are shown with lines.
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FIG. 5. Decomposition of the calculated thermoreflectance as a function of photon energy. Three panels show (a) contributions from the
electron occupation, (b) volume expansion, and (c) thermally displaced atoms. The primary effect of thermally displaced atoms is on the

electron-phonon lifetime.

layer because the Au thickness is much greater than the optical
penetration depth. The optical penetration depth of Au is 16
and 12 nm for wavelengths of 400 and 1000 nm, respectively.
However, there are uncertainties in the derived values of a())
and b(A) due to the accuracy of thermal model predictions
for the temperature evolution of the Au on timescales from
3 to 250 ps. To test the robustness of our thermal model
predictions, we performed an additional experiment at 783 nm
on a 73 nm Au/17 nm Fe sample. Like Pt, Fe has a much
stronger electron-phonon energy transfer coefficient then Au.
A best-fit value to our experimental data with our thermal
model predictions for the Au/Fe yields (783 nm) = 0.99,
see Ref. [31]. This value is in fair agreement with the value
of (783 nm) ~ —0.98 + 0.007 we derived from the experi-
ments on the two Au/Pt samples and supports our conclusion
that phonons dominate the thermoreflectance spectra.

The results of our first-principles calculated thermore-
flectance of Au are reported in Figs. 4 and 5. Overall, we find
good quantitative and qualitative agreement with the exper-
iment, as can be seen from Figs. 4(b) and 4(c). Our theory
predicts that the total thermoreflectance of gold has a peak
value of —2.5 x 10#K™!, in excellent agreement with exper-
imental studies that report a peak thermoreflectance for Au
between —2 x 10 and —3 x 10K~ [11,15,52]. We exper-
imentally observe a maximum thermoreflectance at ~540 nm,
while theory predicts a maximum ~520 nm. The theoretical
predictions deviate from the experimental data at wavelengths
< 520 nm, which is the interband transition threshold energy.
There are two likely reasons for the discrepancy between
experiment and theory at higher energies. First, the density
functional theory is a ground-state theory. A fully rigorous
description of optical properties requires a first-principles the-
ory for the excited state, such as the GW-BSE approach. We
do not use GW-BSE because its computational cost would
make parts of our calculation infeasible, e.g., the special dis-
placement method supercell approach for 7, effects. A second
reason for discrepancy at high energy is the different elastic
boundary condition in the model vs experiment. In our model,
the bulk gold is free to expand in all directions. In the experi-
ment, the gold film is deposited on a substrate that will hinder
expansion in the directions parallel to the substrate.

Theory and experiment are also in agreement on how much
the electron temperature affects the reflectance of Au, see

Fig. 4(b). Theory predicts a maximum value of [dR/0T,| =
0.5 x 107*K~! for energies above and below the interband
transition threshold. To deduce |0R/dT,| from our experimen-
tal measurements, we multiply a(A) reported in Fig. 4(a) with
Ctr (1) reported in Ref. [11]. We arrive at a maximum value of
|0R/3T,| ~ 0.3 x 10~* K. Like our theory predictions, the
experimental maximum occurs above and below the interband
transition threshold energy.

At longer wavelengths > 600 nm, the contribution of elec-
trons to the total thermoreflectance is even less important.
The total thermoreflectance in this energy range is ~ —0.3 x
10~*K~! in both theory and experiment. The electronic con-
tribution is ~ —5 x 1077 K~! in experiment and between
—107° and —1077K~! in our calculation. Therefore, we
conclude that, at all energies, thermoreflectance of Au is dom-
inated by the phonon temperature.

The primary way thermally displaced atoms &(7),) affect
the dielectric function is through modifications in the electron-
phonon lifetime. To confirm this, we did a new calculation
with two differences from the approach described above. First,
we removed the effect of thermally displaced atoms from our
calculation. Second, we added an electron-phonon scattering
term to electron lifetime in Eq. (5) that is proportional to
T,. We set the proportionality constant based on the tem-
perature dependence of the electrical conductivity. We found
this simple but crude method for including the effects of
electron-phonon scattering qualitatively reproduces the ther-
moreflectance predicted by the special displacement method
approach. Our findings in Fig. 5 correct older band structure
studies that concluded thermoreflectance spectra were primar-
ily due to thermal expansion [5,9].

V. CONCLUSIONS

We have experimentally determined that phonons domi-
nate the thermoreflectance spectra of Au. By experimentally
quantifying the sensitivity of the thermoreflectance spectra
to electron vs phonon temperatures, it is now possible to
use time-domain thermoreflectance experiments to differen-
tiate between ultrafast electron vs phonon dynamics in metal
films. Previously, such a differentiation had only been possible
using time-resolved x-ray diffraction experiments [53]. Our
first-principles calculations show that phonons dominate the
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thermoreflectance spectra by changing the electron lifetime
due to electron-phonon interactions. While this paper focuses
only on Au, we expect our conclusions will be applicable to
other metals for several reasons. Many metals, e.g., Al, Ta, Cu,
and Ag, have sharp resonancelike features in the thermore-
flectance spectra near interband transition threshold energies.
These similarities in thermoreflectance spectra suggest sim-
ilar origins. Furthermore, most metals have significantly
stronger electron-phonon coupling than the heavy metal Au
since the strength of electron-phonon interactions depends
on atomic mass. Stronger electron-phonon interactions will
increase the dependence of the dielectric function on phonon
temperature.

Our findings are important for understanding and in-
terpreting phenomena in many fields, including nanopho-
tonics and plasmonics [54-56], ultrafast electron dynamics
[16,17,57,58], ultrafast magnetism [59—63], and nanoscale
heat transfer [64-66]. Scientists in these fields use optical
pump/probe experiments to study charge and energy trans-
port in plasmonic and nanophotonic devices [18,54-56] or
nanoscale metal multilayers [28,30,59-63,67—69]. Important
length scales in pump/probe measurements of metal structures
and devices are <100 nm . Important time scales are <100 ps

[28]. At these short length and time scales, electrons and
phonons in the metal can be out of equilibrium [24,70,71].
Knowledge of how and why the optical properties of a metal
depend on the phonon vs electron temperature will aid the in-
terpretation of pump/probe measurements of nonequilibrium
phenomena [17,54,65,68,70-72].
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