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Extracting long-lasting performance from electronic devices and improving their reliability

through effective heat management requires good thermal conductors.

Taking both three- and

four-phonon scattering as well as electron-phonon and isotope scattering into account, we predict
that semimetallic #-phase tantalum nitride (6-TaN) has an ultrahigh thermal conductivity (), of
995 and 822 Wm ™' K~! at room temperature along the ¢ and ¢ axes respectively. Phonons are
found to be the main heat carriers, and the high x hinges on a particular combination of factors:
weak electron-phonon scattering, low isotopic mass disorder, and a large frequency gap between
acoustic and optical phonon modes that, together with acoustic bunching, impedes three-phonon
processes. On the other hand, four-phonon scattering is found to be significant. This study provides
new insight into heat conduction in semimetallic solids and extends the search for high-x materials
into the realms of semimetals and non-cubic crystal structures.

Materials with high thermal conductivity are always
in demand for thermal management in microelectronic
devices [IH3]. Unfortunately, so far only a few sys-
tems with thermal conductivities over 1000 Wm™t K1
at room temperatures have been identified. Diamond,
an insulator, is the leader in the category and the best
known example, with a room-temperature lattice ther-
mal conductivity (kpn) of around 2000 Wm ™~ K~ [4H7].
The semiconductor boron-arsenide (BAs), with a kpn of
~ 1000-1400 Wm~! K~ at room temperature [SHIT], is
a more recent entrant. A way to improve thermal con-
ductivity in a wide range of crystals is to work with iso-
topically purified samples. This idea has been used to
push the room-temperature spn of insulator c-BN above
the 1000 Wm ™! K~! mark as well, specifically from 850
to 1600 Wm~'K~! [I2]. While the lattice dominates
thermal transport in insulators and semiconductors, the
heat carriers are predominantly electrons in metals. Met-
als dominate high-thermal-conductivity materials at low
temperatures and high temperatures and can be rela-
tively good thermal conductors at room temperature,
with a thermal conductivity as high as 429 Wm—1K~!
for silver [13].

Predicting compounds with a high thermal conductiv-
ity is challenging. Most ab-initio studies of kpn restrict
themselves to three-phonon (3ph) and phonon-isotope
(ph-iso) scattering. However, as these scattering chan-
nels are suppressed, new and unexpected sources become
important. The recent discovery of the high thermal con-
ductivity in BAs is an illustrative example of this fact.
The prediction was based on an elegant theoretical study
taking advantage of As having only one stable isotope
and the mass difference between B and As introducing a

gap in the phonon spectrum that suppresses 3ph scatter-
ing involving two acoustic phonons and an optical phonon
(aao) [14]. However, because four-phonon (4ph) scatter-
ing was neglected [15], the original work strongly over-
estimated the actual value of the thermal conductivity
compared to the experimental findings [8HIT]. In ad-
dition to 4ph scattering, a metal with a potential high
thermal conductivity presents the challenge of phonon-
electron (ph-el) scattering further suppressing thermal
conductivity [I6HIR]. As an example, it has been shown
how ph-el scattering is responsible for more than half of
the scattering in pure W, heavily doped Si and a few
transition metal carbides [16] [T9H22].

Semimetals are not an obvious place to look for high
thermal conductivity compounds: They typically exhibit
both a low kpn and electronic contribution to the thermal
conductivity (ke) in the range from a few to a few tens
of Wm~™!K~!. Graphite is an exception. The in-plane
thermal conductivity of graphite can reach around 2000
Wm~'K~!, however, the cross-plane value is less than
10 Wm~!K~!. Semimetallic tungsten carbide (WC) is
also known to display an unusually high thermal conduc-
tivity at room temperature (k > 100 Wm~! K~1)[23],
which we recently attributed to an anomalously high
kph [22]. The results leave the door open to the possi-
bility of finding semimetals with an ultrahigh x. Among
the potential candidates, the 6-phase of tantalum nitride
(f-TaN) has several unique features that make it highly
interesting in this respect. First of all, it is isostructural
to WC (space group P6m2; No. 187) and has a simi-
lar mass ratio, which could point to low phonon-phonon
scattering. Furthermore, the isotope distribution of Ta,
the element dominating the heat carrying acoustic vibra-



tional modes, contains almost solely the '5;Ta nuclide (at

a ~ 99.988% ratio). Finally, the d — d bonding, which is
responsible for the semimetallic electronic structure [24],
should be stronger than in WC, resulting in a lower den-
sity of states (DOS) at the Fermi level and a weaker
ph-el coupling. In view of these promising hints, here
we use first-principles calculations, taking 3ph, 4ph, ph-
iso and ph-el scattering into account, to predict a room-
temperature kpp in the 800 — 1000 Wm~! K~! range in
semimetallic tantalum nitride (TaN).

Detailed analysis of the results confirms that the high
value of kpn in TaN is indeed only possible thanks to
a very special combination of phonon dispersion, a de-
pressed phonon-electron interaction and the virtually
non-existing mass-disorder scattering due to the singu-
lar isotopic distribution of Ta. Only the low intensity of
all scattering mechanisms enables TaN to emerge as such
a good thermal conductor.

Methodology.— The lattice thermal conductivity
tensor (ngﬁ) can be calculated in the framework of the
linearized Boltzmann transport equation (BTE) using
the expression [25]
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where p runs over all phonon branches, BZ denotes the
Brillouin zone of the crystal, o and 3 are Cartesian axes,
and wpq, Vg, Cv (pq) and F, I;Bq are the angular frequency,
group velocity, contribution to the isobaric heat capac-
ity and mean free displacement, respectively, of phonons
from branch p with wave vector q.

Key to determining xpp are the different phonon scat-
tering mechanisms, which are incorporated into the ex-
pression above through qu. We use the general form of
the linearized BTE for phonons [25]:

Fqu = Tpq (qu + qu) : (2)

Here, Tpq is the phonon lifetime, while the AP terms
depend linearly on Fpﬁq and describe the departure from
the relaxation-time approximation (RTA). We obtain F,
iteratively starting from the RTA [25] 26].

The inverse of 7,q is the scattering rate and is ex-
pressed as a sum of the contributions from the differ-
ent scattering mechanisms. We exhaustively explore all
plausible contributions to avoid overestimating the ther-
mal conductivity. Specifically, we include three-phonon
(3ph), four-phonon (4ph) phonon-isotope (ph-iso) and
phonon-electron (ph-el) scattering in our calculations.

1 1 1 1 1 3
T ~ _3ph 4ph ph-iso + ph-el ( )
ra  Tpq Tpq Tpq Tpq

Phonon-electron scattering involves only one phonon and
does not affect qu [19]. Furthermore, four-phonon scat-
tering is dominated by Umklapp processes[I5 27] and
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FIG. 1. Calculated total thermal conductivity (k = Ke + Kpn)
as a function of temperature for TaN along the a and ¢ axes
in comparison with available results of xk for diamond and
BAs. Theoretical results for diamond and BAs are taken from
Ref. 14l and 27 Experimental results for diamond (rhom-
boids [4], upward-pointing triangles [6], downward-pointing
triangles [5] and plus signs [7]), BAs (circles [10], squares [9],
and stars [§]) and silver (right-pointing triangles [36], left-
pointing triangles [37]) are also shown.

their contribution to qu can be neglected. The detailed

: ph-iso 3ph 4ph ph-el
expressions for Apq, 1/7557%°, 1/7,8%, 1/7,0% 1/70d

can be found in Refs. [16] [19] 25H29.

The main inputs needed to solve the phonon BTE are
harmonic and anharmonic interatomic force constants
(IFCs). All the IFCs and the details of the electronic
structure, are extracted from density functional theory
calculations carried out using the projector-augmented
plane wave method [30] as implemented in VASP [311 [32].
For the calculation of phonon-electron scattering ele-
ments, the EPW software [33], based on maximally local-
ized Wannier functions is used along with the QUANTUM
ESPRESSO package [34]. Finally, the ShengBTE pack-
age [25], modified to include the phonon-electron and
four-phonon scattering rates, is employed to calculate
kph. Further computational details are given in the Sup-
plementary Material [35].

Figure [l| shows the calculated total thermal conduc-
tivity (k) of TaN as a function of temperature. Its val-
ues at 300 K are 995 and 820 Wm~!K~! along the a
and c axes respectively. The electronic contributions to
the thermal conductivity (ke) are 36 and 18 Wm =1 K1,
respectively (see Supplementary Material [35]). In con-
trast, at the same temperature the lattice contributions
are around twenty-seven times as much, namely 959 and
802 Wm ™! K™, respectively. This unusually high value
of the thermal conductivity, close to the 1000 Wm ™t K1
mark, is the second largest ever predicted for a metallic
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FIG. 2. Calculated phonon dispersion along high-symmetry
directions for (a) TaN and WC and (b) BAs. (c) Calculated
electronic DOS for TaN and WC. E; denotes the Fermi en-
ergy. The insets show the bulk Fermi surfaces for both com-
pounds.

system following graphite, more than 100% higher than
that of silver and seven times as much as the value for
semimetallic WC. In contrast, the calculated electrical
conductivity of TaN is one order-of-magnitude higher
than graphite (the in-plane directions), one order-of-
magnitude smaller than silver and comparable to WC
(see Supplementary Material [35]). However, the &,
mostly contributed by phonons, puts TaN in the same
range as BAs and diamond. The temperature depen-
dence of the thermal conductivity of TaN is also very
similar to the case of BAs, and in particular falls faster
than that of diamond above room temperature. The ex-
ceptionally high values of xpn have their origin in stiff
interatomic bonding, low electronic DOS in the relevant
energy ranges, and low mass disorder due to the limited
spread of the natural isotopic mixture of the constituent
elements. We explain each of these elements in the fol-
lowing.

The lattice contribution to thermal transport is
strongly dependent on the features of the phonon disper-
sions. As shown in Fig. 2] TaN is similar to BAs from a
vibrational point of view in that both have a significant
gap between the acoustic and optical branches. More-
over, both compounds exhibit bunching in the acoustic
region. These features result in weak 3ph scattering, es-
pecially at intermediate frequencies and can lead to a
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FIG. 3. Calculated three-phonon (3ph), four-phonon (4ph),
phonon-isotope (ph-iso), and phonon-electron (ph-el) scatter-
ing rates for TaN at 300 K.

gamut of anomalous phonon transport behaviors, includ-
ing large values of kpn, marked isotope effects, and a
weak temperature dependence of kpn [14, 211 22] [38].
The large frequency gap between acoustic and optical
phonon modes impedes aao 3ph scattering processes. A
second class of processes, aoo, with two optical phonons
involved, is limited to a narrow region of low-frequency
acoustic phonons because of the low optical bandwidth
of TaN. Finally, the bunching of the acoustic branches
constrains the phase space for 3ph processes even further
by limiting aaa processes with three acoustic phonons.
Together, all these restrictions lead to a very weak 3ph
contribution to the scattering rates, which plays a major
role in the high thermal conductivity of TaN.

In addition to those relationships between the fre-
quency ranges of different phonon branches, the mag-
nitude of the phonon frequencies is also an important
indicator. In this case, despite Ta being a much heavier
element than B or As, the vibrational frequencies of TaN
are in the same range as those of BAs. This suggests
that the interatomic bonding in TaN is also much stiffer.
That rigidity hints at shorter thermal displacements of
the atoms that can make the system less anharmonic
than it would otherwise be and reduce the intensity of
n-phonon scattering even further.

Figure [3| shows the phonon scattering rates. Due to
the features described in the preceding paragraph, in-
cluding the acoustic-optical gap and acoustic bunching,
the 3ph scattering rates have a very marked dip around
7 THz. By way of reference, the 3ph scattering rates
of TaN are less than half as much as those of Si [I6],
and only slightly higher than those of BAs [15] 27]. The
latter point is interesting because bonding, considered
alone, would suggest lower scattering rates. However,
the intrinsic anharmonicity of the potential energy land-
scape, as characterized by the Griineisen parameter, is
much stronger (1.44 for TaN vs. 0.76 for BAs).



Weak 3ph scattering is not enough to guarantee a very
high kpn, a point illustrated by the counterexample of
WC. As shown in Fig. [2] that compound has a very sim-
ilar phonon dispersion as TaN, especially in the acoustic
range, where the heavy atom exerts a dominant influ-
ence. The slightly lower optical phonon frequencies in
TaN are due to the heavier mass of N compared to C,
since TaN and WC also have the same number of valence
electrons and thus similar bonding properties. In fact,
the 3ph scattering rates of WC are also in the same or-
der as those of TaN [22]. However, though the kpn of WC
is much larger than those of other metallic systems, it is
still seven times lower than TaN. The explanation lies in
the important role found to be played by ph-el scattering
in WC, which also leaves a trace in the weak temperature
dependence of k. In contrast, as shown in Fig. [3| ph-el
scattering is only dominant for a very limited subset of
phonon modes in TaN. To put this in more quantitative
terms, neglecting electron scattering would increase the
component of £pn along the a axis by 18% at 300 K, from
959 to 1136 (see Fig. . The same thought experiment
on WC would lead to a corresponding increment of 230%.

It is the direct d — d bonding between the metal atoms
which is responsible for the WC structure type being
semimetallic, i.e. close to exhibiting a electronic band
gap [24]. The Ta d-orbitals, feeling a smaller effective nu-
clear charge, should be more extended than those of W.
We would thus expect the d — d bonding to be stronger
and hence the semiconducting character to be slightly
more pronounced in TaN. As shown in Fig. 2| the elec-
tronic DOS at the Fermi level and the Fermi surface area
is indeed smaller in TaN compared to WC. The intensity
of ph-el scattering is known to be positively correlated
with the electronic DOS at the Fermi level [I8], 20} 22} 39].
Considering this link between the bonding and the weak
ph-el scattering, we have analyzed the DOS of a number
of transition metal carbides and nitrides, see Supplemen-
tary Material [35]. We find that most have a high DOS
at the Fermi level. Among the very few that do not, only
TaN also fulfills the conditions of a large acoustic-optical
gap and low isotopic mass disorder. In this regard, TaN
is unique from other transition metal carbides and ni-
trides and probably the only one of them meeting the
requirements for an ultrahigh xpp.

As mentioned in the introduction, mass-disorder scat-
tering due to the natural distribution of isotopes in the
constituent elements makes a determinant, easily mea-
surable contribution to kpn in most materials, to the
point that isotopically purified samples can have a signifi-
cantly higher thermal conductivity than their unenriched
counterparts. This is not, however, the case of TaN,
where isotope scattering is almost four orders of mag-
nitude less intense than ph-ph scattering. As a result,
complete isotopic enrichment of TaN would only lead to
an increase of around 2% in kpn (see Fig. [4)), whereas
a similar process would increase the rkpn of BAs [I5] by
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FIG. 4. Temperature dependence of kpn in TaN when only
certain combinations of phonon scattering mechanisms are
considered. The solid and dotted lines correspond to the kpn
along the a and c axes, respectively.

a much larger 19%. As already discussed, the dominant
contribution to Kpn comes from the acoustic phonons,
corresponding to vibrations dominated by the heavier
atom. While tantalum is not strictly monoisotopic like
arsenic, it can still be considered technically so, as the
second isotope contains an exceptionally long-lived but
extremely rare metastable state of the '53Ta nuclide and
is only present at a tiny concentration of 0.012% in natu-
ral samples. Therefore, mass-disorder scattering is intro-
duced exclusively by the lighter atom in both TaN and
BAs. The smaller spread of the isotopic distribution of
N with respect to that of B thus leads to weaker phonon-
isotope scattering in TaN.

Given the constraints that the conservation of en-
ergy imposes on 3ph scattering, processes involving
four phonons play a vital role, just like in BAs [8-
10, 27, 29]. The large acoustic-optical gap forbids
the combination of two acoustic phonons into an opti-
cal phonon (aao), but combination of acoustic phonons
into optical phonons can still occur through 4ph pro-
cesses [15 27, 29]. As a result, 4ph scattering dominates
over the three-phonon scattering rates at intermediate
frequencies around 7 THz, where the scattering rates due
to the latter are very weak. Accordingly, 4ph processes
account for a ~ 43% reduction of kpn at room tempera-
ture, an even more marked difference than in BAs, where
the difference is 36%. The impact of four-phonon scat-
tering is also felt in the temperature dependence of the
thermal conductivity, whose fall is steeper in TaN and
BAs than in diamond. In fact, historically BAs had ini-
tially been predicted to show a less marked 7" dependence
than diamond before 4ph processes were included in the
calculation.

Finally, to illustrate which frequency ranges are af-
fected by the different scattering mechanisms, in Fig.
we plot the spectral contribution to £pn from phonons in
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FIG. 5. Calculated spectral contributions to the Kpn at 300 K
along the a axis (a) and along the c axis (b), when only partic-
ular subsets of phonon scattering mechanisms are taken into
account.

each frequency interval when only certain combinations
of phonon-phonon (3ph and 4ph), ph-iso, and ph-el in-
teractions are considered as limiting factors. The main
contribution to the total xkpn comes from frequencies be-
tween 4 and 7 THz. This is a direct manifestation of the
effect of the bunching of the acoustic branches, whereby
3ph scattering rates are weakened.

In summary, we predict an ultrahigh x in semimetal-
lic WC-type TaN using a first-principles approach based
on the BTE and exhaustively considering all plausible
relevant contributions to heat carrier scattering. The
room-temperature thermal conductivity values obtained
for this compound are close to the 1000 Wm™! K1
mark, 995 and 820 Wm™' K~! along the a and ¢ axes,
respectively. This unusually high value of the thermal
conductivity is the more than double that of silver and
the largest ever predicted for a metallic system. Inter-
estingly, the lattice contribution to thermal transport is
around twenty-seven times larger than that from elec-
trons, and thus almost single-handedly determines the
value of k.

The high value of kpn in TaN is only possible thanks
to a unique combination of phononic, electronic and even
nuclear properties. On top of the presence of a large
acoustic-optical gap and a significant degree of bunching
of the acoustic branches, the singular isotopic distribu-
tion of Ta leads to very weak mass-disorder scattering
and the low electronic DOS at the Fermi level to de-
pressed phonon-electron interactions. In light of those
requirements, our exploration of 4d and 5d transition
metal carbides and nitrides shows that TaN is the only
compound in this family likely to have an ultrahigh kpp.

A final remarkable feature is that the phase of TaN
studied in this work has a simple hexagonal structure, as
opposed the previously known cubic diamond, BAs and
c-BN high thermal conductivity compounds. There exist
other phases of TaN also, such as e-TaN (CoSn structure
type) and §-TaN (NaCl structure type) [40]. However,

the kpn of those phases can be safely predicted to be
lower than the results presented here (see Supplemen-
tary Material [35]). In addition to the potential thermal
management application, applications that require both
high thermal and high electrical conductivities such as
leadframes [41] and diffusion barriers in integrated cir-
cuits [42] could represent compelling cases for TaN. Be-
sides understanding the factors behind the ultrahigh
in TaN, we expect this study to guide and motivate the
search for further good thermal conductors in the land-
scape of metallic and semimetallic materials with non-
cubic structures.
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