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Recent theoretical and experimental research suggests that §-TaN is a semimetal with high ther-
mal conductivity (x), primarily due to the contribution of phonons (kp). By using first-principles
calculations, we show a non-monotonic pressure dependence of the x of #-TaN. ky, first increases
until it reaches a maximum at around 60 GPa, and then decreases. This anomalous behaviour is
a consequence of the competing pressure responses of phonon-phonon and phonon-electron interac-
tions, in contrast to the known materials BAs and BP, where the non-monotonic pressure dependence
is caused by the interplay between different phonon-phonon scattering channels. Although TaN has
phonon dispersion features similar to BAs at ambient pressure, its response to pressure is different
and an overall stiffening of the phonon branches takes place. Consequently, the relevant phonon-
phonon scattering weakens as pressure increases. However, the increased electronic density of states
near the Fermi level, and specifically the emergence of additional pockets of the Fermi surface at
the high-symmetry L point in the Brillouin zone, leads to a substantial increase in phonon-electron
scattering at high pressures, driving a decrease in kpn. At intermediate pressures (~ 20—70 GPa),
the k of TaN surpasses that of BAs. Our work provides deeper insight into phonon transport in

semimetals and metals where phonon-electron scattering is relevant.

The pressure response of materials is critical to un-
derstanding their properties and performance in many
areas, including condensed-matter physics, materials sci-
ence, and geophysics [TH7]. Among the many proper-
ties affected by pressure, the thermal conductivity (k)
of a material stands out as a fundamental transport pa-
rameter for heat conduction. & is limited by resistive
scattering between intrinsic carriers such as phonons and
electrons [8]. Modulation of x with pressure and temper-
ature over a wide range can help in understanding heat
conduction in the Earth’s interior [0l [6] and developing
mechanisms to control thermal management in micro-
electronic devices [9HIT].

Under hydrostatic pressure, a crystal’s volume de-
creases, generally resulting in a hardening of the phonon
modes. This typically leads to an increase in lattice
unless a structural phase transition occurs [8, 12]. This
intuition is supported by various model calculations, al-
though those have also shown that a large mass ratio can
reverse the trend [I3]. In fact, a recent ab-initio study
has revealed a non-monotonic pressure dependence of k
for BAs, BSb and BP, with BAs and BSb share a similar
microscopic origin underlying this behavior, which differs
from that of BP [14] I5]. Experimental observations for
BAs also support this finding [16].

In our previous work, we predicted that the metallic

compound TaN has an ultrahigh thermal conductivity,
mainly contributed by phonons and higher than that of
the best electrical conductor, silver. This was found to
be due to its unique combination of phononic, electronic,
and nuclear properties [I7]. Among the transition-metal
carbides and nitrides, TaN was found to be the only com-
pound with such high k. Our research also revealed that
the mechanism responsible for TaN’s ultrahigh & is simi-
lar to that of BAs [18], with an additional factor of weak
phonon-electron scattering. Recent experiments have in-
dicated that this predicted high ambient-pressure value of
k for TaN can be achieved by increasing the grain size of
samples and decreasing their defect concentrations [19].

In this study, we investigate the impact of pressure
on k in TaN using first-principles calculations. Our
findings reveal a non-monotonic pressure dependence of
k due to competing responses of phonon-phonon and
phonon-electron interactions. However, the hardening of
all phonon modes and the decrease in phonon scattering
strength with increased pressure indicate that the non-
monotonic behavior arises from strong phonon-electron
scattering at higher pressure, which is influenced by the
increased electronic density of states around the Fermi
energy. Thus our work provides a new perspective on
the non-monotonic pressure dependence of x in TaN.

In the framework of the linearized Boltzmann trans-



port equation (BTE), the lattice thermal conductivity

tensor (ﬁ;‘f ) is expressed as [20]
1
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where p runs over all phonon branches, BZ denotes the
Brillouin zone of the crystal,  and 3 are Cartesian axes,
and wpq, Ov (pq), vpy, and F, pﬁq are the angular frequency,
mode heat capacity at constant volume, group veloc-
ity and mean free displacement, respectively, of phonons
from branch p with wave vector q.

Phonon scattering is the main ingredient for determin-
ing Kpn. It enters the expression above through Fpﬁq. qu
is determined by [20]

Fqu = Tpq (vgq + Af)q) : (2)

Here, 7, is the phonon lifetime and qu depends linearly
on qu and describes the deviation from the relaxation-
time approximation (RTA). We obtain Fpﬁq iteratively
starting from the RTA [20] 21].

The inverse of 7,q is the scattering rate and is ex-
pressed as a sum of the contributions from the different
scattering mechanisms. We include all the essential scat-
tering mechanisms to calculate the thermal conductivity.
Specifically, we take three-phonon (3ph), four-phonon
(4ph), phonon-isotope (ph-iso), and phonon-electron (ph-
el) scattering into account in our calculations.
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Phonon-electron scattering involves only one phonon and
does not affect qu [22]. Furthermore, four-phonon scat-
tering is dominated by Umklapp processes[I8] 23] and
their contribution to qu can be neglected. The detailed
expressions for Apq, 1/7%‘*50, ]./ngh, 1/7{}3}17 1/7'15’(};‘61
can be found in Refs. [I8] 20-H22] [24H26.

To solve the phonon BTE, we need harmonic (second-
order) and anharmonic (third- and fourth-order) in-
teratomic force constants (IFCs), which are extracted
from density-functional-theory calculations carried out
using the projector-augmented plane wave method [27]
as implemented in VASP [28 [29]. For the calculation
of phonon-electron scattering, we used the EPW soft-
ware [30], based on maximally localized Wannier func-
tions, along with the QUANTUM ESPRESSO package [31].
We used the FourPhonon package [32] to compute the
four-phonon scattering rates. Finally, we used a modified
ShengBTE package [20] for calculating xpp after includ-
ing phonon-electron and four-phonon scattering rates.
The temperature induced phonon renormalization effect
is considered using self-consistent phonon (SCPH) the-
ory [33 [34], and it is found to have a minimal impact
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FIG. 1. Calculated room-temperature total thermal conduc-
tivity (k = Kpn + Ke) as a function of pressure for TaN along
the a and c axes in comparison with available results of
under pressure. Theoretical results of x for diamond [40],
Al (1], BP [I5], ¢-BN [14], and BAs [14] and experimental
results for BAs (right-pointing triangles [16]) under pressure
are also shown.

on Kpp (see Supplemental Material [35]). The coherence
effect of the phonons [36H39] is not considered in our cal-
culations as we estimate that at ambient pressure the av-
erage phonon interband spacing (~ 1.5 — 2 THz) in TaN
is orders of magnitude larger than the phonon linewidths
(~ 0.001 — 0.1 THz) and can be considered negligible.
Further computational details, including our approach to
calculating the electronic contribution to thermal trans-
port, are given in the Supplemental Material [35].
Figure [1] shows the calculated pressure dependence of
the total thermal conductivity (k) of TaN compared to
diamond [40], BAs [I4, [16], ¢-BN [14], BP [I5], and
Al [4T], which have been reported in the literature. At
ambient pressure, the room-temperature total x of TaN
is 1037 and 824 Wm ' K~! along the a and c axes,
respectively, consistent with the values reported ear-
lier [I7, 19]. The electronic contributions to the ther-
mal conductivity (ke1) at ambient pressure are 27 and
15 Wm~! K~!, respectively. They remain negligible at
high pressures (see Supplemental Material [35]). Inter-
estingly, the non-monotonic behavior revealed originally
in BAs [14] [16] and BP [I5] also occurs in TaN. However,
that non-monotonic behavior diminishes at high temper-
atures. Above 20 GPa, TaN overtakes BAs as the bulk
material with the second largest k. In contrast, x in-
creases monotonically in diamond [40], ¢-BN [I4], and
Al [I]. x is dominated almost exclusively by the elec-
tronic contribution in metals. The increase of x in Al is
mainly attributable to the decrease of phonon-electron
coupling. In usual cases like diamond and c-BN, the
phonon branches stiffen, and the three-phonon scatter-
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FIG. 2. (a) Calculated lattice thermal conductivity (kps) and
(b) scaled kpn for TaN along the a axis for different pressures
with different combinations of scattering mechanisms at 300
and 800 K.

ing weakens under pressure. A monotonic increase in
K with pressure follows. In BP, a gap between acous-
tic and optical modes (a-o gap) is present in the phonon
dispersion at ambient pressure. The widening of the a-o
gap with rising pressure decreases the scattering involv-
ing two acoustic and one optical phonon (aao), driving
K to increase at low pressures. In BAs, the a-o gap is
so large that aoo scattering is irrelevant. However, four-
phonon scattering plays an important role in k. The ther-
mal conductivity increases with increasing pressures in
the low-pressure regime because of the progressive weak-
ening of four-phonon scattering. In both BP and BAs,
the reduced bunching (the proximity of acoustic phonon
branches) in the phonon dispersion with increasing pres-
sure, leading to enhanced scattering among three acous-
tic phonons (aaa processes), is the origin of the decreas-
ing k at high pressure.

TaN has a phonon dispersion similar to BAs as regards
the presence of a large a-o gap and the bunching of acous-
tic phonons, a key characteristic leading to high x in TaN
and BAs [I7]. To see whether the mechanism underlying
the non-monotonic change of x in TaN is the same as in
BAs, we show the pressure-dependent kg, calculated by
considering only specific combinations of phonon scatter-
ing mechanisms for two different temperatures, 300 and
800 K, in Fig. [2] (a). Surprisingly, when only considering
three phonon scattering, kpn constantly increases with
pressure in TaN, in contrast to BAs. Similar to BAs, the
four-phonon scattering plays a vital role in determining
kpn in TaN. At ambient pressure, xpy is reduced by 48%
after including four-phonon scattering on top of three-
phonon scattering. Although four-phonon scattering has
a reduced effect on rpn at higher pressures, it can still
lead to a 27% reduction in ky, at 80 GPa as compared to
the case with three-phonon scattering only. By compar-
ison, in BAs the effect of four-phonon scattering is weak
at higher pressure (e.g. 17% at 51 GPa). When fur-
ther including phonon-electron scattering, the influence
on Kpn begins to manifest at 40 GPa. Above 60 GPa, xkpy
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FIG. 3. (a) Calculated phonon dispersion along high-
symmetry directions for TaN for different pressures.The size
of circles superimposed onto the line corresponds to phonon
linewidth due to phonon-electron interaction. The linewidths
of acoustic and optical phonons are scaled by factors of 200
and 20, respectively. (b) Calculated three-phonon (3ph) and
four-phonon (4ph) scattering rates for TaN for different pres-
sures at 300 K.

can be significantly reduced by phonon-electron scatter-
ing, which is so strong as to cause spn to decrease with
pressure. Therefore, the non-monotonic pressure depen-
dence of kpp is a consequence of the interplay between the
phonon-phonon and phonon-electron scattering, rather
than between three-phonon and four-phonon scattering
channels as in BAs [I4], and the one between aaa and
aao scattering channels as in BP [I5]. Next, we will elu-

cidate why n}(j’l) in TaN behaves differently from BAs and
why phonon-electron scattering gives rise to decreasing
Kpn at high pressures.

Due to a large a-o gap combined with the small band-
width of optical phonon frequencies, the three-phonon
scattering of the heat-carrying acoustic phonons is lim-
ited by aaa processes in BAs [I4]. Further, due to
bunching, the aaa scattering rates are extremely weak,
with a characteristic dip in the intermediate frequency
range. With increasing pressure, the longitudinal acous-
tic phonons stiffen evidently while the transverse acous-
tic phonons change marginally. Therefore, the bunching
effect is significantly reduced, increasing the scattering
phase space and causing the aaa scattering rates to in-
crease fast.

In the case of TaN, the phonon dispersion and three-
phonon scattering rates for different pressures are plot-
ted in Fig. [3| (a) and (b), respectively. The a-o gap is
not large enough to completely suppress the aao scat-



tering at high acoustic frequencies, and the aao scatter-
ing is reduced partially due to a larger a-o gap under
pressure (see Supplemental Material [35]). The optical
bandwidth even allows aoo processes to dominate the
scattering rates at low frequencies, and the aoo scat-
tering is strengthened partially because of a larger op-
tical band width under pressure. However, the primary
contribution to /—@}()i) arises from acoustic phonons in an
intermediate frequency range, for which scattering is al-
most exclusively limited by aaa processes. Under applied
pressure, all acoustic phonon modes experience harden-
ing at the same pace, as manifested by the fact that the
acoustic phonon dispersions can overlap if scaled prop-
erly [Fig. 3| (a)](see Supplemental Material [35]). This
indicates that the bunching of acoustic modes remains
nearly unchanged with increasing pressure in TaN. The
difference in the response of the phonon dispersion, par-
ticularly the acoustic part to pressure, gives rise to differ-
ent responses of the scattering rates to pressure. The aaa
scattering rate for a given q point decreases with pres-
sure in TaN (see Supplemental Material [35]) compared

to the increasing behavior in BAs. As a consequence,
(3)
Koph

As shown in Fig. (a), the four-phonon scatter-
ing plays an important role in determining rp, in TaN
throughout the whole pressure range considered, and the
four-phonon effect becomes weaker at higher pressure.
To understand this, the four-phonon scattering rates are
plotted in Fig. |3| (b). Similarly to the three-phonon
scattering, especially for the aaa processes, the four-
phonon scattering rates decrease with increasing pressure
but more rapidly. This stronger pressure dependence of
four-phonon scattering leads to a weaker effect at higher
pressure. Consequently, the actual sy has a stronger
pressure dependence than it would have if only three-
phonon scattering was considered. This is more apparent
when plotting the pressure-dependent xy, scaled by the
corresponding zero-pressure value with specific combina-
tions of phonon scattering mechanisms considered [Fig.
(b)]. As a matter of fact, dk/dP for TaN is 17.3 and
142 Wm~!K~! GPa~! along the a and c axes, respec-
tively, which are similar to the values of approximately
19.6, 15.4, and 12.6 Wm~! K=! GPa~! for diamond [40],
BP [I5], and BAs [14], respectively. In addition to the
stronger pressure dependence, the four-phonon scattering
also has a stronger 7" dependence than the three-phonon
scattering. Therefore, the actual kp, has a stronger pres-

sure dependence at higher temperatures for BAs. In con-
(3)
h

monotonically increases with pressure in TaN.

trast, the pressure dependence of ;’ for TaN is almost

T independent [Fig. [2[ (b)].

The fact that four-phonon scattering has a stronger
pressure dependence than three-phonon scattering can
be understood from the weighted phase space[20, 42} [43],
which is extremely sensitive to changes in the phonon
spectrum. For example, if the entire spectrum is scaled
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FIG. 4. (a) Calculated electronic DOS for TaN for different
pressures. Ey denotes the Fermi energy. (b) First Brillouin
zone of TaN with high-symmetry points labeled. (c) Calcu-
lated Fermi surfaces for TaN for different pressures.

by a factor of ¢, then the three-phonon weighted phase
space is scaled by a factor of ¢~°, while the four-phonon
weighted phase space can be scaled by ¢%. At 80 GPa,
the acoustic phonon frequency increased by a factor of
1.215 compared to the frequency at 0 GPa. The ra-
tios 1.215% = 2.70 and 1.215% = 3.30 closely correspond
to the obtained weighted phase space ratios of 2.5 and
3.6 for three-phonon and four-phonon, respectively, be-
tween 0 and 80 GPa. Hence, the higher weighted phase-
space ratio suggests that four-phonon scattering weakens
faster than three-phonon scattering with increasing pres-
sure (see Supplemental Material [35]).

Finally, we study the phonon-electron scattering, lead-
ing to decreasing kg, at high pressures. At ambient pres-
sure, phonon-electron scattering is negligible compared
to anharmonic phonon-phonon scattering. This weak
phonon-electron scattering is actually a key factor result-
ing in the high value of k for TaN compared to WC with
the same type of crystalline structure, as established in
our previous work [I7, [44]. Phonon-electron scattering is
positively correlated with the electronic density of states
(DOS) at the Fermi level [44H47]. The weak phonon-
electron scattering is attributed to the direct d — d bond-
ing between Ta atoms, resulting in a semimetallic band
structure and a low DOS around the Fermi energy [48].
However, the phonon-electron scattering rates can be in-
creased as pressure increases (see Supplemental Mate-
rial [35]). Fig. 4| (a) illustrates that there is a simulta-
neous increase in the DOS at the Fermi level with in-
creasing pressure. Consequently, the DOS around the
Fermi energy gradually increases and starts to become
significant at 40 GPa. Therefore, the increased DOS and
subsequently higher phonon-electron scattering rates are
at the origin of the decrease of xpn at high pressures in
TaN. Note that the phonon-electron scattering rates are



generally insignificant even in metals with large DOS at
the Fermi level [25] [46] [49]. Only a few expectations have
been reported recently in systems with weak anharmonic
scattering, including transition metal carbides [44] [50]
and tungsten [22].

To understand the increase in DOS around the Fermi
energy and its effect on phonon-electron scattering, we
examine the changes in Fermi surfaces and the mode pro-
jected phonon linewidth [51] due to phonon-electron in-
teraction with increasing pressure, shown in Fig. {4 (¢)
and Fig. |3| (a), respectively. The phonon-electron scat-
tering rates are proportional to the phonon linewidth
through a factor of 2/h [25]. As pressure rises, addi-
tional pockets of the Fermi surface appear at L point,
in line with band structure’s evolution where the band
around the L point intersects the Fermi level due to in-
creased Ta-d (dgy + dz2—y2) and N-p (p.) hybridization
(see Supplemental Material [35]). Consequently, we ob-
serve a marked enhancement in linewidths of acoustic
and, much more evidently, the optical phonons at I and
M points beginning at 40 GPa [Fig. [3 (a)]. This is a
consequence of intravalley and intervalley electron scat-
terings which are associated with phonons around I' and
M, K, and H, respectively. For instance, considering the
symmetry, twelve equivalent L. points exist in the Bril-
louin zone [Fig. 4| (b)]. Each electron state at L can be
linked to its nearest counterpart at L through a phonon
at the M point (see Supplemental Material [35]). A sim-
ilar scenario unfolds around I', K and H phonon states.
The increase in phonon linewidth at I" is associated with
intravalley scattering between identical electron states lo-
cated at different high symmetry points. Conversely, a
slight reduction in phonon linewidth around K and H
is linked to intervalley scattering between two electron
states around A and K points, corresponding to the con-
traction of the Fermi surface area. However, the sub-
sequent decrease in phonon linewidth due to phonon-
electron interaction at the K and H points has less in-
fluence than the emergent phonon linewidth at M and
I" points. Consequently, we observe a marked reduc-
tion in the slope of kp, from 40 GPa when considering
phonon-electron scattering rates [Fig. [2[ (b)]. Note that
only effects on the acoustic phonons are relevant to the
thermal conduction, although the optical phonons have
larger linewidths due to phonon-electron interaction than
acoustic phonons do.

In summary, starting from first-principles calculations,
we reveal a non-monotonic pressure dependence of x of
TaN similar to that observed in BAs and BP but due
to a different mechanism. This anomalous behaviour re-
sults from the competing responses of phonon-phonon
and phonon-electron scattering to pressure, in contrast to
the interplay between different phonon-phonon scattering
channels in BAs and BP. The overall phonon dispersion
stiffens almost at the same pace, leading to continuously
weakened three-acoustic-phonon and four-phonon scat-

terings, giving rise to an initially increasing k. At higher
pressures, the increased electronic DOS, explicitly the
emergence of additional pockets of the Fermi surface at
the high-symmetry L point in the Brillouin zone, leading
to an increase in phonon-electron scattering and conse-
quently driving a decrease in kp. The k of TaN can
surpass that of BAs in the range ~ 20—70 GPa. Fi-
nally, it is worth noting that TaN has been synthesized
and remains stable at high pressures [19, 52 [(53]. Our
reported anomalous pressure dependence of k occurs at
around 60 GPa, and thus within the experimentally ac-
cessible range. The non-monotonic pressure dependence
may also be observed in some other metals, where the
electronic DOS changes suddenly with pressure.

The supporting data for this paper are available from
Zenodo [59] under open licenses. The data package in-
cludes the structure file, second-, third- and fourth-order
IFCs and phonon-electron scattering rates for each pres-
sure.
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