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Quantifying the lattice and electronic thermal conductivity of arsenic from first principles
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We have calculated the lattice and electronic thermal conductivity of arsenic between 50 and 500 K by
using the first-principles Boltzmann transport equation. We find that the lattice thermal conductivity (k)
exhibits strong anisotropy: the calculated room-temperature i, is 18.6 and 5.8 Wm~'K~! along the binary
and trigonal directions, respectively. The anisotropy of «p, is mainly ascribed to the longitudinal acoustic
phonon branch. «py, in the binary direction is larger than those reported for most of the other elemental metals.
The electronic thermal conductivity («.) is almost isotropic, and almost independent of temperature above
150 K, with a room-temperature value of ~26 W m~' K~!. k. dominates over Kpn in the binary direction above
200 K. Compared to the neighboring element Ge, As has comparable harmonic but much stronger anharmonic
interatomic interactions. These strong anharmonic interactions in As are the dominant mechanism limiting .
Despite a larger carrier concentration in As than in Bi or Sb, the phonon-electron interactions hardly affect «p, at
room temperature. The calculated total thermal conductivity is in good agreement with the experimental values.
Our work provides more insights into the thermal transport in elemental semimetals.
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I. INTRODUCTION

Thermal transport in metals and nonmetals is fundamen-
tally different. Phonons dominate the thermal conductivity in
nonmetals, whereas they contribute negligibly to the thermal
conductivity both relatively and absolutely in metals, with
limited exceptions, at all temperatures [1,2]. In metals, at low
temperatures in particular, phonon-electron scattering limits
the lattice thermal conductivity, thus kp, follows a 7 temper-
ature dependence. Consequently, kpy is usually much smaller
than the electronic contribution «., which follows a linear T
dependence arising from defect scattering [3,4].

kpn displays different characteristics in semimetals. Due
to a reduced number of free carriers, the lattice contribution
can dominate the thermal conduction at low temperatures,
and thus «p, can be easily measured even without separating
out k. [5]. This is what happens in the group-V elemental
crystals, Sb and Bi. The measured total x indeed shows a 7>
dependence in Sb [6]. However, « in Bi is mostly limited by
the boundary rather than the phonon-electron scattering, due
to the lower carrier density [7].

In arsenic, another group-V semimetal but with higher
carrier density, kp, remains much smaller than «. at low tem-
peratures. Interestingly, it had been found experimentally that
kph becomes predominant over k. along the binary direction
above 15 K [8]. Furthermore, strong anisotropy was demon-
strated for «p, measured up to 100 K, in contrast to the nearly
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isotropic kpn in Bi and Sb. Experimentally, «p, can be mea-
sured by applying a magnetic field to suppress k.. However,
due to the limit of a magnetic field, previous measurements
separated «p, and k. directly only up to 37 K for As [8]. As
for higher temperatures, the separation was further estimated
by using an extrapolation method. In addition, Heremans
et al. separated «py and k. following the Wiedemann-Franz
law (WFL) with parametrized Lorenz numbers [9]. However,
the validity of the WFL to estimate . from the electronic
conductivity is not always guaranteed for quantitative anal-
ysis. Reliable knowledge of «p, of As around the ambient
temperature is still lacking.

In this paper, we have quantified the electronic and lat-
tice contributions to the total thermal conductivity in As by
solving the phonon and electron Boltzmann transport equa-
tion (BTE) from first principles. The predicted «y, is highly
anisotropic, which is mainly attributed to the longitudinal
acoustic (LA) phonon modes. kp, along the binary direction is
found to be larger than those reported for most other elemental
metals, and it becomes predominant over x. below 200 K.
On the other hand, the k. is isotropic and nearly independent
of temperatures between 150 and 500 K. The total thermal
conductivity (k) obtained in this work is in good agreement
with the experimental results.

II. METHODOLOGY
A. Phonon BTE and lattice thermal conductivity

The Boltzmann transport equation can describe phonon
and electron transport behaviors at the mode-specific level.
Within the framework of a linearized phonon BTE, the lattice
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thermal conductivity tensor «p, can be calculated using the
expression [10]

1 0(,0 2
Kph = W;nk(m—i—l)(ﬁwk) V}L®F)L. (1)

Here, V is the unit-cell volume and N is the total number of
q points to uniformly sample in the Brillouin zone. n?, w;,
and v, are the equilibrium Bose-Einstein distribution, angu-
lar frequency, and group velocity, respectively, for specific
phonon mode A, which comprises a certain branch index p
and wave vector (. F; is the phonon mean free displacement.
Thereby, the compact form of the linearized phonon BTE can
be expressed as

Fy =n.(vi + Aj), )

where 7, is the total phonon relaxation time, the inverse
of which denotes the total scattering rate accounting for all
specific phonon scattering mechanisms for any given sys-
tem. In this study, the naturally occurring As, as well as
Sb and Bi, are nearly isotopically pure, leading to a negli-
gible phonon-isotope scattering. Therefore, only anharmonic
phonon-phonon and phonon-electron scattering dominates the
scattering processes, which can be treated as [11]

11 N 1
7 - )E)h ph r}[:)h-el' 3)
Note that anharmonic scattering is governed by three-phonon
processes. The A, term is a linear combination of F;, indi-
cating that Eq. (2) is a set of linear equations. Hence, the
F, can be solved accurately using the iterative approach (see
Supplemental Material) [12].

B. Electron BTE and electronic thermal conductivity

Within the electron BTE, the electronic conductivity tensor
(o) at a given temperature 7' can be written as [13—15]

7= Nka T Z k(1= i) Vi © Fuk, )

where e is the elementary charge and Ny is the total number
of uniformly sampled k points. The summation runs over
all the considered electron states denoted with a band index
n and electronic wave vector K. f  Vnk, and F represent
the equilibrium Fermi-Dirac distribution, group velocity, and
mean free displacement of electrons, respectively.

In addition to o, the electronic thermal conductivity tensor
can also be obtained as

o= Nka T2 Zf"k nk)(Enk - EF) Vok @ Fox — ToS?

5)
with

2e

S=—— O En —F n Fn , 6
y NkaBTZ%:f”k k) Enk = Ep)Vik ® Fux, (6)

where S refers to the Seebeck coefficient, and E,x and Er
correspond to energies at the electronic {nk} state and at the
Fermi level, respectively. Similar to the phonon case, F,x can
be linearized as [13,16]

Fix = 1 (Vi + Apk), @)

where 7,k denotes the total electron lifetime of state {nk}
limited by electron-phonon coupling (EPC) interactions. As
in the phonon BTE, we can also solve F,x with an iterative
scheme, and eventually obtain the exact o and . tensors (see
Supplemental Material) [12].

III. COMPUTATIONAL DETAILS

The density functional theory (DFT) and density func-
tional perturbation theory (DFPT) calculations were per-
formed using QUANTUM-ESPRESSO code [17]. The optimized
norm-conserving Vanderbilt pseudopotential and Perdew-
Burke-Ernzerhof functional were employed [18,19]. For the
structural optimization, we had performed the atomic-position
relaxation with cell parameters fixed at the experimental val-
ues. For comparison, the variable-cell relaxation was also
performed. The energy cutoff for the wave function was
set to 80 Ry. Methfessel-Paxton smearing with a broaden-
ing of 0.01 Ry for occupation of electronic states and a
40x40x40 k-grid to separate the Brillouin zone were also
used. The structure was regarded as converged with the energy
and force differences less than 107! Ry and 10~° Ry/Bohr,
respectively. The self-consistent calculations were then per-
formed with a 20x20x20 k-grid.

The phonon dispersion was calculated under a 5x5x5 q-
grid using DFPT, while the non-self-consistent calculations
and initial EPC matrix elements were obtained with a coarse
10x10x 10 k-grid. The EPW code [20] was then adopted to
execute Wannier function interpolation for the EPC matrix
elements. The electronic transport properties were calculated
by using our home-developed BTE solver [13,16]. After a
rigorous convergence test, fine 150x 150x 150 k- and q-grids
were used to obtain converged values of o and k. above
150 K. Denser k- and q-grids of 350x350x350 were used
at lower temperatures. o and «x. were well converged at and
above 100 K, but not fully converged below 100 K. However,
due to the limit of our computational resources, we cannot
go beyond that dense grid. The converged phonon-electron
scattering rates were calculated with a 60x60x 60 k-grid and
a30x30x30 q-grid.

The thirdorder.py code [10], using the supercell finite-
difference method, was employed to determine the third-order
interatomic force constants (IFCs) with a 4x4x4 supercell
and " only q sampling. We considered up to 10th nearest
neighbors, which yields converged three-phonon scattering
rates. Finally, the ShengBTE package [10] was modified to
incorporate phonon-electron scattering to calculate xp, on a
30%x30x30 q-grid. In addition, the average squares of elec-
tronic group velocity for Sb and Bi were calculated by the
above approaches for comparison [21], and the three-phonon
scattering rates of Ge were calculated using the parameters in
Ref. [22].
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FIG. 1. (a) Calculated phonon dispersion for As using two sets
of structural parameters described in the text, each with (b) phonon
density of states. The hollow diamonds correspond to experimental
data [23].

IV. RESULTS AND DISCUSSION

A. Phonon dispersion

Calculating thermal transport properties in metals, which
arise primarily from phonon-phonon and electron-phonon
interactions, requires accurate descriptions of phonon disper-
sion and electronic structure. The elemental arsenic, with the
stable thombohedral A7 structure, involves two atoms per
primitive cell. Figure 1(a) shows the calculated and measured
phonon dispersion for As along high-symmetry directions
[23]. The calculated phonon-dispersion curves are obtained
using two sets of cell parameters, characterized by the lattice
constant (a) and rhombohedral angle (0): (i) a = 4.227A
and 0 = 53.63° obtained with variable-cell relaxation; (ii)
a=4.102A and 6 = 54.55°, corresponding to the atomic-
position relaxation with both a and 6 fixed at the experimental
values [21]. The ~3% overestimation of the lattice constant
in case (i) results from the well-known underbinding of PBE
functional [24].

For case (i), phonon frequencies appear to be smaller as
compared to the measured data, again due to the underbinding
of the PBE functional. On the other hand, for case (ii), with
measured a and 6, almost all the phonon frequencies reach a
better agreement with the measured data except the two lowest
optical branches around the I" point. The evident phonon fre-
quency decrease in case (i) can also be seen from the phonon
density of states (DOS) in Fig. 1(b) as compared with case
(ii). To better understand the practical thermal transport in As,
all the quantities in the following calculations are determined
by case (ii).

The phonon dispersion of As is somewhat similar to that of
other group-V semimetals Bi and Sb, since they have the same
A7 structure [25] and electronic configurations (e.g., same
column in the Periodic Table). Therefore, the differences in
phonon dispersion between As, Sb, and Bi come from the har-
monic IFCs and atomic masses. Note that w? directly relates
to the inverse of mass and harmonic IFCs. When comparing
with the calculated phonon dispersion of Sb and Bi [25], even
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FIG. 2. (a) Calculated electronic band structures around the
Fermi level with (b) electronic density of states. Black solid and
red dashed lines represent the direct calculated and Wannier function
interpolated results.

replacing the atomic mass of As with that of Sb or Bi, As
still has higher phonon frequencies than Sb and Bi (Fig. S2)
[12]. This indicates that As should have a stronger harmonic
component of interatomic potential than Sb and Bi. In fact,
a stronger bonding strength of As than that of Sb and Bi has
been revealed before [26]. Despite the similarity in the shape,
some obvious differences between As, Sb, and Bi still appear.
For instance, the softer TO modes at I" than at 7', which
implies stronger crystal anharmonicity [27], are more evident
in Sb and Bi than in As (Fig. S2) [12]. The acoustic phonons
in As, especially for the LA branch, along the I'-X-K-I" line
(in the binary plane), are obviously stiffer than along the I'-T'
(trigonal direction) line. However, the acoustic phonons along
various lines display less anisotropy in Sb and Bi than in
As. These differences can lead to different phonon transport
behaviors.

Semiconducting Ge, one neighboring element of As in the
Periodic Table, stabilizes in the diamond structure, and has an
atomic mass of 3% smaller than As. The phonon dispersion
spans a similar range for As (up to ~50 rad/ps) and Ge (up to
~53 rad/ps) [22]. However, since they have different crystal
structures, the phonon-dispersion features are quite distinct.
The most evident difference is that an acoustic-optical phonon
gap is present for As but not for Ge. In addition, there is also
a stronger bunching of acoustic modes in As than in Ge.

B. Electronic band structure

Our Wannier function interpolated band structure (Fig. 2)
is in excellent agreement with the direct calculation around
the Fermi level (Er), and previously calculated results [5,28].
Evidently around Ef, small electron and hole pockets appears
near L and T points separately, demonstrating a narrow over-
lap between conduction and valence bands [5]. The electron
density of states (DOS) is minimized near Er, which is typical
of semimetals. The minimized electron DOS near Er in As is
the outcome of rhombohedral A7 structure, which is slightly
distorted from the metallic simple-cubic structure. The effect
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FIG. 3. Calculated (a) electronic conductivity, (b) electronic ther-
mal conductivity, and (c) Lorenz number in binary (11) and trigonal
(33) directions. Note that the results are not well converged below
100 K. The symbols show the corresponding experimental data taken
from Heremans et al. [9], Jeavons et al. [34], and Morelli et al.
[8]. The blue and red hollow diamonds are for Ke33 measured from
different samples.

of distortion is to open a gap around Ey, which can largely re-
duce the energy band crossings and degeneracy, i.e., decrease
the electron DOS there [29-31].

The stability of the A7 structure in As is explained by the
Peierls distortion mechanism [32]. In the covalent pictures,
As has weak sp hybridization with s-band below p-band.
Hence, the chemical bonding is made of p-electrons, which
usually build simple-cubic structure. However, these valence
p-bondings in As are unsaturated, failing to form stable
simple-cubic structures [28,33]. Instead, the distortion serves
to form short and long bonds in three almost orthogonal di-
rections by delocalizing electrons, making the A7 structure
layered [23].

C. Electronic thermal conductivity

The crystallographic binary- and trigonal-oriented o are
the diagonal components of ¢ tensor, which can be denoted as
o'l and 03, respectively. Likewise, the labels 11 and 33 are
also used to specify binary and trigonal components, respec-
tively, for other transport quantities. As shown in Fig. 3(a),
the calculated o is nearly isotropic. Below 100 K, the un-
converged calculations (Fig. S5) [12] underestimate those
experimental results significantly, for instance by 50% at
50 K. Above 100 K, in contrast, o!! agrees well with the
measured results, and o>* is larger than the measured results
by as much as ~40%. Specifically at 300 K, the calculated
o'l and o33 are 3.95 and 4.16 uS/m, respectively, while they
were measured to be 3.73 and 2.93 uS/m at 305 K. Typically
it is not easy to measure o> precisely due to difficulties of

TABLE 1. Comparison of U%,m k. (300 K), and «pp (300 K)
among As, Sb, and Bi in the binary (11) and trigonal (33) directions.
In Sb and Bi, . values are obtained by subtracting the calculated «p,
[25] from the measured «, [36,37].

As Sb Bi
vE,, [10% (km/s)?] 20.5 10.9 9.07
v} 33 [10* (km/s)?] 20.8 12.7 473
kP (Wm™' K™ 26.6 15.2 6.3
P WmT K 25.2 13.2 2.9
K Wm™' K™ 18.6 5.1 3.5
Ky (Wm™' K™ 5.8 6.1 3.1

high-quality single-crystal growth and easy crystal cleavage
in this direction [8,34].

The calculated «. is also nearly isotropic with a room-
temperature value of 25.2 and 26.6 Wm~'K~! in binary
and trigonal directions, respectively [Fig. 3(b)]. The isotropic
behavior is in line with the low-temperature measurements
between 20 and 80 K [8]. k. is found to be almost independent
of T in the range from 150 to 500 K. For instance, «2° only
decreases from29.7 Wm~' K~ at 150 K t0 24.3 Wm ! K~!
at 500 K. The weak temperature dependence of k. at high
temperatures is a typical characteristic of metals [35]. At
100 K, the calculated values are more than twice as large as
those reported by Morelli ef al. [8]. At 50 K, it seems that
the calculations are slightly larger than the measurements.
However, we expect that the converged values can be much
larger (see the discussions below).

From Eqgs. (4) and (5), it can be seen that only the states
around the Fermi level contribute to the transport properties.
Hence, the anisotropy of o and x. mainly originates from the
anisotropy in the square of electronic group velocity along
different directions averaged at the Fermi level v} , (o denotes
binary or trigonal direction). v} , for the binary and trigonal
directions are almost the same with ~ 2% difference (Table I),
resulting in an isotropy of k. and o. To compare with Sb and
Bi, we subtract the calculated «p, [25] from the measured «;
[36,37]. Interestingly, as summarized in Table I, the nearly
isotropic behavior of k. is also observed in Sb, but not in Bi,
where k. is highly anisotropic. For Sb, the binary component
of v% only differs slightly from the trigonal one, whereas Bi
exhibits a roughly twofold difference in v%,a values between
these directions.

Our calculation of «. [Eq. (5)] is a full band calculation,
so explicit separation of electron and hole contributions is not
needed. However, one may wonder how these contributions
are compared to the bipolar contribution. The bipolar compo-
nent of k. can be obtained as «, = T0,0,(0, + ap)_l(Sp —
S,)? [38], where o, (0,) and S, (S,) are the o and § tensors
due to holes (electrons) alone. «y, is appreciable only when
0, ~ 0, which can occur in semimetals [39] and doped semi-
conductors [40]. For As, the calculated o, and o, are found
to be comparable (Fig. S7) [12], qualitatively consistent with
the previous results measured from the mobility ratio [41]. In
our calculations, both binary- and trigonal-oriented «}, in As,
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FIG. 4. The calculated lattice thermal conductivity of As in bi-
nary and trigonal directions with considering three-phonon (3ph)
scattering individually and combined with phonon-electron (ph-el)
scattering. The black symbols are taken from measurement [8]. The
hollow square and stars indicate the trigonal-oriented kp, from dif-
ferent samples.

with room-temperature values of 13.4 and 15.6 Wm 1K,
respectively, account for more than 50% of k., similar to the
Bi case [7,42].

The Lorenz number, L = k./o T, is ideally equal to the
Sommerfeld value of Ly = 2.44x 1078 V2/K? [1,4]. All our
calculated L agree with Ly within 23%, lying in (1.8-2.2)x
10~8 V2 /K2. However, the measured L along these two direc-
tions, reported only up to 80 K, are significantly smaller, and
less than 50% of Ly. The measured L are much smaller than
the calculated ones due to the smaller «. extracted experimen-
tally. Our calculations below 100 K are not fully converged,
and we expect that fully converged results would lead to a
reduction of L. However, it is not likely that they can reach as
small as the measured L. Actually L is supposed to approach
Ly above the Bloch-Griineisen temperature 6gg [43]. Consid-
ering that semimetals such as As have short Fermi vectors, 6gg
of As is a few tens of Kelvin [9]. We also note that L in the
binary direction also agree well with Ly down to 60 K in Bi
with a smaller Ogg [7]. Therefore, k. in As needs further exam-
inations in order to clarify the large discrepancy of measured
L from Lg. k. is estimated to be 42 Wm~' K~! based on the
measured o of 5.6x 107 S/m assuming L = 1.5x 1078 V2/K?
at 50 K.

D. Lattice thermal conductivity

The calculated «p, along these two directions is plotted
in Fig. 4. The calculated «p, underestimates the experimental
values reported up to 100 K by Morelli et al. [8], which were
obtained by subtracting «. from ;. As mentioned earlier, the
experimentally reported x, were actually smaller than our
calculations.

The calculated )y and «5; are 18.6 and 5.8 Wm ™' K~
at 300 K, respectively. We want to stress that the room-
temperature value of kpy, in the binary direction for As is larger
than those for most other elemental metals [14,44], such as Al
(9.0 Wm~'K~") and Cu (17.4 Wm~' K1), with exceptions
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FIG. 5. (a) The averaged square of the phonon group velocity
of As along binary (solid line) and trigonal (dashed line) directions.
The inset shows the corresponding values of the low-frequency LA,
TA1, and TA2 branches, respectively. (b) The calculated spectral
contributions to «p, at 300 K in these directions.

for W (46 Wm~' K1) [16], Mo (37 Wm ™' K1) [11], and
Ni (23 Wm~' K1) [45].

Anisotropy of kpn. Strongly anisotropic kpp, is found in As,
with the ratio of K;l,} / /{Sg being almost constant and ~3.2 at
300 K. This large anisotropic factor for the binary/trigonal
kph is unusual in bulk elemental metals, but it is smaller than
those in other strongly anisotropic layered systems, such as 5
to 23 for black phosphorus [46] and even 47 for graphite [47].
Experimentally, the «,, measured up to 100 K has also been
revealed to display strong anisotropy, with anisotropic factors
close to our calculated ones [8].

Similar to the «. case and from Eq. (1), the anisotropy
of «pn mainly results from the anisotropy in the square of
phonon group velocity along different directions v; . How-
ever, in contrast to k., where only states around the Fermi
level are relevant, phonon modes within a wide frequency
range can contribute to «p, effectively. Hence, to understand
the anisotropy of iy, we define v2 , = Y, vi ,8(0 — w;)/
>, 8(w — w;), corresponding to the average of V/zw over
phonon modes with the same frequency w. Figure 5(a) shows
the Vi,a along the binary and trigonal directions dependent on
w at 300 K. We can observe that the v2 , for the trigonal direc-
tion is dramatically lower than those for the binary direction,
particularly for the acoustic w range. Note that the phonons
within the acoustic @ range make the predominant contribu-
tion to kpn. To be quantitative, the frequency-contributed «pp
curves along these directions are also plotted in Fig. 5(b).
Acoustic phonons (below 25 rad/ps) contribute 87% and 82%
to «pn along these directions, respectively. Therefore, the
obvious discrepancy of low-frequency v? ,, in binary and trig-
onal directions mainly accounts for the anisotropy of «ph. To
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FIG. 6. The comparison of three-phonon scattering rates with
third-order interatomic force constants considering up to different
nearest neighbors (NN).

further see which phonon branch induces the acoustic
anisotropy, we compare vfw values of three acoustic phonon
branches at low-w as plotted in the inset of Fig. 5(a). At low
frequencies, there is a significant difference in vi, o forthe LA
branch in these directions, which can help explain the strong
anisotropy in As Kpp.

As shown in Sec. IV C, As and Sb have almost isotropic e,
whereas Bi has a twofold anisotropy. The anisotropic behav-
iors of kpy in these three semimetals are different from those of
K. As revealed in previous calculations (Table I) [25], kp, can
be regarded as isotropic in Sb and Bi, as compared to the more
than threefold anisotropy in As. To some extent, the isotropy
of kpp in Sb and Bi or the anisotropy in As can be understood
as a consequence of different phonon-dispersion features, as
discussed in Sec. IV A. Nevertheless, these distinctions show
that small distortion of the structure with a different extent can
have a prominent effect on the transport properties.

Three-phonon scattering effect. Any phonon scattering
process can contribute to the «p, reduction. For isotopi-
cally pure As, only the three-phonon and phonon-electron
scatterings can have effects on k. We first explore the three-
phonon scattering rates at 300 K (Fig. 6). Most phonons have
comparable scattering strength in the three-phonon process,
with scattering rates ranging from 0.01 to 1 ps~', largely
limiting Kpp.

It was found in previous works that Sb and Bi have
strong crystal anharmonicity, leading to low &y [25,27]. It is
traced by the non-negligible third-order IFCs at long-range
interactions. Fundamentally, these non-negligible anharmonic
interactions stem from the resonant interatomic bonding,
which makes valence p-electrons delocalized in forming sta-
ble chemical bonds under the distorted A7 structure, and they
can greatly affect long-range harmonic and anharmonic in-
teractions. For isostructural As, the resonant bonding effect
on long-range interactions should also be applied. In fact,
the unusual bonding has been observed in As, characterized
by the enlarged harmonic interactions with the eighth nearest
neighbors [23]. In our work, we have also found that the third-
order anharmonic interactions enlarge at the eighth nearest
neighbors (NN).

10° . .
o 3ph (As 10th-NN)
+ 3ph (Ge
100k p_( )
ph-el (As) o
10»1 L

10}

10°°

0 10 20 30 40 50
o (rad/ps)

FIG. 7. Comparison of the three-phonon and phonon-electron
scattering rates of As and three-phonon scattering rates of Ge.

To quantitatively reveal this enhanced anharmonicity effect
on scattering at the mode-specific level, we plot three-phonon
scattering rates obtained with third-order IFCs up to the sev-
enth through tenth NN interactions in Fig. 6. An overall (about
threefold) increase in the phonon scattering rates occurs when
considering the anharmonic IFCs at the eighth NN interac-
tion, particularly for the acoustic regions of 0-13 rad/ps. As
revealed in Fig. S1 [12], «kpy is mainly limited by two types
of scattering channels: three acoustic phonons (aaa), and two
acoustic and one optical phonons (aao).

kph Of As is much smaller than that for isotopically pure
Ge (54 Wm~! K~1) [22]. This is because As has much larger
anharmonic scattering rates in the acoustic region (Fig. 7).
Actually, the phonon dispersion suggests that As has weaker
scattering phase space than Ge. The acoustic-optical gap in As
restricts the aao channels, and more bunching among acous-
tic modes in As impedes the aaa processes. Therefore, the
stronger anharmonic scattering in As is indicative of stronger
anharmonicity in the interatomic potential.

Phonon-electron scattering effect. At 300 K and above, the
kph calculated without including the phonon-electron scatter-
ing is larger than the actual «pp by less than 5% for both
directions. At lower temperatures, the three-phonon scattering
becomes weaker, and the phonon-electron scattering remains
unchanged. As a result, phonon-electron scattering can affect
the «p, at lower temperatures. For example, at 50 K, after
excluding the phonon-electron scattering, «,n increases by
30%.

The phonon-electron scattering rates at 300 K are also
shown in Fig. 7. The phonon-electron scattering rates are
generally more than one order of magnitude lower than those
for three-phonon scattering at 300 K, which explains the neg-
ligible effect of phonon-electron scattering on kpp, at room and
high temperatures. On the other hand, the phonon-electron
scattering rates are quite dispersed, quite in contrast to those
for three-phonon scattering. The phonon-electron scattering
rates do not follow a simple w dependence at low frequen-
cies, which is also distinct from the linear » dependence in
other metals [11,16,48]. The dispersed rates are character-
istic of semimetals and heavily doped semiconductors with
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FIG. 8. The calculated total thermal conductivity of As in bi-
nary (11) and trigonal (33) directions, together with the individual
phonon and electronic contributions. Note that the results are not
fully converged below 100 K. The symbols represent the measured
total thermal conductivity taken from Heremans ez al. [9] and Morelli
et al. [8].

a small Fermi surface [49,50]. When the Fermi surface is
small and composed of separated pockets [51], the scattering
rates depending on the number of scattering channels become
extremely sensitive to the specific phonon mode. When the
phonon wave vectors cannot connect two different electronic
states at the Fermi surface, the scattering of those phonon
modes by electrons cannot happen. Furthermore, considering
that low-frequency phonon-electron scattering rates are posi-
tively correlated with the carrier density [49,50], the elemental
Bi and Sb, with lower carrier densities, are expected to exhibit
weaker phonon-electron scattering, which should have a neg-
ligible effect on «pp.

E. Total thermal conductivity

Our calculated total thermal conductivity /' and «* agree
well with the experimental data, as shown in Fig. 8. Below
100 K, the calculated «'' and «** underestimate the measured
values slightly, mainly because the calculated «. is not fully
converged. At room temperature, the calculated «,' and k>3
in Asreach 43 and 32 Wm~! K1, respectively. However, as
mentioned earlier, the calculated individual contributions k.
and «py, deviate from those reported experimental values. Con-
sidering the good agreement for the total thermal conductivity,
we suggest that this discrepancy for individual contributions
may result from the experimental challenge in separating &,
and kpp.

To make the separation, Morelli et al. measured the ther-
mal conductivity as a function of transverse magnetic field.
When thermal conductivity gets saturated, «. is completely
suppressed. The final saturated value corresponds to xpy. Due
to the limit of magnetic field, the thermal conductivity can
saturate only up to 37 K for As. For higher temperatures, «.
was first estimated from an extrapolation method, and then
subtracted from k, to obtain the reported «p, up to 100 K
[8]. However, the extrapolation method employed usually
has limited accuracy at high temperatures [52]. Moreover,

assuming «. can be completely suppressed by a large trans-
verse magnetic field also needs careful verification. In fact,
when applying a strong enough magnetic field, the first term
in Eq. (5) for k. can indeed be eliminated. However, there
remains a second term related to the Seebeck coefficient,
which does not necessarily vanish [7,53]. Due to a large ther-
momagnetic response [54,55], k. can be nonvanishing, and
thus the separation requires a detailed analysis, particularly
in semimetals. Actually a field-dependent thermomagnetic
power of As was observed to undergo obvious oscillations
at low temperatures [56]. Likely for Bi, there remains a
significant electronic contribution from the transverse thermo-
magnetic effects even in the high magnetic field limit [7].

In Sb and Bi, by comparing the calculated «p;, and mea-
sured k, it was found that electrons and phonons have
comparable contributions to the thermal conductivity [25],
except at very low temperatures where the «p,;, predominates.
Our calculations show that As has similar features, especially
for the binary direction. At 300 K, the binary-oriented !
is ~57% of k!, while the trigonal-oriented «2* contributes
predominantly (80%) to «. These electronic contributions
in both directions decrease at lower 7. Below 200 K, «pp
starts to dominate over «. in the binary direction, whereas in
the trigonal direction the lattice contribution becomes gov-
ernable when T falls beneath 50 K. We note that when T
goes down further (10 K, for instance) in As, the experiments
suggest kpn should become negligible as compared to k., due
to large phonon-electron scattering [8]. This is in contrast to
Sb and Bi, where «p, only dominates over k. at very low
temperatures.

V. CONCLUSION

We have quantified the electronic and lattice contributions
to total thermal conductivity of arsenic between 50 and 500 K
with the framework of BTE from first principles. The ther-
mal transport properties of As exhibit different characteristics
from Sb and Bi. The calculated k. is nearly isotropic, and
almost temperature-independent above 150 K with a room-
temperature value of 25.2 and 26.6 Wm~! K~! along binary
and trigonal directions, respectively. However, «py, is highly
anisotropic, mainly due to the anisotropic acoustic phonons,
especially for the LA branch. The calculated room tempera-
ture kpp are 18.6 and 5.8 Wm 1K, contributing 43% and
20% to the total thermal conductivity along the binary and
trigonal directions, respectively. «p, along the binary direction
is larger than those for most of the other elemental metals,
and becomes predominant over . below 200 K. We also find
that the harmonic interatomic interactions in As are compa-
rable to those in Ge, while the anharmonic interactions are
stronger in As. In addition, the phonon-electron scattering,
nearly one order of magnitude weaker than three-phonon pro-
cesses, hardly affects «,, at room temperature. The calculated
k¢ in both directions and electrical conductivity in the binary
direction agree well with the measured values, which sug-
gests that previous experimental separation of kpp and k. is
likely inaccurate. Lastly, the calculated electrical conductivity
along the trigonal direction is larger than the measured value
by about 40%. This discrepancy deserves further study, both
experimentally and theoretically.
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