aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

High-pressure phases of boron arsenide with potential high
thermal conductivity
Linyan Wang, Fei Tian, Xiaowei Liang, Yuhao Fu, Xufeng Mu, Jingying Sun, Xiang-Feng
Zhou, Kun Luo, Yang Zhang, Zhisheng Zhao, Bo Xu, Zhifeng Ren, and Guoying Gao
Phys. Rev. B 99, 174104 — Published 10 May 2019
DOI: 10.1103/PhysRevB.99.174104


http://dx.doi.org/10.1103/PhysRevB.99.174104

High-pressure phases of boron arsenide with potential high thermal conductivity

Linyan Wang,! Fei Tian,? Xiaowei Liang,® Yuhao Fu,®> Xufeng Mu,! Jingying Sun,? Xiang-Feng
Zhou,! Kun Luo,! Yang Zhang,! Zhisheng Zhao,! Bo Xu,! Zhifeng Ren,? * and Guoying Gao®:

L Center for High Pressure Science, State Key Laboratory of Metastable Materials Science and Technology,
Yanshan University, Qinhuangdao 066004, China
2 Department of Physics and the Texas Center for Superconductivity,
University of Houston, Houston, TX 77204, USA
3State Key Laboratory of Superhard Materials, Key Laboratory of Automobile Materials of MOE,
and College of Materials Science and Engineering, Jilin University, Changchun 130012, China
(Dated: April 22, 2019)

Zinc-blende boron arsenide (BAs) has been confirmed to have impressively high thermal con-
ductivity. However, studies on its phase transitions under pressure have been few. Here, through
recently developed structure search method, we predicted that many polytypes with structural
features of cubic- and hexagonal-diamond, which are known to be unstable even up to very high
pressure for carbon and boron nitride, can become stable at low pressure and might be retained to
ambient conditions. Moreover, some of these BAs polytypes are calculated to have impressively high
thermal conductivities at ambient conditions and the thermal conductivities for zb- and 2H-BAs will
decrease with the increasing pressure, which are mainly attributed to the stronger 3"® anharmonic
interaction. The current study will open up a new route to search for high thermal conductor.

Materials with high thermal conductivity (k) are be-
coming increasingly important due to the huge demand
for, and major challenge of, heat management in the
modern micro- and nano-electronic industry!. Under the
widely accepted criteria?, the famous carbon allotropes
of diamond and graphite have the highest x (~2000 W
m~! K=1) at room temperature (RT, T = 300 K) among
bulk materials® . Unfortunately, synthesizing diamond
is too expensive for practical applications, and graphite’s
anisotropy makes it unsuitable as well. Recently, zinc-
blende boron arsenide (zb-BAs) was predicted to possess
an exceptionally high & over 2000 W m~! K—! at RT by
first-principles calculations based on a band engineering
method, which is comparable to that of diamond®7. Sub-
sequently, refined calculations® and experimental efforts
on zb-BAs single crystal growth? 1! have yielded a RT
% near 1300 W m~! K. These findings have attracted
great interest in BAs and have provided a new view of
high k materials.

Represented by boron nitride (BN), high-pressure
phase transitions of group III-V binary compounds have
been systematically studied for decades. Due to the long-
time lack of interest, though, there have been few studies
on the phase transitions of BAs under high pressure. Ex-
perimentally, BAs was first synthesized in 1958 by direct
reaction of B and As'2. Since then, various approaches
to synthesis of BAs starting from the elements have been
reported'®17. At ambient environment (RT, 1 atm), BAs
crystallizes in the zb structure with the space group of
F43m'3. Zinc-blende BAs is a semiconductor with an
indirect electronic band gap of about 1.5-1.8 eV'®19 and
it is also a relatively hard material with Vickers hardness
of 19 GPa?’. As the temperature increases above 1193 K,
zb-BAs becomes unstable and undergoes an irreversible
decomposition to subarsenide, subsequently identified as
Bi12Asy2!. Theoretically, the high-pressure phases of BAs
have thus far been limited to structures such as NaCl,

B-Sn, and CsCl phases?2. The NaCl structure was calcu-
lated to be stable above 110 GPa. Experimentally, BAs
has been reported to transform from the zb phase into
an amorphous state at 125 GPa and room temperature,
which does not undergo any further transition up to 165
GPa and persists as a metastable phase upon release of
pressure?3. No other structures have been either theoret-
ically proposed or experimentally realized.

Here we report an extensive theoretical study on the
phase transitions of BAs under pressure by the particle
swarm optimization structural search method combined
with first-principles calculations. Many new structures of
BAs with the features of cubic- and hexagonal-diamond
forms are found to be stable at pressure achievable in the
laboratory. Interestingly, these new structures are calcu-
lated to potentially be ultrahigh « materials, as well as
hard materials, and also stable after releasing the pres-
sure.

We performed an extensive search for the crystal struc-
tures of BAs under pressure by using the particle swarm
optimization technique as implemented in the Crys-
tal structure Anal.Ysis by Particle Swarm Optimization
(CALYPSO) code?*?5. CALYPSO is a leading struc-
ture prediction method in the field and has success-
fully predicted the high-pressure structures of various
systems?6 30, The underlying ab initio structural re-
laxations were performed using density functional the-
ory (DFT) within the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA)3!) as im-
plemented in the Vienna ab initio simulation package
(VASP) code®?. The projector augmented wave (PAW)
method was adopted, with 2s22p!' and 4s%4p3 treated
as valence electrons for B and As atoms, respectively.
The kinetic cutoff energy of 1200 eV and corresponding
Monkhorst-Pack (MP) k meshes for different structures
were then adopted to ensure that the enthalpy converges
to better than 0.01 meV/atom. The enthalpy values are
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FIG. 1. The predicted high-pressure structures for BAs. The
green and purple spheres represent the B and As atoms, re-
spectively.

computed from H = U + PV (where H, U, P, and V are
enthalpy, internal energy, pressure, and volume, respec-
tively) by considering temperature as zero. Meta-GGA
functional®® was also adopted to check the accuracy of
enthalpy differences of some structures calculated with
PBE functional. The calculations for pressure versus
volume curve of zb-BAs are performed using the full po-
tential linearized augmented plane wave (FP-LAPW)34
method as implemented in the WIEN2k code®®. The
band structures are calculated by hybrid functional cal-
culations within Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional®®. The phonon calculations were carried out
by using a supercell approach within the PHONOPY
code3”. The Vickers hardness was estimated using the
semiempirical hardness model for covalent crystals3®:39.
The lattice thermal conductivity x was calculated by it-
eratively solving the phonon Boltzmann Transport equa-
tion as implemented in the ShengBTE package®® 2. Fur-
ther details on all computational methods are provided
in the Supplemental Materials*3.

We began with the structure search at ambient pres-
sure for BAs. At low pressure, the most stable structure
is predicted to be the zb phase (Fig. 1a), which is in good
agreement with the experimental observation. Moreover,
the calculated lattice constant for zb-BAs of 4.817 Ais
close to the measured value of 4.78 A, which further
supports the reliability of the current calculations. The
zb structure contains perfect B and As tetrahedra with
only B-As bonding. At 30 GPa, we predicted a hexagonal
diamond structure with the space group of P63mc (4H,
Fig. 1b), which is also one of the polytypes for silicon
carbide (SiC) at 1 atm. The 4H structure can be consid-
ered as the mixture of the cubic- and hexagonal- (P63mc,
2H) diamond characteristics, which is also similar to 4H
hexagonal diamond. In addition, we also predicted sev-
eral metastable 2H, 6H, 8H, and 9R hexagonal and rhom-
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FIG. 2. The calculated enthalpies per formula unit of the
hexagonal and rhombohedral diamond structures for BAs as
a function of pressure with respect to the zb-BAs structure.

bohedral diamond structures (Fig. 1lc, d and Sla, b*?).
It is well known that many diamond polytypes contain-
ing large unit cells, such as 10H-ZnS, 15R, and 21R (Fig.
Slc-e*3), have been widely studied for SiC**4° (€46 and
BN4748  Therefore, these diamond polytypes containing
large unit cells are very likely to become stable under
pressure, and thus we also included them in the follow-
ing enthalpy calculations. At 50 GPa, we predicted a
simple-cubic structure, Pa3 (Fig. 1le), with 8 fu. in a
unit cell, which is similar to BC8 Si. It should be noted
that the B and As tetrahedra in the Pa3 structure are
distorted and that B-B bonds form in addition to the B-
As bonds. At much higher pressure, all of the predicted
structures show the separation of solid boron and arsenic
layers (Fig. S2%?), suggesting the trend of decomposition
into the constituent solid elements.

The calculated enthalpy differences of the predicted
structures relative to the zb-BAs are shown in Fig. 2.
The 10H-ZnS structure is calculated to be stable with re-
spect to the zb-BAs only above about 9.7 GPa, and the
8H and 6H structures then gradually become stable upon
further compression. It should be noted that the enthalpy
differences between these structures are only within a few
meV, suggesting that all of these structures could be sta-
ble under high pressure. Interestingly, the metastable
2H structure might be also stable above 123 GPa with
respect to the zb phase, as shown in Fig. S3%3. This is
extremely surprising given that previous theoretical cal-
culations have indicated that 2H diamond and other dia-
mond polytypes for carbon cannot be stable with respect
to zb-diamond even up to very high pressure*®, which is
also reproduced in the current work (Fig. S5a*?). This is
also the case for BN (Fig. S5b*3). On the other hand, 2H
diamond has been reported to be synthesized in 19674°
even though production of a perfect crystal has not yet
been reported, and many other diamond polytypes (6H,



8H, 10H-ZnS, 15R, and 21R) have also been found in ex-
perimental studies and in meteorites®®?®. Therefore, it
is probable that these diamond polytypes can be synthe-
sized under pressure for BAs.

The 6H structure becomes stable at 14.7 GPa and re-
mains stable until 54 GPa, above which it transforms
into the 4H phase (Fig. S3*3). At about 67 GPa, the 4H
structure further transforms into the cubic Pa3 phase,
which is stable only within a very small pressure range
of 67 to 74 GPa (Fig. S6a*3), above which BAs will be
stable in the structures with separated B and As lay-
ers. It should also be noted that BAs will become un-
stable relative to solid boron and arsenic above 27 GPa,
(Fig. S6b*?) but this does not preclude the possibility
of observing the predicted diamond polytypes at lower
pressure and at high temperature. From the calculated
convex hull for the B-As system, which are in agreement
with other theoretical results®”, even zb-BAs is also ther-
modynamically unstable relative to BisAs, and a-arsenic
at ambient conditions (Figure S8%3). However, zb-BAs is
well known.

It is well known that zb-BAs is a semiconductor with
an indirect band gap of 1.5-1.8 eV'®19. Thus, it is very
interesting to study the electronic properties of these
high-pressure phases. The predicted 2H, 4H, and 6H
structures are all calculated to be semiconductors with
indirect band gaps of about 1.1-1.2 eV (Fig. S9%%), which
are close to the calculated value of 1.19 eV for the zb
phase. We know that the level of DFT usually underesti-
mates band gaps. To get more reliable results, we also re-
calculated band gaps and band structures with the HSE
hybrid functional, which employs a screened Coulomb
potential for the exchange interaction. The recalculated
band gap for the zb phase is 1.87 eV, which is in good
agreement with previously theoretical and experimental
results'®19:58  The recalculated band gaps for the 2H,
4H, and 6H structures improve to be of about 1.8-1.9
eV (Fig. 3). The similar semiconducting character of
these high-pressure phases to that of the zb phase sug-
gests that they might have additional similar properties,
such as thermal conductivity.

To check the dynamical stability of these predicted
structures, we studied their phonon spectra (Fig. 3 and
Fig. S10%?). No imaginary frequencies are found in these
high-pressure phases at either high or ambient pressure,
which suggests that they are also dynamically stable and
might be retained to ambient condition if synthesized at
high pressure and high temperature.

Recent theoretical and experimental studies confirm
that zb-BAs has a high thermal conductivity over 1000
W m~! K~! at ambient conditions? . The ultrahigh
k observed in zb-BAs is mainly attributed to its combi-
nation of light B and heavy As atoms and satisfies the
following rules: (i) the frequency gap between the acous-
tic phonons and optical phonons (a-o0 gap) is sufficiently
large; and (ii) some of the acoustic phonons with differ-
ent polarizations have regions of similar frequencies away
from the Brillouin zone center. Therefore, we checked the
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FIG. 3. The calculated electronic band structures of (a) 2H,
(b) 4H, and (c) 6H at 1 atm for BAs using the HSE functional.
The right panels (d), (e), and (f) show the calculated phonon
spectra at 1 atm of the corresponding structure in the left
panel.

phonon spectra of 2H-, 4H- and 6H-BAs carefully (Fig.
3). Unfortunately, there is no frequency gap between the
acoustic and optical phonons. However, the three acous-
tic phonon modes in the 2H structure, which are mainly
for heat-carrying, are away for the Brillouin zone center
with the highest frequencies in the range of 3~7 THz
along I'-A, T-K and T'-M directions (Fig. 3d), which
indicates a possible high thermal conductivity.

Fig. 4 shows the calculated x as a function of tem-
perature for diamond and BAs. Our calculated results
for diamond are in excellent agreement with other the-
oretical results and available experimental data, which
supports the validity of the current calculations. For zb-
BAs, the calculated results are in good agreement with
other theoretical results, though they are all higher than
the experimental data® ''. Recent first-principles cal-
culations incorporating four-phonon scattering predict a
RT x of 1400 W m~! K~ 1'%, and 1260 W m~! K~! when
calculating a full solution of BTE!, which agrees with
the recent experimental data for zb-BAs?''. Note that
the calculated k with three- or four-phonon scattering
are both considered for the perfect BAs single crystal.
In the experimentally synthesized single crystal zb-BAs
samples, there are always defects and impurities, which
will reduce the measured values of thermal conductivity.
Particularly, the presence of As vacancy concentrations
gives an anomalously strong suppression of the thermal
conductivity'459. Therefore, the predicted thermal con-
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FIG. 4. Calculated temperature dependence of k for dia-
mond, and zb-, 2H-, 4H-, and 6H-BAs along the a(b) (solid
curves) and ¢ (short-dashed curves) crystal axes. Calculated
data from L. Lindsay et al.” are represented by the dashed
curves. The x of and zb-BAs using the local density approx-
imation pseudopotential (dashed-dotted-dotted curves) were
also calculated for comparison with the results from L. Lind-
say et al”. Measured  values for diamond®® and zb-BAs!!
are shown with scattered symbols.

ductivities for BAs with three-phonon scattering higher
than the measured values are reasonable. Calculating
thermal conductivity including four-phonon scattering is
very complicated, time-consuming and the available re-
sults are still few. It will be the study topic in the future.
Here, we only considered up to three-phonon scattering.

Surprisingly, the high-pressure 2H phase is predicted
to exhibit x of 1782 and 1335 W m~! K~! at RT along
the a(b) and ¢ crystal axes, respectively, which suggests
that the 2H phase is anisotropic. However, even the small
k of 1335 W m~! K~! is only lower than those of dia-
mond and zb-BAs (Table 1). Since other diamond poly-
types structures are close in enthalpy to the 2H struc-
ture, we also calculated the x for 4H and 6H phases as
examples. The calculated « for 4H and 6H are 1710 and
1659 W m~! K1 along the a(b) crystal axis, and 1072
and 891 W m~! K~! along the ¢ crystal axis, respec-
tively. It should be noted that the 4H and 6H phases are
also anisotropic. The calculated x along the a(b) crys-
tal axis for these hexagonal polytypes are all higher than
the corresponding polytype along the ¢ crystal axis over
the temperature range considered. We find ko >kapg
>rkep along both the a(b) and ¢ crystal axes. In these
diamond polytypes, the larger number of atoms with in-
creasing n in nH-BAs gives rise to an increasing number
of low-lying optic branches, and the small phonon group
velocities in these branches leads to lower x with increas-

TABLE I. May, Knat, Kpure (at 300 K), and percent en-
hancement to k with isotopic purification given by P =
100(Kpure/Knat -1). The calculated x of diamond, BN, zb-
BAs and 2H-, 4H-, and 6H-BAs along the a(b) and ¢ crystal
axes, respectively. The isotope concentrations (19.8% 10p,
80.2% 'B), (99.63% '*N, 0.37% '°N), and (98.9% '2C, 1.1%
13C) for these materials were considered to determine Knat.
Measured values and calculated value of Refs.” for BN, BP,
diamond, and zb-BAs with naturally occurring isotope con-
centrations are given in the exp. and calc. columns of Ky, q¢-ref,
respectively.

Ma,'u K/nat'ref Rnat Rpure P
(aum) (W/m/K) (W/m/K) (W/m/K)
exp. calc.
Diamond 12.01 2270* 2290° 2166 3140 45
BN 12.40 768° 940 804 1963 144
BP 20.89 4904 580" 665° 15°
zb-BAs 42.86 1300° 2240° 2293 3455 50
a(b) ¢ a(b) ¢ a(b)c

2H-BAs 42.86 1782 1335 2580 1701 45 27
4H-BAs 42.86 1710 1072 2461 1341 44 25
6H-BAs 42.86 1659 891 2336 1089 41 22
a Refs.4
b Refs.”
¢ Refs.61
d Refs. 62,63
¢ Refs.?

ing n in nH-BAs (Fig. 3). Besides, from 2H to 4H to
6H, the calculated k decreases slightly along the a(b) axis
and greatly along c, which is understandable when con-
sidering the more complex structure characteristics and
complicated coupling between the acoustic and optical
phonons for the structures with larger unit cells along
the ¢ crystal axis (see Table S1 for details*®). However,
the high-pressure phases of BAs at relatively low pressure
are still good candidates for high thermal conductivity.
This is the first time that possible high thermal conduc-
tivity has been predicted in a high-pressure phase for a
material, which opens up a new route to search for high
thermal conductors.

It is well known that the increase of pressure usually
decreases the interatomic distances, which will increase
the atomic vibrations and push phonon modes to higher
frequencies. Thus, the thermal conductivity usually in-
creases under pressure. Recently, the thermal conductiv-
ities as a function of pressure for many materials have
been studied®® %Y. For example, under pressure, x for
diamond, BN, MgO and AIN increase, while s for HgTe,
BeTe and BSb decrease and CdTe and ZnTe remain con-
stant. In addition, x for ZnO, GaN and BeSe even ex-
hibit nonmonotonic dependence on pressure. Therefore,
the pressure dependence of the thermal conductivity is
very complicated and the study of the thermal conduc-
tivity for BAs under pressure is necessary. Fig. 5 shows
the calculated Kpqt and Kpyure as a function of pressure
for zb- and 2H-BAs at 300 K. The calculated k,4; and
Kpure for zb-BAs decreases with pressure, which is in
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FIG. 5. Calculated pressure dependence of k for zb- (black
curves) and 2H-BAs along the a(b) (red curves) and ¢ (green
curves) crystal axes at 300 K. knq¢ are represented by solid
curves, while Kpure are represented by dashed curves. Cal-
culated Knat and Kpure for diamond®* are represented by the
solid and dashed dark yellow curves, respectively. Calculated
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doted and dotted black curves, respectively.

good agreement with the previous theoretical calcula-
tion with three-phonon scattering®:¢. The calculated
thermal conductivity for 2H-BAs also decreases under
pressure but decreases a little. In general, the thermal
conductivities with the same structures are known to be
dominated by the 3"¢ anharmonic interaction and the
three-phonon scattering phase space W=*. To investi-
gate the influences of third-order anharmonic interatomic
force constants (IFCs) on changing three-phonon anhar-
monic scattering processes, we calculated x by deliber-
ately interchanging the anharmonic IFCs between the
cases at 1 atm and 10 GPa, as shown in Fig. 6a and
6b. For zb- and 2H-BAs at 1 atm, when replacing the
anharmonic IFCs with the ones from 10 GPa and keeping
the other quantities unchanged, we find that x decreases,
whereas k for 10 GPa increases when using the anhar-
monic IFCs from 1 atm. As we know, the anharmonic
scattering rates are generally proportional to the square
of the anharmonic IFCs. Thus, the anharmonic IFCs of
zb- and 2H-BAs at 10 GPa are both larger than the cor-
responding values at 1 atm, leading to the higher anhar-
monic scattering rates and thus lower x at 10 GPa. On
the other hand, three-phonon scattering phase space W+
represent the contribution of harmonic phonon frequen-
cies to the anharmonic scattering rates, and it consists
of two components corresponding to absorption (W™,
two phonons merging into one) and emission (W™, one
phonon splitting into two) processes. As shown in Fig.
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FIG. 6. Calculated s by interchanging the anharmonic IFCs
at 1 atm and 10 GPa for (a) zb- and (b) 2H-BAs at 300
K. Calculated three-phonon scattering phase space at 1 atm
(soild circles) and 10 GPa (open uptriangles) for (c) zb- and
(d) 2H-BAs at 300 K.

6c and 6d, WT and W~ of zb- and 2H-BAs at 10 GPa
are nearly same as the corresponding values at 1 atm
in the low-frequency (<10 THz) region, while a little
smaller than the corresponding values at 1 atm in the
high-frequency region about 20 THz. Thus, the small de-
crease in W with increasing pressure leads to the small
increase in thermal conductivity. However, the decrease
of k resulted from the stronger 3"¢ anharmonic interac-
tion prevail against the increase of x owing to slightly
decreasing W¥, giving decreasing x under pressure. As
we mentioned above, the thermal conductivity of many
materials, such as diamond, would increase under pres-
sure. The primary mechanism for the enhancement of
under pressure for diamond is the decrease in the 3"¢ an-
harmonic interaction between phonons®*. However, the
374 anharmonic interaction increases with pressure for
zb- and 2H-BAs, which will lead to the decrease in k.
In addition, the influence of the three-phonon scattering
phase space between acoustic phonons®®, acoustic and
optic phonons as well as optic phonons on thermal con-
ductivity are also studied. However, the increase in 3"
anharmonic interaction under pressure is the dominated
parameter for the negative pressure dependent thermal
conductivity for zb- and 2H-BAs.

Zb-BAs is also a relatively hard material with a mea-
sured Vickers hardness of 19 GPa2°. Our calculated Vick-
ers hardness for zb-BAs is 20 GPa, which is in good
agreement with experimental results?® and previous the-
oretical calculations”™. The calculated Vickers hardness



TABLE II. The calculated Vickers hardness of 2H, 4H, 6H,
and Pa3 phases for BAs.

2H 4H 6H Pa3

H,(GPa) 21.2 21.6 21.6 20.1

values of high-pressure phases (2H, 4H, 6H, and Pa3)
are listed in Table 2. It can be seen that all of the high-
pressure phases are calculated to exhibit a Vickers hard-
ness of about 21 GPa, which is also close to that of the
zb phase at ambient conditions. Therefore, the high-
pressure phases of BAs are also potentially hard materi-
als.

In summary, we conducted an extensive study of the
high-pressure phases for BAs and predicted many stable
diamond polytypes at pressures easily achievable in the
laboratory. It is interesting to note that these diamond
polytypes for BAs have the same structural characteris-
tics with cubic- and hexagonal-diamond and are calcu-

lated to be good candidates for high thermal conductiv-
ity, as well as high hardness. The pressure dependence of
the thermal conductivity for zb- and 2H-BAs is also in-
vestigated and the underlying origins are discussed. The
current study will open a new route for the exploration
of high thermal conductivity materials in high-pressure
phases.
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