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ErTes is a model system used to explore thermal transport in a layered charge density wave
(CDW) material. We present thermal diffusivity, resistivity, and specific heat data: There is a
sharp decrease in thermal conductivity parallel and perpendicular to the primary CDW at the
CDW transition temperature. Yet, the resistivity changes more gradually. Using the Wiedemann
Franz law, well above and below T a consistent description of the thermal transport applies with
essentially independent electron and phonon contributions. In the critical regime no such description
is possible; the observed behavior corresponds to a strongly coupled electron-phonon critical ‘soup.’

Unlike the standard paradigm [I 2], in more than
one spatial dimension, due to imperfect nesting, charge
density wave (CDW) order (unlike superconducting or-
der) only emerges for interactions greater than a crit-
ical strength. Generically, the “mechanism” involves
strong electron-electron and electron-phonon interac-
tions. Strong-coupling is particularly reflected in large
ratios of the induced gap to T,.. For the material in this
study, ErTes, the gap associated with the primary CDW
transition at Tepwi ~ 265 K is A; ~ 175 meV, im-
plying 2A1/kpTepwi ~ 15 [3L [4]. Since weakly inter-
acting quasiparticles and well defined phonons give good
account of the physics at T > Tepwi and at low temper-
atures deep in the ordered phase, it is conventional (fol-
lowing classical critical phenomena in metals) to adopt
a phenomenological approach where low energy quasi-
particles and the bulk of phonons are weakly coupled to
“critical modes” associated directly with the CDW tran-
sition. Our results challenge this standard perspective.

Electrical and thermal transport measurements pro-
vide important information about electronic structure
and scattering processes in complex quantum materi-
als. When transport is dominated by weakly interact-
ing (emergent) elementary excitations, thermal conduc-
tivity can be expressed as the sum of electronic and
phononic contributions, k /& k¢; + K£pp. Furthermore, for
quasi-elastic scattering processes k.; is related to elec-
trical conductivity by the Wiedemann-Franz (WF) law,
ie. ke/o = LoT, where Ly = m2k%/3e* ~ 2.44 x
107 8WQK ™2 is a universal constant. Observing this ra-
tio indicates “standard” transport in a given electronic
system, while significant violations of the WF law may
indicate a breakdown of the quasiparticle description.

In this letter we examine electrical and thermal trans-
port in the layered material ErTes, which exhibits CDW
transitions at Topw1 ~ 265 K and Tepws ~ 160 K.
Here Tepwi marks the onset of a “primary” CDW order

with c-direction ordering vector qcpwi. Below Tepwe
a “secondary” orthogonal a-direction CDW component
gcpwe appears (a and ¢ are in-plane lattice parameters).
Despite the nearly tetragonal crystal lattice (a ~ ¢ with
b perpendicular), the phase at Tepwi1 > T > Tepwe
has unidirectional CDW order, while the low tempera-
ture CDW is bidirectional with inequivalent amplitudes
in the directions. ErTes is an ideal “model system” be-
cause it is stoichiometric and can be synthesized with a
high degree of crystalline perfection and little disorder
(very low residual resistivity - p(T) < 1 pfd-cm at low T
and resolution limited Bragg peaks associated with the
CDW order). It boasts broad metallic bands with plasma
frequency between 2.5 ¢V [3] and 5.8 ¢V [5] in the CDW
state. Moreover, disorder can be explored systematically
by Pd intercalation [6HS].

Our primary result is that thermal transport in a criti-
cal regime below T pw1 appears inconsistent with quasi-
particle transport. Assuming k. that satisfies the WF
law, separate from kpp, one is forced to infer an un-
physically large depression in lattice thermal transport.
This demonstrative evidence for breakdown of the WF
law and quasiparticle concept is strongly asymmetric, ex-
tending farther below Topw1 than above it. In addition,
we also observe: i) Similar to other strongly interact-
ing CDW systems, large anomalies are observed in the
temperature derivative of the resistivity and reflectivity
(Fig. [2(b)), which, assuming that Fisher-Langer theory
[9) applies, stands in sharp contrast to the small heat
capacity anomaly[I0]. ) The behavior of various lin-
ear response tensors near criticality (Figs. and P2f(a))
depends strongly on direction. As T decreases, the a-
direction resistivity, p%, has a pronounced critical singu-
larity at Tcpw1 followed by a broad maximum and sub-
sequent low temperatures drop, as previously discussed
[I1]. Conversely, the critical anomaly in p¢ at Tepw:
is much weaker, and neither component shows any clear



non-analyticity at Topws. In contrast, the thermal diffu-
sivity has a large sharp decrease at Topyw 1 along both the
a- and ¢ directions, followed by a faster recovery along
the c-direction. Also evident from Fig. a), the thermal
diffusivity more closely resembles the temperature deriva-
tive of the resistivity. 4i¢) Thermal diffusivity in both di-
rections increases markedly below T pyw 2, which through
suppression of this effect by weak Pd-intercalation are ar-
gued to be electronic in origin (Fig. |3).

ErTes samples were grown using a Te self-flux tech-
nique, ensuring melt purity, and producing large crys-
tals with a high degree of structural order [12]. Being
air sensitive, ErTe; must be stored in an oxygen and
moisture-free environment. Crystal orientation was de-
termined with XRD. Thermal diffusivity and differential
reflectivity (dR/dT) were measured using a photother-
mal microscope [I3]. Details of specific heat, resistiv-
ity, and thermal diffusivity measurements are described
in the Supplementary Material (SM): [14]. Figure
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FIG. 1. (a) Specific heat of two ErTes crystals. Solid line is a

Debye model fit (0p = 160 K). CDW transitions at Tcpwi1 =~
265 K and Tepw2 ~ 160 K produce no prominent critical
signatures. (b) Resistivity of similar crystals (blue: a axis,
red: ¢ axis) and of 0.3% Pd-intercalated crystal (green: a axis,
orange: c axis). Note the decrease in the CDW transitions
and increased residual resistivity for the intercalated sample.

shows specific heat of two ErTes crystals over a wide
temperature range. The data closely follow the Debye
approximation with 6p =~ 160 K, including above and
below both CDW transitions saturating at the high tem-
perature Dulong-Petit value. Previous measurements of
the specific heat anomaly at Tepwi1 [10] find Ac, =
0.0144 J/em?-K, below the resolution of the present mea-

surements, and surprisingly of “normal magnitude” given
the large value of 2A;/kpTcpw:1 ~ 15 inferred from
ARPES measurements[4]. By contrast, both CDW tran-
sitions produce large anomalies in the thermal diffusivity
data on a same-batch crystal as shown in Fig. (a). Par-
ticularly, at T pw1 diffusivity along both axes drops over
a third from ~ 0.21 cm?/s to ~ 0.14 cm?/s.
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FIG. 2. (a) ErTes thermal diffusivity measured using pho-
tothermal microscope showing CDW transitions at Tcpw1 &
265 K and Tepwa ~ 160 K. Scatter of data primarily as-
sociated with one-pixel control of measurement position and
relative distance between heating and probing laser spots. Se-
lected data near 100 K and 300 K show representative 5%
systematic uncertainty, see SM [14]. Solid lines are guides to
the eye. (b) Amplitude of temperature derivative of reflectiv-
ity - dR/dT normalized by this amplitude at Tp = 280 K (full
circles, right axis) vs. temperature. Temperature derivative
of the resistivity, dp/dT, extracted from Fig. (left axis)
is shown for comparison. Blue: a axis, red: c axis. Selected
data near 130 K and 300 K show representative 5% systematic
uncertainty.

Figure shows resistivity data on same-batch crys-
tals (see SM: [I4] for determination of geometrical fac-
tors [15]). The trend in the data is similar to previously
measured RTes crystals [16], particularly ErTes [6l [15],
featuring a strong anomaly along the a-axis (perpen-
dicular to the primary CDW direction) at Topwi and
only a weak wiggle along the c-axis near Topwso. In
contrast, thermal diffusivity along both axes sharply de-
creases at Topw1 and gradually increases below Tepwe
(Fig.[2(a)). However, these thermal diffusivity anomalies
resemble more the features of the derivative of the resis-
tivity dp/dT as seen in Fig. b). Similarly, the magni-



tude (see SM: [I4]) of the temperature derivative of the
reflectivity dR/dT at hv ~ 1.5 eV (820 nm wavelength)
shows a large sharp decrease at Topwi, although here
no anomaly is visible at Tepwo.

Figure |3| demonstrates the effect of purposefully intro-
duced weak disorder on the temperature dependence of
thermal diffusivity. Focusing on the a-axis (no noticeable
effects appear in the c-direction for this weak disorder
[7), we compare the diffusivity of Pdg gosErTes to pure
ErTes (Fig. R(a)). While Tcpw is suppressed to 250 K,
the sharp drop in diffusivity is not affected. However,
below Tepwe (here ~ 130 K) there is a striking interca-
lation induced difference; the pronounced upturn of the
diffusivity in the pure material vanishes.
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FIG. 3. Thermal diffusivity along a-axis of ErTes (blue) and
Pdo.o03ErTes (green). Selected data near 100 K and 300 K
show representative 5% systematic uncertainty, see SM: [14].
Solid lines to guide the eye.

ErTes resistivity was measured before [15 [I6] and the
temperature dependence understood in terms of the ma-
terial band structure [11]. Specifically, when the primary
CDW forms along the c-axis, the resistivity start increas-
ing along the perpendicular a-direction. Likewise, when
the secondary CDW forms along the a-axis, there is a
larger change in dp/dT along the c-direction.

In a photothermal measurement we extract thermal
transport information by analyzing the phase delay in
change of reflectivity from a probed point on the sample
surface due to a propagating heat wave originating from
a point-like source modulated at frequency w. The re-
flected light amplitude R(v), (where v = ¢/ is the prob-
ing light frequency with wavelength A) detected at the
probing point is proportional to dR/dT. While within
the heating spot temperature may rise a few degrees,
taking the system out of equilibrium, this small amount
of heat quickly dissipates out, not affecting the global
temperature, while far from the heating spot guarantees
very small 6T and thus linear response (see [I7), [I§] and
SM: [I4]). Optical reflectivity was previously measured
on ErTes [3L 5] over the entire frequency range, exceeding
the room-temperature plasma frequency, which depend-
ing on the global fit, is estimated between 20,000 cm™!
(500 nm) [3] to 47,000 cm =t (213 nm) [5]. At our 820 nm

probing wavelength, a Drude scattering rate (1/7) ~ 20
times smaller with a full Drude-Lorentz expression are
needed to fit the experimental data in the whole fre-
quency range [3 [5]. Since the range of interband tran-
sition described by a set of Lorentz harmonic oscillators
is temperature independent, it is reasonable to assume
much of the temperature-dependent component of the
reduction in reflectivity comes from the temperature de-
pendence of the relaxation time, which is strongly af-
fected by scattering from CDW fluctuations [3]. We then
assume R(v) = Ro(v) + AR(v7) (e.g., by extending the
Hagen-Rubens relation to near-IR corresponding to our
probing light, R(v) ~ 1 — 2,/vp, with p the Drude resis-
tivity); thus dR/dT o d7/dT.

In a seminal work, Fisher and Langer [9] showed that
the leading (perturbative) effect of scattering of conduc-
tion electrons by classical (i.e. approximately static) crit-
ical modes leads to dp/dT x ccpw, where copw is the
specific heat associated with critical fluctuations near a
finite T' phase transition. Examining the temperature
derivative of the resistivity, particularly the a-direction,
indeed reveals what appears to be a broadened disconti-
nuity at Topw1, similar to the behavior of the reflectiv-
ity. This mean-field-like form agrees with the shape of the
anomaly observed in direct measurements of specific heat
[10, 19], although the relative strength of the anomaly is
much weaker in those measurements (essentially invisi-
ble in Fig. 1a). Despite similar behaviors at Topw1, at
lower temperatures dp/dT and dR/dT exhibit substan-
tially different thermal evolutions. The former, but not
the latter recovers rapidly to values comparable to the
CDW transition[20]. Furthermore, near Tecpwa, dp/dT
shows a relatively weak but still clear critical anomaly,
while the effect of the second CDW transition is difficult
to discern in dR/dT.

More insight between electrical and thermal transport
is obtained using their respective Einstein relations:

0= XelDel; K= CpDQ (1)
with xe; the electronic compressibility, ¢, the total spe-
cific heat, D.; and Dg the electronic and heat diffusiv-
ities respectively. While x; is a response function of
only the electron system, the specific heat of the mate-
rial, particularly at high temperatures, may be lattice
dominated. A simple kinetic approach where electrons
and phonons transport heat in parallel channels implies
K = Kel + Kph, = CetDer + cpn Dpn, where ¢ and ¢y, are
the electronic and lattice specific heats and D.; and D,
are the respective diffusivities.

The total thermal conductivity along the a and c axes
can be calculated following Eqn. [I] and using the mea-
sured specific heat and thermal diffusivity as is shown in
Fig. 4] together with a best-fit guide to the eye curve.
Assuming that WF law holds, we calculate the elec-
tronic thermal conductivity from the resistivity ke =
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FIG. 4. Total thermal conductivity, ~ (solid line through the
data is guide to eye), electronic component xe; computed from
p assuming WF law (solid), and Ak = k — Kei, (dashed) as
a function of T. Selected data near 100 K and 300 K show
representative 5% systematic uncertainty, see SM: [14]. Gray
bar indicates critical region where the WF law breaks down.

LoT/p(T), also shown in Fig. This allows us to de-
fine a “non-electronic” contribution Ax = kK — k. While
it is conventional to identify Ax with an independent
phonon contribution, Ak <+ kpp, it is apparent (discussed
below) this is not plausible over much of the tempera-
ture range and especially in a region immediately below
Tepwi (gray bar in Fig. [4]).

We first consider room temperature thermal con-
ductivity, above the CDW transitions. @ The value
of the total thermal conductivity is very high com-
pared to other chalcogenide-based CDW materials: xk =
0.06 W/cm-K for TaSes [21], 0.07 W/cm-K for NbSes
[22], 0.05 W/cm-K for (TaSes)2I [23], 0.1 W/cm-K
for 2H-TaSes [24], 0.035 W/cm-K for HfTes; [25], or
0.08 W/cm-K at 370K for 1T-TaSs [24]. By contrast,
ErTes exhibits ~ 0.33 W/cm-K at room temperature,
more than 3 and up to 10 times larger thermal conductiv-
ity than those compounds. However, using WF law and
our measured resistivity to evaluate the electronic ther-
mal conductivity, we obtain a value of Ax comparable
in magnitude to these materials. Considering the much
larger resistivities of these other materials, WF analysis
yields a relative ke;/x of around 20% to 25% for most
compounds, reaching 45% for NbSes nanowires [22]. In
all cases k is very weakly T dependent in this range of
temperature. One naturally identifies Ax ~ kp, as an
essentially independent phonon contribution to the ther-
mal conductivity - as commonly done.

WF law is expected to work at temperatures compa-
rable and above the Debye temperature (0p), relying
on quasi-elastic electron-phonon scattering applicable for
modes whose characteristic frequencies, w < kgT'/h, and
all nearly critical modes due to critical slowing down.
Thus, analysis of the CDW transition region, particu-
larly the anomaly at Topw1, which is ~ 100 K above 0p,
implies a catastrophic breakdown of the WF approach.

While based on WF law, one would expect the critical
anomaly in the total thermal conductivity to be weak
similar to the resistivity, it is in fact pronounced and re-
sembles the behavior of dp/dT. (Note the relatively weak
specific heat anomaly at Tcpw1, primarily because the
high transition temperature where the specific heat is al-
ready in the Dulong-Petit regime). More dramatically,
if we use the WF law to subtract an electronic contribu-
tion to k in the critical regime, we would be forced to
conclude that the lattice contribution Ax mysteriously
vanishes, at least within ~ 30 degrees below Topwi -
indicated by the gray bar in Fig.[dl This sharp decrease
in Ak in ErTes and the strong violation of the WF law
is quite different from other 1D CDW materials includ-
ing LusIrySiyo [26], LaAgSbs [27], and CuTe [28], where
the WF is followed through Topw irrespective whether
the electrical resistivity changes gradually or sharply. We
know of no plausible physical mechanism that could pro-
duce such an effect. However, if inelastic scattering of
the electrons from the critical modes plays a role in the
breakdown of the WF law, this would be highly anoma-
lous and suggests an unexpectedly intimate connection
between the electronic and lattice degrees of freedom.

Below ~ 240 K, Ak reaches ~ 0.05 W/cm-K, com-
mon to this type of materials, and thus again can be
loosely interpreted as parallel lattice contribution. Using
simple kinetic theory, our measured specific heat, and
typical longitudinal sound velocity of ~ 2.8 x 10°cm/s
[10, 9], we obtain a mean free path of ~ 35 A at
T = Tepwo, reduced from ~ 80 A above Tepwi- While
below the primary CDW transition the phonon mean
free path might be expected to increase reflecting re-
duced phonon-electron scattering, CDW fluctuations in
the transition region, and CDW formation below that
temperature could be additional sources of phonon scat-
tering. (By contrast, in other chalcogenide-based CDW
materials k is nearly constant with a slight tendency to
increase with decreasing T over the same temperature
range.) Over the same temperature range, the total and
electronic thermal conductivities reach an anisotropic
value of k°/k® = k¢ /k? ~ 1.3, reflecting the effect of
the primary CDW transition at Tepwi. Interestingly,
this anisotropy is only weakly reduced below the sec-
ondary CDW transition at Topwe, where the primary
effect is an increase in all components of thermal trans-
port. While the increase in the putative lattice part be-
low Tepwe could be from further gapping of electronic
states that decrease the phonon-electron scattering rate,
the electronic increase in thermal conductivity simply re-
flects the increase of the mean free path of the remain-
ing itinerant electrons. We check this hypothesis by in-
troducing additional electron disorder scattering with a
small concentration of intercalated Pd atoms (< 1%),
which does not markedly change the carrier density [6].
See SM for similar response in Ax when there is ~ 0.3%
Pd intercalation [14].



Figure [3] shows the effect of ~ 0.3% Pd intercalation
on the thermal diffusivity. Notice the decrease in the pri-
mary CDW transition that follows the phase diagram in
[6]. Focusing on a-axis transport, where disorder shows
a strong effect on the electronic structure [7], thermal
diffusivity in Fig. |3| did not change much below Tcpwi,
but the characteristic increase below Topywo is missing,
consistent with the increased scattering observed in re-
sistivity (Fig. . While this points to an electronic
effect, incomplete gapping of electronic states may also
affect phonon-electron scattering [7], [§].

Often, transport properties of metals are successfully
understood based on the response of weakly interacting
elementary excitations — fermionic-quasiparticles and
bosonic phonons. In past decades, various transport
regimes in certain “highly correlated” materials have
been identified, where the validity of this approach has
been questioned. However, it remains highly controver-
sial to what extent conventional quasiparticle ideas can
be extended without fundamental changes in approach
to strongly interacting regimes where the quasiparticle
identity is “marginally” maintained, or if entirely new
paradigms (e.g. some form of “non-Fermi liquid” or novel
fractionalized quasiparticles) are needed.

One approach to attack this problem has been to in-
vestigate the breakdown of quasiparticle picture near a
quantum critical point. However, even at classical (fi-
nite T') critical points, the existence of non-trivial criti-
cal exponents describing behavior in the critical regime
provides clear evidence that critical modes themselves
cannot have a quasiparticle description. None-the-less,
often, where e.g. Fisher-Langer theory gives good ac-
count of transport anomalies, a treatment involving well-
defined conduction electrons (and, presumably, phonons)
weakly scattered by critical modes, implies that the con-
ventional mechanism of transport theory applies even in
the critical regime.

The dramatic failure of this approach to adequately de-
scribe thermal transport in ErTes, most dramatically in
the ~ 30 K range below Topw1, may potentially indicate
a simpler context to study the quasiparticle paradigm
breakdown. The discrepancies in the critical dependences
of thermal conductivity and resistivity in this regime im-
ply a complete breakdown of the WF law, the existence of
independent electronic quasiparticles and phonon modes,
or both. Indeed, the observed behavior may more ad-
equately be described as a strongly coupled electron-
phonon critical ‘soup.’

CDW formation is a common phenomenon in quasi-
low-dimensional materials, arising from a variety of
mechanisms. Although thermal transport measurements
have not been widely performed for such materials, they
exist for many well-known canonical examples, and in
no cases has such dramatic violation of the WF law been
deduced. This raises associated questions as why the
effect should be so pronounced in this particular material

system given the ubiquity of CDW compounds (for a
recent survey of CDW systems see e.g. [29]). A wider
survey of related materials might reveal that this effect
is not unique to the rare earth tritellurides, yet for now
ErTes occupies a unique position among known CDW
compounds and presents an entirely new opportunity to
explore unconventional transport properties of strongly
interacting metals.
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