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Thermal conductivity of the quasi-one-dimensional materials TaSe; and ZrTe;
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The high breakdown current densities and resilience to scaling of the metallic transition-metal trichalcogenides
TaSe; and ZrTe; make them of interest for possible interconnect applications, and it motivates this paper
of their thermal conductivities and phonon properties. These crystals consist of planes of strongly bonded
one-dimensional chains more weakly bonded to neighboring chains. Phonon dispersions and the thermal con-
ductivity tensors are calculated using density functional theory combined with an iterative solution of the phonon
Boltzmann transport equation. The phonon velocities and the thermal conductivities of TaSe; are considerably
more anisotropic than those of ZrTe;. The maximum longitudinal-acoustic velocity in ZrTe; occurs in the
cross-chain direction, and this is consistent with the strong cross-chain bonding that gives rise to large Fermi
velocities in that direction. The thermal conductivities are similar to those of other metallic two-dimensional
transition-metal dichalcogenides. At room temperature, a significant portion of the heat is carried by the optical
modes. In the low-frequency range, the phonon lifetimes and mean free paths in TaSe; are considerably shorter
than those in ZrTes. The shorter lifetimes in TaSe; are consistent with the presence of lower-frequency optical
branches and zone-folding features in the acoustic branches that arise due to the doubling of the TaSes unit cell

within the plane.
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I. INTRODUCTION

The transition-metal trichalcogenides (TMTs) have a
quasi-one-dimensional (quasi-1D) crystalline structure that
can give rise to quasi-1D behavior of the electronic and
phononic properties [1-3]. The lattice structures of TMTs
consist of a transition-metal (M) atom, contained at the center
of a prism of chalcogen (X) atoms [4]. The M X ; prisms create
strongly M-X covalently bonded chains arranged side by side
via longer, weaker M-X bonds, and planarly stacked with
even weaker van der Waals-type X -X bonds which effectively
makes these materials two-dimensional layers of quasi-1D
chains [5], giving them the apt name of quasi-1D materials.
The crystalline anisotropy gives rise to directional anisotropy
in electrical, optical, phononic, and thermal properties [6—12].

The low dimensionality of the MX3; materials makes
them particularly susceptible to multiple phase transitions,
such as superconductivity [13—16] and charge-density wave
(CDW) formation [17-20]. The latter has motivated extensive,
prolonged research into CDW transitions [1,21-23], slid-
ing [24,25], dynamics [26-30], dimensional scaling [31-38]
in the metallic TMTs, and their use for device applica-
tions [39-42]. The Fermi-surface nesting, CDW, and their
signatures in the phonon spectrum of ZrTe; are a topic of
ongoing interest [43-53]. Inelastic x-ray scattering revealed
a Kohn anomaly in the transverse acoustic (TA) phonon
of ZrTe; at the CDW wave vector for temperatures up to
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292 K [47]. As the temperature was reduced to and below
Tepw, partial Fermi-surface splitting was observed by angle-
resolved photoelectron spectroscopy [46,48].

There has been a recent resurgence of interest in 1D and
quasi-1D materials, in part, motivated by, and evolving from,
the intense interest in two-dimensional (2D) van der Waals
materials. Reference [54] provides a review of the more re-
cent work on the transition-metal trichalcogenides. The direct
gap semiconductor TiS3 has received much attention after it
was exfoliated to few layer thicknesses and shown to have
a high photoresponse with a band gap of 1.1 eV [55]. In-
vestigations of few layer and nanoribbon TiSs; transistors
followed, and experimentally extracted mobilities were in
the range of 20-70 cm? V~!'s~! [9,56-59]. BN encapsula-
tion of 26-nm-thick TiS5 resulted in two- and four-terminal
room-temperature mobilities of 54 and 122 cm?> V™! s~!, re-
spectively [60]. The properties of the MX; materials with
M =Ti, Zr, and Hf, and X = S, Se, and Te, have been in-
vestigated with density functional theory (DFT) to determine
electronic structure, band gaps, specific heats, and elastic con-
stants [61]. Exploiting the anisotropy inherent in TMTs has
been proposed for application in next generation electronics,
contacts, polarizers, and photodetectors [62,63].

The metallic TMTs have also received renewed attention
after it was discovered that the breakdown current densities of
TaSe; (~10 MA/cm? where MA represents mega-amperes)
and ZrTe; (~100 MA /cm?) are higher than that of Cu [64,65].
Furthermore, in contrast to Cu wires, the resistivity of TaSes
did not degrade as the cross-sectional dimensions were scaled
down to 10 nm [66]. This was attributed to the single-
crystalline nature of the nanowires and the self-passivation
of the surfaces that eliminate grain-boundary and surface
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FIG. 1. Crystal structures and unit cells of (a) TaSes, (b) ZrTe;, and the corresponding Brillouin zones (BZs) for (c) TaSe; and (d) ZrTes.
The wires grow along the b axis. Lattice vectors a and b lie along the x and y axes, respectively. Lattice vector c lies at angles § with respect to
the x axis with values of 106.36° and 97.95° for TaSe; and ZrTes, respectively. Phonon dispersions of bulk (e) TaSe; and (f) ZrTe;. The color
indicates the magnitude of the group velocity as given in the color bar. The directions in the Brillouin zone are shown in (c) and (d). The red
spheres indicate experimental Raman peaks at 300 K [71,72]. For both crystals, I'-Y is the chain direction. For TaSes, I'-B is the cross-plane
direction, and I"-d) is the cross-chain direction, where d; = (a* 4 0.8536¢*)/2. For ZrTes, I'-Z is the cross-plane direction. I'-X is 8.0° off
from the cross-chain direction, however, the differences in dispersions between the true cross-chain direction and I'-X are negligible.

roughness scattering. Because of these properties, metallic
TMTs were proposed for local interconnect applications in
nanoscaled electronics [64,66].

Since the metallic TMTs can carry record current densities
and have been proposed for interconnect applications, it is
necessary to also understand their thermal transport proper-
ties. A secondary motivation to explore the thermal transport
properties of low-dimensional materials is their potential of
exhibiting higher thermoelectric efficiency [67]. Recently, a
high thermoelectric figure of merit was predicted for mono-
layer ZrSes resulting from a high power factor and relatively
low thermal conductivity [68].

Although the electronic structure and the electronic trans-
port properties of quasi-1D materials have been extensively
studied, their phononic and thermal transport properties
have received less attention. Recently, a thermal conductiv-
ity of 7Wm™'K~! was measured in bulk polycrystalline
ZrTes [69]. A DFT investigation of monolayer ZrSe; found
room-temperature thermal conductivities parallel to the chain
direction of 8 Wm~'K~! and perpendicular to the chain
direction of 3 Wm™'K~! [68]. A recent study of TiS;
found room-temperature thermal conductivities of 5.78 and
2.84 Wm~'K~! along the chain and interchain directions,
respectively [70].

In this paper, we calculate the phonon modes of TaSes
and ZrTe; using DFT. We determine the anisotropic velocities
of the acoustic branches along the high-symmetry directions,
and we compare the frequencies of the optical modes to ex-
perimental Raman frequencies and determine the associated
mode displacements. We then solve the phonon Boltzmann
transport equation (PBTE) to determine the lattice thermal
conductivities and to investigate the phonon lifetimes and
mean free paths in these two quasi-1D materials.

II. CRYSTALLOGRAPHIC STRUCTURES
AND PROPERTIES

Because the TMTs consist of planes of 1D chains of
strongly bonded trigonal M X 5 prisms with each chain bonded
to its neighbor chain through longer, weaker M-X bonds and
each plane bonded to its neighbor plane through even weaker
van der Waals-type bonds, we define three different directions:
chain, cross-chain (cc), and cross-plane (cp). The chain direc-
tion is parallel to the 1D chains and along the b lattice vector
for both crystals as shown in Fig. 1. The cross-chain direction
is perpendicular to the 1D chains and within the same van der
Waals plane, and the cross-plane direction is perpendicular to
the van der Waals planes.
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TaSe; and ZrTe; are metallic with monoclinic crystal
structures belonging to space-group P2;/m. Both crystals
have inversion symmetry so that the phonon modes at I’
have either even or odd parity. The experimentally deter-
mined lattice constants of TaSe; are a = 10.411, b = 3.494,
and ¢ = 9.836 10%, and B8 = 106.36°; and those of ZrTes are
a=5.895 b=3.926, and c = 10.104 A, and g = 97.93°
as shown in Figs. 1(a) and 1(b) [73]. The van der Waals
gaps are visible, and the interchain metal-chalcogen bond is
longer than the intrachain metal-chalcogen bond. The unit
cell of TaSe; contains 16 atoms, and the unit cell of ZrTes
contains 8 atoms. The electrical conductivity along the chain
direction of TaSe; at room temperature is reported to be
~1.7 x 10° (2 m)~! [14], and it remains metallic down to lig-
uid He temperatures [13,14]. ZrTe; undergoes a CDW phase
transition at Tepy = 63 K [44,74]. For that reason, we limit
our thermal conductivity calculations to temperatures 100 K
and above.

The structural and electronic properties of ZrTe; have
been investigated extensively both experimentally and theo-
retically [44,45,75]. The electrical conductivity of ZrTe; is
highest in the cross-chain direction (along the direction of
the a lattice vector), and, depending on the experimental
work, it is a factor of 1.4-1.9 larger than the conductivity
in the chain direction (along the b lattice vector) [45,75]. At
T = 300 K, experimental values of the electrical conductivity
measured along the a axis are 5.6 x 10° (2m)~! [75] and
1.3 x 10° (2m)~! [45]; and the values measured along the b
axis are 4.0 x 10° (2m)~! [75] and 6.9 x 10° (2 m)~! [45].
This is a result of Te-Te o and o* bands formed from Te
px orbitals. The intrachain Te-Te distance is 2.80 A, and the
cross-chain distance is 3.10 A allowing for Te-Te bonding that
results in highly dispersive electronic bands. We will see a
similar anisotropy in the acoustic phonon velocities with the
highest velocity also occurring in the cross-chain direction.

To investigate the effect of crystal anisotropy, we calculate
the phonon dispersions and the acoustic phonon velocities
along the chain, cross-chain, and cross-plane directions. The
chain direction always corresponds to the b* reciprocal lattice
vector and the I'-Y paths in the Brillouin zones shown in
Figs. 1(c) and 1(d). For ZrTes;, the cross-chain direction also
corresponds to the a lattice vector in Fig. 1(b) and the % di-
rection in Cartesian coordinates. The cross-plane direction is
perpendicular to a and, therefore, parallel to the ¢* reciprocal
lattice vector. Thus, for ZrTes, the phonon dispersion in the
cross-plane direction is along the I'-Z path in the Brillouin
zone shown in Fig. 1(d). The closest high-symmetry line in
the Brillouin zone to the cross-chain direction (X) is I'-X and
this differs from % by 8.0° for ZrTes. In terms of the reciprocal
lattice vectors, the X direction for ZrTes is a* — 0.2353¢*.

For TaSes, the a and c¢ lattice vectors have both cross-
chain and cross-plane components, and the a lattice vector
points in the % direction. The cross-chain direction is in the
direction of the sum of the lattice vectors a + ¢ [76]. The
cross-plane direction is perpendicular to a + ¢ and, therefore,
in the direction of b x (a 4+ ¢) o (a* — ¢*) where a* and c¢*
are the reciprocal lattice vectors on the x-y plane. Thus, for
TaSes;, the phonon dispersion in the cross-plane direction is
along the I'-B path in the Brillouin zone shown in Fig. 1(c).
The closest high-symmetry line in the Brillouin zone to the

cross-chain direction is along a* + ¢* which runs between I
and the corner of the X and Z faces in Fig. 1(c). This differs
from the true cross chain direction by 3.4°. The true cross
chain direction is a* + 0.8536¢*.

III. METHODS

Structural optimization of each material is performed
using density functional theory with the projector-augmented-
wave method [77] and Perdew-Burke-Ernzerhof exchange-
correlation functionals [78] as implemented in the Vi-
enna ab initio simulation package [79,80]. The van der
Waals interactions are included by semiempirical correction
of Grimme-D2 [81]. Converged Monkhorst-Pack grids of
9 x 9 x 3 are used for TaSe; and ZrTe;. All structures are
relaxed until the forces on each atom is less than 107> eV/A
and the energy convergence reaches 107% eV. The relaxed
lattice constants of TaSes and ZrTes are within 1% of the ex-
perimentally reported values. The magnitudes and angles are
provided in the Appendix along with the calculated electronic
dispersions.

To obtain the phonon frequency dispersion and other ther-
modynamics properties, the second-order (harmonic) inter-
atomic force constants (IFCs) are required. The second-order
IFCs are calculated using the finite-displacement supercell
approach as implemented in PHONOPY [82,83]. For the phonon
dispersion of TaSe; and ZrTes, a supercell size of 2 x 2 x 2,
has been used with a K-point grid of 2 x 6 x 2 and 6 x 6 x 4,
respectively.

The thermal conductivity tensor is calculated from the
phonon Boltzmann transport equation, within the three-
phonon scattering approximation as implemented within
ShengBTE [84,85],

1
= pomy 2 B+ ) E,

In Eq. (1), w;, is the phonon energy of each phonon mode
A, ff is the equilibrium Bose-Einstein distribution of that
mode, and v;, is the group velocity. A represents both phonon
branch index p and wave-vector q. V is the volume, and N is
the number of q points in the irreducible Brillouin zone. The
quantity F’ = t2(f + A?) where 70 is the lifetime in the
relaxation-time approximation (RTA), and Af is a correction
to the RTA from an iterative solution of the PBTE. Full details
of the theory are described in Ref. [84]. Diagonal elements of
k along other directions are obtained by a unitary transforma-
tion (rotation) of the thermal conductivity tensor.

The calculation of the three-phonon matrix elements,
needed for the calculation of tf and Af [84], requires the
third-order (anharmonic) IFCs. A 2 x 2 x 1 supercell is used
to calculate the anharmonic IFCs, which generates 3472 and
520 atomic structure configurations for TaSe; and ZrTes, re-
spectively. Atomic interactions up to fifth-nearest neighbor
are considered. Both the RTA and the full iterative approach
are used to solve the phonon BTE as implemented in the
SHENGBTE package [84,86]. In the iterative approach, k is
converged to a precision of 107> between iterative steps. Con-
vergence with respect to the k-point grid is also checked. The
converged Monkhorst-Pack grids are 14 x 14 x 6 for TaSes
and 8 x 14 x 8 for ZrTes.
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TABLE I. Velocity (m/s) of LA and TA modes near I" along four high-symmetry directions and the exact cross-chain direction labeled as
d,.. The chain direction is I'-Y. The cross-plane direction is I'-B for TaSe; and I'-Z for ZrTes. The first row for each mode corresponds to the
velocities at I'. If the maximum velocity occurs at finite frequency, its value and corresponding frequency (cm™!) are provided in the second

row. A “~” in the rows indicates that the maximum velocity occurs at I".
Material Mode r-x r-y r-z r-z d..
TaSes LA 3962 4956 3814 2342 4105
TA, 1558 1256 2000 1467 1824
- 2143 (35.6) - - -
TA, 2374 2294 2446 1963 2481
- 2409 (38.0) - - -
ZrTe; LA 4723 4343 3256 4686 4734
TA, 1618 1629 1562 1634 1511
- 1829 (23.1) - 1651 (13.5) -
TA, 2127 2406 2257 2391 2081
- 2563 (37.4) - - -

IV. RESULTS AND DISCUSSIONS

A. Phonon dispersion

The phonon dispersions of TaSe; and ZrTe; are shown in
Figs. 1(e) and 1(f). The color scheme indicates the absolute
group velocity at each phonon q vector and phonon branch
with the magnitudes given by the color bars. The large number
of atoms in the unit cells result in many low-frequency optical
modes. A number of the optical modes are highly disper-
sive. Experimentally, the many optical modes create complex
Raman spectra with closely spaced peaks. The red circles in-
dicate the peaks from experimental Raman data [71,72]. Most
of the experimental Raman peaks match well with the DFT
calculated phonon frequencies at I' as shown in Figs. 1(e)
and 1(f). The experimental and calculated values are listed
in the Supplemental Material (SI) [87] along with images
of the displacements and symmetry of each mode at I". Be-
low, we first discuss the anisotropy of the acoustic modes, and
then we discuss the nature of several of the lower-frequency
dispersive optical modes.

The anisotropy of the transition-metal trichalcogenides has
been a topic of long-term interest. The degree with which
a crystal behaves as quasi-1D or quasi-2D depends on the
strength of the interchain coupling, and the interchain cou-
pling manifests itself in the directional dispersions of both
the electrons and the phonons. Larger coupling results in
more dispersive bands and higher velocities. Thus, the phonon
velocities give one measure of the anisotropy of the crystals.
The velocities of the three acoustic modes along four high-
symmetry lines of the Brillouin zone and the exact cross-chain
direction are given in Table 1.

For these crystals, the LA velocities along the chain direc-
tions (I'-Y) are high, and for TaSes, they are the maximum
velocities among all modes and all directions as one would
expect from a quasi-1D crystal structure. For ZrTes, the
highest velocity phonon is the LA mode in the cross-chain
direction. This is consistent with its electronic anisotropy in
which the highest Fermi velocities occur for the Te p, bands in
the cross-chain direction (electronic structure plots are shown
in the Appendix).

The maximum velocities of the TA shear modes are highest
along the chain directions for these crystals with the one
exception of the TA,; mode of TaSe; which has its highest
velocity in the cross-chain direction. Also, there is more non-
linearity to the TA mode dispersions such that the maximum
velocities of the TA modes occur at a finite frequency on the
order of 1 THz.

Finally, the lowest velocity LA modes for both crystals are
in the cross-plane direction. For TaSes, the lowest velocity TA
modes are also in the cross-plane direction, and for ZrTes, the
lowest velocity TA modes are in the cross-chain direction.

The acoustic phonon velocities exhibit different degrees
of anisotropy for these two crystals. If we consider, for
example, the LA mode, then its anisotropy in TaSe; is sig-
nificantly larger than in ZrTes;. For TaSe;, the ratios of
the maximum velocities in the chain (v,), cross-chain (v.),
and cross-plane (v.,) directions are v,/ve. = 1.2, v,/ve, =
2.1, and v../vep = 1.8. For ZrTes, the ratios are v../vy =
1.09, vee/vep = 1.8, and v, /v, = 1.3. Every ratio in TaSes
is greater than or equal to the corresponding one in ZrTes.
The LA mode of both materials appears to be more quasi-
two dimensional rather than quasi-one dimensional since the
in-plane anisotropy as characterized by the ratio v,/v. or
Vce/Vy 1s considerably less than the cross-plane anisotropy as
characterized by the ratios v, /v., and v /v.,. The anisotropy
of the maximum velocities of the TA modes is always less
than that of the LA modes. For example, in TaSes, the TA;
velocity ratios are vy /v = 1.2, v,/vep = 1.5, and v /v, =
1.2; and the TA; ratios are v../vy = 1.03, v../vep = 1.3, and
Vy/Vep = 1.2.

We now consider the optical modes. The vibrational modes
of TaSes, shown in Fig. 1(e), can be represented at I" as [71]

[use; = 8A, + 8B, + 168, + 16A,. )

The 8A, + 8B, modes have vibrations along the chain axis (b
axis), and the 16B, + 16A, modes are polarized on the a-c
plane. Illustrations of the displacements of the modes based
on the point-group symmetry of the isolated chains are shown
in Ref. [88]. For each mode at I', the frequency, symmetry,
and images of the displacements calculated for the periodic
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unit cell are provided in the SI [87]. The measured Raman
frequency taken from the literature is also listed for each A,
and B, mode.

Relevant to thermal transport, there are several low-
frequency optical modes that have relatively large dispersion
along the chain (I"-Y) direction with maximum velocities
in the range of 1-1.5 km/s. The three low-frequency opti-
cal modes with the largest dispersions (highest velocities)
are B, or A, modes with displacements along the chain
direction. Modes 5 (56.3 cm™') (B,), 6 (57.1 cm™!) (A,),
and 8 (74.5cm™") (B;) at I' (counting upwards from
zero frequency) are examples of such modes. Mode 4
(52.0cm™!, Ag) with displacements in the a-c¢ plane is
slightly less dispersive immediately near I', but it has a rel-
atively constant velocity of ~1 km/s along the entire I"-Y
line. Above 75 cm™!, the longitudinal acoustic mode appears
to hybridize with many optical modes resulting in significant
dispersion along I'-Y for modes between 75 and 130 cm ™.

The other types of optical modes are the A, and B, modes
with either rotation- or libration-type noncollinear displace-
ments on the a-c plane perpendicular to the 1D chains. The
fourth (51.7 cm™") (A,), seventh (70.2 cm™1) (4,), and ninth
(82.7cm™) (A,) modes at I' correspond to such modes. In
mode 4, each half of the unit cell on either side of the van
der Waals gap has a rotational-type displacement, and the
rotational displacements of each half are out of phase by 180°.
This is typical of all of the rotational-type A modes with
displacements in the a-c plane.

Figure 1(f) shows the phonon dispersion of ZrTe;. For
ZrTes, there are 24 vibrational modes which can be repre-
sented at I" as [72]

['zite; = 4A, + 4B, + 8B, + 8A,. (3)

Similar to TaSes, the displacements of the 4A, 4+ 4B, modes
have vibrations along the chain (b) axis, and the 8B, + 84,
modes have displacements in the a-c plane. There are four
optical modes with relatively large dispersions along the
chain (I'-Y): modes 5 (64.0 cm™!, B,), 8 (69.1 cm™!, B,),
9 (70.4 cm™!, A), and 12 (91.1 cm™!, A,). For ZrTe;, both
types of displacements give rise to these relatively high veloc-
ity optical modes. Modes 5 and 8 have displacements along
the chain, and modes 9 and 12 have displacements in the
a-c plane. Between 75 and 110 cm™!, hybridization occurs
between the longitudinal acoustic mode and the optical modes
resulting in significant dispersion of the modes in that fre-
quency window.

Although the highest velocity acoustic mode is in the
cross-chain (I'-X) direction, there are fewer dispersive optical
modes along I'-X than in the chain direction. For this reason,
the thermal conductivity is highest in the chain direction since,
as we will see, a significant proportion of the heat is carried
by the optical modes.

B. Thermal conductivity

Figure 2 shows the lattice thermal conductivity for TaSes
and ZrTe; calculated from the PBTE using the full itera-
tive approach. The iterative approach gives values slightly
higher than those from the relaxation-time approximation,
and a comparison of the results from the two approaches is
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---------- 0.80:
SRl SR oo Mo 3
£ [T 037?-__‘———__‘_“_'
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o
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FIG. 2. The three diagonal components of the lattice thermal
conductivity tensor versus temperature for (a) TaSe; and (b) ZrTes.
For TaSes, the diagonal components of the transformed thermal
conductivity tensor in the cross-chain (k) and cross-plane (x.,)
directions are also shown. For ZrTes, k.. = Ky, and k., = k.. The
various components are indicated by the legends. The values for
T =300 K are labeled on the plots in units of Wm~" K~'. The red
circles are experimental thermal conductivity values for (a) TaSes;
and (b) polycrystalline ZrTe; taken from the literature [69,89].

given in the Appendix. Below, we discuss the magnitudes
and anisotropies of the thermal conductivities using the 7' =
300 K values shown in Fig. 2. The lattice thermal conductiv-
ities in the chain directions (ky,) of TaSes and ZrTes are 6.15
and 9.57 Wm~! K~!, respectively. These values are similar
to those of other metallic 2D TMD materials as shown in
Table II. The calculated lattice thermal conductivities of
TaSe; and ZrTe; follow a T~! dependence expected when
the thermal conductivity is limited by three-phonon scatter-
ing [90]. The diagonal elements of « are fitted to the function
c1 + ¢, T7', and the values of the coefficients are tabulated
in the Appendix. The root-mean-square errors of all fits to the
numerical data are less than 3 x 1075 Wm™' K~

The anisotropy of the thermal conductivity in TaSes as in-
dicated by the ratios kyy/kcc = 7.7 and /K., = 47 is large.
For ZrTes, the anisotropy given by the ratios «y,/k.c = 2.5
and «y, /K., = 4.1 is considerably less. Unlike the electrical
conductivity which is maximum in the cross-chain direction,
the thermal conductivity of ZrTe; is maximum in the chain
direction, even though the maximum phonon velocity occurs
at very low frequencies for the LA mode in the cross-chain
direction.

The experimental reports of thermal conductivity of quasi-
1D materials are rare due to the difficulty in measuring the
thermal conduction in such ribbonlike geometries [89]. To
our knowledge, only one experimental study of the thermal
conductivity of TaSes has been reported using a parallel ther-
mal conductance (PTC) technique [91], and the data points
are shown in Fig. 2(a) [89]. The experimental values are
lower than the calculated values, and the comparison improves
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TABLE II. Thermal conductivities from this paper and from the literature.

Thermal conductivity

Type Materials (Wm K1) Remarks Reference
TaSe; 6.2,0.80,0.13 Chain, cross-chain, and cross-plane directions This paper
ZrTes 9.6,39,2.3 Chain, cross-chain, and cross-plane directions This paper
TaSe; 4.8 Experimental result (extrapolated to 300 K) [89]
NbSe; 24 Bulk material [99]
Quasi-1D TiS; 5.8,2.8 Chain and cross-chain directions [70]
ZrTe; 7 Bulk polycrystalline [69]
ZrTes 11.2 Bulk material [100]
Z1Tes 39,19,04 Chain, cross-chain, and cross-plane directions [101]
ZrTes 22 Bulk polycrystalline [102]
HfS, 9 First-principles study [103]
HfSe, First-principles study [103]
MoS, 1 Pristine [104]
MoSe, 0.9 Pristine [104]
MoSe, 23 Compacted polycrystalline [105]
MoTe, 1.9 Compacted polycrystalline [105]
NbS, 11.8 Bulk material [106]
NbSe, 2.1 Compacted polycrystalline [105]
NbTe, 1.9 Compacted polycrystalline [105]
TaS, 5 Bulk material [107]
2D TaSe, 16 Bulk material [107,108]
TaSe, 1.7 Compacted polycrystalline [105]
TaTe, 1.4 Compacted polycrystalline [105]
TiS, 6.8,4.2 In plane and out of plane [109]
WSe, 1.7 Compacted polycrystalline [105]
WS, 2.2 Pristine [104]
WSe, 0.8 Pristine [104]
WTe, 1.6 Compacted polycrystalline [105]
ZrSe, 10 First-principles study [103]
7S, 18 First-principles study [103]

at higher temperatures when the phonon-phonon scattering
mechanism starts to dominate. At 7 = 200 K, the experi-
mental and calculated values are 6.62 and 9.11 Wm~' K1,
respectively. From the experimental side, the accuracy of PTC
technique to handle chain-structures, such as TaSes is under
question [89]. Missing from the calculations are the effects of
impurities, surface scattering, finite grain sizes, and random
isotopes [92]. For ZrTes, there is one reported measurement
of the thermal conductivity in a bulk polycrystalline sample

with a value of 7Wm~' K" at room temperature which is
similar to our calculated value of 9 Wm™' K~
Order-of-magnitude estimates of the electronic compo-
nents of the thermal conductivities can be obtained from
the Wiedemann-Franz law using the Sommerfeld value of
the Lorenz number 2.44 x 1078 W QK2 Values for the
Lorenz number do vary, but for room-temperature metals, they
tend to lie within a range of 0.6-2 times the Sommerfeld
value [93]. Using the values for the electrical conductivities
from Sec. II, the estimated room-temperature electrical com-
ponent of the thermal conductivity along the chain direction
for TaSe; is 1.2 Wm~! K. For ZrTes, the estimated room-
temperature electrical component of the thermal conductivity
along the chain direction ranges from 2.9 to 5.1 Wm~' K~!,
and along the cross-chain direction, it ranges from 4.1 to
5.1 Wm ' K~!. For comparison, the corresponding values

of the room-temperature lattice thermal conductivities for
TaSe; and ZrTe; along the chain direction are 6.2 and
9.6 Wm~! K~!, respectively, and for ZrTe; along the cross
chain direction, it is 3.9 Wm™! K~!. Thus, the Wiedemann-
Franz law with the Sommerfeld approximation for the Lorenz
number gives room-temperature electrical components of the
thermal conductivities that are on the same order as the lattice
components.

To understand the contribution of the phonon modes and
frequencies to the lattice thermal conductivity, we consider
the room-temperature, normalized thermal conductivity as a
cumulative function of phonon frequency in Fig. 3. In TaSej3,
50% of the thermal conductivity in the chain direction (k,y) is
contributed by modes with frequencies below 75 cm~'. The
thermal conductivity on the a-c plane has a larger contribution
from lower-frequency phonons. In the cross-chain direction,
50% of k.. is contributed by modes with frequencies below
64 cm~!, and in the cross-plane direction, 50% of k., is
contributed by modes with frequencies below 36 cm™!.

In ZrTes, the heat is carried by lower-frequency phonons
than in TaSes. In ZrTes, 50% of thermal conductivity along
both the chain direction (k,,) and the cross-chain direc-
tion (k) is contributed by phonons with frequencies below
52 cm~!. In the cross-plane direction 50% of ., is con-
tributed by modes with frequencies below 26 cm ™.
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FIG. 3. Thermal conductivity values at 7" = 300 K, normalized
to their maximum values along various crystallographic directions
as cumulative functions of the phonon frequency for (a) TaSe; and
(b) ZrTes. For ZrTes, the values for the cc and cp directions are indis-
tinguishable from the values for «,, and k., respectively. Reference
horizontal lines are at 0.5 and 0.9.

For both of these materials, a significant percentage of the
heat at room temperature is carried by the optical modes. This
phenomenon has also recently been observed in TiS; [70].
Consider the chain direction I'-Y. In TaSes;, essentially all
of the modes above 75 cm™' are optical modes as can be
seen in Fig. 1(e). Thus, approximately 50% of the heat in
TaSe; at room temperature is carried by optical modes. In
ZrTes, the spectrum along the chain direction above 64 cm™!
is composed primarily of optical modes, and it carries 33% of
the heat.

Another way to analyze the physics of the heat current
carried by phonons is to calculate the normalized x as a
function of the cutoff mean free path. The results are shown in
Fig. 4. For TaSes, 90% of the thermal conductivity in the chain
direction is carried by phonons with a mean free path of 25 nm
or less. In both the cross-chain and the cross-plane directions
90% of the thermal conductivity is carried by phonons with
mean free paths of 21 nm or less. The corresponding cutoff
mean free paths for ZrTe; are approximately an order of
magnitude greater. For ZrTes, in the chain, cross-chain, and
cross-plane directions, 90% of the heat is carried by phonons
with mean free paths less than or equal to 365, 110, and
700 nm, respectively.

To obtain a representative mean free path (Ag) of heat-
carrying phonons, the cumulative « with respect to the cutoff
mean free path (Anax) in Fig. 4, is fitted to a single parametric
function [84,94],

Ko
1 + )LR/)\max '

where k( is the maximum thermal conductivity. The values
for A for the different transport directions are tabulated in
Table III. They correspond closely to the cutoff mean free
paths in Fig. 4 that account for 50% of the thermal conduc-
tivity in each direction. These values serve as indicators as to

K (Amax) = 4

Normalized cumulative K (W/m-K)

102 10°
P,
- Kxx’ ch 4 -
7
K /
0.5 L
K, ch
(b) ZrTe,
00 e 1 1
10° 10° 10? 10°

Cut-off mean free path (nm)

FIG. 4. Thermal conductivity values at T = 300 K, normalized
to its maximum value along various crystallographic directions, as
functions of the cutoff mean free path for (a) TaSe; and (b) ZrTes.
Reference horizontal lines are at 0.5 and 0.9.

how and when the thermal conductivity will be affected by
geometrical scaling. When dimensions are reduced below Ag,
the thermal conductivity will be reduced. The representative
mean free path (Ag) for TaSes is lower than that of ZrTes as
shown in Table III. This is consistent with the fact that, in
the low-frequency (0-50 cm~!) region, the phonon-scattering
lifetimes in TaSe; are approximately one order of magnitude
shorter than those of ZrTe; as discussed below and shown
in Figs. 5(c) and 5(d). The cross-plane thermal conductivity
of ZrTe; has the longest representative mean free path of
178 cm™!. This is consistent with the fact that the phonons
contributing to the cross-plane thermal conductivity are very
low frequency (50% of the heat is carried by phonons with
frequencies below 25 cm™!). This frequency range is well
below the optical branches so that three-phonon scattering is
strongly restricted by energy and momentum conservation.
To gain further insight into why there is a significant dif-
ference between the thermal conductivity in these materials,
we inspect the phonon velocity as well as the phonon life-
times of the thermal modes. Figures 5(a) and 5(b) show the
absolute velocity distributions of the heat-carrying phonons
for each phonon mode inside the irreducible BZ, and the
reference horizontal lines are at 4 km/s. The lifetimes are
shown in Figs. 5(c) and 5(d), and the reference horizontal lines
are at 100 ps. In the low-frequency range <50 cm™', ZrTes

TABLE III. Representative mean free path (Ar) of heat carrying
phonons in TaSe; and ZrTes, at 7 = 300 K in the three directions
indicated in the header.

Ar (nm)
X y z Cross-chain Cross-plane
TaSe; 73 10.6 8.5 8.2 7.1
ZrTes 25.3 43.7 178 253 178
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FIG. 5. Absolute velocity of phonon modes in the irreducible Brillouin zone of (a) TaSe; and (b) ZrTes. The reference horizontal lines are
at 4 km/s. Scattering lifetimes of the phonon modes at 7' = 300 K for (c) TaSe; and (d) ZrTes;. The reference horizontal lines are at 100 ps.

has higher velocity phonons with longer lifetimes than those
of TaSe;.

In this low-frequency range, the phonon lifetimes of ZrTe;
are approximately one order of magnitude longer than those
of TaSe;. For ZrTes, the optical modes are close to or above
50 cm~!. For TaSes, there are several optical branches that fall
below 50 cm~! accompanied by a number of band crossings
and anticrossings. Also, since the unit cell of TaSe; is twice
as large on the a-c plane as that of ZrTes, there are features
in the acoustic dispersion along I'-X and I'-Z that resemble
zone folding in which the acoustic branches fold back at the
zone boundary and return to I'. Both of these features result
in a greater number of channels for low-frequency phonon
relaxation in TaSes; compared to those in ZrTes; and corre-
spondingly lower phonon lifetimes. A simple illustration of
how zone folding opens new phonon relaxation channels is
shown in Ref. [95].

V. SUMMARY AND CONCLUSION

The phonon dispersions and lattice thermal conductivities
of TaSe; and ZrTe; are determined using density functional
theory and the phonon BTE. The anisotropy of the LA
acoustic phonons as characterized by the ratios of the chain,
cross-chain, and cross-plane velocities, is considerably larger
in TaSe; than in ZrTes;. The anisotropy of the maximum ve-
locities of the TA modes is always less. The maximum LA
velocity in ZrTes occurs in the cross-chain direction, and this
is consistent with the strong cross-chain bonding that gives
rise to large Fermi velocities.

However, the thermal conductivity for both crystals is
maximum in the chain direction. The thermal conductiv-
ity of ZrTes is larger than that of TaSes; in each of the
three directions: chain, cross-chain, and cross-plane; and it
is considerably more isotropic. For TaSes (ZrTes), the room-
temperature diagonal thermal conductivity values in the three
directions are «y, = 6.2 (9.6), k. =0.80 (3.9), and «., =
0.13(23) Wm 'K~

A significant percentage of the heat at room temperature is
carried by the optical phonons. In TaSes, the spectrum along

the chain direction above 75 cm™! is composed of the optical

branches, and this part of the spectrum carries 50% of the heat
at room temperature. In ZrTes, the spectrum along the chain
direction above 64 cm~! is composed primarily of optical
branches, and it carries 33% of the heat at room temperature.
For TaSe; (ZrTes) along the chain direction at 7 = 300 K,
50% of the heat is carried by phonons below 75 (50) cm™!,
and this part of the phonon spectra consists primarily of the
acoustic branches.

The differences between the two materials in their phonon
velocities and lifetimes are most apparent in the lowfrequency
range of <50 cm~!. In this frequency range, the maximum
phonon velocities of ZrTe; are approximately a factor of 2
greater than those of TaSes, and the phonon lifetimes in ZrTes;
are approximately an order of magnitude greater than those
in TaSes. The longer lifetimes result in considerably longer
mean free paths in ZrTe; compared to those in TaSe;. The
representative mean free paths in the chain, cross-chain, and
cross-plain directions for TaSes (ZrTe;) are 10.6 (43.7), 8.2
(25.3), and 7.1 (178) nm, respectively. The shorter lifetimes
in the low-frequency range of TaSes; are consistent with the
presence of optical branches and zone-folding features of the
acoustic branches that arise due to the doubling of the TaSe;
unit cell on the a-c plane compared to the unit cell of ZrTes.
Both of these features serve to introduce more scattering chan-
nels for low-frequency phonon relaxation.
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APPENDIX: ADDITIONAL TABLES AND FIGURES

The calculated and experimental lattice constants and angles for TaSe; and ZrTe; are provided in Table IV.The room-
temperature values of the diagonal elements of the thermal conductivity tensors calculated from the RTA and the full iterative
approaches are listed in Table V, and the comparison for all temperatures is shown in Fig. 6. The fitting coefficients for the
temperature-dependent thermal conductivities k(T) = ¢; + ¢,T ! are provided in Table VI, and the plot showing the quality
of the fits is given in Fig. 7. Electronic structure plots for TaSes and ZrTes are shown in Fig. 8. The convergence of the lattice
thermal conductivities for different g-point grids is shown in Fig. 9.

TABLE IV. Lattice constants (A) and angles (degrees) for TaSe; and ZrTe;. The values labeled “This paper” are the values obtained after
structure relaxation. The experimental values in the corresponding literature were obtained at room temperature.

Crystal Remark a b c o B y
TaSe; This paper 10.452 3.508 9.875 90 106.36 90
Experiment [73,97] 10.411 3.494 9.836 90 106.36 90

ZrTes This paper 5.915 3.882 10.152 90 97.94 90
Experiment [98] 5.895 3.926 10.104 90 97.93 90

TABLE V. Diagonal elements of the lattice thermal conductivity tensors calculated from the RTA and iterative methods at 7 = 300 K.

Method Kx Kyy Kz
TaSes RTA 0.3718 4.0423 0.5644

Iterative 0.3722 6.1522 0.5643
ZrTe;s RTA 3.6621 8.2807 2.2823

Iterative 3.8764 9.5748 2.3435

TABLE V1. Fitting coefficients ¢, (Wm™' K~') and ¢, (W m™!) for the temperature dependence of the diagonal elements of « for TaSe;
and ZrTe; given by the expression k = ¢ + ¢, T~!. For TaSes, the coefficients for . and k.p are also shown. For ZrTes, these are the same as
Ky and k., respectively.

Coefficient Kxx Kyy Kz Kee Kep
TaSes c 0.003989 —0.02828 —0.003387 —0.001137 0.001768
c 110.4 1880.0 171.9 2432 39.10
ZrTe;s c —0.1578 —0.1457 —0.1441
c 1241 2956 772.3
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