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Role of electron-phonon coupling in finite-temperature dielectric functions of Au, Ag, and Cu
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Realistic representation of finite temperature dielectric functions of noble metals is crucial in describing the
optical properties of advancing applications in plasmonics and optical metamaterials. However, the atomistic
origins of the temperature dependence of noble metals’ dielectric functions still lack full explanation. In this
paper, we implement electronic structure calculations as well as ellipsometry experiments to study the finite
temperature dielectric functions of noble metals Au, Ag, and Cu. Theoretically, the intraband dielectric function
is described by the Drude model, of which the important quantity electron lifetime is obtained by considering the
electron-phonon, electron-electron, and electron-surface scattering mechanism. The electron-phonon coupling
is key to determining the temperature dependence of electron lifetime and intraband dielectric function. For
the interband dielectric function, it arises from the electronic interband transition. Due to the limitation of
incorporating electron-phonon coupling into the interband transition scheme, the temperature dependence of
the interband dielectric function is mainly determined by the thermal expansion effect. Experimentally, variable
angle spectroscopic ellipsometry measures the dielectric functions of Au and Ag over the temperature range of
300-700 K and spectral range of 2-20 um. Those experimental measurements are consistent with theoretical

results and thus verify the theoretical models for the finite temperature dielectric function.
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I. INTRODUCTION

The noble metals Au, Ag, and Cu are widely used in ap-
plications ranging from optoelectronics, catalysis, plasmonics
to optical metamaterials [1-3]. The dielectric functions of the
noble metals play an important role in those applications since
they are basic input parameters for the optical simulation and
design process. Since most of those applications operate at
high temperature conditions, the dielectric functions at high
temperatures are thus required, but nowadays, most theoretical
models are based on the optical properties of noble metals at
room temperature, which can lead to large errors in estimating
of the efficiency and performance. Recently, it has been
reported that the variation of optical constants of noble metals
can lead to a large difference in the optical properties of
plasmonic nanoparticles [4]. Therefore, the accurate prediction
of optical properties at elevated temperatures can not only
foster the deep understanding of the underlying physical
process, but also improve the accurate modeling of structures
for high temperature applications.

In the infrared spectral range, the optical absorption of
noble metals mainly arises from the response of free electrons
to the incident electromagnetic wave, which can be described
by the Drude model. The scattering mechanism for free
electrons includes collisions with phonons, other electrons,
lattice defects, and impurities [5]. The typical method to obtain
the electron scattering rate is to fit experimental results of noble
metals to the Drude model, which is widely used to obtain the
electron scattering rate of Au [6,7] and Ag [8,9]. Due to ex-
perimental uncertainties, such as surface morphology, thermal
oxidation, and self-radiation, the obtained electron scattering
rates differ from each other. Based on classical electron gas
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theory, electron-phonon scattering has been investigated by
Holstein [10], and the electron-electron scattering has been
studied by Lawrence [11]. More advanced calculations of
electron-phonon and electron-electron scattering employ state-
of-the-art first principles. The electron-electron scattering rate
can be calculated by the single-particle Green function and
the screened Coulomb interaction G W approximation [12,13],
while the calculation of electron-phonon scattering rate from
first principles is computationally expensive, since the latter
requires fine sampling over the Brillouin zone. Recently, the
computation has been reduced by the maximally localized
Wannier functions as implemented in the electron-phonon
Wannier (EPW) package [14]. Such electron-phonon coupling
calculation has been used in the recent first-principles calcula-
tion of thermal conductivity [15,16] and electrical conductivity
[17] of noble metals.

To predict the temperature-dependent dielectric functions
of noble metals at high temperatures, the key is to under-
stand the electron-phonon interaction. In this paper, we use
electronic structure calculations to study the electron-phonon
interaction (EPI) and its influence on electronic energy state
and relaxation time, and the electron-electron scattering rates
are calculated by the GW approximation. The intraband di-
electric functions of noble metals are calculated by substituting
the electron lifetime into the Drude model. The interband
dielectric function arising from the electron’s band-to-band
transition can be calculated following Fermi’s golden rule. By
superimposing the intraband and interband dielectric function,
the dielectric functions of noble metals are determined. To ver-
ify the theoretical results, the spectroscopic ellipsometry ex-
periments on dielectric functions of Au and Ag are performed.

II. COMPUTATIONAL METHODOLOGY

In noble metals, the extended s and p electronic states
are hybridized with the more localized d electronic states
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FIG. 1. Schematics of the interband and intraband transition in
noble metals.

to form a composite band [18]. The interband transitions
from occupied states in the d band to unoccupied states
in the sp band give rise to an absorption peak in the
visible-ultraviolet spectral range, while the infrared absorption
mainly arises from the intraband transition within the sp
band [19]. As shown in Fig. 1, in order to satisfy the energy
and momentum conservation, an additional phonon scattering
process is needed during the intraband transition; thus, the
electron-phonon scattering should be taken into account during
the calculation of intraband absorption. The dielectric function
of noble metals can be expressed as [20]

e(w) = e/ (w) + " (w), (1

where ¢/ (w) represents the intraband or free electron term and
arises from optical transitions between electron states in one
partially filled band, and &”(w) is the interband contribution
and is contributed by the band-to-band transition of a “bound
electron”.

A. Intraband transition

The Drude-Sommerfeld model regards metal as a classical
gas of electrons, with the assumption of spherical Fermi
surface [21]. Despite the intervention of the d bands to
the sp bands of noble metals, the Fermi surface of noble
metals is roughly equivalent to the free-electron Fermi sphere.
Therefore, the free electron intraband dielectric function of
noble metals can be well described by the Drude model
as [21]

QZ
e=1-—2=— 2)
(0* +iTpw)
where €2, is the plasma frequency for intraband transitions,
I'p = 1/tp is the electron scattering rate, and 7 is the electron
relaxation time. The imaginary part of the dielectric function
can be expressed as
1
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In order to theoretically predict the dielectric function with-
out empirical parameters, the underlying physical mechanisms
of €, and 7p should be investigated and their values should
be calculated by first principles. Based on the linear response
theory, the plasma frequency €2, can be expressed as [22]
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where E, is the eigenenergy of state with band index n and
wave vector K, f(E,k) is the Fermi-Dirac distribution, e, and
eg are Cartesian directions, and V' is the volume of unit cell.
The factor of 2 accounts for the spin degeneracy, and the
weighting factor gk accounts for the summation performed
over the irreducible part of the Brillouin zone.

The calculations of intraband plasma frequency 2, were
performed in the Vienna Ab initio Simulation Package (VASP)
[23]. The projector augmented-wave (PAW) method is used,
and the Cu, Ag, and Au atoms were described by the
Perdew-Burke-Ernzerhof (PBE) exchange and correlation
potential within the framework of the generalized gradient
approximation (GGA) [24]. The energy cutoff was set to
be 500 eV, and a 48 x 48 x 48 Monkhorst-Pack grid was
generated automatically over the entire first Brillouin zone to
ensure the convergence. The convergence test can be found in
the Supplemental Material [25].

The scattering mechanism for free electrons includes
collisions with phonons, other electrons, or lattice defects and
impurities. In addition, due to the strong absorption of metals in
the infrared spectral range, the surface scattering plays an im-
portant role, so that the total scattering rate can be expressed as

1 1 1
— = — 4+
D T
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where 1/, is the surface scattering rate, and 1 /Ty is the bulk
scattering rate. According to a previous study [5], the bulk
scattering rate is contributed by three independent components
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where ‘L’e;l is the scattering rate arising from electron-phonon
interaction, which is temperature dependent but frequency
independent, re;1 is due to electron-electron scattering, which
is temperature independent but frequency dependent, and rfl
is due to electron-defect scattering. Due to the relatively strong
electron-phonon scattering, 7:,-_1 is negligible at elevated tem-
perature. The calculations of electron-phonon and electron-
electron scattering rate are discussed in the following parts.

1. Electron-phonon scattering

The temperature dependence of the dielectric function
can be understood by the interpretation of electron-phonon
scattering. As temperature increases, the lattice vibration
is enhanced, and electron-phonon scattering is increased.
According to the electron-phonon gas theory of Holstein [10],
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this scattering rate is expressed as [26]
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where ® is the Debye temperature, and 1/tp is a material
dependent constant. The integral variable z is defined as
z = hwq/kpT [26], with an upper limit of ®/T. Here, wq
is the phonon frequency of wave vector ¢, & is the reduced
Planck constant, and kp is the Boltzmann constant. Since the
determination of 1/7y needs experimental data, Eq. (7) cannot
be used in the prediction of the electron-phonon scattering
rate. The state-of-the-art accurate calculations of the electron
scattering rate of solids rely on the computation of electron
self-energy by electron-phonon coupling. The electron self-
energy (X) at temperature 7 is given by [14]

2
Za) = 2305w (KK )
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where ¢,k and ¢, are the eigenvalues of Kohn-Sham (KS)
states nk and mKk’, respectively, wq, is the phonon frequency
of branch v and wave vector q, ng, is the Bose-Einstein
distribution, f,k+q is the Fermi-Dirac distribution, wy are the
weights of k-points, and g>= (k,q) is the electron-phonon
matrix element.

With the calculated electron self-energy X,x(7T), one

can obtain the electron scattering rate by re;I(nk,T) =

2ImZ,x(T). Here, te;l(nk,T) represents the electron scat-
tering rate of band n and wave vector k at temperature
T. Thereafter, the frequency independent electron-phonon
scattering rate ‘L’e;l is given by an energy average in the vicinity

of Fermi surface [27]
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where f (¢) is the Fermi-Dirac function.

The EPI calculations were accomplished by Quantum
Espresso [28] and EPW [14] packages. The wave functions
were expanded into plane waves, and core electrons were
simulated by norm-conserving pseudopotentials [29]. Owing
to the advantage of maximally localized Wannier functions
(MLWFs) [30], fine grids of 32 x 32 x 32 k-points and 20 x 20
x 20 q-points were used in the calculation of electron-phonon
matrix elements. The kinetic energy cutoffs of 180 Ry for Cu
and 90 Ry for Au and Ag were applied. The 3d electrons
of Cu, 4d electrons of Ag, and 5d electrons of Au were
included in the valence to make an accurate calculation of
the electron-electron and electron-phonon scattering.

2. Electron-electron scattering

The electron-phonon scattering rate te;)l dominates the elec-
tron scattering process in the midinfrared, and it is frequency
independent. However, in the near infrared up to the interband
absorption edge, 7, ! becomes strongly frequency dependent
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due to the contribution of electron-electron scattering. Based
on the Born approximation and Thomas-Fermi screening of
the Coulomb interaction, the scattering rate t;! is given by
Lawrence [11] as

Do oorat prye o (B 2 (10)
e 120 ChER|P w) |

where I, A, and E are the average scattering probability,
fractional umklapp scattering, and Fermi energy, respectively.
The temperature-dependent term in ;! is small compared
with the frequency-dependent term and is often neglected.

The free electron gas approximations are used during the
derivation of Eq. (10), and the scattering rate from Eq. (10)
deviates from experimental results to some extent. Nowadays,
first-principles calculations based on GW approximation are
widely used in the determination of electron self-energy arising
from electron-electron scattering. For details about the GW
approximation, one can refer to Refs. [12,13]. Once the GW
calculation is accomplished, the electron scattering rate can
be extracted from the imaginary part of electron self-energy
ImX(e;) by [13]

Toe () = 21/ IMB(E ) j)| = 2Z;|(j ImS(e)Ij), (A1)

where j is the KS eigenstate, and Z; is the quasiparticle
renormalization factor defined as

AT (w)

Zl=1-(
j (Jl %

1j)- 12)
w=¢;

The GW calculations were performed in the YAMBO
package with the ground state wave functions generated by
the QE package. The single-shot GW (usually called Gy W)
and real axis integration are used in this paper. Ground-state
calculations are performed with a Monkhorst-Pack grid 16 x
16 x 16 for the Brillouin zone and kinetic energy cutoffs of
180 Ry for Cu and 90 Ry for Au and Ag, and we included 40
empty bands in the calculations.

3. Surface scattering

In the infrared, where the electron mean free path [ = vpt
(v is the electron Fermi velocity) becomes comparable to
or larger than the skin depth of the incident electromagnetic
wave, the electron samples a nonlocal electric field [31]. This
phenomenon is known as the anomalous skin effect [31,32].
Bennett ez al. [33] investigated the infrared reflectance of silver
films by anomalous skin effect theory. Ashcroft and Sturm [34]
and Gamez and Ocana [35] have included such effect in the
prediction of dielectric function of aluminum.

According to these studies, by assuming electrons scatter
diffusely at the surface, the effect of surface scattering can be

given as
13 (vp) 4rne?\ (13)
T, 8\c Mefr '

where m. is the electron effective mass, and # is the density
of a conduction electron. In this paper, m. is calculated by the
relation Qﬁ = 4mne? /mesr, and n is the number of conduction
electrons in a unit cell divided by the volume of the unit cell.
The number of conduction electrons is 1 for noble metals Cu,
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Ag, and Au. The calculated effective mass m.¢ for Au, Ag, and
Cu are 1.07, 1.01, and 1.46, respectively, which are in good
agreement with theoretical calculations of 1.10, 0.99, and 1.45
in Ref. [36].

B. Interband transition

In the visible-ultraviolet spectral range, the absorption of
incident photons in metal arises from the electron’s band-to-
band transition. Based on Fermi’s golden rule, the imaginary
part &, of the dielectric function can be described by [21]

£2(w) = B’ /m* @’ V) Y |Peo|*8(Ec — Ey — ho), (14)

c,v

where the subscripts ¢ and v denote conduction band and
valence band, P is the momentum transition matrix, /4 is the
Planck’s constant, V is the volume of the unit cell, m and e
are the effective mass and charge of an electron, respectively.
Winsemius et al. [37] and Christensen et al. [38] claimed that
lattice expansion is the main source of temperature dependence
of interband absorption of the noble metals. As the expansion
of the lattice, the free-electron like bands will move towards
lower energy, and d bands become narrower [38]. So in order to
calculate the interband dielectric function at high temperature,
the coefficients of thermal expansion of noble metals at corre-
sponding temperature from experiments [39,40] are used. The
calculation of interband transition was performed with VASP,
and the setups were the same as those used previously in the
calculation of intraband plasma frequency. Due to the heavy
computing work, the independent-particle random phase ap-
proximation (RPA) was applied to compute the optical spectra,
and an experimental scissor operator (SO) is applied to modify
the optical spectra. The application of experimental thermal
expansion and the SO makes the calculation not fully ab initio,
but it makes the investigation of temperature effects of inter-
band transition computational feasible. In fact, this paper is a
combination of first principles and semiempirical assumptions.

III. ELLIPSOMETRY EXPERIMENT

To validate the above theoretical calculations, the dielectric
functions of Au and Ag films were measured by variable
angle spectroscopic ellipsometry (VASE). Au and Ag films
with thicknesses of 150 nm were evaporated onto clean
SiO, substrate at a pressure of 5.6 x 10~* Pa. The film was
deposited at a rate of 1.0 nm/s. The surface roughness and
grain size of the samples are characterized by atomic force
microscopy (AFM). The results of AFM are given in the
Supplemental Material [25]. The derived root mean square
(rms) surface roughness of the Au and Ag samples was 1.2
and 1.5 nm, respectively, and the average grain sizes were
about 50 and 60 nm for Au and Ag samples. The thicknesses
of the films are chosen to exceed the skin depth of Au and Ag,
so that the measurements are expected to represent the optical
properties of bulk metals.

To measure the optical properties at high temperature, the
samples were placed on a resistive heating stage. It is known
that surface oxidation will occur when Ag is heated to a
high temperature. In order to avoid the surface oxidation, the
heating stage holding the Ag sample was placed into a heating
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chamber, and argon as a shielding gas was continuously
injected into the chamber during the measurement. Because
Au is more stable than Ag, the ellipsometry measurements
of Au films were performed under ambient conditions. The
experiments were performed in the spectral range from 2
to 20 um and temperature range from 300 to 700 K. The
measurements of Au films were taken at incidence angles of
60°, 70°, and 80°, while the measurements of Ag films were
taken at an incidence angle of 70° due to the limitation of
optical windows on the heating chamber. Details about the
theory of VASE and the method to extract dielectric function
can be found in Ref. [41].

IV. RESULTS AND DISCUSSION

The electronic band structure is necessary for the calcu-
lation of electron-phonon and electron-electron scattering, so
the accurate calculation of electronic eigenenergy is of crucial
importance. The calculated electronic band structures and
density of states of noble metals Au, Ag, and Cu at 0 K are
depicted in Fig. 2, with the contribution of s, p, and d atomic
orbitals indicated by different colors. The calculated electronic
band structures are consistent with previous studies [42,43].
Figure 2(b) shows the band structure of Ag. It is shown that
the parabolic band structure is intervened by the less dispersive
curves of 4d electrons centered at about 3 eV below the Fermi
energy, meaning that the 5s and 5 p free-electron like states are
hybridized with the 4d states to form a composite band. Addi-
tionally, the 4d electrons are distributed in a rather narrow en-
ergy range, which can be clearly seen from the density of states.
The band structure of Au and Cu resembles that of Ag except
that the d electrons in Ag are more localized than in Au. The
d bands of Ag are lower in energy compared with Cu and Au,
indicating that Ag is more free-electron like than Cu and Au.

In order to get the intraband dielectric function from
theoretical calculations, the plasma frequency and electron
scattering rate have to be determined from electronic struc-
ture calculations. The calculated €2, and r;,l at different

temperatures are given in Table 1. Here, 2, and te;' can
be extracted from experimental data by fitting the measured
dielectric functions to the Drude model. The detailed fitting
processes are given in the Supplemental Material [25]. The
values of 2, and Tej)l for Au and Ag obtained from our
VASE measurements are also shown in Table I. The measured
dielectric functions by VASE will be shown below. The
plasma frequency for Au, Ag, and Cu from other experimental
measurements are 8.45 eV [6], 8.9 eV [9], and 8.4 eV
[44], respectively, which are in good agreement with our
theoretical values. The calculated plasma frequency decreases
with increasing temperature, which is in accordance with other
theoretical prediction. The intraband plasma frequency can be
expressed as Q?) = 4mne? /mqsr. As temperature increases, the
conduction-electron density n decreases with the increasing
lattice constant, leading to the decreased plasma frequency.
The plasma frequencies fitted from experimental results are
also affected by extrinsic effects such as surface oxidation or
impurity void fraction. Sundari ef al. [8] found an increase in
2, and attributed it to a decrease in the void fraction of silver
thin films. The electron-phonon scattering rates ‘L’eBI of noble
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FIG. 2. Electronic band structures and density of states of Au,
Ag, and Cu at 0 K.

metals are also given in Table I. The calculated 7, 1 shows
an increasing trend as the temperature increases. It can be
explained by the increased number of phonons and enhanced
electron-phonon interaction as temperature increases. The
comparison of the calculated re? with experimental results
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TABLE I. The calculated plasma frequency €2,(T) and electron
scattering rate re;l(T). The experimental results of Au and Ag are
obtained by fitting our measured dielectric functions by VASE to
the Drude model. The experimental results of Cu were taken from

Ref. [44].

T (K) Calculated Experimental Calculated Experimental

Q,(T) (eV)

7o, (T) (meV)

100 87149 13.3274
A\ 300 86885 8.5884 33.9564  44.8007
Y500 8.6497 8.9848 53253 55.9401
700 8.6131 9.0754 704556 745183
100 89357 6.4482
A, 300 88998 93168 208698  40.0432
€ 500 88579 9.2555 429228  51.1293
700 8.8131 9.1073 68.9936  64.7929
100 8.9477 9.4122
o, 300 89101 8.4 281164 345
Y500 8.8751 39.5442
700  8.8344 52,0554

2The experimental data of Cu was taken from Ref. [44].

are presented in Table 1. The calculated 7! are smaller than
that of experimental measurements, and the deviations mainly
arise from the scattering by surface, grain boundary, and
impurity/defect, which will be discussed below.

The electron-electron scattering plays an important role in
the near infrared and visible spectral range, which cannot be
neglected in the prediction of total scattering rate 7, ! Based
on the GW approximation, electron-electron scattering rates
;! are calculated by Eq. (11), and the results are shown
in Fig. 3. The calculated results can be fitted by a quadratic
curve tegl(a)) = B(hw)?, in accordance with the Fermi liquid
theory [45]. The experimental results [19,46,47] by time-
resolved two-photon photoemission (TR-2PPE) spectroscopy
are shown in Fig. 3. Additionally, the theoretical calculations
of 7 ~! by Lawrence’s approximation [Eq. (10)] are shown
in Flg 3. The temperature-dependent part in Eq. (10) is
neglected due to its small contribution. The overall agreement
of calculated 7.;' with experimental value demonstrates that
GW approximation is able to reveal the electron-electron
scattering process in noble metals. By including 7_.!(w) in
T Dl, we get a frequency-dependent scattering rate 7, L)

The relaxation time of surface scattering t; can be evaluated
from Eq. (13). In this paper, we get ty, = 43.49fs for Au,
Ty, =44.63fs for Ag, and ty = 37.51fs for Cu. Due to
the anomalous skin effects in noble metals, t, should be
included in the calculation of the total scattering rate 7.
The calculated temperature-dependent scattering rates are
compared with the available experimental results in Fig. 4. In
the infrared spectral range, the electron-electron scattering can
be neglected, so they are not considered here. The calculated
electron-phonon scattering rates are smaller than the scattering
rates extracted from experimental measurements. After the
inclusion of 7y, the theoretical results of Au and Ag agree well
with the experimental data [7,8], demonstrating the nontrivial
contribution from surface scattering. The electron scattering
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FIG. 3. Comparison of the electron-electron scattering rate of Au,
Ag, and Cu from G W approximation with Lawrence’s approximation
and experimental measurements [19,46,47].

rates from our VASE experiments are also given in Fig. 4. As
temperature increases, the difference between VASE results
and te;)l + 7, increases. The deviation may arise from the
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FIG. 4. The temperature dependence of the scattering rate of
Au, Ag, and Cu from theoretical calculations and experimental
measurements [7,8,44,48,49].
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assumption of Eq. (13) that electrons scatter diffusely at
the surface of noble metals, since the fraction of specularly
scattered electrons is related to the surface roughness of the
samples which will change with the increase of temperature
[33]. Other experimental uncertainties, such as grain boundary
scattering or impurity/defect scattering, also have influence on
T ! The calculated rgl of Cu shows large deviations from
experimental results [44,48,49]. This is partly due to the errors
during experimental measurements since surface oxidation
is more likely to occur for Cu and the results of different
experiments show large deviations. As is shown in Fig. 4, the
increase of t;,l slows down for Au and Cu, in accordance with

experimental measurements, but the increase of re;1 speeds
up for Ag, which deviates from the experimental results. The
Debye temperature ® for Au, Ag, and Cu was 185, 220, and
310 K, respectively. Therefore, the upper limit of the integral
in Eq. (7) ®/T < 1 applies for the high temperature range.
By using Taylor’s series e* &~ 1 4 z, Holstein’s expression
[Eq. (7)] can be approximated as

1 12 T
—=—[—+—], (15)

Tep |5 O

which indicates the linear correlation of re? with T at

high temperature. The deviation of ‘L'e;l calculated from first

principles and Holstein’s expression mainly arises from the
differences in electronic band structures of noble metals.

With the calculated €2, and 7, ! (w), the intraband dielectric
function of noble metals at room temperature can be obtained
from Eq. (3). As is shown in Fig. 5, the intraband absorption
dominates at lower energy. The intersection of intraband
and interband dielectric function is different for Au, Ag,
and Cu, which can be explained by the different locations
of d bands in Au, Ag, and Cu. The interband dielectric
functions of noble metals at room temperature are also shown
in Fig. 5 with the experimental data from literature [6,9,49-52].
It can be observed that, while the theoretical calculation
can reproduce the main features of experimental data, the
calculated results present a red shift of the absorption edge
compared with the experimental results, which is due to
the approximation of exchange-correlation potential with the
GGA [24]. The problem can be solved by the complicated
time-dependent DFT or the GW method, which is widely
used in the calculation of electronic properties of insulators
and semiconductors. In this paper, the SO is applied to match
the peak positions observed in the dielectric spectra. An SO of
0.9 eV is applied to Ag, while 0.5 and 0.4 eV are applied to
Au and Cu, respectively.

The calculated intraband and interband dielectric func-
tions are superimposed to get the total dielectric functions
in the whole infrared-visible-ultraviolet spectral range. The
predicted imaginary part of dielectric functions &, in the
temperature range of 100-700 K are shown in Fig. 6. In
the near-infrared where o > 7, ! Eq. (3) can be simplified as
&) A Q?, T ! /a)3 , & increases as the 7, ! (T) increases. Instead,
in the far-infrared where v < 7, ' Eq. (3) can be simplified
as g, & Qf, oty ! &, decreases with the increase of 7, 1(T).
The increasing trends of &, with temperature are different for
Au, Ag, and Cu, which can be explained by the tendency
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FIG. 5. Comparison of the calculated intraband and interband
dielectric functions of Au, Ag, and Cu with experimental data
[6,9,49-52] at room temperature. The interband dielectric functions
adjusted by the SO are shown by dashed line.

of 7, !(T) arising from electron-phonon scattering. The inset
in Fig. 6 shows the visible-ultraviolet dielectric functions of
Au, Ag, and Cu, which were determined by the interband
transitions of electrons. Theoretically, the interband dielectric
functions of solids at finite temperature can be calculated by
the temperature-dependent Bethe-Salpeter equation (TDBSE)
[53]. So far, the TDBSE has been only applied to insulators and
semiconductors, such as Si [53], GaN [54], and MoS, [55]. The
calculation of finite temperature interband dielectric function
of metal is still challenging. According to Winsemius et al.
[37] the temperature dependence of the interband dielectric
function of noble metals mainly arises from the changes of
electronic band structure resulting from lattice expansion. In
this paper, we calculate the interband dielectric function of
noble metals by substituting the lattice constants of noble
metals at finite temperatures. As is shown in Fig. 6, the
location of the absorption peak shifts to the lower energy
slightly as temperature increases, which is in accordance
with experimental results [37]. The temperature effects in
Ag and Cu are stronger than that of Au, which can be
explained by the different thermal expansion coefficients of
Au, Ag, and Cu. According to the experimental measurements
[39,40], the thermal expansion coefficient of Ag at 300 K

PHYSICAL REVIEW B 96, 115154 (2017)

E (eV)

FIG. 6. Temperature-dependent imaginary part of theoretically
calculated dielectric functions of Au, Ag, and Cu.

is 1.9 x 107> K1, while that is 1.7 x 107> K~! for Cu and
1.4 x 107 K~! for Au.

The dielectric functions of Au and Ag by spectroscopic
ellipsometry are shown in Fig. 7. The measurements are
performed in the spectral range of 2-20 um (0.06-0.61 eV),
and temperature range of 300-700 K. The imaginary part
of the dielectric functions increases monotonically with the
increasing temperature. It can be seen from Fig. 7 that there
are fluctuations in the measured ¢,, and the fluctuations of Ag
are stronger than those of Au. Such effects may result from
the surface morphology of Ag and optical window of heating
chamber. Yang et al. [9] pointed out that deviations between
experimental results and Drude model arise from intrinsic
effects such as band structure, electron-electron scattering,
and electron-phonon scattering, as well as extrinsic effects
of surface, impurity, and grain boundary scattering. In our
theoretical calculation, only the intrinsic effects and surface
scattering have been included. As is known, the influence of
surface oxidation, void fraction, etc. is unavoidable for Ag
during the measurements. The temperature-dependent optical
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FIG. 7. Temperature-dependent imaginary part of dielectric func-
tions of Au and Ag from VASE.

properties of Ag in the spectral range 1.4-3 eV have been
measured by Sundari et al. [8] and Chen et al. [56], but their
results contradict with each other. Sundari et al. [8] found an
increase of ¢, with the increase of temperature, but Chen et al.
[56] showed a decrease of ¢;. Despite numerous studies, an
explicit explanation of relationship between extrinsic effects
and &; have not been performed.

The comparison of the calculated dielectric functions of
Au with the experimental results [6,7,50] are presented in
Fig. 8. The imaginary part of the dielectric function by
VASE in this paper at room temperature agrees well with
the measurement of Ref. [6], which verifies the accuracy of
our VASE experiment. The overall agreement between experi-
ments and theoretical calculations is good, which validates the
feasibility to predict the optical properties of Au at elevated
temperature by electronic structure calculations. A deviation
of the calculated dielectric function from experimental results
can be noted below 0.1 eV, which is also observed by
previous experimental measurement [9]. We applied quadratic
frequency dependence of 1/t in this paper, while the authors
of Ref. [9] found an exponential increase of t in the low-
frequency range, but the cause for such exponential increase
is not clear. As is shown in Fig. 8, the deviation diminishes
as temperature increases, indicating that the exponential
increase of t is mainly determined by the electron-electron
scattering, and the electron-phonon scattering will dominate
the temperature dependence at high temperature. Generally,
the good agreement in the near infrared range indicates that
the extrinsic effects, such as surface oxidation, impurity,
and grain boundary scattering, in Au are negligible when

PHYSICAL REVIEW B 96, 115154 (2017)
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FIG. 8. The comparison of the theoretically calculated dielectric
functions of Au with our VASE results and experimental results in
Refs. [6,7,50] at different temperatures.

compared with the intrinsic effects. Yang et al. [9] also
demonstrated by experiments that the dielectric function of
Au is less sensitive to variations in morphology than that
of Ag.

The comparison of the calculated dielectric functions of
Ag with the experimental results [8,9,50,56] are presented
in Fig. 9. The overall agreements between the calculated &,
and experimental results are good, but the calculated results
show small deviations from experimental results at elevated
temperatures. Even the measurements from different studies
deviate from each other, indicating the influence of extrinsic
effects. In order to avoid surface oxidation, Sundari et al. [8]
placed the sample in a high vacuum chamber maintained at
a vacuum of ~10~7 mbar, and the average grain size was
17.44 nm. In the experiment of Chen et al. [56], a SiO, layer
of 100 nm is coated onto the Ag film with a thickness of
100 nm. Yang et al. [9] verified that the dielectric function
of Ag is more sensitive to variation in morphology than
that of gold, and the grain size also has influence on the
dielectric function. Additionally, impurity/defect scattering
due to different preparation procedures for samples will
increase the electron scattering rate. The grain size of the
sample Yang et al. [9] used in their experiment was about
100 nm, and was larger than the mean-free path of the electron
for silver which is about 30 nm at room temperature. The
smaller grain size of sample used by Sundari et al. [8] leads
to larger scattering rate, thus results in larger &, as is show
in Figs. 9(b) and 9(c). The deviation of Chen et al. [56] may
arise from the influence of the SiO, layer, since the grains
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FIG. 9. The comparison of the theoretically calculated dielectric
functions of Ag with VASE results and experimental results in
Refs. [8,9,50,56] at different temperatures.

grow with increasing temperature while being geometrically
constrained by the SiO, layer, and the enlarged grains lead
to smaller dielectric function. The grain size of the samples

E(eV)

FIG. 10. The comparison of the theoretically calculated dielectric
functions of Cu with experimental results in Refs. [44,49-51,57,58]
at different temperatures.
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used in this paper is about 50 nm, which is larger than the
mean-free path of the electron, and the influence of grain size
on the optical properties is relatively small.

In Fig. 10, the calculated dielectric functions of Cu at
temperatures of 100, 300, and 500 K are compared with
available experimental results from Refs. [44,49-51,57,58].
As is shown in Fig. 10, the calculated ¢, demonstrates an
overall good agreement with experimental measurements. The
absorption edge in g; is very steep at low temperature, which
is related to excitonlike effects or the flatness of the d band. As
temperature increases, the slope of the edge becomes gentle
arising from the electron-phonon interaction. Most of the mea-
surements in the literature are performed at room temperature,
and there are few experimental results at elevated temper-
atures. The only experimental measurement for high tem-
perature infrared dielectric function of Cu we can find in the
literature was done in 1960 by Roberts [49]. Roberts found an
increase of &, with temperature, which is in accordance with
our prediction, but the experiment of Roberts was performed
only in the near infrared up to the temperature of 500 K. Due to
the occurrence of high temperature oxidation, the experimental
measurements of Cu were not done in this paper. The
calculation in this paper will provide the dielectric functions of
Cu in the energy range of 0.01-20 eV and temperature range of
100-700 K.

V. CONCLUSIONS

In summary, we have investigated the temperature depen-
dence of dielectric functions of noble metals Au, Ag, and
Cu using electronic structure calculations and spectroscopic
ellipsometry experiments. Upon considering the electron-
phonon, electron-electron, and electron-surface scattering, the
calculated dielectric functions at finite temperature show good
agreement with the experimental data. The total dielectric
functions can be decomposed into the intraband and interband
parts, and described by the Drude model and the interband
transition theory, respectively. For the Drude model, the
electron lifetime is determined by computing the intrinsic
electron-electron, electron-phonon, and surface scattering. By
comparing the individual contribution, it is found that the
electron-phonon scattering mainly determines the temperature
dependence of electron lifetime and thus intraband dielectric
function. Within the scheme of interband transition theory,
the influence of thermal expansion on interband dielectric
function is determined, where the redshift of the absorption
peak in the visible-ultraviolet spectral range is observed.
In addition to theoretical calculations, the spectroscopic
ellipsometry experiments were performed to measure the
dielectric functions of Au and Ag over the temperature
range of 300-700 K. The theoretical calculations show good
agreement with our ellipsometry experiments and experiments
from literature, which validates the theoretical method to pre-
dict the temperature-dependent dielectric functions of noble
metals.
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