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ABSTRACT: Van der Waals (vdW) crystals with covalently
bonded building blocks assembled together through vdW
interactions have attracted tremendous attention recently
because of their interesting properties and promising
applications. Compared to the explosive research on two-
dimensional (2D) vdW materials, quasi-one-dimensional
(quasi-1D) vdW crystals have received considerably less
attention, while they also present rich physics and
engineering implications. Here we report on the thermal
conductivity of exfoliated quasi-1D Ta2Pd3Se8 vdW nano-
wires. Interestingly, even though the interatomic inter-
actions along each molecular chain are much stronger than
the interchain vdW interactions, the measured thermal
conductivity still demonstrates a clear dependence on the cross-sectional size up to >110 nm. The results also reveal that
partial ballistic phonon transport can persist over 13 μm at room temperature along the molecular chain direction, the
longest experimentally observed ballistic transport distance with observable effects on thermal conductivity so far. First-
principles calculations suggest that the ultralong ballistic phonon transport arises from the highly focused longitudinal
phonons propagating along the molecular chains. These data help to understand phonon transport through quasi-1D vdW
crystals, facilitating various applications of this class of materials.

KEYWORDS: van der Waals crystals, quasi-one-dimensional materials, thermal conductivity, phonon focusing,
ballistic phonon transport

T he discovery of graphene1 and other two-dimensional
(2D) materials2 has fueled enormous interests in
exploration of van der Waals (vdW) nanomaterials and

their properties. Similar to the case of graphite, whose
successful exfoliation could lead to monolayer or few-layer
graphene,1 successful peeling of quasi-one-dimensional (quasi-
1D) vdW crystals gives rise to quasi-1D vdW nanowires owing
to their excellent scalability.3−5 The quasi-1D structures could
contribute to many interesting properties, such as topological
insulator,4 charge density waves,5 and superconductor−
insulator transitions.6 They have also been demonstrated to
have great potentials for practical applications, such as in
thermoelectric devices7 and transistors.3,8 One particularly
attractive application is as interconnects in nanoelectronics,

taking advantage of their excellent scalability that does not
suffer from the ever-escalating resistivity from miniaturizing the
commonly used copper interconnects.9,10

Thermal properties of vdW crystals are of important
considerations for many of their applications and have attracted
signiûcant attention.11−16 Critical issues such as the effects of
dimensionality and phonon focusing on thermal transport in
these materials have been debated but a comprehensive
understanding has not yet been achieved.16,17 Moreover,
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while 2D vdW materials have been intensively studied,16

thermal transport properties of quasi-1D vdW crystals have
been rarely probed. Exploration of these materials systems
could provide important insights into thermal transport in vdW
crystals.3,9,18

The quasi-1D vdW crystals also make an excellent system for
studying ballistic phonon transport. It has been predicted that
for truly 1D materials, thermal conductivity could become
divergent, manifested by the continuously increasing thermal
conductivity with the sample length.19,20 In reality, defects and
Umklapp scattering can lead to ûnite thermal conductivity, and
the thermal conductivity has been demonstrated to increase
with sample length for up to 10 μm at room temperature for a
single-walled carbon nanotube.21 As such, it is interesting to
examine the length dependence of the thermal conductivity of
quasi-1D vdW materials to elucidate the effects of dimension-
ality and see how long ballistic phonon transport can persist in
these materials. In view of the great potential of quasi-1D vdW
crystals9,10 and the importance of their thermal properties, here
we report on the experimental study of the thermal
conductivity of quasi-1D nanowires made of Ta2Pd3Se8
(TPdS).

RESULTS AND DISCUSSION

Figure 1a depicts the highly anisotropic microstructure of
TPdS, which consists of TPdS molecular chains (illustrated in
Figure 1b and 1c) extending along the axial direction (c-axis) as
the fundamental building blocks. The interchain interactions
are mediated by vdW forces between the Pd and Se atoms of

neighboring chains, which is calculated to be ∼17 times weaker
than the intrachain covalent bonds between Pd and Se from Liu
et al.3 It has been shown that individual molecular chains can
extend along the c-axis up to centimeters, as determined from
the synthesized centimeters long needle-like crystals.3 Individ-
ual TPdS nanowires were prepared out of liquid exfoliations of
single crystalline bulk specimen,3,6,10 yielding single crystalline
nanowires for experimental studies. As shown in Figure 1d, the
chain structure can be clearly identiûed in high resolution
transmission electron microscopy (HRTEM) examination of
prepared nanowires.
Different from nanowires synthesized by chemical vapor

deposition, the cross sections of these exfoliated quasi-1D vdW
nanowires tend to be of rather irregular shapes. As such, we cut
open the cross-section of the nanowires using focused ion
beams (FIB) after ûrst depositing a protection layer with
electron beam induced deposition (EBID). High-resolution
scanning electron microscopy (HRSEM) were then performed
to reveal the cross-section of each tested nanowire (see details
in Supporting Information Section III). The acquired SEM
micrographs allow for extraction of the cross-sectional area and
perimeter, enabling calculation of the surface-area-to-volume
ratio (SVR), which has been shown to be a more proper
parameter than the widely used Casimir length to characterize
the classical size effects due to phonon-boundary scattering.22,23

However, to present the size dependence in a more
straightforward manner, we opt to use the hydraulic diameter
(Dh) as the characteristic length of irregular cross-sectional
nanowires, to gauge the cross-sectional size effects. The
hydraulic diameter was calculated in the same manner as in
üuid dynamics,24 which equals to 4 times the reciprocal of SVR.
For perfectly circular nanowires, the hydraulic diameter is the
same as the Casimir length. However, for nanowires of
noncircular cross sections, Casimir length was calculated by
assuming a circular cross section of equivalent area, which does
not accurately account for the boundary effects in nanowires of
irregular cross sections.24,25 In fact, based on the Casimir
length, the size effects should be the same for nanowires of
identical cross-sectional areas, which has been proven to be
inaccurate by one recent study on silicon nanoribbons of
different aspect ratios.22 Different cross-sectional shapes, even
of the same cross-sectional area, can lead to different ribbon
thermal conductivity. The SVR, on the other hand, has been
shown to better reüect the surface effects; and therefore,
adopting the hydraulic diameter, which is inversely proportional
to SVR, could provide a more accurate means to quantify size
effects in our case.

Contact Thermal Resistance and Electronic Thermal
Conductivity. The inset in Figure 2a shows a single TPdS
nanowire situated between two suspended membranes with
integrated platinum (Pt) coils serving as resistance heaters and
thermometers, facilitating simultaneous measurement of
thermal and electrical conductivity.26 Contact resistance in
thermal/electrical property measurement needs to be carefully
taken care of in order to produce reliable experimental
results.27,28 This is especially true for examining the length-
dependence of thermal conductivity, as non-negligible contact
thermal resistance could lead to artifacts and erroneous
conclusions.29 In our case, EBID of Pt has been done to
minimize the electrical and thermal contact resistance as shown
in the inset of Figure 2a. Importantly, the contact thermal
resistance has been conûrmed to be negligible by comparing
the measured thermal conductance after the ûrst and second

Figure 1. Crystal structure of TPdS nanowires. (a) Perspective view
of bulk TPdS viewed along c-axis. (b) Planar schematic of cross-
sectional view along c-axis. (c) Side-view of a molecule chain
extending along c-axis. (d) HRTEM image showing perfectly
aligned molecular chains. The inset is the diffraction pattern along
the [011] crystalline direction, indicating the single crystalline
nature.
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rounds of EBID, which yielded essentially the same measure-
ment results (see Supporting Information Section II). It has
been shown that if the contact thermal resistance is not
negligible, the measured thermal conductance will change with
additional Pt deposition.30 To explore the length dependence
of the thermal conductivity, the same nanowire can be cut
mechanically using a sharp probe and resuspended for several
times with the length of the suspended section ranging from 2
to 21 μm.17,27,31 We note that the conûrmation of negligible
contact thermal resistance post EBID contact treatment is done
with a relatively short suspended wire length (3.2 μm long);
and for longer suspended lengths, the effects of contact thermal
resistance become even smaller as the intrinsic resistance of the
wire gets larger.
Both electrons and phonons can contribute to thermal

transport in TPdS. To evaluate the contribution of electrons to
thermal transport, we measured the electrical conductivity of
one TPdS nanowire as shown in Figure 2 (the inset in Figure
2a shows the SEM image of the wire). The extracted electrical
conductivity increases with temperature, indicating the semi-
conducting nature of the material. The electron contribution to
the thermal conductivity, ke, can then be estimated following
the Wiedemann−Franz Law as ke = LσT, in which σ is electrical
conductivity, T is temperature, and L = 2.44 × 10−8 WΩ/K2 is
the Lorenz number. The calculated ke is plotted in Figure 2b,
displaying an escalating trend as temperature increases. The
data indicate that even at 350 K, where the electrical

conductivity is the highest, ke is still very small (∼0.01 W/m
K), about 3 orders of magnitude less than the measured k at
350 K (∼12.6 W/m K). In fact, the electrons contribute to no
more than 0.2% of the total thermal conductivity over the
whole measurement temperature range, indicating the negli-
gible role of electrons in carrying heat in TPdS. Therefore, in
following analysis we attribute the measured thermal
conductivity to phonons, and neglect the contributions from
electrons.

Cross-Sectional Size Dependence. Since the intrachain
covalent bonding between Pd and Se is much stronger than the
interchain vdW interactions between the Pd and Se residing on
neighboring chains, it is interesting to see whether the thermal
conductivity of TPdS nanowires still displays a dependence on
the cross-sectional size. Figure 3a plots the measured thermal

conductivity versus temperature for four samples of different Dh,
which indicates that even for such highly anisotropic quasi-1D
vdW nanowires, the thermal conductivity still exhibits a clear
size dependence. Note that since the length of the nanowires
could also have an effect, we select samples of similar lengths
for this comparison and make sure that nanowires of larger Dh

are of shorter suspension lengths. This way, any effect from the

Figure 2. Evaluation of the electronic thermal conductivity of a
TPdS nanowire. (a) Measured electrical conductivity of a TPdS
nanowire of 96 nm hydraulic diameter and (b) the corresponding
estimated electronic thermal conductivity ke. The inset in (a)
displays an SEM micrograph of the TPdS nanowire showing that
the wire is bonded to four electrodes on the measurement device
with EBID of Pt, allowing for four-probe measurement of its
electrical resistance.

Figure 3. Size-dependent thermal conductivity of TPdS nanowires.
(a) Thermal conductivity of TPdS nanowires in full temperature
range from 15 to 350 K, showing strong size dependence. For the
sake of clarity, only five error bars are shown for the 80 nm sample
in purple. (b) Low temperature thermal conductivity of nanowires
of varying hydraulic diameters. The curves of T,3 T2, and T1 are
also shown for comparison. The insets are the HRSEM images
showing the irregular cross sections of two selected nanowires of
different hydraulic diameters, whose contours were outlined by the
dashed yellow lines.
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length difference will only counter the trend of size depend-
ence, so the actual thermal conductivity enhancement for larger
cross-sectional size will be more signiûcant.
The nanowires with larger Dh, which correspond to larger

cross-sectional areas and smaller SVRs, possess higher thermal
conductivity. In fact, this cross-sectional size dependence can
persist up to a Dh of 110 nm, as shown later, which is not as
expected based on the behavior of 2D vdW materials. For most
well-studied 2D vdW materials, including graphene,15 h-BN,32

and MoS2,
33 their in-plane thermal conductivity decreases as

the thickness increases from monolayer to few layers.
Particularly, for multilayer graphene, the thermal conductivity
quickly reaches bulk values when the number of layers increases
to merely ∼5, at which point the disturbance from the weak
interlayer vdW interactions to phonons propagating within
each layer saturates.15 Similar physics have been argued for
ideally oriented 1D polyethylene as well based on molecular
dynamics results.34 We note that for some other 2D vdW
materials, such as black phosphorus, their thermal conductivity
have been shown to increase with the number of layers but
quickly saturate to bulk values when the layer thickness reaches
∼10 nm.35 In general, for 2D vdW materials, the size
dependence becomes marginal for samples when their
thickness is beyond ∼10 nm; and therefore, the observed size
dependence for the TPdS nanowires with hydraulic diameter
up to >110 nm is counterintuitive.
To understand the above cross-sectional size dependence of

the thermal conductivity, we ûrst examine the temperature
dependence of the thermal conductivity at low temperature,
which follows the Debye T3 law between 15 to 25 K (Figure
3b), different from the expected linear relationship for 1D
material systems such as single wall carbon nanotubes.36 We
note that for graphite, the most popular 2D vdW material, its
heat capacity also obeys the T3 law below 10 K, as a result of
the contribution of both intra- and interlayer phonon modes.
The trend then transitions to T2 from 10 to 100 K, when the in-
plane phonon modes start to dominate over the low energy
cross-plane modes sustained by weak vdW interactions.37,38

Compared to graphite, which has an interlayer bonding energy
of ∼0.05 eV,38 the interchain bonding energy formed between
neighboring Pd and Se on different molecular chains for TPdS
is signiûcantly higher, ∼0.34 eV,3 which can sustain the
propagation of interchain phonon modes of higher energy. The
extended temperature range in which the T3 law holds for
TPdS nanowires is therefore a direct result of this enhanced
interchain interaction strength that allows for higher frequency
interchain phonons. As such, the interchain phonon modes
should be able to make more contributions to thermal transport
in TPdS than the interlayer phonon modes in graphite. On the
other hand, the much more atoms (26) in each unit cell of
TPdS generate more optical phonon modes, facilitating the
occurrence of Umklapp scattering. In addition, the much
heavier atoms and larger unit cells give rise to signiûcantly
lower speed of sound along the chain (denoted as the c-axis).
As a result, the along-chain thermal conductivity for TPdS
nanowires is 2 orders of magnitude lower than the in-plane
thermal conductivity of graphite. Together, the much-enhanced
interchain interaction and the signiûcantly reduced contribution
of intrachain phonon modes to thermal transport result in a
signiûcant weight in the c-axis thermal conductivity from
phonons not propagating along the molecular chains, which is
responsible for the observed cross-sectional size dependence.

Another challenge here is that for above argument to be true,
the phonons propagating not along the c-axis need to possess
large enough mean free paths (MFPs), comparable to the Dh of
>110 nm. Even though traditionally it has been believed that
vdW interactions correspond to small phonon MFPs, we
believe that this is not necessarily the case given the recent
demonstration of the very long phonon MFP along the c-axis
(cross plane direction) of graphite, which is ∼200 nm at room
temperature, 2 orders of magnitude larger than the often cited
value of merely a few nanometers.17,39−41 Therefore, it is
reasonable to conclude that the MFP of phonons in TPdS
nanowires is longer than 110 nm.
All four measured nanowires in Figure 3a demonstrate a

similar temperature dependence. Their thermal conductivity
ramps up quickly with increasing temperature from 15 K,
reaching a peak value around 55 K, and then decreases as the
temperature further rises, which is a signature of Umklapp
scattering. As the temperature rises beyond 100 K, the thermal
conductivity displays a trend of T−0.6−0.7, with the exponent
dropping from −0.6 to −0.7 as the wire cross-sectional size
increases, approaching the T−1 behavior for bulk single
crystalline materials. The slower drop rate can be attributed
to phonon boundary scattering in nanowires; which also leads
to a shift of the peak thermal conductivity toward higher
temperature for nanowires of smaller Dh, similar to that for
silicon nanowires/ribbons.22,42 As discussed later, ballistic
phonon transport along the wire axial direction still makes
signiûcant contribution in these 6−7 μm long wires so
boundary scattering at the two ends of the nanowires also
contributes to the deviation from the T−1 behavior.

Length Dependence. Beyond the cross-sectional size
dependence, exploration of the c-axis thermal conductivity as
a function of the sample length to probe ballistic phonon
transport along the chain in this quasi-1D material system also
holds great interests.20 To accomplish this study, we have
measured the same nanowire (Dh = 66 nm) with different
lengths suspended between the heat source and sink, as shown
in Figure 4a−c. As shown in Figure 4d, the measured thermal
conductivity displays a clear dependence on the sample length
as it varies from 4.9 to 11.2 μm, with higher thermal
conductivity for longer suspension length. This trend holds
even at the rather high temperature of 350 K, as demonstrated
in Figure 4e. This length dependence indicates rather persistent
ballistic phonon transport along the chain direction and invokes
an interesting question: what is the limit of the ballistic
transport length for thermal phonons in these quasi-1D
nanowires? Furthermore, considering the cross-sectional size
dependent thermal conductivity shown in Figure 3, will the
length dependence persist even longer for nanowires of even
larger cross sections?
To explore this limit, we measured the thermal conductivity

of several nanowires of different suspended lengths and
different hydraulic diameters. Since the thermal conductivity
varies with the wire cross-section, to ensure a meaningful
comparison, either a very long nanowire was cut into several
segments for different suspended lengths or a relatively long
nanowire underwent cutting and resuspension several times
(Figure 4). Figure 5 plots the room temperature (300 K)
thermal conductivity versus the nanowire length and hydraulic
diameter. From Figure 5, it can be clearly discerned that, for
nanowires of similar length, the dependence on the hydraulic
diameter persists for nanowire up to 110 nm. Furthermore,
both Figure 5 and Figure S3b show that the length dependence
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preserves up to 13 μm at 300 K, which is rather surprising,
considering the low onset temperature of Umklapp scattering
of ∼55 K. Notably, this value is signiûcantly larger than the
demonstrated 8.3 μm length dependence in SiGe nanowires,43

and ∼10 μm for single wall carbon nanotubes.21 This
observation is also quite unexpected given the clear thermal
conductivity dependence on the cross-sectional size, indicating
the signiûcant role of phonon scattering at nanowire surface. At
55 K (peak temperature), as shown in Figure S3a the length
dependence could extend up to a length of 17 μm when
phonon−phonon Umklapp scattering becomes weaker (see
Supporting Information Section IV). This dependence indicates
that the along-chain vibrations must also contribute a signiûcant
portion to the nanowire thermal conductivity and these
vibration modes can propagate persistently over a long distance
before Umklapp scattering or boundary scattering at the
nanowire ends occurs. Importantly, the systematic dependence
showcased in Figure 5 strongly suggests that the length
dependence is not due to non-negligible contact thermal
resistance. Contact thermal resistance can vary from sample to

sample, which is especially true for wires of irregular cross
sections, and if it plays a big role in the length dependence,
then it is highly unlikely that the measured data will display the
systematic trend as shown in Figure 5.

First-Principles Calculation of Thermal Transport in
TPdS. To gain a better understanding of the interesting
dependence on both the cross-sectional size and the nanowire
length, an in-depth knowledge of the phonon transport
characteristics of TPdS is required. Unfortunately, such
information is not readily available in literature. Therefore,
we conducted ûrst-principles calculation to extract its elastic
constants and thermal conductivity to probe phonon transport
in this highly anisotropic material (see Supporting Information
Section V for more details of modeling). Figure 6a shows the
cross-sectional view of TPdS in the simulation domain, and the
symbols a and b denote two interchain directions, with c
representing the along-chain direction. Figure 6b plots the
thermal conductivity of a 40 nm diameter nanowire of circular
cross-section together with the bulk thermal conductivity from
the modeling, in comparison with the experimental data for a
nanowire of a similar hydraulic diameter of 36 nm and of 7 μm
in length. Several observations can be obtained from this ûgure.
First, the predicted thermal conductivity for the 40 nm
diameter nanowire is signûcantly lower than the bulk value,
which is consistent with the experimentally observed size
dependence on the cross-section. In addition, the temperature
dependence of the predicted thermal conductivity demon-
strates a trend that is very similar to that of the experimental
data in the temperature range beyond 50 K, suggesting that our
modeling reasonably capture the key features of phonon
transport in TPdS. However, the predicted thermal con-
ductivity is about 40% higher than the experimental data, which
likely comes from factors such as the slightly larger diameter of
the modeled wire, shorter length of the experimentally tested
nanowire, and the diýculty of accurately taking into account all
phonon properties in such complex materials. We note that
with the large number of atoms in the unit cell (26), the ûrst-

Figure 4. Length dependence of the thermal conductivity of one
TPdS nanowire. (a−c) The same nanowire (Dh = 66 nm) was cut
and suspended for different lengths of 11.2 μm, 8.2 μm, and 4.9
μm, respectively. The scale bars all denote 3 μm. (d) Measured
thermal conductivity of one nanowire for three different suspended
lengths plotted against temperature ranging from 15 to 350 K. (e)
Zoom-in view of the high temperature thermal conductivity from
270 to 350 K.

Figure 5. Room temperature (300 K) thermal conductivity of
several TPdS nanowires plotted against nanowire suspension
length and hydraulic diameter. The data from each nanowire are
separately identified by different color and the data points from the
same nanowire are in the same color. The general ascending
thermal conductivity with increasing suspended length and larger
diameter suggests existence of ballistic phonon transport up to 13
μm at 300 K and size dependence up to a hydraulic diameter >110
nm.
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principles calcualtion is quite demanding on the computational
power and only a limited number of unit cells can be
considered.
To consider the effects of interchain interactions, we also

calculated the thermal conductivity of a single molecular chain
using the obtained phonon dispersion curves along the c-axis
direction. Figure 6b indicates that the thermal condcutivity of a
single molecular chain should still be higher than the calculated
bulk value. This behavior, similar to the cases of polyethylene
molecular chains34 and graphene,15 derives from the fact that
interchain interactions could incur signiûcant scatterings to the
intrachain phonon modes. The simulation results, together with
the experimental data, suggest an interesting trend that the
thermal conductivity of these TPdS nanowires would decrease
sharply as the molecular chains stack together from a single
chain to multiple chains due to disturbance to the propagation
of intrachain phonon modes from interchain interactions,
similar to that for few-layer graphene or polyethylene molecular
chains.34 The enhanced anharmonic scattering, however,
quickly saturates as several chains assemble together, while
interchain phonon modes start to be excited and make
contributions to the thermal conductivity. As more molecular
chains assembled together and the wire diameter increases,
more interchain phonon modes are allowed and the MFP of
these phonons increases with the cross-sectional size, which
eventually gives rise to the observed size dependence of thermal
conductivity on the cross-section in our experiment as a result
of the classical size effect for nanowires.22,42

In order to further visualize the anisotropy of phonon
transport, the iso-energy surfaces44 of longitudinal and

transverse phonons of 0.2 THz frequency are calculcated for
ac- and bc- planes, respectively. As shown in Figure 6c,d, the
longitudinal acoustic phonons are highly focused with one
propogation direction nearly perfectly aligned with the c-axis
direction, which originates from the strong convalent bonds in
this direction. The two transverse acoustic phonon modes,
however, demonstrate less anisotropy, and the effects of
phonon focusing are signiûcantly weaker than the longitudinal
phonons. Note that even in the plane perpendicular to the c-
axis, because of the different interatomic strengths along the a-
and b-directions, there still exists some anisotropy, especially
with respect to the two transverse phonon modes.
The strong dependence of the c-axis thermal conductivity on

the cross-sectional size indicates that phonon boundary
scattering is still highly effective in reducing the MFP of
phonons in these quasi-1D vdW TPdS nanowires. As such, the
observed persistent ballistic transport of thermal phonons in
the wire axial direction has to come from phonons that
transport along the wire axial direction. The iso-energy surfaces
disclosed in Figure 6c,d suggest that due to the strong elastic
anisotropy, longitudinal phonons are highly focused along the
molecular chain axis. These phonons therefore suffer miminal
boundary scattering, leading to preservation of the bulk
longitudinal phonon MFPs along the c-axis direction, and
showcasing the ascending thermal conductivity with longer
nanowire length up to 13 μm. This is very different from
elastically more isotropic materials, such as silicon. It has been
shown that for bulk silicon more than half of heat conduction
comes from phonons of MFPs longer than 1 μm and
approximately 20% of the heat is conveyed by phonons with

Figure 6. Calculated thermal conductivity and projected iso-energy surfaces of TPdS. (a) Unit cell for first-principles calculation. (b)
Calculated thermal conductivity of bulk, a 40 nm nanowire, and a single chain in comparison to experimental data of one 36 nm nanowire.
Iso-energy surfaces for longitudinal acoustic phonons (blue, innermost) and two types of transverse phonons (orange and green, outer two)
of frequency 0.2 THz in (c) ac-plane and (d) bc-plane. The arrows indicate the directions along which phonons are focused to propagate.
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MFPs beyond 10 μm at room temperature.45 However, ballistic
phonon transport in silicon nanostructures has been shown to
be limited to sub-μm at room temperature46 and only reached
∼3 μm at 4 K,47 due to strong boundary scattering of
isotropically propagating phonons. One more factor that might
contribute to the long ballsitic transport distance of thermal
phonons along the TPdS nanowires is that the heavy atoms and
the complex unit cell renders the acoustic phonons contributing
to thermal transport in the TPdS more heavily weighted in the
low- to medium-frequency range, which also likely to travel
longer distance without being scattered.48 All these factors
working in concert to contribute to the observed ultralong
ballistic phonon transport distance along the molecular chain
direction.

CONCLUSIONS

In summary, we present a systematic experimental study of the
thermal conductivity of quasi-1D single-crystalline vdW TPdS
nanowires. The experimental data reveal signiûcant dependence
of the thermal conductivity on the cross-sectional size up to
>110 nm, which arises from the important contribution of
interchain phonon modes that are subjected to phonon
boundary scattering. The results also indicate that partial
ballistic transport of thermal phonons can persist for a long
distance of up to 13 μm at room temperature and up to 17 μm
at 55 K along the axial direction of nanowires. Analysis based
on ûrst-principles calculations suggests that this superlong
ballistic transport was facilitated by nearly perfect alignment of
longitudinal phonons with the molecular chain direction. These
ûndings help to disclose thermal transport mechanisms in
quasi-1D vdW nanomaterials and provide essential thermal
property data for further exploitation of this class of materials
for practical applications such as in thermoelectric energy
conversion and interconnects in nanoelectronic devices.

METHODS

Preparation of Individual TPdS Nanowires for Thermal
Measurements. Single crystal bulk sample of TPdS were grown
using chemical vapor transport (CVT). TPdS nanowires were
prepared by liquid exfoliation of the as-acquired bulk sample, using
isopropyl alcohol (IPA) as solvent through sonication (see more in
Supporting Information Section I). Nanowires acquired through direct
exfoliation of high quality bulk materials are single crystals, making
excellent specimens for transport property characterization. The
obtained nanowire suspension was then diluted and drop-casted
onto a polydimethylsiloxane (PDMS) substrate. After the solvent
evaporated, individual nanowires were selected, picked up using a
sharp probe mounted on a micromanipulator, and transferred to a
microdevice for subsequent thermal property measurement. EBID of
Pt was done using a dual beam system (FIB/SEM, FEI Helios
NanoLab G3) to minimize the contact thermal resistance and establish
good electrical contacts (inset of Figure 2a).
Thermal Conductivity Measurements. Thermal conductivity

measurements were conducted in a cryostat (Janis CCS-400/204)
operated under high vacuum (<1 × 10−6 mbar) with a dual radiation
shield conûguration, following the general procedure that has been
successfully employed to study various nanowires and nano-
tubes.22,26,30,49−51 The contact thermal resistance has been conûrmed
to be negligible by comparing the measured thermal conductance after
the ûrst and second rounds of EBID, which yielded essentially the
same measurement results (see Supporting Information Section II).30

To visualize the cross-section of the exfoliated nanowires, we ûrst
used EBID to deposit a layer of Pt on the nanowire and then applied a
high ion current to cut open the cross-section. The deposited Pt
served as an anchor and a protective layer to prevent damage of the
nanowire surface during the cutting process. The exposed cross-

section was then subjected to HRSEM imaging (see the insets in
Figure 3 and Supporting Information Section III), from which the
cross-sectional area is extracted from the ImageJ software.

Uncertainty Analysis. The uncertainty of cross-sectional area is
conservatively estimated to be less than 10%. The uncertainty from
electrical measurement has been evaluated to be less than 2% following
a Monte Carlo method,52 and the uncertainty from the length
measurement is conservatively estimated as 200 nm. The overall
uncertainty of thermal conductivity was calculated following the
equation of uncertainty propagation.52
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