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B INTRODUCTION the complexity of such calculations has limited computations
to only a handful of materials at a time. Although computa-
tional efficiency has improved to the point where such
methods can now be applied to larger number of materials,
the prediction accuracy is still on the order of 50%.>'° In
contrast, high-throughput methods reduce computational
complexity by utilizing experimental data and employing
assumptions about scattering to rapidly screen large databases
of materials for desired properties.””*'*****7** A common
tool in high-throughput computation, semiempirical models
maintain the overall physical relationships while using
ing'* and alloying" for low thermal conductivity. experimental data to find best fit solutions. The advantage of

In the computationally driven searches for novel materials semiempirical models is that they can often achieve near the
with high or low thermal conductivity, calculations typically fall same Ieve.l of accuracy as f‘b initio models at a fraction ofAthe
within one of the two approaches: (1) direct ab initio computational cost, making them more suitable to high-

o4
calculations of phonon—phonon scattering rates and associated throughput Screening. . . .
relaxation times, followed by solving the Boltzmann transport The materials science community has been increasingly

In applications such as thermoelectrics and power electronics,
the lattice thermal conductivity (x;) plays a critical role in the
material’s performance.™® Although materials with high
thermal conductivity are desirable for power electronic and
solid-state lighting, low-thermal-conductivity materials are
attractive for thermoelectrics and thermal-barrier coatings.
Methods to both enhance and suppress thermal conductivity of
materials have been extensively explored.””"" Examples include
single-crystal growth'’ and synthesis of low-dimensional
structures'” for high thermal conductivity and nanostructur-

equation for phonons'®™" or (2) high-throughput computa- interested in single crystals and textured polycrystalline
tions which utilize semiempirical or statistical-learning materials with anisotropic transport. For instance, in thermo-
models.'”*° Ab initio calculations of thermal conductivity

which go beyond the relaxation time approximation must Received: December 10, 2018

account for all sources of phonon scattering to solve the Revised:  February 12, 2019
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Boltzmann transport equation for phonons. 28 Historically, Published: February 15, 2019
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electrics, even though materials are typically synthesized as
bulk polycrystalline samples (where transport anisotropy is
averaged out), anisotropy in grain orientations and in
electronic and phonon transport has been shown to enhance
thermoelectric performance.'”*”**** Moreover, materials that
are inherently anisotropic, such as 2D materials created by
exfoliation of bulk-layered materials, have demonstrated
remarkable properties and utility in thin-film applications.”>~**

Many compounds, particularly those with layered structures,
are known to exhibit large anisotropy in thermal conductivity,
for example, in—glane versus out-of-place for layered
structures. »****7>° Transition metal dichalcogenides such as
MoS, and WS, have in-plane and out-of-plane i, that differ by
more than an order of magnitude.SG’57 SnSe, one of the highest
zT thermoelectric materials, has an extremely low overall
thermal conductivity, but because of the layered structure
exhibits, &, 1.5X lower in the out—of—glane direction
compared to that in the in-plane direction.””**** We show
experimentally measured values of anisotropic lattice thermal
conductivity from the literature in Figure 1, which highlights
the range of k; anisotropy in materials.'>>**7
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Figure 1. Compilation of measured'>**™>* and calculated (As,Se;,
BiCuOSe)***° anisotropic lattice thermal conductivity (k) from the
literature. The ratio of maximum to minimum &, in single crystals is
plotted against the measured value in polycrystalline samples to
demonstrate the large anisotropy in k. of certain materials.

The data in Figure 1 emphasize the need to consider
anisotropy in a lattice thermal conductivity model to properly
account for directional variation of k; in materials such as
MoS,, WS,, and graphite.ss’(’o The direct calculation of
anisotropic ki, is possible with ab initio methods for computing
phonon—phonon scattering relaxation times.”*®" However,
such methods are not amenable to high-throughput
computation of large material sets. There exists a need for a
simple, computationally tractable model to predict the
direction-dependent x; that can be applied in high-throughput
assessment of a large number of materials.

We have previously developed a semiempirical, isotropic
model for k;;* the predictive power of this model is on par
with accurate but computationally expensive ab initio
methods.? Although still useful, the isotropic, semiempirical
model does not provide the detailed direction-dependent
that is needed to understand the thermal transport in
anisotropic materials. Herein, we expand upon this semi-
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empirical model to incorporate anisotropy. By replacing the
isotropic estimation of the speed of sound in the prior model
with a directionally variant speed of sound v,(6,¢)), we predict
the direction-dependent x;(6,¢p). We determine v,(6,¢p) from
the elastic stiffness tensor (C;) by utilizing the Christoffel
equationsél_65
longitudinal and the two transverse-mode speeds of sound

—a set of equations for computing the

along any unit vector. The elastic tensor can be straightfor-
wardly calculated with first-principles density functional theory
(DFT) methods. Although the computational expense to
evaluate the new direction-dependent model is only moder-
ately higher compared to the previous isotropic model, it is still
significantly lower than direct ab initio models.

We have validated the new model for x; (6,¢) by comparing
the predicted values to experimental measurements; the model
predicts k;, within an average factor difference of 1.8 across 4—
S orders of magnitude. Using this model, we predict the
directionally dependent & of 2261-layered materials, including
van der Waals (vdW)- and ionic-layered structures, which we
had previously identified in another study."**%” We show that
vdW-layered materials are generally more anisotropic than
ionic-layered materials because of their structural differences in
interlayer bonding. We investigate several case examples to
understand the driving factors that govern the magnitude and
anisotropy of phonon transport in these materials.

B LATTICE THERMAL CONDUCTIVITY MODELS

Prior Work: Direction-Agnostic x; Model. For high-
throughput prediction of k;, we have previously developed and
iterated upon a simple model that approximates phonon
scattering and speed of sound and which reproduces measured

4,30,68 oy
2% This model was

values of k; to within a factor of two.
based on the quasiclassical, Boltzmann transport theory for
phonons, which results in the following expression for the

lattice thermal conductivity>**®

Ky = é‘/owm“ Cv(w)”g(w)zT(w) dw (1)

Our previous model treats acoustic and optical phonon
contributions separately because there is a fundamental
difference in group velocity between the two. The acoustic
phonon contribution to k is calculated using the Callaway
model by assuming the high-temperature limit for the Debye
heat capacity, Umklapp scattering as the dominant scattering
mechanism, and approximating the group velocity with the
speed of sound. The integration is carried out to a maximum
frequency, ®, = wp/N'/ 343368 1 complex materials with
many atoms per cell, most of the heat is carried in the optical
phonons. The lower bound to heat transported by optical
phonons can be found by assuming a glasslike relaxation time,
Tglass
minimum frequency, wp/NY3, again assuming the high-
temperature limit to the heat capacity.® Combining the
acoustic and optical phonon contributions yields a semi-

= m/w, and integrating the Callaway model from a

empirical model for kx;, which combines quantities that can be
obtained from DFT with parameters fit to yield the smallest
error with experimental values.
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The prefactor A, and the exponents x, y, and z were fit using
experimental data and have the values: A; = 0.00269, x
1.04778, y = 4.43483, and z 0.33485.* M is the average
atomic mass, v, is the speed of sound, V is the average volume
per atom, ¥ is the Griineisen parameter, and n is the number of
atoms in the primitive cell. All of the parameters, except for the
speed of sound and Griineisen parameter, are easily obtained
from structural data associated with the compound. The
isotropic speed of sound is approximated from the bulk

modulus and the density, 1, & \/g . The bulk modulus can be

calculated using the Birch—Murnaghan equation of state®
fitted to the energy-volume dependence computed using DFT
or some other total energy method.”® Miller et al. found a
semiempirical relation for the Griineisen parameter which
depends on the average coordination number per atom (CN)
within a material, suggesting that as the atoms become more
coordinated, the anharmonicity of the material increases, as
shown in eq 3.* The Griineisen fit parameters (y, = 7.33688, a
0.05868, and CN, = 2.13647) were found by fitting
measured Griineisen parameters to calculate the average
coordination numbers. We leave this equation unaltered for
most materials, except in cases of very low coordination
number (see section: Direction-Dependent x;, Model).

e—a(CN—CNU))

y =11 - (3)

The previous model of k; has been shown to have an
average factor difference less than 2 across four orders of
magnitude and has proven highly amenable to the high-
throughput search for directionally agnostic x;."**

Direction-Dependent Speed of Sound. To describe the
lattice thermal conductivity of anisotropic materials and
account for the directional dependence of k;, we modify our
previous model by replacing the isotropic speed of sound with
an anisotropic quantity. We choose to replace only the speed
of sound for three reasons: (a) because the exponent on the
speed of sound term is 4.43 in the acoustic component, small
variations in the absolute value will be magnified more than
any other component; (b) the components M, V, and n do not
have a directional component; (c) although y can be
anisotropic, the range of values is fairly restricted® when
compared to the possible range of speed of sound, and the
exponent is much smaller than the speed of sound exponent in
the acoustic term.

A direction-dependent speed of sound can be calculated
from the elastic tensor, C, usm§ the Christoffel eigenvalue
equation, as shown in eq 4.510270=

D lpv*(i)s, —

ijkl

Ciﬂdnknﬂ =0
(4)

Here, p is the density of the material, v(#) is the magnitude of
the speed of sound for a particular mode along the unit vector
7, Cjj is a component of the rank-4 elastic tensor, and n; and n;
are components of the unit vector corresponding to the
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direction of propagation.”* In this equation, the eigenvalues are
the squares of the three values of speed of sound and the
corresponding eigenvectors are the three polarizations: one
longitudinal and two transverse.

Given the elastic tensor and the density of a material, we can
calculate three modes of speed of sound for every direction by
varying the propagation vector and resolving eq 4. We
demonstrate this in Figure 2 for three test materials: Bi,Tes,

speed of sound

km/s
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Figure 2. Polar plots of the calculated longitudinal (v;) and two
transverse-mode (vyy, v1,) speeds of sound for (a) Bi,Te;, (b) MoS,,
and (c) AIN. The radius and color both represent the value of v in
km/s. The minimum and maximum v for each material are labeled
next to the colorbar.

MoS,, and AIN. In this figure, we show the three modes of the
speed of sound calculated as a function of polar angles:
v.(0,0), v11(0,9), and v1,(0,¢). The color and radius of each
plot correspond to the magnitude along a particular lattice
vector. Speeds of sound in these plots are calculated using
experimental values of the room-temperature elastic tensor
components (C;) and densities taken from the literature. 757

The speed of sound varies depending on the anisotropy of
the crystal structure. Bi,Te; a well-known thermoelectric
which is vdW-layered, shows peaks in the longitudinal mode
along the directions corresponding to the stretching of
chemical bonds, which are expected to be directions of high
stiffness, as shown in Figure 2a. MoS,, a hexagonal vdW-
layered structure, has a longitudinal mode that varies by nearly
a factor of 4 between waves directed within the plane of the
layers and waves directed across the layers, as shown in Figure
2b. The hexagonal lattice leads to invariant in-plane speed of
sound in all three modes. In the wurtzite AIN, the polar plots
are nearly spherical, as shown in Figure 2c. There is a slight
distortion along the c-axis in the longitudinal mode which
corresponds to the direction of maximum stiffness where
bonds align and bond lengths are stretched and compressed
rather than rotated. In all three structures, the two transverse
modes have magnitudes which are nearly a factor of 2 smaller
than the longitudinal mode.

Direction-Dependent x; Model. Given the angular speed
of sound, we can now calculate the angular lattice thermal
conductivity by replacing the isotropic speed of sound in the
original model (eq 2) without changing other parameters to

DOI: 10.1021/acs.chemmater.8b05084
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preserve the accuracy of the isotropic magnitude while
allowing the directional value to vary with the speed of
sound. Because each mode contributes separately to the total
lattice thermal conductivity, k;(6,¢) is computed as an average
of the three modes for any direction (6,¢)), and hence the
overall division by 3 between eq 2 and S.

_ A M (0, 9) + vy (0, ) + viy(0, 9))
KLac(a’()b) - ? T}/sznx

. _ ks (g)“ (v(0, §) + v1i(9, §) + vr(0, §))
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The only other change that we make to the model is to put a
floor on the calculated Griineisen parameter (eq 3) of 0.5. The
reason for this is that the semiempirical model for the
Griineisen parameter was created using experimental Griineis-
en data which ranged from 0.5 to 2.0, with corresponding
average CN ranging from 3 to 6. The model is known to
underestimate Griineisen parameter for low coordination
numbers, which occur frequently among highly anisotropic
vdW-layered compounds where average CN is less than 3.
Using the same Griineisen model for such low coordination
numbers can lead to unphysical results such as Griineisen
parameters very close to zero, resulting in nearly harmonic
systems, or negative, which is unphysical. Because the
semiempirical Griineisen model has proven useful as a feature
in the previous model by differentiating systems of similar
density and volume which had different levels of average
coordination, we wished to leave eq 3 mostly unchanged.
Rather than refitting the model for all materials, applying a
lower bound to systems with very low average coordination
was the more appropriate choice. Because measured values of
the Griineisen parameter fall within the range of 0.5—2.0 (the
Griineisen parameter for graphite is near 0.9),”* our choice of
lower bound is justifiable. By using a hard lower bound for the
Griineisen parameter, the calculated ki, for any material where
this correction is necessary will be reduced because of the y
dependence. We expect that this will affect the prediction of
vdW-layered materials with very low coordination numbers
and subsequently high in-plane k;, where the previously
predicted Griineisen parameter would have been unphysically
low.

Validation of Anisotropic x; Model. Although aniso-
tropic lattice thermal conductivity is not a common measure-
ment, experimental data for various compounds exist in
literature.'»**™>°> To compare our anisotropic model to
experimental values, we calculate the directional x; along
reported directions (a, b, or ) to judge the validity of this
approach. The volume, average mass per atom, number of
atoms per cell, and average coordination number can be found
from the reported structures within the inorganic crystal
structure database (ICSD).”’ Elastic tensors are calculated
from the stress—strain relationship with DFT (see Methods
section). For those test compounds which were vdW-layered,
we used vdW-corrected functionals in the DFT calculation
(denoted in the Supporting Information). As the fitting of the
old (isotropic) model is done using room-temperature data,
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our new (direction-informed) model also implicitly assumes
room-temperature conditions (see Figure 3).
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Figure 3. Comparison of modeled i to experimental values. Each
material is denoted by a pair of markers, representing the minimum
and maximum k, connected by a blue line. The boundary of the grey-
shaded region represents a factor of 2 error in prediction. Overall, the
average factor difference between predicted and experimental ki is
~1.8. Orange-filled points correspond to vdW-layered materials.

The most striking result is that all of the connecting lines
between Ky ., and Ky, in Figure 4 accurately capture the

lattice thermal conductivity
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Figure 4. Polar plots of calculated k; of (a) Bi,Te;, (b) MoS,, and (c)
AIN. The radius and color both represent the value of ki in W/m K.
The minimum and maximum k; for each material is labeled next to
the colorbar.

variation. The average error in the slopes on the log plot is a
factor difference of 1.5 from unity. This confirms that our
model accurately captures the directional variation in x; and
that the thermal transport of materials with Ky .. /Ky min > 1.5
can be accurately classified as anisotropic rather than isotropic.
The second key result is that by only replacing the isotropic
speed of sound with an anisotropic value, we are still able to
accurately reproduce experimental values from literature within
an average factor difference of 1.8. The largest factor difference
that we found within the test materials was the in-plane (x and
) value of graphite with an overpredicted value which is nearly
a factor of 4 greater than experimental values. It should be
noted that although the experimental in-plane value of graphite
is on the order of 2000 W/m K, theoretical values for single-
crystal graphite have been reported well above 10 000 W/m
K.® The smallest error was in the out-of-plane (z) value of
SnSe, with a factor difference of 1.0S. This anisotropic model
works across four orders of magnitude and, importantly,

DOI: 10.1021/acs.chemmater.8b05084
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correctly predicts the direction, if not the magnitude, of the
variation between &y ., and ky ., for all materials.

In Figure 4, we show the lattice thermal conductivity in all
directions for the three test materials from Figure 2. What is
immediately apparent when comparing Figures 2 and 4 is that
the longitudinal mode dominates the lattice thermal
conductivity. This occurs because the longitudinal mode has
a higher magnitude than transverse modes, which is then
enhanced in the lattice thermal conductivity because of the
exponent, y, on the acoustic component. The dominating
features in the longitudinal mode of the speed of sound plots
are exaggerated in the plots of ki, showing that thermal
transport occurs best along directions corresponding to
stretching of bond lengths. This point is also highlighted
when comparing different materials. The difference in vy
between Bi,Te; and AIN is only about a factor 3, but this
translates to over two orders of magnitude of difference in x.

B APPLICATION TO LAYERED MATERIALS

Trends in the Directional Dependence of x;. An anisotropic
model for lattice thermal conductivity is of little use for materials
which are known to be isotropic, such as cubic systems. The novelty
of our model is best realized in materials which are likely to
demonstrate anisotropic transport by breaking 3D symmetry. We have
previously demonstrated that vdW- and ionic-layered materials
demonstrate anisotropic elastic behavior.””

Here, we show the diversity of thermal transport within this group
of materials. This set of layered materials is composed of binary and
ternary vdW-layered (302 and 364 compounds, respectively) and
ternary ionic-layered materials (1595 compounds) which we have
previously identified."*®” The two classes of layered materials are
differentiated by the nature of the interlayer bonding. In vdW-layered
materials, the layers are weakly held together by vdW bonding,
leading to large separations between layers. The layers can, however,
be corrugated in ways which lead to highly nonplanar separations
between the layers. Such corrugations can lead to nearly isotropic
elastic behavior by either reducing the intralayer elastic response by
limiting the transmission of longitudinal phonons or enhancing the
interlayer coupling because of increased surface area.’” Ionic-layered
materials are defined by layers which are bound by either ionic or
covalent bonds through a single “spacer” element. Ternary ionic-
layered materials consist of binary layers with the third element acting
as the interlayer spacer. Such materials can be identified by first
removing the spacer element and utilizing an algorithm for identifyin:
of vdW-layered materials on the resulting pseudobinary material.
Tonic-layered materials occur most frequently when a large cation
such as Ba or La sits between the binary layers; however, there are
numerous examples in which anions such as oxygen can also act as
spacer elements, typically leading to stronger interlayer bonding.®”
vdW- and ionic-layered materials can demonstrate a high degree of
elastic anisotropy, and the layering direction is not necessarily a
predictor of the directional variance of elastic properties, leading to
diverse and unexpected directional elastic behavior.”” Because the
lattice thermal conductivity stems in large part from elastic properties,
it is also reasonable to assume that we will find a number of materials
which demonstrate large variability in the thermal transport.

In Figure S, we show the extent of anisotropy in ki, for both sets of
layered compounds (all data can be found in the Supporting
Information). In this figure, we plot the range of anisotropic values
(vertical line from min to max) against the isotropic value of ki, for
ionic (blue)- and vdW (orange)-layered materials. The two outer
guidelines represent a factor of 3 different from the isotropic value on
either side. The inner guidelines represent a total factor of 1.5
between Ky, and Ky, ., which is the limit of the model’s ability to
distinguish between isotropic and anisotropic values. In this figure, we
see that larger ranges from Kp i, to Kim. are possible at higher
isotropic values (Figure Sa). The average of the ratio Ky, /Ky, min for
the entire set of materials is 3.42. Looking at only those materials in
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Figure S. (a) Range of anisotropic k; from minimum to maximum
values vs isotropic & for ionic (blue)- and vdW (orange)-layered
compounds. (b) Zoomed-in on lower isotropic values of k. Case
examples shown in Figures 7 and 8 are highlighted in black. Outer
dashed lines indicate a factor of 3 different from the calculated
isotropic value. Inner dashed lines represent a factor of 1.5 between
KL,rnin and KL,max'

the top 10% of ky ;,, however, the average Ky ../ Ky, min jumps to 11.89,
over an order of magnitude of variation. For the lowest 10%, the
average Ki,may/Kpmin is only 1.50, which is nearly within the error of
our model’s predictive ability and therefore nearly indistinguishable
from isotropic value. The narrowing of the range between «p ,, and
Ki,max indicates that materials with low overall k;, are approaching the
amorphous limit (Figure Sb), which is the lowest value that k can
take for any material and is by definition isotropic.”***%

Over the whole range, vdW-layered materials tend to demonstrate a
larger directional variability in & than ionic-layered materials. In
Figure 6, we plot the distribution of anisotropy in ki, for both sets of
materials. We consider any material with &y /K min < 1.5 to be
nearly isotropic because the average error in the slope of our model
was 1.5. Over 60% of the ionic-layered materials meet this criteria,
compared to less than 20% of the vdW-layered materials. Of the 666
vdW-layered compounds, 299 (45%) has a ratio of Ky pu/Kpmin > 3,
with an overall average of Ky ,,./Ki min €qual to 7.60. With ionic-
layered compounds, only 85 of 1595 (5.3%) have Ky pu/Kimin > 3,
with an overall average Ky jux/Ki,min Of 1.68. The fact that ionic-layered
materials have lower ki anisotropy is consistent with the difference in
the bonding anisotropy of these two sets, that is, layers in ionic-
layered materials are more tightly bound than vdW-layered materials
and therefore do not tend to demonstrate large differences between
intralayer and interlayer bonding.®”*' ™

DOI: 10.1021/acs.chemmater.8b05084
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Figure 6. Histogram of anisotropy in & for vdW (orange)- and ionic
(blue)-layered materials. With the model accuracy, materials with
Ki,max/KLmin < 1.5 are essentially isotropic. Ionic-layered materials
exhibit a much lower degree of anisotropy in ki than in vdW-layered
materials, with over 60% falling into the isotropic region.

Layered Materials with Low «,. For very low values of ki
(Figure 5b), we find that ionic-layered materials produce the lowest
values, but that they are nearly isotropic (examples shown in Figure
7a—c). In contrast, anisotropic materials which have very low
minimum values are typically vdW-layered materials (examples in
Figure 7d—f). A common feature to the materials in Figure 7a—c is
that the layers are either highly corrugated, leading to very low
variation of k;, between in-plane and out-of-plane directions. Figure
7a)b, CsAu;Se, and RbAg;Te,, shows examples of ionic-layered
materials with large cation spacer elements binding together the
corrugated layers. Figure 7c shows TL,Au,S; which is actually
corrugated along two different in-plane directions. T],Au,S; could be
classified either as vdW-layered materials because the Au—S bonds are
significantly shorter than the TI-S bonds or as ionic-layered materials
with TI acting as the spacer element. Layered materials with such
isotropic transport are often where we find ambiguity in
classification.®”

In Figure 7d—f, we show three examples of layered materials with
low K, which also demonstrates a large amount of anisotropy
within ;. In Figure 7d, we show a very unique vdW-layered material,
AuBr, which is a layered structure in which the layers are built from
isolated and interwoven quasi-1D chains. The chains in each layer sit
perpendicular to the chains in the neighboring layers, which is what
allows this material to be classified as a quasi-2D structure because
there is only one dividing plane. Because each layer is built from
corrugated 1d chains, the in-plane kj, is extremely low, 0.53 W/m K.
The out-of-plane k is actually the maximum in this example because
the interlayer elastic coupling between crossed 1d chains is greater
than the coupling between aligned chains within the same layer.
Figure 7e,f shows two more typical examples (HfNBr and PbO) of
vdW-layered materials in which the out-of-plane xi is very low
because of the weak vdW bonding.

In the top half of Table 1, we list the 10 semiconductor materials
with the lowest &y ,,;,. Two things are immediately apparent from this
list. The first is that the layered materials with lowest «y ,;, are all very

Table 1. Top: Semiconductors with the Lowest Ky ;,;
Materials Are Sorted by Increasing ki, ,;,; Bottom:
Semiconductor Materials with Ky ,;, < 1 W/m K Which
Demonstrate Large Anisotropy in ki*

compound type E, Kiiso KL min Kimax  Kimax/Kimin
Cs,Hg;lg ionic 1.8 0.30 0.25 0.35 1.39
CsAu;S, ionic 2.7 0.33 0.31 0.35 1.13
CsAu;Se, ionic 2.6 0.32 0.31 0.36 1.16
RbAu;Se, ionic 22 0.35 0.34 0.38 1.11
Cs,Pt;Se, ionic 1.7 0.52 0.36 0.69 191
CsAugSs* ionic 2.7 0.40 0.39 0.45 1.14
Cs,Pt;S, ionic 2.1 0.58 0.41 0.84 2.07
Cs,Pd;Se, ionic 14 0.55 0.41 0.73 1.78
TL,SnS, ionic 1.0 0.49 0.42 0.55 1.32
CsAg,l; ionic 2.5 0.4S 0.42 0.52 1.23
PbS* vdW 0.8 1.77 0.57 8.72 15.40
PbO vdW 1.3 1.75 0.99 9.13 9.17
ZrNI vdW 1.2 2.25 0.90 6.87 7.59
TaTe,l vdW 0.4 1.03 0.72 3.50 4.84
ZrNBr vdW LS 1.85 0.97 4.16 4.27
HINCI vdW 2.3 1.60 0.85 3.51 4.11
HfNBr vdW 1.9 143 0.77 3.14 4.06
HINI vdW 1.0 1.39 0.77 2.96 3.84
Zrl, vdW 0.2 1.30 0.76 2.81 3.70
Ta;Tel, vdW 0.5 1.39 0.82 2.72 3.31

“Materials are sorted by decreasing K, mu/Kimine (¥ hypothetical
structures). Eg in eV and «;, in W/m K.

nearly isotropic, as evidenced by the last column of Table 1. This
again confirms our understanding that as 3D bulk materials approach
the lowest limit of k, (i.e., the amorphous limit), they tend to become
more isotropic in their thermal transport, coinciding with the fact that
an amorphous material must inherently be isotropic. The second
feature that is apparent is the similar chemistry among layered
materials with the lowest ky ;,. These are all ionic-layered materials,
and nearly all (except for T1,SnS;) have a heavy, highly electropositive
cation from group 1 (Cs or Rb), a heavy d-block metal from groups
10—12 (Hg, Au, Pt, and Pd), and a similarly electronegative anion (S,
Se, and I). Of the known materials,**~°° we find materials known for
apphcatlons such as nonlinear optics (CszHg3IS), optoelectronics
(T1,SnS;),* and superionic conductors (CsAgZI3) In the lower half
of Table 1, we list 10 semiconducting materials with xy ;, of 1 W/m
K which also has anisotropic k. These materials are all vdW-layered
materials where «j ;, lies in the out-of-plane direction. Apart from
PbO”" and a hypothetical version of PbS, all of the other materials
listed are known halogen-containing materials. Five of these
compounds are metal-nitride-halides,”” two are telluride-iodides
(TaTe,I and Ta;Tel,),”* and one is a binary metal iodide
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Figure 7. Case examples of layered materials with low minimum k, ranging from nearly isotropic (a)—(c), to very anisotropic (d)—(f). For each
material, the polar plot of ki is shown. The radius and color both represent the value of k;, in W/m K. The minimum and maximum «; for each

material are labeled next to the colorbar.
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(Z1r1,).”® These anisotropic materials would be interesting candidates
for anisotropic thermoelectrics if the out-of-plane mobility, either
electron or hole, is reasonably large.

Layered Materials with High x| n.x. For high thermal
conductivity, we focus on materials which have a maximum x; larger
than 50 W/m K, where we find a total of 57 layered materials, 20 of
which are ionic-layered materials and the other 37 are vdW-layered
materials. Of the compounds with xy ., > 50 W/m K, 32 of the 57
have Ky, ;o/Kpmin > S, yet 12 have &y 0. /K min < 2, confirming that not
all layered materials with high x; are highly anisotropic. In Figure 8a—
d, we highlight several case examples of materials with high thermal
conductivity to illustrate various mechanisms by which high maximum
Ky, can manifest.

a. BN — - 19.7
b U "7
f"&“% - km/s

5.8 5140 W/mK
. .km/s

s !

70 93 W/mK

5 N B

.‘ ” )km/s'

150 W/mK

Figure 8. Case examples of layered materials with high maximum ;.
For each material, the polar plots of speeds of sound (longitudinal and
transverse) are shown m addition to the polar plot of k;, (B,AsP is a
hypothetical material).”® For each polar plot, the radius and color
both represent the value of the parameter. The minimum and
maximum values of the parameter are labeled next to the colorbars.

Figure 8a shows hexagonal BN, one of the most common examples
of a vdW-layered structure.” %" 7-102 The extremely high in-plane
Ki,max iS consistent with the order of magnitude of prior predicted
values for hexagonal BN, which has been shown to have a theoretical
value well over 1000 W/m K in the plane of the layers.'”> The ionic-
layered compounds B,AsP (theoretical)’® and MgBe,N, (Figure 8b,c)
demonstrate high, nearly isotropic values for ky, which stems from the
tighter bonding inherent in this class of material. Figure 8d shows a
unique vdW-layered ternary material, TaOl,, which exhibits a quasi-
1D thermal transport despite being a quasi-2D structure. The 1D
transport stems from the asymmetry in the intralayer bonding.

Materials with high k; can potentially be candidates for power
electronics. Apart from high thermal conductivity, power electronics
require large band gaps above all else.'**'%° In Table 2, we list the top
10 materials with high «p ,,, and with DFT-calculated band gaps
greater than 1 eV. Standard DFT calculations are known to
underestimate band gaps,'®® which is why we choose to set the
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Table 2. Candidate Semiconductor Materials for Single-
Crystal High-Thermal-Transport Applications with High
Ky max and E; > 1 eV*”

compound layer E, KL iso KL min KL max Kt max/ Kimin
BNy, vdwW 4.2 399.9 5.8 5140.6 880.1
SnF, vdW 3.1 259 6.4 158.3 24.6
HfO, vdW 46 S6.4 447 153.0 34
ZnSiOF vdW 39 52.7 40.4 114.4 2.8
MgBe,N, ionic 4.1 77.2 69.7 92.9 13
PbF, vdwW 1.9 11.7 32 81.2 25.7
BiB;Og¢ ionic 3.9 7.6 4.5 76.6 17.1
Ba,ZrO, ionic 3.0 50.8 45.3 68.1 1.5
LiAlO, ionic 6.1 33.5 23.3 65.0 2.8
WS, vdwW 12 13.5 2.2 63.9 28.6

“Compounds are sorted by decreasing «y ., expressed in W/m K.

cutoff at 1 eV. Of the candidate materials listed, half has a variation in
Ky, greater than an order of magnitude. These highly anisotropic
candidates include two well-known materials (hexagonal BN and the
transition metal dichalcogenide WS,),'”” two vdW-layered binary
fluorides (SnF, and PbF,),'* and the ionic-layered oxide BiB;Oy (a
known nonlinear optical material).'” Apart from BN, all of these
anisotropic materials have isotropic values less than 30 W/m K,
meaning that they would only be appealing candidates for high
thermal conductivity applications in which anisotropy is taken into
account. Among the more isotropic compounds w1th high k;, we find
HfO, (used in high speed bipolar sthchlng), a hypothetical-
layered ZnSiO;, the nitridoberyllate MgBe,N,,'"" the ionic-layered
compound Ba,ZrO,,'"> and a high-pressure phase of LiAlO,.'"
These layered materials with high x; and low thermal anisotropy
would be interesting candidates for applications of power electronics
as bulk 3D crystals.

B CONCLUSIONS

In this work, we have developed a new semiempirical model to
predict the direction-dependent k. The new model, which is
an extension of our prior isotropic k; model, maintains the
computationally tractability of its predecessor without
sacrificing the prediction accuracy. This model can, therefore,
be utilized for rapid prediction of anisotropic k in high-
throughput searches. The robustness of the model can be
gauged from the fact that it performs well for both materials
with isotropic k, as well as those with highly anisotropic ;. We
have demonstrated the utility and computational tractability of
the model in a large-scale study of the x anisotropy of 2200
layered materials. Our findings challenge the perceived notion
that layered materials generally exhibit highly anisotropic
properties. Surprisingly, we find many vdW- and ionic-layered
materials with nearly isotropic k. Additionally, we have also
revealed layered materials with a unique thermal-transport
behavior, such as those with one-dimensional heat-transport
channels. With this new model, we can now begin to rapidly
assess and identify materials for single-crystal thermal
applications, where anisotropy or the lack thereof is a key
requirement.

B METHODS

Structures of all of the materials are obtained from the ICSD.”” We
perform structural relaxation and calculation of the elastic tensor using
the Vienna Ab-initio Simulation Package''*''® with projector-
augmented waves.''®'"” Tonic-layered materials were previously
relaxed using the generalized gradient approximation with the
Perdew—Burke—Ernzerhof''® exchange—correlation functional,®”
whereas vdW-layered materials were previously relaxed using a
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vdW-corrected exchange correlation functional (optB86) to correctly
account for the long-range vdW interactions."*>''*"** A plane wave
cutoff energy of 520 eV and a fairly dense I'-centered k-point grid of
1000 per inverse atom was used.'”' Elastic stiffness tensors were
calculated with a finite difference method, in which six finite
distortions of the lattice are performed and the elastic constants
(Cii) are derived from the stress—strain relzitionship.66’67’122’123
Calculations are handled within the Python-based, high-throughput
framework, PyLada.'** Theoretical materials, identified by a keyword
search of the crystallographic information file (cif), are marked in the
Supporting Information.
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