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Anomalously Suppressed Thermal Conduction
by Electron-Phonon Coupling in Charge-Density-Wave

Tantalum Disulfide

Huili Liu, Chao Yang, Bin Wei, Lei Jin, Ahmet Alatas, Ayman Said, Sefaattin Tongay,
Fan Yang, Ali Javey, Jiawang Hong,* and Jungiao Wu*

Charge and thermal transport in a crystal is carried by free electrons and
phonons (quantized lattice vibration), the two most fundamental
quasiparticles. Above the Debye temperature of the crystal, phonon-mediated
thermal conductivity (k) is typically limited by mutual scattering of phonons,
which results in k, decreasing with inverse temperature, whereas free
electrons play a negligible role in k. Here, an unusual case in
charge-density-wave tantalum disulfide (1T-TaS,) is reported, in which x| is
limited instead by phonon scattering with free electrons, resulting in a
temperature-independent k. In this system, the conventional
phonon-phonon scattering is alleviated by its uniquely structured phonon
dispersions, while unusually strong electron-phonon (e-ph) coupling arises
from its Fermi surface strongly nested at wavevectors in which phonons
exhibit Kohn anomalies. The unusual temperature dependence of thermal
conduction is found as a consequence of these effects. The finding reveals
new physics of thermal conduction, offers a unique platform to probe e-ph
interactions, and provides potential ways to control heat flow in materials
with free charge carriers. The temperature-independent thermal conductivity
may also find thermal management application as a special thermal interface
material between two systems when the heat conduction between them

needs to be maintained at a constant level.

Interactions between free electrons and lat-
tice vibration (phonons) in metallic conduc-
tors lead to their electrical conductivity de-
creasing with temperature, an effect that
is widely observed and well understood."?
However, effects of electron-phonon (e-ph)
interaction on materials’ thermal conduc-
tivity are not understood as well, and have
been experimentally elusive.>*! In electrical
conductors, in addition to directly conduct-
ing heat themselves (contributing to ther-
mal conductivity with the electronic part,
Kk.), free charge carriers also couple with
and scatter phonons, hence reducing .
The reduction in k; arising from e-ph cou-
pling is typically weak as a very high den-
sity (>~10% cm™?) of electrons is needed;!*!
hence in nonmetallic systems where car-
rier density is lower, it is hard to be ex-
perimentally detected. In metallic systems
with very high charge carrier densities, the
e-ph scattering could rise to levels that
considerably reduce «, but the measured
total thermal conductivity ¥ = k., + K
would then be dominated by the contribu-
tion of k, instead. Experimental exploration
of the effects of e-ph scattering on thermal
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Figure 1. CDW in 1T-TaS, and nanoribbon devices for electrical and thermal measurements. a) The effect compared to conventional cases: in conven-
tional materials (black dashed line) at high temperatures, lattice thermal conductivity (k) is limited by ph-ph scattering resulting in an 1/T dependence,
while the effect of e-ph scattering is negligible; the opposite is observed in this work, where ph-ph scattering is intrinsically weak (red dashed line) while
e-ph scattering dominantly limits the thermal conductivity, leading to T-independent x| (solid red line). Major phonon scattering mechanisms at low
(boundary) and intermediate (impurity) temperatures are also indicated. b) Schematic charge-density-wave structures with different levels of commen-
suration (commensurate as CCDW, nearly commensurate as NCCDW, incommensurate as ICCDW). Red “David stars” represent displacement patterns
of Ta atoms. c) False-color SEM image of two suspended pads bridged with a TaS, nanoribbon that is FIB-bonded onto the underlying Pt electrodes. Scale
bar: 20 pm. d) Temperature dependence of electrical conductivity of TaS, nanoribbons with different thicknesses measured with a four-probe geometry.

Solid lines are for cooling and dashed lines are for warming.

transport has been limited to metallic systems at very low
temperaturesl®! because of the difficulty in separating «; from
Ke.

Indeed, recently Liao et al.l*] calculated that x; of silicon can
be reduced by up to ~45% in the presence of a high density
(~10?! cm™3) of free charge carriers. It has also been proposed
that e-ph coupling may be responsible for unusually low val-
ues of x observed in VN_.[®] Yang et al. reported x; reduced in
NbSe, nanowires beyond conventional phonon scattering mech-
anisms that is attributed to e-ph coupling.l”! Theoretical calcula-
tions done by Li et al. show that group-V transition metal carbides
(VC, NbC, and TaC) host intrinsically strong e-ph coupling and
weak ph-ph scattering, leading to x; theoretically much lower
than the case when the e-ph coupling is absent.l®] As schemat-
ically shown in Figure 1a, we discover direct experimental evi-
dence of k| dominated by e-ph scattering rather than the conven-

Adv. Sci. 2020, 7, 1902071 1902071 (2 of 7)

tional ph-ph scattering, in a charge-density-wave material, tanta-
lum disulfide (TaS,).

As a layered material, the octahedral (1T) polytype of TaS, fea-
tures a well-known series of charge density wave (CDW) phase
transitions.* 11 Above ~550 K, it takes the normal, metallic
phase with the space group of P3ml. At lower temperatures,
CDW phases show up with distinct commensurations with the
underlying lattice: an incommensurate (ICCDW) phase above
~350 K, a nearly commensurate (NCCDW) phase between ~150
and ~350 K, and a commensurate (CCDW) phase below ~150
K. As schematically shown in Figure 1b, in the CCDW phase,
the CDW distortion of atoms forms “David-stars” resulting in
an ordered \/ﬁ X \/E superlattice structure. The CDW defor-
mation induces a sizeable energy gap in the electronic band
structure.['! In the NCCDW phase, domains of David-star clus-
ters are isolated from each other by a metallic network, where

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Measured thermal conductivity of TaS, nanoribbons. a) T de-
pendence of total thermal conductivity (k) of nanoribbons with different
thicknesses. b) Lattice thermal conductivity (k| ) calculated by subtracting
the electron contribution (k) from k assuming the Wiedemann—Franz
law.

electrons behave itinerant. The CDW phases in 1T-TaS, are cor-
related with the lattice deformation and simultaneously a Fermi
surface instability,'3] where electrons and phonons are strongly
coupled to shape its physical properties.

Figure 1c shows the image of a device for electrical and ther-
mal measurements. 1T-TaS, nanoribbons were fabricated from
microflakes mechanically exfoliated out of bulk crystals and
measured following the method published previously!**!5! (see
details in Experimental Section). Electrical conductivity (o) of
nanoribbons with different thicknesses is shown in Figure 1d.
The three phases (CCDW, NCCDW, and ICCDW) are clearly sep-
arated in conductivity at the transition temperature of ~150 and
~350 K, respectively, with a hysteresis at each transition. Exper-
imentally, it has been reported in bulk 1T-TaS, samples that the
CCDW phase is a semiconductor and the NCCDW phase is ef-
fectively a semimetal,!'! and their carrier density is on the order
of ~1 x 10" and =1 x 10?2 cm™3, respectively.!'”]

Figure 2a shows measured « over all three phases, qualita-
tively consistent with that of bulk samples."®1° In addition to
a clear overall reduction of k with nanoribbon thickness, abrupt
jumps at each of the phase transition temperature are evident.
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To extract x|, we calculate k, using Wiedemann-Franz law («,
= Lo T), where the Lorenz ratio L takes the Sommerfeld value of
Ly =2.44 x 10 W Q K2, and subtract k, out of the measured
k. The obtained x; is shown in Figure 2b. A significant reduc-
tion in x| between the CCDW and NCCDW phases is observed
at the phase transition temperature around 150 K. More interest-
ingly, in the entire NCCDW phase between ~150 and =350 K,
k. becomes nearly T-independent. Since the Debye temperature
of 1T-Ta$, is about 172 K,2% in the NCCDW temperature range,
Kk is expected to be limited by momentum-nonconserving ph-ph
scattering (the Umbklapp process), which would result in an 1/T
dependence as depicted in Figure 1a (black dashed line). The T
independence of k,, therefore, suggests unconventional phonon
scattering mechanisms dominating the Umklapp process in this
material.

To suppress the ph-ph scattering, specific phonon dispersions
are required to limit the scattering phase space.l®! Due to the lack
of long-range order of the lattice structure in the NCCDW and
ICCDW phases, we examine phonon dispersions of the normal
phase from the first-principles calculation (see details in Exper-
imental Section), to provide insights to the NCCDW phase un-
der investigation. Indeed, recent results from angular-resolved
photoelectron spectroscopy shows electronic band structure of
NCCDW phase largely in agreement with first-principles calcula-
tions based on the normal phase.l'"! As shown later, the phonon
dispersions we calculated for the normal phase (Figure 3a) are
also in good agreement with inelastic X-ray scattering (IXS) mea-
surements of the NCCDW phase. Two general features are clearly
seen in Figure 3a: (1) the acoustic-optical (a-0) phonon gap is
unusually wide, nearly equal to the bandwidth of the acoustic
phonons, similar to the case of BAs!?!2*l and NbC;®l and (2) the
acoustic phonon dispersions are tightly bunched together. The ef-
fect (1) of wide phonon gap is attributed to the large mass ratio in
TaS, (m,/mg ~ 5.7),1) as Ta and S are responsible mostly for the
acoustic and optical modes, respectively (Figure 3a). Such an a-o
bandgap wider than the maximal acoustic phonon energy pro-
hibits the phonon scattering process that involves two acoustic
and one optical phonons (the so-called aao process).[?! The effect
(2) of acoustic phonon bunching significantly limits the phonon
scattering process involving three acoustic phonons (the aaa pro-
cess) by reducing the scattering phase space.?!l As a result, the
Umbklapp process of ph-ph scattering is greatly suppressed, mak-
ing room for thermal phonons to be dominantly scattered by
other T-independent mechanisms.

To understand phonon properties in the NCCDW phase, we
measured the acoustic phonon dispersions using IXS (see de-
tails in Experimental Section). The phonon dispersions mea-
sured at 300 K along I'-M and I'-K directions are shown in Fig-
ure 3b with the underlying calculated dispersions (solid line).
It can be seen that these transverse acoustic (TA) and longitu-
dinal acoustic (LA) phonon dispersions are indeed bunched to-
gether as shown from density functional theory (DFT) calcula-
tion. Secondly, Kohn anomalies!?®! are observed in the disper-
sions. For example, along the I'-M direction, the LA phonon
shows phonon softening at wavevector q, =~ 0.6 g, consis-
tent with neutron scattering measurements.”’] Along the I'-K di-
rection, the TA phonon modes also show broad, flat regions at
certain range of wavevectors denoted as ¢,. Interestingly, these
less-dispersive modes generally show larger linewidths (I') than

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Phonon dispersion and Fermi surface featuring weak ph-ph scattering and strong e-ph coupling. a) Phonon dispersion of the normal phase
from DFT calculations, and partial PDOS of 1T-Ta$S, involving vibration of Ta and S atoms, respectively. The large a-o phonon gap and bunched acoustic
phonons suppress ph-ph scattering. A high PDOS peak is seen between 6 and 8 meV, corresponding to the less-dispersive phonon modes. b) Acoustic
phonon dispersion (points) of the NCCDW phase measured at 300 K by IXS, overlaid onto the calculated dispersion (solid lines) in (a). The measured
phonon linewidth is represented by the error bars. The phonon anomalies along the I-M and I'-K directions are clearly seen, where the linewidth is
unusually broadened. c) Calculated electron Fermi surface of 1T-TaS, in the normal phase, which is nested with the two wavevectors g, and g, along
the I'-M and I'-K directions, respectively. These two wavevectors are correlated to the phonon anomalies shown in (b), enabling strong e-ph coupling. d)
Calculated e-ph (red points) and ph-ph (blue points) scattering rates as a function of phonon energy, showing e-ph scattering rates higher than ph-ph
rates for phonon modes between ~6 and 8 meV.

dispersive modes at comparable energies, as shown in Figure S5,  strong coupling between free electrons and acoustic phonons.
Supporting Information. Since the phonon linewidth is related  The e-ph scattering rate for the phonon mode j with wavevector
to phonon scattering rate (1/7) via the uncertainty principle, [« qis given by!*®!
1/, the experimental data in Figure 3b indicate that the acoustic
phonons are unusually strongly scattered near those wavevectors. I« 2 [ dk
To elucidate the mechanism of the momentum-selective  Zepn m
phonon scattering, we calculated the Fermi surface of electrons
in Ta$,, which is shown in Figure 3c and Figure S6, Supporting X6 (5mk+q A hqu) 1
Information. On the Fermi surface, there exist regions with large L Lo
areas that are parallel to each other; hence, it is strongly nested where £, and e, , , are electron energies in the initial (n, k) and
with certain fixed wavevectors q. The nesting allows free electrons the final (m, k+q) states, oy, is energy of the phonon in the state
to be strongly scattered on the Fermi surface if a momentum (], 9), f, is Fermi distribution, g;};.h(k, q) is e-ph scattering matrix
hq is externally provided by phonons. Interestingly, the shape of  element, and the sums are over the electron bands n and m. When
the Fermi surface in Figure 3c features two nesting wavevectors  the Fermi surface is nested with a wavevector g, phonon modes
along the I'-M and I'-K directions, respectively, quantitatively con-  with momentum #q and energy Aw,, will be strongly scattered
sistent with the anomaly wavevectors (¢, and g,) observed in the  due to the large phase space available in the integration. This is
phonon dispersions in Figure 3b. This agreement is a proof of  the case for phonon modes near the Kohn anomaly wavevectors

&7 0 a)| 1fy (€00) = (€1aey)]
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q, and q,, which are relatively less dispersive and contribute a
high phonon density of states (PDOS) between x6 and 8 meV
(Figure 3a). Acoustic phonon modes at other wavevectors, espe-
cially those with smaller wavevectors, experience much weaker
scattering rates. This is experimentally evidenced from the very
narrow linewidths for phonon modes near the I' point observed
in IXS experiments (Figure 3b). Indeed, as shown in Figure 3d,
first-principles calculations confirm that the e-ph scattering rates
are considerably stronger than ph-ph scattering rates for acoustic
phonon modes of energy higher than 5 meV, especially those be-
tween 6 and 8 meV, corresponding to the less dispersive modes
near q; and g,.

The unusual temperature-independent thermal conductivity
results fundamentally from a nested Fermi surface interplaying
with uniquely structured phonon dispersions. These conditions
could be met in metallic compounds with large cation/anion
mass ratios and signatures of strong e-ph coupling such as su-
perconductivity and CDWs. As high density of charge carriers
can be introduced by a gate field via either electrostatics or field-
induced insulator to metal transition,11?#] the effect also reveals
a potential way to electrically and locally tune thermal conduction
of solids for nonlinear thermal devices.[?*3%1 New exotic physics
of 1T-TaS,, such as quantum spin liquid state,3!) may also need
to be invoked as possible additional heat carriers. We also note
the complication that in the case of very strong e-ph coupling, a
complete separation between lattice and electronic thermal con-
ductivity may not always be possible.’2] We further state that the
honeycomb domain walls network of topological excitations in
NCCDW phase identified recently!*}] may provide new phonon
modes for heat conduction in 1T-TaS,.

Experimental Section

1T-TaS, Nanoribbons Device Fabrication: 1T-TaS, flakes were mechan-
ically exfoliated onto a SiO, /Si substrate using polydimethylsiloxane, and
then nanoribbons (1-2 pm in width and 25-40 pm in length) were pro-
duced using electron-beam lithography (EBL) followed by reactive ion
etching.['>34] The flakes were spin coated by poly(methyl methacrylate)
(PMMA, C4-950, 4000 rpm) and baked at 180 °C for 5 min. The PMMA
was patterned with EBL, followed by a developing process using methyl
isobutyl ketone/isopropyl alcohol (IPA) = 1:3 for 1 min. The exposed Ta$S,
was etched via reactive ion etching using a mixed gas (90% SFg and 10%
0,, 60 sccm) for several seconds. After the PMMA removal with acetone
and rinsing by isopropyl alcohol, TaS, nanoribbons were obtained. Four
Ti/Au electrodes were then deposited onto the nanoribbons. To achieve
that, a second EBL process was used to expose the electrode areas on
the nanoribbons. The exposed areas were Art milled (30-60 s) to remove
any oxidized or contaminated layer on the surface, and then coated with
Ti (10 nm, deposition rate ~0.5 A s=) and Au (70 nm, deposition rate
~1A s71) metals using electron beam evaporation (CHA Solution E-beam
evaporator). A lift-off process was performed in acetone for ~5 min with
gentle shaking, followed by thorough rinsing with IPA. After that, the se-
lected individual TaS, nanoribbon was manually picked up using a sharp
tungsten needle (600 nm tip diameter, Cascade Microtech) in a microma-
nipulator probe station, and transferred onto an empty, suspended-pad
microdevice, aligning the four Ti/Au metal electrodes of the nanoribbon
onto the four Pt electrodes on the suspended pads. A small amount of Pt
was then deposited along the edge of the predeposited Ti/Au electrodes,
to bond them onto the underlying Pt electrodes using a focused ion beam
(FIB) (dual-beam FEI Quanta). Such two-step contact formation ensures
both good ohmic electrical conduction and negligible thermal resistance
of the contacts, while minimizing exposure time to the FIB and the resul-
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tant sample damage. Figure ST, Supporting Information, shows schemati-
cally the fabrication process and images of a nanoribbon device. The thick-
ness of the nanoribbon was confirmed by atomic force microscopy (AFM)
as shown in Figure S1b, Supporting Information. A scanning electron mi-
croscopy (SEM) image of the device is shown in Figure Tc. After Pt de-
position, electrical quality of the electrodes was verified by a linear I-V
relationship (ohmic contact), as shown in Figure S2a, Supporting Infor-
mation. The devices were annealed at 373 K for 1 h in vacuum chamber to
further improve electrical and thermal contacts at the electrodes.

Electrical and Thermal Properties Measurements: The electrical resis-
tance and thermal conductance of nanoribbons were measured using
suspended-pad microdevices. Such suspended nanoribbon configuration
not only maximally relieves substrate-imposed strain and trapped-charge
influence, but also ensures that, unlike typical thin film measurements, the
electrical and heat fluxes flow along the same path during the measure-
ments. Two SiN, pads with Pt electrodes were suspended from the Si sub-
strate by long (=400 pm) and flexural SiN, arms. Pt serpentine electrodes
were patterned on the pads to serve as microheater and thermometer. Four
additional Pt line electrodes were deposited for four-probe electrical resis-
tance measurements of the nanoribbon sample. Applying a DC current
(I'="0-15 pA) to the microheater on one pad, the temperature on it (hot
pad) was raised by AT,. The heat flowed through the nanoribbon to the
other pad (cold pad) and raised its temperature by AT,. The base temper-
ature of the two pads (global temperature) was controlled with an external
heater (Lakeshore 335 temperature controller) and cryogenic compressor
cooler (HC-4A, Sumitomo Cryogenics). All the measurements were per-
formed under high vacuum (<107 Torr) in the vacuum chamber. An AC
current with a small amplitude ~500 nA and frequency ~1.1kHz (199 Hz)
was applied to the Pt serpentine electrodes to probe AT, (AT) on the hot
(cold) pad using lock-in amplifiers on the basis of the temperature coef-
ficient of resistance of Pt electrodes. The temperature coefficient of resis-
tance of the Pt electrodes at individual temperatures over the temperature
range of measurements was calibrated. The thermal conductance of the
nanoribbon (G) is given by G = (Px AT,)/(ATZ — ATZ),[*35] where Pis
the heating power of a microheater, P = 1> x (R, + R,), and Ry, and
R..m are the resistance of Pt electrode on the heating pad and suspended
arm, respectively. Electrical resistance of the nanoribbon was measured by
the four-probe method using a Keithley nanovoltmeter (2182A) and pre-
cision current source (6220). The dimensions of nanoribbons were deter-
mined from both SEM and AFM. Data errors were estimated from errors
in size of the nanoribbon and ATy, and AT, on the pads: ~8% for thermal
conductivity and ~5% for electrical conductivity.#1%36] Thermal contact
resistance of the devices is negligible as shown in Figure S2b, Supporting
Information.

Inelastic X-Ray Scattering Measurements:  Phonon dispersions of single
crystal 1T-TaS, were measured using IXS technique. Specifically, phonon
dispersion branches along the I'-M and I'-K directions were measured us-
ing the HERIX X-ray spectrometer at beamline 30-ID-C at the Advanced
Photon Source using 23.7 keV (4 = 0.5226 A) X-rays with a focused beam
spot size of #30 ym.[37] The 1T-TaS, single crystal sample was a large bulk
flake with a lateral size of 2-3 mm and thickness of 50-100 pm, as shown in
Figure S3, Supporting Information. The thickness was selected to obtain
the maximum scattering signal in transmission IXS measurements. The
flake was adhered onto a copper rod using thermally conductive epoxy,
and the rod was then mounted on an evacuated heating stage for rotation
in a vacuum chamber. During the measurement, the counting time was in
the range of 30-60 s for each energy scan at a constant Q. The measured
energy spectra were fitted using a Gaussian function for the elastic peak
and a damped harmonic oscillator function for the phonon peaks.[383°]
Figure 3b presents the experimental IXS results, where the phonon en-
ergy, E = ho, is plotted versus the magnitude of the wavevector (q) along
the I'-M and T-K directions in the reciprocal space. Scattering geometry
was used to determine the specific polarization of the atomic vibration for
these phonon branches. The scattering vector, Q, is defined by the sum-
mation of a Bragg peak position and a small vector as Q = G + q, where
G is the reciprocal lattice vector, and q is a wavevector in the 1st Brillouin
zone. Therefore, the phonon branches were measured from combinations
of Q and q with different Bragg peak positions, and the longitudinal and TA

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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polarizations of phonons were measured separately.[“*11 As an example
for the phonon branch along T'-K direction, the LA phonon dispersion was
measured at reciprocal-lattice points Q 4 = (14 &, 1+ &, 0) with £ =0.05—
0.3, and the TA phonon dispersion was measured at Qra = (&, &, 4). Qi
and Qrp are the total scattering vectors, and g = (¢, &, 0) is the measured
phonon wavevectors. In the schematic reciprocal space with & = 0.15 as
shown in Figure S4a (in Supporting Information), the phonon wavevector
of g = (0.15, 0.15, 0) is parallel to Q, 5 and approximately perpendicular
to Qra, Which reveals the longitudinal and transverse atomic vibrations
with respect to the phonon propagation direction, respectively. Figure S4b,
Supporting Information, shows a plot of the experimental energy scan at
Qs = (0.15, 0.15, 4) of the TA branch. The phonon linewidths were ex-
tracted from this line shape function convoluted with experimental reso-
lution function. Figure S5, Supporting Information, illustrates the phonon
linewidth for dispersive and less dispersive phonon modes in the NCCDW
phase of 1T-TaS, at 300 K, where the less dispersive phonon modes show
more phonon linewidth broadening than the dispersive modes at compa-
rable energies.

Simulation Methods: First-principles calculations were performed in
the framework of DFT as implemented in the Quantum Espresso (QE)
packagel2#3] with a plane-wave cutoff of 55 Ry. The DFT calculations were
carried out using norm-conserving pseudopotentialsl*l to describe the
electron-ion interaction in the local density approximation of the exchange-
correlation interaction. The van der Waals correction was considered with
the method of dispersion correction of DFT (DFT-D3).[43] The fully relaxed
lattice constants of a = 3.350 A and ¢ = 5.954 A (experimental values:[“6] g
=3.367 A, c=5.902 A) were obtained. The 3D Fermi surface structure was
simulated with the WANNIER90 codel#’] and visualized with the XCryS-
Den package.l*8] An electronic smearing of 0.05 Ry was applied in the cal-
culation to stabilize the system and prevent it from undergoing the CDW
transition.[4%% The phonon-electron scattering rates were calculated us-
ing the EPW (e-ph coupling using Wannier functions) codel>'>3] within
the QE packagel*?43] following the procedure described by Li et al.l¥] The
phonon dispersions and e-ph matrix elements were calculated within den-
sity functional perturbation theory as implemented in QE on a coarse 9 X
9 x 5 q grids and electron band structure on a 18 x 18 x 10 k grid. The
coarse grid quantities were interpolated to fine k and q grids of 45 x 45
x 21 within the EPW package. The phonon-phonon scattering rates were
calculated using the D3Q package within the QE.[34-36]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Anomalously Suppressed Thermal Conduction by Electron-Phonon Coupling in
Charge-Density-Wave Tantalum Disulfide

Huili Liu, Chao Yang, Bin Wei, Lei Jin, Ahmet Alatas, Ayman Said, Sefaattin Tongay, Fan
Yang, Ali Javey, Jiawang Hong,* and Jungiao Wu*

1. Crystal structure and lattice parameters of normal phase 1T-TaS>

Figure S7 shows the crystal structure of the normal phase of the octahedral (1T)
polytype of TaS,. Table S1 compares the lattice parameters from experimental data in
literatures, as well as fully relaxed data in the simulation in this work. The lattice parameters

theoretically calculated in this work are consistent with the experimental data in literature.
2. Lattice thermal conductivity of 1T-TaS,: numerical fitting and discussion

In order to fit to the temperature dependence of lattice thermal conductivity (x.(T)),
we use the Born-von Karman dispersion to approximate the acoustic phonon dispersion:24l @
= o Sin(nq/2qo), where an and o depend on the mass, stiffness and lattice parameters of the
crystal. Here ao = 2vqo/m, where go = (61120)' is the Debye cutoff wavevector, v is the
acoustic phonon velocity in the long-wave limit, and & is the number density of primitive unit

cell.

We first fit to x. in the CCDW phase (T < ~ 150 K) using the Matthiessen’s rule to
combine different scattering mechanisms in the nanoribbons. The total phonon scattering rate
is written as 1/7= 1/m + 1/ + 1/ 7y, where the three terms are for boundary (z), impurity (=)
and ph-ph scattering (zu, Umklapp process), respectively. The frequency dependence of
impurity scattering rate is expressed by the Rayleigh scattering model as 1/ = Aw*, where A

is a parameter related to defects concentration.®®! The general form of phonon-phonon
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scattering rate is 1/7u = By @ T exp(-B2/T), where B; and B, are parameters related to bonding
properties of the material.[®! The boundary scattering rate is expressed by 1/7s = v/Dest, Where
Detr is the effective sample size which is related to the particular shape and cross section area
of the nanoribbons.t”! The surface are treated as diffusive. The fitting results are shown in
Figure S8. The fitting yields B; = 2.9x108 s K and B, = 76 K. The fitting yields a defects
concentration that depends on the nanoribbon thickness, probably due to different extents of
FIB damage and oxidization for nanoribbons with different thicknesses. The parameter A is
1.1x10* s3, 1.7x10#! 3, 3.0x10*** s® for 263 nm, 170 nm, 95 nm - thick nanoribbons,
respectively. For comparison, in Figure S8 we also show the calculated xof the CCDW
phase of bulk TaS; by setting Dest = 1 mm. Afterwards, an additional e-ph scattering term
(1/z-pn) 1s incorporated into the Matthiessen’s rule, to fit to the flat x. in the NCCDW phase
(~150 K < T <~350 K). During this procedure, the same set of boundary, impurity scattering
and Umklapp parameters are used for the given nanoribbon, as the sample is expected to
retain the same geometry, purity and largely the same phonon-phonon scattering between the
CCDW and NCCDW phases. Hence the total scattering rate is given by 1/zot = 1/ + /0 +
1/7u + 1/ zeph. The additional term is 1/ ze-ph = C1/T¥%exp(-?Co/T)w/v, where C1, C; are
parameters related to the mass density, deformation potential, and carrier concentration at the
Fermi level.[®l The parameters for the e-ph scattering were obtained from the fitting as Cy
=2.9x10* m st K37, 3.9x10* m s K%2, 2.8x10* m s K®? for 263 nm, 170 nm, 95 nm - thick
nanoribbons, respectively. Therefore, the CCDW phase serves as a good reference to calibrate
the ph-ph and e-ph scattering parameters in the NCCDW phase. All of these fitting parameters
are tabulated in Table S2. The fitted curves are shown in Figure S8, which appropriately

explain the nearly T-independent x.

As discussed in the main text, x_ is dominantly limited by strong e-ph scattering in the

NCCDW phase, whereas ph-ph scattering is relatively weak. To highlight the unusually weak
2
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ph-ph scattering in 1T-TaS,, we compare it with 1T-HfS, which has very similar atomic
masses and lattice structure. Unlike TaSz, however, in HfS; the a-o bandgap diminishes, and
its acoustic phonon dispersions are much less bunched,™ providing large phase space for both
the aao and aaa processes. This leads to strong ph-ph scattering and lower i in bulk 1T-
HfS,. There is no experimental data reported on x. of 1T-HfS,. Figure S9 shows the
comparison of x of 263nm thick TaS; nanoribbon (this work, experimental), bulk TaS»
(experimental),* bulk TaS; (simulated, Det = 1 mm), bulk HfS; (calculated),!** and
monolayer HfS; (calculated).[*? Bulk TaS; in the CCDW phase (T < ~ 150 K) and monolayer
HfS> both show the typical x. ~1/T behavior as expected from dominant ph-ph scattering.
However, the fact that the extrapolated x1 value (black dashed line) of bulk TaS: is higher
than that of bulk HfS; (red point) at 300 K is an indication of weaker ph-ph scattering in TaS,
considering the higher sound velocity and nearly equal specific heat in HfS; (Table S3).
Considering that experimental thermal conductivity is typically lower than theoretical value
due to impurity and boundary scattering, the real difference in x_ between TaS; and HfS;
might be even larger. The comparison of parameters between 1T-TaS; and 1T-HfS; is

tabulated in Table S3.

It is intriguing to look at the lattice thermal resistivity (1/x.) of 1T-TaS», as shown in Figure
S10. The jump in 1/x_ between the CCDW and NCCDW phase are nearly constant (~ 0.17 m
K W) for these nanoribbons. They are independent of the nanoribbon thickness. If the
thermal resistivity is approximately written as 1/x.= 1/xs + 1/x1 + 1/xu + 1/xepn, Where each
term represents the thermal resistivity arising from boundary, impurity, ph-ph, and e-ph
scattering, the jump in 1/x_between the CCDW and NCCDW phases could be mainly

attributed to the e-ph scattering emerging in NCCDW phase.

3. Phonon dispersion and phonon linewidth in the ICCDW phase
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We also collected data of the phonon dispersion and phonon linewidth in the ICCDW
phase at 450 K, as shown in Figure S11 and Supplementary Figure S12, respectively. The
phonon dispersion shows very similar acoustic phonons compared to the NCCDW phase. The
energy of these phonons is consistent with theoretical prediction based on the normal phase

(solid line).

4. Comparison of experimental acoustic phonon branches between inelastic X-ray

scattering (1XS) and neutron scattering measurements

We compared the acoustic phonon dispersions measured in this work with neutron
scattering measurements.[*®! Because of lack of data of full phonon branches in the literature,
we show in Figure S13 the acoustic phonon branches along the I'-M direction. It is clear that
the acoustic phonon dispersions in this work are consistent with that in the literature. Both
measurements show a dip in the longitudinal acoustic (LA) phonon branch along the I'-M
direction, near the wavevector of approximately 0.6 qr-m, indicating phonons mode softening

as the Kohn anomaly.
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Figure S1. 1T-TaS; nanoribbons device fabrication. a) Schematic representation of the TaS»
nanoribbon fabrication process. Optical images of the flake (b), nanoribbons (c, d), and device
(e). Inset in (b) shows the thickness of the flake measured along the red line by an AFM. f) A
SEM image of the nanoribbon that was FIB-bonded onto the underlying Pt electrode. Scale

bar: 50 um (b), 5 um (c, d), 20 um (e), 1 um (f).
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Figure S2. a) Linear 1-V relationship of the nanoribbons based on a two-probe measurement,
indicating an electrical ohmic contact between the nanoribbon and the electrodes. b) Plot of
total thermal resistance (1/G) multiplied by cross-sectional area (A) as a function of the
nanoribbon length (measured at 300K), indicating that the thermal contact resistance between
the nanoribbon and pads is negligible. Error bars include errors ~8% for A/G and ~5% for the
nanoribbon length from thermal conductance and dimension measurements of nanoribbons,

respectively.
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Figure S3. Optical image of a 1T-TaS; single crystal flake mounted on the copper rod. The
single crystal flake has a lateral size of 2 ~ 3 mm and a thickness of 50 ~ 100 um for the
inelastic X-ray scattering measurements. Scale bar: 5 mm (a), (b).
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Figure S4. IXS measurements for individual phonon branch. A schematic representation of
IXS measurements for individual phonon branches. a) Total scattering vectors, QLa and Qra,
for separate measurements of longitudinal and transverse phonons with wavevector q = (&, &,
0) along the I'-K symmetry direction. b) Plot of the experimental energy scan at Q = (0.15,
0.15, 4) in the transverse acoustic branch at 300 K. The line-shape is well fitted by the

damped harmonic oscillator model for the inelastic peak and a Gaussian function for the
elastic peak.



WILEY-VCH

o)

m 300K

()]
T

N
I

N
T

Phonon Linewidth (meV)
- w

o
O
.

10 15 20
Phonon Energy (meV)

o
(6)]

Figure S5. Phonon linewidth versus phonon energy at 300 K. Phonon linewidth for dispersive
(yellow ellipse) and less-dispersive (blue ellipse) phonon modes in NCCDW phase. The
linewidth was extracted from the Inelastic X-Ray Scattering measurements. For the less-
dispersive phonon modes in the range of 5~10 meV, the phonon linewidths are unusually
broadened from those of the dispersive modes. In the NCCDW phase of 1T-TaS, the lattice
vibration is strongly damped at these less-dispersive phonon modes, which is attributed to the
strong e-ph interaction mediated by the Fermi surface nesting.

Figure S6. Calculated Fermi surface (3D) of 1T-TaS; in the normal phase. This shows, in

three-dimensional view, that the Fermi surface is nested with the two electron wavevectors qz,
and g2 along the I'-M and I'"-K directions, respectively.
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Figure S8. Lattice thermal conductivity (1) obtained by subtracting electron contribution
(xe) from measured x assuming the Wiedemann-Franz law (ke =LooT). Lines are fitting using
total scattering rate of 1/7=1/m+ 1/n1+ 1/ 7 for the CCDW phase and 1/7=1/m+ 1/a+ 1wy
+ 1/ 7e-pn for the NCCDW phase. As a comparison, we also plotted x_simulated for bulk TaS:
(using Dett = 1 mm), following the simulation model and parameters used for the CCDW
phase.
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Figure S9. Comparison of lattice thermal conductivity of 1T-TaS, and 1T-HfS,. Black dashed
line indicates the typical 1/T-dependence of x in the CCDW phase of bulk TaS; limited by

phonon-phonon scattering.
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Figure S10. Temperature dependence of the lattice thermal resistivity (1/x.). Nearly the same
amount of reduction in 1/x. going from the CCDW to the NCCDW phase was observed for
nanoribbons with different thicknesses. The total scattering rate is 1/zot= 1/ + 1/ ze-ph, Where
1/mw=1/m+ 1/n + 1/wy. The total lattice thermal resistivity is approximately expressed by
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1/x = 1/xo + 1/xe-ph, hence the amount of jump in 1/« in this figure is attributed mostly to e-
ph coupling, which is ~ 0.17 m-K W as indicated by black arrows.
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Figure S11. Acoustic phonon dispersion of the ICCDW phase measured at 450K by inelastic
X-ray scattering (IXS), overlaid onto the calculated dispersion. The measured phonon
linewidth is represented by the error bars.
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Figure S12. Phonon linewidth versus phonon energy for the ICCDW phase of 1T-TaS; at
450K.
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Figure S13. Comparison of phonon dispersions obtained from inelastic X-ray scattering
(IXS) and from neutron scattering measurements. Solid points are from IXS measurements,
and open points are extracted from the literature (ref. [16]) of neutron scattering
measurements.

Table S1. Experimental and calculated lattice parameters of 1T-TaS..

Experimetall!! Experimental?l  Calculated (this work)
Space group P3m1 (164)
Z 1
a(A) 3.350 3.367 3.350
b (A) 3.350 3.367 3.350
¢ (A) 5.860 5.902 5.954
a 90°
B 90°
Y 120°
Volume (A3 56.953 57.955 57.867
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Table S2. Parameters obtained from x.(T) fitting in the CCDW and NCCDW phases of 1T-
TaSo.

Nanoribbons Device 1 Device 2 Device 3

a=b=3.350A, c=50954A
Lattice parameters
a=4=90° y=120°

Debye temperature

172 143
6 (K)
Thickness (nm) 95 170 263
Width (um) 1.20 1.14 1.34
Dett (Nnm) 268 401 569
B1 (s K?) 2.9x10718
CCDW
B2 (K) 76
A (s% 3.0x104! 1.7x10°4 1.1x104
Dett (Nnm) 268 401 569
B1 (s K?) 2.9x101%8
B2 (K) 76
NCCDW
A (s% 3.0x104! 1.7x10°4 1.1x104
Ci(m st K¥?) 2.8x10% 3.9x10* 2.9x10*
Cz (s*K m?) 4.2x10°

Table S3. Comparison of physical parameters and properties between 1T-TaS; and 1T-HfS.

1T-TaS: 1T-HfS;

Space group P3m1 (164) P3m1 (164)

a=b=3350A,c=594A a=b=3623A,c=5841A
Lattice parameters
a=p=90° y=120° a=B=90° y=120°014

Atomic masses Ta/S = 181/32 Hf/S =178/32
12
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Debye temperature éb (K) 172 1431 289.5 14
hwoPie! (meV) 26.5 16.9 @
RwZEoustic (meV) 11.6 17.7 1l

a-0 gap ratio,
~13 ~0
(hw:;g:lical _ hw%c;;stiC)/hw%c;;stic
Specific heat capacity
23.6 23.7
(3 molt K, 300K)
Speed of sound (m s%) 2235 3935

KL

(bulk, 300 K, W m* K%

~ 4.7 1191 (experimental)

3.4 [ (theoretical)

Band gap (eV)

metallic (300 K) %

1.6 01
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