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First principles calculation of lattice thermal conductivity of metals

considering phonon-phonon and phonon-electron scattering
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The effect of phonon-electron (p-e) scattering on lattice thermal conductivity is investigated for
Cu, Ag, Au, Al, Pt, and Ni. We evaluate both phonon-phonon (p-p) and p-e scattering rates from
first principles and calculate the lattice thermal conductivity (x;). It is found that p-e scattering
plays an important role in determining the x; of Pt and Ni at room temperature, while it has negligi-
ble effect on the x; of Cu, Ag, Au, and Al. Specifically, the room temperature ;s of Cu, Ag, Au,
and Al predicted from density-functional theory calculations with the local density approximation
are 16.9, 5.2, 2.6, and 5.8 W/m K, respectively, when only p-p scattering is considered, while it is
almost unchanged when p-e scattering is also taken into account. However, the x; of Pt and Ni is
reduced from 7.1 and 33.2 W/m K to 5.8 and 23.2 W/m K by p-e scattering. Even though Al has
quite high electron-phonon coupling constant, a quantity that characterizes the rate of heat transfer
from hot electrons to cold phonons in the two-temperature model, p-e scattering is not effective in
reducing k; owing to the relatively low p-e scattering rates in Al. The difference in the strength of
p-e scattering in different metals can be qualitatively understood by checking the amount of elec-
tron density of states that is overlapped with the Fermi window. Moreover, k; is found to be com-

parable to the electronic thermal conductivity in Ni. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4953366]

I. INTRODUCTION

Thermal management is an essential component for the
design of modern electronic and photonic devices.'™ For
example, in heat-assisted magnetic recording devices, the
intense photon energy absorbed by plasmons in the near-
field-transducer (NFT) is eventually dissipated into the me-
tallic transducer as heat.>* The resulting high lattice temper-
ature could deteriorate the fine structures of the device.
Therefore, an accurate modeling of heat transfer processes in
the NFT is critical for the design of such devices.™® This is
also true for interconnects and heat sinks in electronic devi-
ces, where there are usually metallic components in contact
with metals, semiconductors, or insulators.

Extensive attention has been paid to the lattice thermal
conductivity x; of various nonmetals, which has enabled a
better understanding of phonon transport in systems com-
posed of semiconductors and insulators.” ' However, the k;,
of metals has received much less attention due to the domi-
nance of electronic thermal conductivity in most metals.
Recently, the phenomenological two-temperature model
(TTM),'>'® which deals with electron-phonon coupled heat
transfer, has been used extensively to interpret experimental
observations in thermal metrology of solids and solid-solid
interfaces.'”** An important implication of the TTM is that
the x; of metals significantly affects interfacial thermal re-
sistance at metal-dielectric interfaces, of which one compo-
nent was shown to be proportional to KZO'5.21’25727 Despite
that a knowledge of x; is required to model thermal transport
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in such systems involving metallic components, the x; of
most metals is yet to be fully understood.

Phonon transport in metals is limited by phonon scatter-
ing by various sources, for example, phonons, electrons,
impurities, and defects, etc. At temperatures comparable to
or above the Debye temperature, phonon-phonon (p-p) scat-
tering is believed to dominate phonon relaxation in Cu, Ag,
and Au, while phonon-electron (p-e) scattering is
neglected.”® However, it is unclear whether p-e scattering is
also negligible in metals known to have much stronger
electron-phonon coupling than Cu, Ag, and Au. Several sim-
plified models have been proposed to evaluate this effect in
metals and alloys.”® > Even though electron density is not
the sole factor to determine the electron-phonon coupling
constant G, it could shed some light on a qualitative esti-
mation of the relative magnitude of G, in materials. In low-
doped semiconductors and insulators, which have very low
electron density, phonon scattering by electrons is much
rarer than scattering by other phonons at temperatures
around or above the Debye temperature.®* For heavily doped
semiconductors, semimetals, and metals, however, the high
electron density might lead to a different story. For example,
it was reported that p-e scattering could reduce the phonon
lifetime significantly in heavily doped silicon.** Moreover, it
is well known that there is a wide span of G, in metals.>
For instance, G,, is on the order of 1 x 10'°W/m? K in Cu,
Ag, and Au at room temperature, while it is on the order of
1 x 10"~ 10" W/m® K in Al, Pt, and Ni.*> As the magni-
tude of G, characterizes the strength of scattering of elec-
trons by phonons, it is thereby natural to expect that the
scattering of phonons by electrons is stronger in Al, Pt, and
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Ni than in Cu, Ag, and Au. Therefore, an accurate
knowledge of «; is important for thermal modeling of metal-
dielectric systems. Recent advances in first-principles
calculations of phonon-phonon, electron-phonon, and
phonon-electron scattering rates®>***3¢ render it possible to
predict the x; of metals from first principles. The predicted
values can also be used as input parameters in transport
equations to study carrier dynamics and thermal non-
equilibrium in systems such as ultrafast laser®’’ and Raman
experiments.>*

In this work, we present first-principles calculations of
p-p and p-e scattering rates in Cu, Ag, Au, Al, Pt, and Ni.
With these quantities, we are able to compute the x; of these
metals and evaluate the relative importance of p-p and p-e
scattering on ;. The rest of this paper is organized as fol-
lows. In Sec. II, we present the methodologies for calculating
p-p and p-e scattering rates as well as x; from first principles.
Section III presents the results of scattering rates and x; for
Cu, Ag, Au, Al, Pt, and Ni. Section IV concludes this paper.
The predicted x; values have been used as input parameters
for Boltzmann equations in our another study® on hot elec-
tron cooling dynamics under pulsed laser excitation as well
as interfacial thermal transport in metal-nonmetal hetero-
junctions. It should also be noted that during the review of
the current paper, it came to our attention that first-principles
calculations have also been done on Al, Ag, and Au’®

Il. METHODOLOGY

A phonon is a quantum of lattice vibration and can be
described with a quantum number A= (v,q), where v
denotes the branch index and q denotes the wave vector of a
phonon mode. A phonon can be scattered through interaction
with other phonons, electrons, impurities, etc. The overall
scattering rate of a phonon mode can be estlmated by the
Matthiessen’s 'rule as y, =Y+ + “/A + // ..., where
PP, /¢, and 9" are scattering rates for p-p scattering, p-e
scattering, and phonon-impurity scattering, respectively.
Since polycrystalline materials are used in many applica-
grain-boundary scattermg of phonons (y Ab) might
also be important. In this work, ¥ and y”¢ will be calculated
from first principles, of which the details are discussed in
this section.

A. Phonon-phonon scattering

The p-p scattering contribution (three-phonon process
only) to 7, is given by the Fermi’s golden rule (FGR) as’*'
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where the first term on the right hand side is for phonon
absorption (two phonons combine into one), while the sec-
ond term is for phonon emission (one phonon splits into
two). In addition, N is the number of discrete ¢ points of the
I'-centered q grid for sampling the first Brillouin zone
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(FBZ), h is the reduced Planck’s constant, n is the Bose-
Einstein distribution function, and  is the phonon fre-
quency. The summation Zi runs over phonon modes and
requires conservation of quasimomentum: q, = q*q; + Q,
in which Q is the reciprocal lattice vector with Q =0 denot-
ing normal process and Q # 0 denoting Umklapp process. &
is the Dirac delta function, which is approximated by a
Gaussian or Lorentzian function in practice.**** The terms
Vi A are the scattering matrix elements, which are calcu-
lated as”
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where m is the atomic mass and e, 4 is the normalized eigen-
vector of the phonon mode 1 = (v,q). In Eq. (2), /1, I, and
I3 run over atomic indices (/; runs over only the atoms in the
center unit cell, which contains N, basis atoms), and o, 5,
and o3 represent Cartesian coordinates. The third-order par-
tial derivative is the anharmonic interatomic force constant
(IFC) obtained from first principles, in which E is the total
energy of the whole system and rl‘ denotes the oy compo-
nent of the displacement of atom /;.

In addition to the third-order IFCs for Eq. (2), one also
needs the eigenvalues and eigenvectors of phonon modes to
compute y’;‘" based on Egs. (1) and (2). The eigenvalues and
eigenvectors are obtained from lattice dynamics calculations
that require second-order IFCs. In this work, the second-
order IFCs are obtained through Fourier transforming
reciprocal-space dynamical matrices calculated from the
linear-response theory, which is implemented in Quantum
ESPRESSO.*>*® Force constants obtained in this way suf-
fers less error due to long-range interactions than another
widely used method, the small-displacement method.*” The
third-order IFCs are obtained through a finite-difference
supercell approach, in which Quantum Espresso is used to
compute the forces for a minimal set of displaced supercell
configurations.

In all the density-functional theory (DFT) calculations
within Quantum ESPRESSO, the Troullier-Martins norm-
conserving pseudopotentials*® are used. DFT calculations for
the second-order IFCs are conducted with a k-space sam-
pling and integration on a 24 x 24 x 24 Monkhorst-Pack grid
and an energy cut-off of E . for the truncation of the plane
wave basis set. Ey is set to be 100 Ry for Cu, Ag, and Au
and 120 Ry for Al, Pt, and Ni. In all cases, a Marzari-
Vanderbilt cold smearing of 0.02 Ry is used to speed up the
convergence of the self-consistent calculations. A q-grid
with 5 x5 x 5 q points is used for Cu, Ag, and Ag, while a
denser q-grid of 16 x 16 x 16 is used for Al, Pt, and Ni. The
convergence of phonon dispersion with respect to k-grid
density, q-grid density, energy cut-off, and smearing energy
has been carefully checked, and the aforementioned values
of these parameters ensure convergence within about 2% on
phonon frequencies at I' and X points and less than 0.001
Ry/atom difference in energy. DFT calculations for third-
order IFCs are performed on supercells containing 4 x 4 x 4
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primitive unit cells. A I'-point algorithm in Quantum
ESPRESSO is used for Cu, Ag, and Au for efficient DFT cal-
culation, while a 3 x 3 x 3 k-grid is used for Al, Pt, and Ni.
Two types of exchange-correlation functionals are
used, i.e., Generalized Gradient Approximation (GGA)49
and Local Density Approximation (LDA).’® Generally
speaking, LDA tends to overestimate bonding energies and
underestimate bond lengths, and vice versa for GGA. Since
the harmonic and anharmonic IFCs are derivatives of the
energy, as a general rule, both sets of constants will be
larger in magnitude when computed using the LDA.
Accordingly, phonon frequencies and scattering rates are
usually overestimated by LDA while underestimated by
GGA. This, however, might lead to a fictitious cancellation
of error for the prediction of thermal conductivity,** which
is positively correlated to phonon frequencies (heat
capacity) while negatively correlated to scattering rates.
Finally, the second-order and third-order IFCs are passed to
ShengBTE™ to obtain 72" on a 16 x 16 x 16 q-grid.

B. Phonon-electron scattering

The phonon-electron scattering rate from the FGR is
computed as*!
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where g is the electron-phonon matrix element, f is the
Fermi-Dirac distribution function, Kk is the electron wavevec-
tor, i and j are electron band indices, € is the electron energy,
and o is the phonon frequency. The electron-phonon matrix
element is calculated as

n
Sikraik = |5 V-l OUali). “

which describes the transition of an electron at a Bloch state
ik into another state at ik 4+ q by a phonon at state 1 = (v, q).
In Eq. (4), ¥ is a ground-state Bloch wavefunction and U is
the self-consistent Kohn-Sham potential felt by electrons,
which depends on the atomic positions. OU; denotes the
first-order derivative of the Kohn-Sham potential with
respect to phonon displacement. Details regarding this quan-
tity can be found in literature.’*>!
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FIG. 1. Results for Cu. (a) Electronic density of states as well as the Fermi window at 300K and 1000 K. All data in this panel and below are obtained under
the GGA approximation otherwise mentioned. The inset shows the phonon dispersion relations calculated in this work as well as experimental data.®* (b) and
(c) Contour plot of the p-p and p-e scattering rates in the k.-k, plane of the FBZ. (d) Lattice thermal conductivity computed from first principles with the LDA
and GGA approximations with and without the effect of p-e scattering. The inset shows x; when only p-e scattering is considered.
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Under the relaxation time approximation, the scattering
rate (inverse lifetime) of phonon mode 4 is>?

. 27r
VIZ = Z|g1k+q,tk| [fix — fix+d]

) k.ij

X 5(6,]( — €k+q T hw;). (&)
As we can see, the rate for the scattering of a phonon by
electrons only depends on the number of electron states
available under the relaxation time approximation, while
phonon distribution # is not present in Eq. (5).

Since the energy span of phonons is much smaller than
that of electrons, Eq. (5) can be approximated as

Of (e, T)

) 2 ks

P~ 2nw, E |Sicrq,i) | T
K.ij

X 8(ci — Crq + 102,

(6)

where Jf /Oe is a “Fermi window” that peaks at the Fermi
level. An important property of this function is that it broad-
ens as temperature increases with its integral over the full
e-space always being unity. In other words, p-e scattering rate
is essentially a weighted average of p-e scattering matrix ele-
ments for electron states near the Fermi surface that satisfy
energy conservation enforced by the Dirac delta function.
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Eq. (6) indicates that in order to have low/high p-e scattering
rates, the metal should have small/large scattering matrix ele-
ment g and low/high electron density of states (eDOS) in the
Fermi window.

The electron-phonon matrix elements are calculated
using ABINIT™ using the same Troullier-Martins normcon-
serving pseudopotentials as those for IFC calculations. The
electron-phonon matrix elements are evaluated on a
16 x 16 x 16 k-grid and a 16 x 16 x 16 q-grid. In fact, even
with a coarser 12 x 12 x 12k-grid and a 12 x 12 x 12 q-
grid, the values of y”¢ differ by no more than 5% in most
cases, which suggests the values of }”¢ obtained on the 16
x 16 x 16 k-grid and q-grid pair should be well converged.

C. Lattice thermal conductivity

Finally, the lattice thermal conductivity tensor can be
calculated as

KLop = ZCD,J.U}.,aUA,/}TA; @)
7
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FIG. 2. Results for Ag. (a) Electronic density of states as well as the Fermi window at 300 K and 1000 K. All calculations are obtained under the LDA approxi-
mation otherwise mentioned. The inset shows the phonon dispersion relations in the I'-X direction in the FBZ calculated in this work as well as experimental
data.%® (b) and (c) Contour plot of 7 and " in the ky-k, plane of the FBZ of Ag. (d) x; with and without the effect of electron-phonon scattering. The inset

shows x; when only p-e scattering is considered.
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in which the Matthiessen’s rule should be applied to individ-
ual phonon modes separately.” ¢y 1s the volumetric specific
heat of a phonon mode / and is calculated as

(hw; ) ny(n; + 1),

= T2 €))

Cu,2

where kg is the Boltzmann constant.

Since it is almost impossible to verify our calculations on
p-p and p-e scatterings directly, we will compare our results
of lattice constants a, phonon dispersion relations, and
electron-phonon coupling parameter A, which is also
referred to as the mass enhancement factor, with literature val-
ues. The phonon dispersions are presented in Figs. 1-5, and
A% are calculated using the formalism described in Ref. 56
and listed in Table I. We can see that the calculated A gener-
ally falls in the range of literature values. This means that our
calculation can at least capture electron-phonon interactions
near the Fermi surface with reasonable accuracy.

It is worth noting that, since GGA considers the gradient
of the charge density at each position, it generally works bet-
ter for molecules in which there are abrupt charge density
changes with respect to position, whereas LDA works better
for metallic systems.61 However, we will see that GGA
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results agree better with experimental data of lattice con-
stant, phonon dispersion relations, and electron-phonon mass
enhancement factor than LDA for certain metals. Therefore,
in this work, we present the results from both LDA and GGA
approximations.

lll. RESULTS AND DISCUSSIONS

A. Cu, Ag, and Au: Noble metals with weak electron-
phonon interaction

Cu, Ag, and Au are noble metals sharing several attrib-
utes such as low electrical resistivity and high ductility. All
three metals have a single s-orbital electron on top of a fully
filled d-orbital electron shell. As a result, the Fermi level of
Cu, Ag, and Au lies on the s-band, which has low eDOS, as
shown in Figs. 1(a), 2(a), and 3(a). This, as discussed in Ref.
35, leads to a low G, which characterizes how fast the ther-
mal energy in hot electrons can be transferred into phonons
in the material.> Moreover, the s-bands of these metals are
rather flat and the d-bands are well below the Fermi level,
and even the Fermi window for 1000 K shown in Figs. 1(a),
2(a), and 3(a) has no visible overlap with the d-bands, which
suggests insignificant change in electron-phonon interactions
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FIG. 3. Results for Au. (a) Electronic density of states as well as the Fermi window at 300 K and 1000 K. All calculations are obtained under the LDA approxi-
mation otherwise mentioned. The inset shows the phonon dispersion relations calculated in this work as well as experimental data.%* (b) and (c) Contour plot
of "7 and 7’ in the k-k, plane of the FBZ. (d) «, with and without the effect of electron-phonon scattering. The inset shows «; when only p-e scattering is

considered.
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below 1000 K. Since they have low g and low eDOS in the
Fermi window, these metals are expected to have low p-e
scattering rates, according to Eq. (6).

The phonon dispersion relations of Cu, Ag, and Au in
the I'-X direction in the FBZ calculated in this work as well
as experimental data®~®* are shown in the inset of Figs. 1(a),
2(a), and 3(a). As we can see, GGA predicts better phonon
dispersion relations for Cu, while LDA works better for Ag
and Au. Specifically, the frequency of the longitudinal
acoustic (LA) branch of Cu is overestimated by LDA, while
the frequency of both the LA and transverse acoustic (TA)
branches of Ag and Au is underestimated by GGA, which
agrees with the previous DFT calculations.”® Figures 1(b)
and 1(c) show the room-temperature p-p and p-e scattering
rates, or, 7" and 7, in the k,—k, plane of the FBZ. y is on
the order of 1 ps~', similar to that of Si,* while 7 is generally
two orders of magnitude lower than ”. It is worth mention-
ing that, even with an electron density of ~8.5 x 10**cm™
the ¢ of the LA branch of Cu is on the same order of mag-
nitude as the y”¢ of the LA phonons and one order of magni-
tude lower than that of the LO phonons in heavily doped Si
with a carrier concentration of 1 x 10*'cm>.** This is also
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true for Ag and Au, both of which are characterized by weak
p-e scattering, as shown in Figs. 2(b), 2(c), 3(b), and 3(c).
We can also see that the s of Cu, Ag, and Au are on
the same order of magnitude. However, since they have very
different atomic masses, with Cu the lightest while Au the
heaviest, the lattice thermal conductivity x; of them differs
significantly owing to the difference in phonon group veloc-
ities. As shown in Figs. 1(d), 2(d), and 3(d), the x; of Cu is
the highest among the three metals, while that of Au is the
lowest. In all cases, x; decreases with temperature due to
enhanced p-p scattering. In addition, the x; from LDA and
GGA can differ by as much as 50% in certain cases. We sug-
gest using the values from GGA for Cu, while those from
LDA for Ag and Au, as they predict more accurate phonon
dispersions than the other for the corresponding material.
Finally, it is clear from these figures that p-e scattering is
negligible in terms of the x; of Cu, Ag, and Au at tempera-
ture above 200K, which agrees with previous work on Ag
and Au.*® It is worth mentioning that Makinson’s model*°
predicts a converged x; in the high-temperature limit when
only p-e scattering is considered, while Ziman’s model*?
predicts a diverged x;. In our work, which considers detailed
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FIG. 4. Results for Pt. (a) Electronic density of states as well as the Fermi window at 300K and 1000 K. All calculations are obtained under the LDA approxi-
mation otherwise mentioned. The inset shows the phonon dispersion relations calculated in this work as well as experimental data (dark symbols).65 (b) and (¢)
Contour plot of 7 and 7’¢ in the k,-k, plane of the FBZ. (d) x; with and without the effect of electron-phonon scattering. The inset at the upper left corner
shows k; when only p-e scattering is considered, and the inset at the upper right corner shows the cumulative thermal conductivity with respect to phonon

mean-free-path at 300 K.
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FIG. 5. Results for Ni. (a) Electronic density of states as well as the Fermi window at 300 K and 1000 K. All calculations are obtained under the GGA approxi-
mation otherwise mentioned. The inset shows the phonon dispersion relations calculated in this work as well as experimental data (dark symbols).'56 (b) and (¢)
Contour plot of 7 and 9" in the k.-k, plane of the FBZ. (d) x, considering p-e scattering only, p-p scattering only, and both p-e and p-p scattering. The inset
shows the cumulative thermal conductivity with respect to phonon mean-free-path at 300 K.

electronic band structure near the Fermi surface, x; is found
to decrease with increasing T between 200 and 900K for Cu,
Ag, and Au.

B. Pt and Ni: d-band metals with strong
electron-phonon interaction

Pt and Ni are d-band metals, which are characterized by a
Fermi level located at the d-band (overlapped with s-band and
p-band) with high eDOS. Therefore, e-p interaction can be
very strong in these materials, since there are many electron
states available for e-p scattering. The strong e-p interaction is

manifested by a high e-p coupling constant G, on the order
of 10'®W/m® K at room temperature, which is two orders of
magnitude higher than that of Cu, Ag, and Au.*

Figure 4(a) shows the eDOS of Pt, in which the Fermi
level is located at the d-band. Evidently, the eDOS at the
Fermi level for Pt is much higher than that for Cu, Ag, and
Au in Figs. 1(a), 2(a), and 3(a). The inset of Fig. 4(a) shows
the phonon dispersion relations. As we can see, LDA pre-
dicts more accurate phonon dispersion relations for Pt than
GGA.

Figures 4(b) and 4(c) show the "7 and "¢ of Pt. 7" is
roughly on the same order of magnitude as, though still

TABLE I. Material properties of Cu, Ag, Au, Al, Pt, and Ni. The 2nd column is the electron configuration of these elements. Columns 3 and 4 are the lattice
constants calculated through structural relaxation in this work using LDA and GGA, respectively, while column 5 shows the experimental data. The numbers

in the parentheses are (a —
GGA, respectively, and column 8 lists the data from literature.

Aexp.)/exp.. Columns 6 and 7 are the electron-phonon mass enhancement parameter (A”) calculated in this work using LDA and

Material e configuration arpa (A) acaa (A) dexp. (A) N VYIeN o ature

Cu [Ar]3d"%4s! 3.668 (+1.61%) 3.553 (—1.58%) 3.610 0.138 0.142 0.13,330.14%¢

Ag [Kr]3d'%4s! 4210 (+2.93%) 4.067 (—0.56%) 4.090 0.135 0.160 0.12,°0.16%7

Au [Xe]3d' 4s' 4.183 (+2.52%) 4.075 (—0.12%) 4.080 0.189 0.212 0.15,°°0.17,%% 0.21°7

Al [Ne]3s%3p' 4.046 (—0.10%) 3.961 (—2.20%) 4.050 0.377 0.389 0.38,%0.39,%° 0.42,%° 0.44°°
Pt [Xeldf'*5d°6s" 3.995 (+1.91%) 3.914 (—0.15%) 3.920 0.559 0.612 0.66°

Ni [Ar]4s*3d® 3.544 (+0.97%) 3.441 (—2.24%) 3.520 0.239 0.257 0.31°°
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lower than, y*”. In particular, y*” is lower near the center of
the FBZ, which indicates that p-e scattering is relatively
more significant than at the boundary. The inset of Fig. 4(d)
displays the cumulative thermal conductivity of Pt with
respect to phonon mean-free-path (MFP). As we can see,
most of the x, is contributed by phonons with MFP in the
range of 1-10nm. Moreover, phonons with longer MFP
(>5nm) are more significantly affected by p-e scattering
than those with shorter MFP, since the long-MFP phonons
are mostly modes near the FBZ center with relatively weaker
p-p scattering. The discrepancies between the x; predicted
from the LDA and GGA approximations are not as much as
those for Cu, Ag, and Au. In particular, the short MFP region
of the cumulative thermal conductivity curves agrees with
each other very well. In Fig. 4(d), we can see that p-e scatter-
ing reduces the x; by 15% at room temperature, and it is
even more important at sub-room-temperature regime, where
Umklapp p-p scattering becomes weaker, while p-e scatter-
ing is less affected.

Figure 5(a) shows the eDOS of Ni, which, similar to Pt,
has high eDOS at the Fermi level. The inset shows the pho-
non dispersion curves. Evidently, the results from GGA
agree with experimental data much better than those from
LDA. Figures 5(b) and 5(c) are y*” and 7" of Ni. Similar to

(@)
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Pt, y*” and "¢ are comparable to each other. In Fig. 5(d), we
can see that the p-e scattering reduces k; significantly by
about 30% at room temperature and is even more important
at sub-room-temperatures. The cumulative x; curve in the
inset of Fig. 5(d) indicates that p-e scattering substantially
affects the x; of phonon modes with a wide span of MFP,
not just limited to long-MFP ones as in Pt. Unlike Cu, Ag,
and Au, x; increases with T in the high-temperature regime
when only p-e scattering is considered, which seems to sup-
port Ziman’s model.*? Finally, it is worth mentioning that,
considering its total thermal conductivity of 91 W/m K at
room temperature, the x; of Ni is comparable to the elec-
tronic thermal conductivity. This is unlike most metals in
which the lattice thermal conductivity is much lower than
the electronic part.

C. Al: Metal with intermediate electron-phonon cou-
pling constant

Aluminum, as a prototype of free-electron-like metals,
is among the first metals that are studied ab initio. The
quadratic-shape eDOS shown in Fig. 6(a) is one signature of
the free-electron nature of Al. The 7 and )" of Al are
shown in Figs. 6(b) and 6(c). A somewhat unexpected feature

(b) p-p scattering rates
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FIG. 6. Results for Al (a) Electronic density of states as well as the Fermi window at 300 K and 1000 K. All calculations are obtained under the GGA approxi-
mation otherwise mentioned. The inset shows the phonon dispersion relations calculated in this work as well as experimental data (dark symbols).67 (b) and (¢)
Contour plot of 7 and 9”¢ in the k,-k, plane of the FBZ. (d) «;, with and without the effect of electron-phonon scattering. The inset shows x;, when only p-e

scattering is considered.
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of the ¢ data is that it is much lower than y?”, contrary to
the common notion that it is a metal with a quite high G,,
(for example, G,,=2.46 x 10" W/m® K at room tempera-
ture in Ref. 35). Moreover, Fig. 6(d) shows that p-e scatter-
ing has negligible effect on the x; of Al, unlike Ni and Pt. It
is worth mentioning that in Ref. 38, the calculated p-e scat-
tering rates are higher than this work, which might origin
from the different pseudopotentials used for the DFT calcu-
lations. In fact, the G, of Al is about one order of magnitude
lower than that of Ni and Pt. A rough estimation of 7 is
G,plc,. With ¢, similar between Ni, Al, and Pt, the difference
in G, suggests that y“ should also be much lower in Al than
the other two, which agrees with our results. Moreover, the
highest 77 occurs in the high frequency spectrum of phonons
(near the boundary of the FBZ), while these phonons only
contribute a small amount of heat transfer to the overall «; .

IV. CONCLUSION

To conclude, we extracted from first principles the pho-
non scattering rates in several metals considering the contri-
bution from both p-p and p-e scattering processes. It was
found that p-e scattering is negligible in Cu, Ag, Au, and Al,
while it is significant in Pt and Ni at room temperature.
Specifically, the room temperature x; of Cu, Ag, Au, and Al
predicted from density-functional theory calculations with
the local-density approximation are 16.9, 5.2, 2.6, and
5.8 W/m K, respectively, when only p-p scattering is consid-
ered. p-e scattering was found to be negligible in determin-
ing ;. In contrast, the room-temperature x; of Pt and Ni is
reduced from 7.1 and 33.2 W/m K to 5.8 and 23.2 W/m K by
p-e scattering. Moreover, the effect of p-e scattering on lat-
tice thermal conductivity becomes stronger at sub-room-tem-
perature range.
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