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ABSTRACT: Zirconium pentatelluride (ZrTes) has recently attracted
renewed interest owing to many of its newly discovered extraordinary
physical properties, such as 2D and 3D topological-insulator behavior,
pressure-induced superconductivity, Weyl semimetal behavior, Zeeman
splitting, and resistivity anomaly. The quasi-one-dimensional structure of
single-crystal ZrTes also promises large anisotropy in its thermal
properties, which have not yet been studied. In this work, via time-
domain thermoreflectance measurements, ZrTe; single crystals are
discovered to possess a record-low thermal conductivity along the b-axis
(through-plane), as small as 0.33 + 0.03 W m™" K" at room temperature.
This ultralow b-axis thermal conductivity is 12 times smaller than its g-axis
thermal conductivity (4 £ 1 W m™" K') owing to the material’s
asymmetrical crystalline structure. First-principles calculations are further
conducted to reveal the physical origins of the ultralow b-axis thermal
conductivity, which can be attributed to: (1) the resonant bonding and strong lattice anharmonicity induced by electron lone
pairs, (2) the weak interlayer van der Waals interactions, and (3) the heavy mass of Te atoms, which results in low phonon
group velocity. This work sheds light on the design and engineering of high-efficiency thermal insulators for applications such as
thermal barrier coatings, thermoelectrics, thermal energy storage, and thermal management.

KEYWORDS: ultralow thermal conductivity, quasi-one-dimensional material, anisotropic thermal transport,
time-domain thermoreflectance, first-principles calculation

1. INTRODUCTION

Recently, ZrTe; has drawn increasing attention as a functional

anisotropic electrical conductivity that has promising applica-

. . . 1,45
tions in electronics.”™

. . L. . 1-6 7 Also associated with the quasi-1D nature, the thermal
material because of its distinct electronic, optical,” and . .
. 8-10 ) L transport properties of the ZrTes single crystal may offer
thermal properties such as its resistivity anomaly and good o s Lo .
L intriguing opportunities for applications in thermal manage-

thermoelectric performance.'”'” ZrTe, is a layered material

ment in electronic devices. To date, the study of thermal

stacked along the b-axis. Each layer is composed of chains of transport in ZrTes has been limited to alloys and polycrystals.

ZrTe, prisms running along the a-axis, as shown in Figure 1. A few experimental works have reported varying values ranging
from 1.5 to 8 W m™! K™L2'"'""3 Most of the values were

averaged along different crystalline orientations as the samples

These prismatic chains are linked along the c-axis via zigzag Te
chains to form 2D planes. Therefore, ZrTes is a quasi-one-
dimensional (quasi-1D) crystal. The weak van der Waals

(vdW) force between layers makes it easy to mechanically
exfoliate thin flakes of ZrTe. It has been found that this quasi-
1D nature endows ZrTes single crystals with significantly
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Figure 1. (a—c) Lattice structures of ZrTe; as viewed against the
crystalline a, b, and ¢ axes. The open green boxes indicate unit cells.
The shaded green boxes highlight the 1D chains. (d) Electron density
and (e) localization function (ELF) isosurfaces at ELF = 0.88
calculated using density functional theory.

were polycrystalline or alloyed.'”'> There exists one

experimental study of single-crystal ZrTe, along the a-axis (8
W m™' K™').” However, this anomalously high value was
considered to have a significant error by other researchers."'
Thus, the anisotropic thermal conductivity of single crystals
remains elusive. More importantly, the previously measured
values of ZrTes polycrystals and alloys contain substantial
electronic contributions and the effects of many unknown
defects and grain boundaries on the phononic contribution.
Therefore, the intrinsic lattice thermal conductivity of ZrTes
may deviate significantly from these reported values. On the
other hand, although a few theoretical works have calculated
the thermal conductivity of ZrTes,'*"® the anisotropy has not
been studied yet.

In this study, we focus on the anisotropic thermal transport
in high-quality, bulk, single-crystal ZrTe; along both the basal-
plane and through-plane directions. Our approach integrates
theoretical and experimental investigations, revealing the
fundamental mechanisms of the anisotropic thermal transport
in ZrTes. To achieve this objective, we synthesized large-size
high-quality ZrTe crystals and employed the technique of
ultrafast time-domain thermoreflectance (TDTR) to study
their intrinsic anisotropic three-dimensional thermal con-
ductivities. We found a record-low thermal conductivity
(0.33 Wm™ K™') along the through-plane direction (b axis)
of single-crystal ZrTes;. To provide physical insights into the
experimental work, first-principles calculations have been
performed for bulk ZrTe; crystals to reveal the characteristics
of thermal transport along both the in-plane and through-plane
directions. Excellent agreement has been achieved between
theoretical and experimental results regarding the thermal
conductivities of ZrTes along different crystal orientations. The
origin of the poor thermal transport across the ZrTe; layers has
been revealed by using the theoretical predictions.

2. RESULTS

2.1. Structural Characterization of ZrTes. ZrTe; single
crystals were synthesized with the chemical vapor transport
(CVT) method, which produced ribbon-shaped single crystals
with a typical size of ~0.6 mm X 0.6 mm X S mm (Figure 2a
inset). Figure 2a shows the X-ray diffraction (XRD) spectrum
of such a ZrTe; crystal, where sharp peaks along the (020) and
(080) directions are clearly visible. The quality of the single
crystals is better characterized through the temperature
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Figure 2. ZrTes single-crystal and through-plane TDTR measure-
ments. (a) XRD data. The inset is a photo image of S-3. The scale bar
is 1 mm; (b) temperature dependence of resistivity along the a-axis,
where a peak at 140 K is observed, which is induced by the Lifshitz
transition; (c) TDTR in-phase signals for determining Al thickness
with picosecond acoustics. The first echo at 18 ps indicates an Al
thickness of 58 nm; (d) TDTR ratio signals (open circles) at f,, = 18
and 9 MHz with the corresponding best-fit curves (red solid lines).

dependence of the resistivity along the g-axis as shown in
Figure 2b, where a peak at 140 K is observed, induced by the
Lifshitz transition.” The peak position observed here is within
the typical range of T, = 120—150 K for CVT-synthesized
high-quality ZrTes single crystals.”'®

2.2. Through-Plane Thermal Conductivity Measure-
ments. Three ZrTe; flakes have been measured in this work,
labeled S-1, S-2, and S-3. For S-1 and S-2 ZrTe; flakes, thin
transducer films (58 and S2 nm, respectively) of aluminum
(Al) were deposited for both in-plane and through-plane
thermal measurements, whereas an Al transducer with a typical
thickness of 80 nm was coated on sample S-3 for through-
plane TDTR experiments only.

In TDTR measurements, a mode-locked Ti:sapphire laser
serves as the light source, which produces a train of pulses
(~100 fs) at a repetition rate of 80 MHz. The laser is split into
a pump beam and a probe beam through a polarizing beam
splitter. The pump beam is modulated as a sinusoidal wave by
an electro-optical modulator at a modulation frequency of f,...
A mechanical delay stage varies the optical path of the pump
beam, producing a time delay of up to ~4 ns between the
pump excitation and probe sensing. An objective lens is used to
focus both the pump and probe beams on the sample surface
with a beam spot size (1/¢* radius) from 3 to 12 um. The in-
phase (V;,) and out-of-phase (V) signals are collected by a
photodetector and then an rf lock-in amplifier to the computer
for data analysis. The ratio of signals (—V,,/V,,,) is compared
with a thermal model to extract the unknown thermal
properties.’” ™' The Al transducer thickness can be
determined simultaneously from picosecond acoustics during
TDTR measurements.””*" Figure 2c shows a representative
picosecond acoustic signal of S-1, and the first echo at 18 ps
gives 58 nm as the Al transducer thickness. The acoustic
impedance data are detailed in the Supporting Information.

Multi-frequency through-plane TDTR measurements have
been conducted on all three samples.””** A heat capacity of
127 MJ] m™ K! is used for ZrTes crystals in the data
analysis.”* The obtained through-plane (along the b axis)
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thermal conductivities (A;) are 0.30 + 0.02, 0.33 + 0.03, and
0.35 + 0.03 Wm™ K™ for -1, S-2, and S-3, respectively. The
variation among these results for different samples falls within
the 8% uncertainty of TDTR measurements, indicating good
consistency in the measurements of different samples with
varying Al-transducer thicknesses. The averaged A, of 0.33 =+
0.03 W m™' K™ at room temperature is the record-low
thermal conductivity value for single crystals. To date, the
experimentally reported lowest thermal conductivity of single-
crystal materials in literature is 0.46 W m™" K™, along the a-
axis of SnSe,”> which was, however, partially attributed to the
possibly existing porosity of the sample.”® The thermal
conductivities of all other single crystals that have been
reported to possess low thermal conductivities, for example, f-
Zn,3Sby, (0.85 W m™ K™1)*” and Bi,Te; (0.76 W m™! K1),**
are all higher than 0.7 W m™" K.

The representative TDTR signals and fitting curves at
modulation frequencies of 18 and 9 MHz for sample S-1 are
shown in Figure 2d. The interfacial thermal conductance
between the Al film and ZrTes is within the range of 7—11
MW m™ K™! for all three samples, suggesting a relatively
weaker interfacial thermal transport between Al and ZrTe;
than that typically between a metal and a semiconductor. In
addition, we took scanning electron microscope (SEM) images
to see the area of the Al/ZrTe; interface. We did not see a clear
visible contrast at the Al/ZrTes interface in the SEM images
(Figure S1 in the Supporting Information), which indicates
there is no significant Al atom diffusion into ZrTes. This is in
contrast to previous work showing that metal atoms, such as
Pd, can diffuse into ZrTes crystals when they are in contact,”
and other metal atoms (e.g,, Cu, Ni, Co, or Fe) diffuse into
topological insulators (e.g., Bi,Se;)”” and thermoelectric
materials (e.g., Bi,Te,).”

2.3. In-Plane Thermal Conductivity Measurements.
To obtain the in-plane thermal conductivity of ZrTes, we
conducted 2D in-plane scanning using the beam-offset
approach.”’ ™ During the experiments, the sample was
mounted with the ag-axis along the vertical direction. Figure
3a illustrates a charge-coupled device (CCD) image of sample
S-2 with a 20X objective lens (beam spot size of ~3 pm),
which suggests a sufficiently large and smooth area of the
sample surface for the beam-offset measurements.

From a sensitivity analysis detailed in Figure S2 of the
Supporting Information, we find that the thermal conductivity
of the Al transducer has a strong influence on the beam-oftset
signals. Thus, using accurate thermal properties of the
transducer layer for the data analysis is essential to obtain
reliable in-plane thermal conductivity of ZrTes in the present
experiments. Therefore, prior to the beam-offset measurements
of ZrTeg samples, we characterized the thermal properties of
the Al transducer by measuring the Al/SiO, reference samples,
which were placed next to the ZrTes samples during the Al
sputtering deposition. The thermal properties of Al were
obtained from both the through-plane and in-plane TDTR
measurements of these reference samples. With a known
thermal conductivity of SiO, (1.4 W m™" K™, as previously
verified for the same wafer), we obtained the in-plane thermal
conductivity of the Al transducer to be 76 + 3 W m™ K™ as
averaged over three locations of each sample. This value of the
Al thin-film transducer is much lower than that of bulk Al (237
W m™ K™).** The volumetric heat capacity of the Al
transducer was also determined to be 2.23 & 0.04 MJ m™> K™
from through-plane TDTR measurements of the Al/SiO,
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Figure 3. In-plane thermal measurements on ZrTes using the beam-
offset method. (a) 20X microscopic CCD image of sample S-2 with a
laser beam spot of ~3 ym. The a-axis is along the vertical direction
and the dashed green line represents the edge of the sample flake; (b)
Two-directional beam-offset signal (—V,,,) contour of sample S-2;
(c,d) represent the beam-offset signals along the a and ¢ crystal
orientations, respectively, taken from the 2D contour in (b). The
fitting errors in the full width at half maximum are estimated to be less
than 0.3%.

reference samples, which is slightly lower (~9%) than the
bulk value (2.42 MJ m~* K™"). These thermal properties of the
Al transducer extracted from measurements of reference
samples were later used as input parameters in the data
analysis of in-plane beam-offset measurements of ZrTe;,
allowing accurate determination of the sample thermal
properties as demonstrated in literature.”””>

The 2D contour plots of the out-of-phase signals (V)
measured by in-plane beam-offset TDTR are illustrated in
Figure 3b for sample S-2, of which the X-axis is along the c-axis
of the ZrTeg flake. The measurements were conducted at a
fixed time delay of —50 ps. Results from this 2D-scanning
method generate a contour plot that can be used to extract the
in-plane thermal conductivity of ZrTes along any crystalline
direction. This method also provides a straightforward manner
to accurately determine the primary crystalline directions from
post-data processing, eliminating the need to align the sample
loading along a certain crystalline orientation for thermal
measurements, which can be challenging and time-consuming.
Corrections on V,, mapping signals are made as we detailed in
a previous work.”” These corrections are essential for
processing the measurement data to obtain accurate thermal
properties of the sample.

The in-plane thermal conductivity is obtained by comparing
the full width at half-maximum (fwhm) of V,,, along the X or Y
direction with the calculated values from the thermal
model.'”?! Figure 3c,d shows the beam-offset signals along
the a and ¢ crystal orientations that are extracted from the 2D
contour in Figure 3b. The in-plane thermal conductivity of
ZrTes along the Y direction, which corresponds to the a-axis of
sample S-2, is found to be A, = 42 W m™ K, averaged by
four measurements on different locations of S-2. An accurate
determination of the c-axis thermal conductivity has been
prohibited by the poor sensitivity of the beam-offset signals
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along this direction, presumably because of the lower c-axis
thermal conductivity compared to that along the g-axis. This
speculation is consistent with the first-principles calculation
results described in Section 3. Using the same approach, we
obtain the A, of sample S-1 as 3.8 W m™" K™'. Therefore, the
averaged A, = 4 + 1 W m™" K™!, which gives an anisotropy
ratio of A,/A, = 12 between the a and b axes.

3. THEORETICAL PREDICTIONS

To understand the physical origins of the anisotropic thermal
transport and especially the record-low thermal conductivity
along the through-plane direction in single-crystal bulk ZrTes,
we have performed comprehensive first-principles density
functional theory (DFT) calculations.

Our work uses the standard DFT calculations without an
extra vdW functional. We note that ref 14 predicted the
thermal conductivities of 8.6, 7.4, 72 Wm™ K~ ! for a, b, and ¢
directions by using DFT with an extra vdW functional. Prior
studies of the thermal conductivity of vdW crystals such as
multilayer graphene, graphite, and Bi,Te; have demonstrated
that calculation results from the standard DFT agreed well (or
even better) with experimental data, when the vdW functional
was excluded.**™*® We have examined the relaxed lattice
constant from DFT calculations with and without the vdW
functional, and we find that they both give reasonable
agreement with experiment results (see details in Table S2
of the Supporting Information).

The DFT-calculated electron density and localization
function are shown in Figure 1d,e, respectively. It is seen
that the interlayer gap has weak wavefunction overlap,
indicating weak vdW interactions. This is consistent with the
small through-plane phonon velocity that will be discussed
later. The electron localization function profile indicates that
electron lone pairs exist in Te atoms so that the bonding
between Zr and Te is resonant,”” which can lead to large lattice
anharmonicity and low thermal conductivity. This feature will
be further confirmed by the strong anharmonic phonon
scattering.

The DFT-calculated phonon dispersion relation is shown in
Figure 4a. Surprisingly, we find that most of the optical phonon
branches along the b-axis (I'—Y) are nearly flat, which indicates
that their group velocities are nearly 0, that is, they are almost
standing waves and contribute little to direct heat conduction.
This result is consistent with the weak vdW interlayer
interaction observed in the electron density (wave function
overlaps) shown in Figure 1d. We also note that the acoustic
phonons along the b-axis (I'—Y) have very small group
velocities. The calculated total and projected phonon densities
of states (DOS) are shown in Figure 4b. We find that the Zr
and Te atoms have distinct contributions to the lattice
vibrations. The Zr atoms predominantly contribute to the
high-energy (>5.5 THz) optical modes because of their lighter
atomic mass, whereas the Te atoms dominate the acoustic
phonons as well as all the low-energy optical phonons (<5.5
THz) because of their large stoichiometric ratio and heavier
atomic mass. Such distinct contributions support the
observation of resonant bonding, similar to that in PbS. 3%
Later, we show that the high-energy (>5.5 THz) optical modes
contribute negligibly to the lattice thermal conductivity, which
suggests that the Te atoms dominate the heat conduction,
whereas the vibrations of Zr atoms make no substantial
contribution to the lattice thermal conductivity.
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Figure 4. (a) DFT-calculated phonon dispersion relation along high-
symmetry directions. (b) Total and projected phonon densities of
states. The dominant phonon frequencies for A, A, and A, are
shown in between (a,b). (c) Phonon group velocity spectra along the
a, b, and ¢ axes. (d) Heat capacity, entropy, and free energy as
functions of temperature.

Figure 4c depicts the phonon group velocities (l/g)
calculated along the a, b, and ¢ crystalline directions. It can
be clearly seen from Figure 4c that the phonon group velocities
along the b-axis are significantly smaller than those along the c-
axis, which are yet smaller than those along the a-axis. These
results are consistent with the quasi-1D atomic structure of
ZrTes, which has the weakest bonding along b and strongest
along a. The velocities of the near-I" acoustic phonons are
2217, 494, and 2185 m s, respectively, along '—X, I'-Y, and
I'—Z. The corresponding Debye temperatures calculated by
Op = (hvg)/kB(3n/477:)(l/3) with n being the atomic density and
h being the Plank constant are 209, 46, and 206 K, respectively,
along these three directions. From phonon spectra, thermal
properties such as the heat capacity, entropy, and free energy
are calculated, as shown in Figure 4d. From the convergence
trend of the temperature-dependent heat capacity, @, of ZrTe
is determined to be ~150 K, consistent with the average of the
values associated with each of the three directions (154 K).

To gain some insights into the anharmonicity, we calculate
the Griineisen parameter, three-phonon scattering rates, and
relaxation times over a range of phonon frequencies, as shown
in Figure Sa—c, respectively. The Griineisen parameter above
©Op (~150 K) converges at 1.25, close to the values of ultralow
thermal conductivity resonant-bonding materials calculated
from DFT in literature, such as SnSe (1.41) and Bi,Te,
(1.5).>*" A full comparison is included in Table S1 of the
Supporting Information. This indicates that the anharmonicity
of ZrTeg could be very large, which is consistent with what the
electron localization function in Figure le suggests: the
electron lone pairs result in resonant bonding and strong
anharmonicity. The large three-phonon scattering rates and
short relaxation times shown in Figure 5b,c again support the
large anharmonicity.

With these results, we have obtained the room-temperature
thermal conductivities (Figure 5f) along the a, b, and ¢
directions, which are 3.9, 0.36, and 1.9 W m™' K7,
respectively, and agree excellently with experimental results.
The anisotropy ratio between the a and b axes is as high as 11,
whereas the in-plane anisotropy ratio between the a and ¢ axes
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is around 2. We also note here that the thermal conductivity
along the c-axis is indeed lower than that of the g-axis. This
result supports our speculation on why we cannot obtain a
certain value along the c-axis through our beam-offset
measurements. Further explanations are provided with the
sensitivity analysis detailed in Figure S2 of the Supporting
Information.

To gain some physical interpretation of measurement
results, we calculate the cumulative phonon thermal con-
ductivities as functions of phonon frequency and mean free
path, which are shown in Figure Se,f, respectively. It is clearly
seen that the thermal conductivities along the a, b, and ¢
directions are contributed by the phonon modes with
frequencies (and thus energies) lower than 1, 3, and 5.5
THz, respectively. The high-energy phonons with frequencies
above 5.5 THz do not contribute much to the heat conduction
in any direction because they have the shortest relaxation times
and small group velocities. Moreover, we have found that the
three acoustic branches contribute 43% to the in-plane thermal
conductivities (A, and A.), and the 33 optical branches
contribute the remaining 57%. In contrast, the three acoustic
branches contribute 94% to the through-plane thermal
conductivity Ay, and the 33 optical branches contribute only
the remaining 6%. This result is consistent with the observed
nearly flat dispersion curves shown in Figure 4a, which
indicates standing-wave-like optical phonons that transport
little or no energy. The mean-free-path spectra illustrate that

the most significant phonons that dominate thermal transport
have mean free paths shorter than 100 nm. This information is
important for nanoengineering as it provides the guidance to
manipulate the most significant phonons. We note that,
interestingly, although the through-plane direction has the
lowest thermal conductivity, it contains the longest phonon
mean free path (MFP). This behavior has been observed in
other vdW crystals such as graphite.*”

The DFT calculations have allowed us to unveil the physical
origins of the ultralow through-plane thermal conductivity of
ZrTes single crystals: (1) the electron lone pairs of Te atoms
lead to resonant bonding and strong lattice anharmonicity, (2)
the weak interlayer vdW interaction leads to slow acoustic
phonons and nearly flat optical phonon branches along the
through-plane direction, and (3) the heavy mass of Te leads to
low phonon frequencies and small group velocities.

In the following, we discuss the comparison between our
thermal conductivity and the experimental data in literature.
There is only one set of published data available for single-
crystal ZrTe; thermal measurements,” which, however, were
questionable as pointed out by ref 11 because of the small size
and needle-like shape of the single crystals. For the comparison
with polycrystals in literature, there are two simplified ways to
average the thermal conductivity, namely, arithmetic A = (A, +
A, + A)/3 and harmonic 1/A = (1/A, + 1/A, + 1/A) /3.2
Using our measured anisotropic thermal conductivity of single-
crystal ZrTeg, the arithmetic average gives ~2 W m™' K" and
the harmonic average gives 0.73 W m™' K™ for polycrystalline
ZrTe;. We consider these to be the upper and lower limits.
The thermal conductivity was reported to be ~1.5 W m™ K™
in ref 11, which is in between the arithmetic and harmonic
averages. Another issue is that for the polycrystalline samples
in literature, there might be also a bipolar contribution to
thermal conductivity. For example, the thermal conductivity of
1.5 W m™ K™' reported in ref 11 contains contributions from
both lattice and bipolar as suggested by Figure 4d of ref 11. If
the bipolar contribution is subtracted, the lattice thermal
conductivity can be smaller than 1.5 W m™" K™%, closer to the
lower limit of the harmonic average. Similarly, ref 12 measured
a thermal conductivity of ~2 W m™' K™! at room temperature
with negligible electronic contribution. However, their temper-
ature-dependent thermal conductivity shows an increasing
trend, instead of the typical 1/T dependence, for room
temperature and beyond (Figure 3a in ref 12). We suspect it is
likely caused by the bipolar contribution as described in ref 11.

4. CONCLUSIONS

In summary, we have conducted both experimental and
theoretical studies on the anisotropic thermal conductivities of
single-crystalline ZrTes. Three sample flakes were prepared for
TDTR thermal measurements. We found that the b-axis
thermal conductivity of the ZrTeg single crystal is as small as
033 + 0.03 W m™' K™! at room temperature, which is a
record-low thermal conductivity value for single crystals. The
a-axis thermal conductivity is measured as 4 + 1 W m™' K™/,
giving an anisotropic ratio of A,/A, & 12. DFT calculations
predict the room-temperature thermal conductivities along 4, b
and c¢ directions as 3.9, 0.36, and 1.9 W m™" K™, respectively,
which agree excellently with experiment results. The physical
origins of the ultralow through-plane thermal conductivity are
attributed to: (1) the resonant bonding and strong lattice
anharmonicity induced by electron lone pairs of Te atoms, (2)
the slow acoustic phonons because of weak interlayer vdW
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interaction, and (3) the low phonon frequencies and group
velocities because of the heavy mass of Te. These may shed
light on the discovery and construction of ultralow thermal
conductivity materials for applications such as thermal barrier
coating, thermoelectrics, thermal storage, and thermal manage-
ment.

5. EXPERIMENTAL SECTION

5.1. Sample Preparation. ZrTe single crystals were synthesized
by the CVT method, with iodine as transport agency. Stoichiometric
proportions of Zr(3N) and Te(SN) powders, together with S mg
mL™" I, were loaded into a quartz tube under argon atmosphere. The
quartz tube was flame-sealed and then placed in a two-zone furnace,
where a temperature gradient from 480 to 400 °C was applied. After 4
weeks of reaction, golden, ribbon-shaped single crystals were formed
with a typical size of about 0.6 mm X 0.6 mm X 5 mm.

5.2. Deposition and Characterization of the Al Transducer.
In this work, Al films (~60 nm thick) were deposited on ZrTe
samples by rf sputtering (AJA sputtering system ATC 2200) to serve
as metal transducers in TDTR measurements. Small deposition rates
(<1 nm min™") were used during the sputtering, resulting in lowered
thermal conductivity of the Al films. This feature can enhance the
beam-offset measurement sensitivity to the in-plane thermal transport.
The thickness of the Al transducer was determined from picosecond
acoustics of the TDTR in-phase signal, and the volumetric heat
capacity was taken from literature.” To better characterize the
transducer, a 300 nm SiO, reference sample was also coated with the
Al transducer in the same batch with each ZrTe; sample. The thermal
conductivity and volumetric specific heat of Al were determined from
TDTR measurements on the reference SiO, sample with known
thermophysical properties, as what was done previously.*

5.3. Electrical Conductivity Measurements. The electrical
conductivity measurements were carried out on bulk single-crystal
ZrTes. To enhance the electrical contact, a thin layer of Au was
evaporated through a mask onto four isolated spots. Gold wires were
then attached to these spots with silver paste, forming the electrodes
for standard four-probe measurements. The sample was cooled down
in an Oxford Variable Temperature Insert (VTI). Standard four-
terminal resistance measurements were carried out using a lock-in
amplifier. The resistivity was then calculated using the measured
electrical resistance and the dimensions of the sample device. Because
of the small size of our synthesized needle-like ZrTe; single crystals,
only the resistivity along the a-axis was obtained.

5.4. Thermal Conductivity Measurements. In through-plane
TDTR measurements, a 5X objective lens was used to focus the pump
and probe beams, producing the spot radii that were ~11 to 12 um.
The modulation frequencies were set as 9 and 18 MHz. The final
results were averaged using measurements from three different
locations. However, for the in-plane TDTR measurements, a 20X
objective lens was used to produce a much smaller spot radius of ~3
pm. In both through-plane and in-plane measurements, the beam spot
size was accurately characterized with the beam-offset method at 30
ps delay time to reduce the measurement uncertainty.>> A delay time
of —50 ps and a modulation frequency of 1.6 MHz were used for the
in-plane beam-offset thermal measurements.

5.5. First-Principles Calculations. First-principles calculations
were carried out with the VASP program package**® using the
projector augmented wave method™ in the local density approx-
imation for exchange—correlation effects. The atoms in the unit cell
(composed of two primitive unit cells) were relaxed using a
convergence threshold of 1077 €V for the total energy and 1077 eV
A" for the forces on each atom. The plane-wave energy cutoff was
400 eV. The electronic k-space integration was performed with the
tetrahedron method, involving a 12 X 6 X 4 Monkhorst—Pack k-
mesh. The relaxed lattice constants along 4, b, and ¢ were 3.94, 14.26,
and 13.53 A, which fall within a few percent of the experimental
values of 3.86—3.99, 14.47—14.53, 13.68—13.72 A, respec-
tively.>'>*7** Spin—orbit coupling was not included as it is not
critical for lattice vibration properties, and it would extremely increase

the computational cost. The lattice constants from experiments as
well as from different electronic methods in DFT are summarized in
Table S2 of the Supporting Information. The phonon dispersion was
calculated via 3 X 2 X 2 unit cells (288 atoms) by the finite
displacement method using the PHONOPY package®” with a 4 X 3 X
2 Monkhorst—Pack k-mesh. The thermal conductivity was calculated
by the exact solution to the linearized Boltzmann transport equation
that is implemented in the ShengBTE package with the detailed
formalism and algorithms shown in ref 50. The third-order force
constants are calculated by including up to the sixth nearest
neighbors. The calculation used a 20 X 6 X 6 g-mesh. The thermal
conductivity convergence with respect to the g-mesh is shown in
Figure S3 of the Supporting Information.
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1. The acoustic impedance calculations

The acoustic impedance is the product of the material’s mass density and sound velocity. We
obtain the values for Al density,® Al sound velocity,? and ZrTes density® from literature studies,
while we use the calculated value of ZrTes sound velocity from our first-principles calculations.

The obtained acoustic impedance of Al is 2.70 x 108 gm=x 6420 ms*~1.73 x 101 gm=3s?,

while that of ZrTes is 6.10 x 106 gm=x 494 ms1~0.30 x 10 gm=3s1,

2. Scanning electron microscopic and optical images

We have carried out cross-sectional scanning electron microscope (SEM) imaging as shown
in Figure S1. Here the cross-section is created by focused ion beam (FIB) which digs a rectangular
pit in the Al-covered ZrTes coated by protective Pt layer. And the SEM images the vertical side of
the pit, at a 30° angle (Fig. S1a). From the SEM image (Fig. S1b) we see a sharp interface between
Al and ZrTes. Within the contrast of the image, the “smearing” between the two is within ~10 nm,
which is much thinner than the thermal probing depth of TDTR method (80~200 nm). We hence
conclude that there should be no significant diffusion between Al and ZrTes. The ZrTes crystal
shows no lamina-like morphology. The depth of the smooth area shown in the cross-sectional SEM
image is large enough for our measurement to use the semi-infinite assumption, since the thermal
penetration depth of the TDTR measurements is in the range of 80 to 200 nm. We have also taken
a top-view SEM image to illustrate the smooth surface (the a-c plane) of a bare ZrTes crystal
(Fig. S1c). Along with the microscopic optical image taken at roughly the same surface area of the
bare ZrTes crystal (Fig. S1d), we conclude that the samples we prepared for thermal measurements

were in good condition without any noticeable degradation or delamination.



Figure S1. Structural characterization. (a) The red arrow indicates that the cross-sectional SEM
image was taken along the direction of 30° from the sample surface normal. (b) The cross-sectional
SEM image of Pt/Al/ZrTes. The thickness of the Al layer is ~20 nm. The spots in the Pt layer were
caused by the use of a carbon-based precursor for the deposition of Pt inside of the SEM/FIB,
which creates the enhanced contrast. (c) The top-view SEM image of a bare ZrTes crystal (the a-
c plane). (d) The optical microscope image of the bare ZrTes crystal taken at roughly the same
area.

3. Sensitivity analysis of in-plane measurement on ZrTes

The details for how to analyze the measurement sensitivity by the TDTR method can be found
in our previous publication.* From the sensitivity analysis results (Fig. S2), we can see the
measurement sensitivity to the in-plane thermal conductivity of ZrTes along the a-axis is calculated
as ~0.01 using the experimentally determined in-plane thermal conductivity of Ar = Aa =
4 W m~t K-1. This magnitude of sensitivity is close to the bottom line of the TDTR measurements
for getting reliable results with an acceptable uncertainty. While for the c-axis with an in-plane

thermal conductivity of Ar = Ac = 1.9 W mt K (from first-principles prediction), the

measurement sensitivity is too low to accurately determine the thermal conductivity by fitting the



experimental data. Considering the reasonable agreement in values of Aa and Ay from both

experiments and theoretical modeling, we report the first-principles predicted value for Ac.
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Figure S2. Beam-offset measurement sensitivities to individual parameters. Here, Ar is the in-plane
thermal conductivity of ZrTes (along either the a- or c-axis), Ay is the through-plane thermal
conductivity of ZrTes, Aa is the thermal conductivity of Al (isotropic), ha is the thickness of the
Al transducer, wo is the beam spot radius, G is the interfacial thermal conductance between Al and
ZrTes, C is the heat capacity of ZrTes, and Cay is the heat capacity of Al.

4. Convergence study of the first-principles calculations
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Figure S3. The convergence of lattice thermal conductivity calculation with respect to the size of
phonon g-mesh.



5. Lists of material parameters used in first-principles calculations

Table S1. Comparison of the Griineisen parameters of different materials.

Materials Grlneisen parameter

A(WmtK?Y

DFT (this work)

Si 0.44
GaAs 0.69
ZrTes 1.25
SnSe 1.41

BizTes 15
PbS 1.96
b 2

Literature
0.40 + 0.07°*
0.88*

1.26, 1.29, 0.4611
1.44,1.35, 0.641%

1.50 +0.01%7*

1.96, 2.23%%

DFT (this work)
160
44
3.8,0.36,1.9

0.68,1.9,1.3
~1.3-2
2.2

~1.7

Literature
155-165%"*
469,10*

0.5-1.8131 14-16x

1.318

2.1919% 2.3820%
2.5621*, 2,522+

2.01, 1.75%%

* experiment,  theory.

Table S2. The lattice constants obtained from different methods.

a b C
Methods
(A) (A) A)

Experiment 10 K2 3.9797(6) 14.470(3)  13.676(2)
Experiment 293 K?* 3.9875(6) 14.530(3) 13.724(2)
Experiment® 3.9876 14.5020 13.7270

Experiment?® 3.974 14.492 13.730

Experiment 150 K%’ 3.78 15.04 14.12

Experiment 298 K%’ 3.86 14.47 13.81
DFT standard (this work) 3.9390 14.2922 13.5106
DFT + Spln_-orbltal coupling 3.9398 14.2607 13.5321

(this work)

DFT + vdW (this work) 4.0364 14.7740 13.8404
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