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Glasslike cross-plane thermal conductivity of the kagome metals RbV;Sbs and CsV;Sbs

Yu Pang ®,? Jinjin Liu,** Xuanhui Fan,> Haobo Yang,' Jie Zhu®,>" Zhiwei Wang,>*%" Yugui Yao®,>*°

Xin Qian®,"* and Ronggui Yang

1,2,§

1School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan 430074, China
2State Key Laboratory of Coal Combustion, Huazhong University of Science and Technology, Wuhan 430074, China
3Centre for Quantum Physics, Key Laboratory of Advanced Optoelectronic Quantum Architecture and Measurement (MOE),
School of Physics, Beijing Institute of Technology, Beijing 100081, China
4Beijing Key Lab of Nanophotonics and Ultrafine Optoelectronic Systems, Beijing Institute of Technology, Beijing 100081, China
3School of Energy and Power Engineering, Dalian University of Technology, Dalian 116024, China
SMaterial Science Center, Yangtze Delta Region Academy of Beijing Institute of Technology, Jiaxing 314011, China

® (Received 28 April 2023; revised 15 October 2023; accepted 19 October 2023; published 8 November 2023;
corrected 25 September 2024)

In this paper, we report on the thermal conductivity of RbV3Sbs and CsV;Sbs with three-dimensional charge
density wave phase transitions from 40 to 500 K measured by pump-probe thermoreflectance techniques. At
room temperature, the in-plane (basal plane) thermal conductivities are found to be moderate, with 12W m~! K~!
of RbV3Sbs and 8.8 W m™! K~! of CsV3Sbs, and ultralow cross-plane (stacking direction) thermal conductivities
are observed, with 0.72 W m~! K~! of RbV;Sbs and 0.49 W m~! K~! of CsV;Sbs. A unique glasslike tempera-
ture dependence in the cross-plane thermal conductivity is observed, which decreases monotonically even lower
than the Cahill-Pohl limit as the temperature decreases below the phase transition point 7¢pw. This temperature
dependence is found to obey the hopping transport picture. In addition, a peak in cross-plane thermal conductivity
is observed at Tepw as a fingerprint of the modulated structural distortion along the stacking direction.
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I. INTRODUCTION

A two-dimensional (2D) kagome lattice is a topological
system with flat electronic bands, Dirac cones, and Van Hove
singularities [1,2], which induce many intriguing physical
phenomena such as spin-liquid states [3], bond density wave
order [4], superconductivity [5], and charge density waves
(CDWs) [6]. The recently discovered layered kagome met-
als AV3Sbs (A = K, Rb, Cs) [7] with Z,-type nontrivial
band topology [8,9] provide a unique platform for studying
electron correlations, topological effects, and quantum phase
transition [10,11], through various interesting phenomena,
such as anomalous Hall effects [12], spontaneous symme-
try breaking [13], and competition between CDWs with
superconductivity [14-16].

The CDW in AV;Sbs is featured by simultaneous lat-
tice distortions both in each basal plane and the modulated
stacking of different distortion patterns [17,18]. Recent
measurements of magnetization, heat capacity, and electri-
cal resistivity identify that AV3;Sbs undergoes a first-order
CDW phase transition at the critical temperatures Tepw ~
78-102K [8,9,19]. Above the CDW transition (T > Tcpw),
the crystal structure of AV3Sbs consists of a high-symmetry
vanadium-based kagome sublattice, as shown in Figs. 1(a)
and 1(b). Lattice dynamics based on density functional theory
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(DFT) predicted soft acoustic phonons near the M and L points
of the Brillouin zone [20], which drive the vanadium atoms in
each kagome sublattice to shift away from the high-symmetry
sites, forming 2 x 2 superlattices with the star of David
(SD) or inverse SD (ISD) patterns [20]. DFT studies further
showed that lattice distortion happens not only inside the basal
planes, but such distortion is modulated with a stacking period
of 2 or 4 layers [18,20]. The 2 x 2 in-plane superlattice
was observed earlier using both x-ray diffraction (XRD) [8]
and scanning tunneling microscopy [21-23]. The 2 x 2 x 2
superstructures have been experimentally confirmed in both
KV3Sbs and RbV;Sbs [23,24], and CsV3Sbs even shows the
coexistence and competition of the 2 x 2 x 2 and the 2 x
2 x 4 superstructures that evolve with temperature [25-27].
Recent inelastic x-ray scattering and thermal diffuse scattering
characterizations further suggest that the CDW phase change
in AV3Sbs cannot be simply interpreted as the Kohn anomaly
but shows features of the order-disorder type of transition and
goes beyond the weak-coupling regime [28].

Characterizing thermal properties could provide a unique
angle to study the mechanisms of CDW phase transition.
For example, thermal conductivity shows a peak or a sudden
drop near Tcpw. In CDW materials with one-dimensional
lattice distortions such as Ky3MoOs; and (TaSe4),I [29], a
peak in temperature-dependent thermal conductivity is usu-
ally observed near the phase transition point 7cpy due to the
excess heat carried by phasons or amplitudons as quantized
modes of CDWs [30]. In layered materials such as 17 —TaS,
and 2H —TaSe, [31,32] with 2D lattice distortions, strong
electron-phonon interactions driving the phase transition are
also manifested in a sudden drop in thermal conductivity

©2023 American Physical Society
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FIG. 1. (a) Unit cell of AV3Sbs (A = K, Rb, Cs), (b) atomic structure of AV;Sbs projected to the (001) plane. A, V, and Sb atoms are
presented as blue, red, and orange balls, respectively. (c) Typical x-ray diffraction (XRD) patterns of RbV3Sbs and CsV;Sbs crystals. Rocking
curves of RbV;Sbs and CsV;Sbs of (d) (001) and (e) (004) planes. Solid lines are Gaussian fitting to extract full width at half maximum

(FWHM).

near Tcpw due to the additional scattering of heat-carrying
phonons. Three-dimensional (3D) CDWs have only been
identified in a few systems such as YBa;Cu3Og¢67 [33] and
1T — VSe, [34] other than AV3Sbs, while how 3D lattice dis-
tortions affect thermal transport remains largely unexplored.
Recently, Yang et al. [35] reported glasslike in-plane ther-
mal conductivity in AV3Sbs due to charge fluctuations above
Tepw, but measurements of cross-plane thermal conductivity
near the CDW transition are still urgently needed for a com-
plete understanding of thermal transport in layered AV3;Sbs
with 3D CDW.

In this paper, temperature-dependent thermal conductivity
along the cross-plane direction of kagome metals (RbV;Sbs
and CsV3Sbs) is measured using the pump-probe thermore-
flectance technique [36-38]. We observe that RbV;Sbs and
CsV3Sbs exhibit unique glasslike temperature dependences in
the cross-plane thermal conductivity, where the thermal con-
ductivity drops rapidly with decreasing temperatures lower
than the Cahill-Pohl limit [39] at temperatures below Tcpw-
The observed temperature dependence of cross-plane ther-
mal conductivity is shown to obey a hoppinglike transport
picture. In addition, a peak at Tcpw is observed in the

temperature-dependent cross-plane thermal conductivity due
to the structural transitions.

II. EXPERIMENTAL METHODS
A. Sample preparation and characterizations

Single crystals of RbV3Sbs and CsV;3Sbs are prepared with
binary Rb-Sb and Cs-Sb fluxes using the self-flux method
[40]. Alkali metals (Rb and Cs, Alfa Aesar, 99.8%), vanadium
pieces (Aladdin, 99.97%), and Sb (Alfa Aesar, 99.9999%)
with a molar ratio of 9:3:17 are loaded into an alumina cru-
cible and sealed in an evacuated quartz tube. These precursors
are heated with a rate of 5 K/min and kept at 1273 K for
24 h and are then cooled to 473 K at 3 K/h. The residual flux
is removed using deionized water.

XRD patterns of CsV3Sbs and RbV3Sbs measured using
powder XRD instrumentation Bruker D8 Advance are shown
in Fig. 1(c). The full width at half maximum (FWHM) of
the diffraction peaks on the (007) crystal planes of the two
samples is ~0.07°, indicating good crystallinity of the syn-
thesized samples. Figures 1(d) and 1(e) shows the rocking
curves of (001) and (004) planes characterized using Bruker
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FIG. 2. Experimental (open symbols) the best-fit (solid lines) signals of (a) time-domain thermoreflectance (TDTR) measurements with a
root-mean-square spot radius of 20 um at different modulation frequencies and (b) frequency-domain thermoreflectance (FDTR) measurements

(normalized amplitude A,om = A(f)/A(0.01 MHz), with A =

2
Vout

Vio +

), measured upon the CsV3Sbs sample. Insets are schematics of

thermoreflectance techniques for measuring the anisotropic thermal conductivity.

D8 Venture; the FWHMs are in the range of 0.30-0.35°,
indicating that the cross-plane mosaicity of our sample is
comparable with the reported literature [41]. The morphol-
ogy of the synthesized samples is characterized by scanning
electron and optical microscopes, and the flat and smooth
regions on the sample surface are much larger than the
laser spots (~20 um in radius), which enabled pump-probe
characterizations of thermal conductivity. Energy dispersive
X-ray spectroscopy suggests a nice agreement of stochio-
metric ratio with nominal compositions (A : V : Sb =
1:3:5), and detailed characterization results are included in the
Supplemental Material [42] (see also Refs. [43,44] therein).
Note that all samples have been exfoliated to expose fresh
surfaces using scotch tape before characterizations.

We deposit a 109 nm Al transducer by e-beam phys-
ical vapor deposition for time-domain thermoreflectance
(TDTR) measurements and a 100 nm Au transducer for
frequency-domain thermoreflectance (FDTR) measurements,
with the thicknesses measured by the DektakXT profilometer
(Bruker, USA). The room-temperature electric conductivi-
ties of the transducers are measured as 20.5mQ~' m~! for
Al and 30.1mQ~'m~! for Au using the four-point probe
method. Thermal conductivities of transducers as necessary
inputs for pump-probe measurements are then determined
as 150Wm~'K~! for Al and 220 W m~!K~! using the
Wiedemann-Franz law.

B. Pump-probe thermal characterizations

TDTR [36] and FDTR techniques [37] are used to measure
the cross-plane and in-plane thermal conductivity (k, and «,)
of AV;Sbs, respectively. The implementation of our TDTR
and FDTR systems are detailed in Refs. [45-48]. In these
pump-probe thermoreflectance measurements, the detected
signal contains an in-phase component V;, proportional to
the instantaneous surface temperature rise in phase with the
modulated heating and an out-of-phase component V,,; due to
the heat dissipation in the sample. The ratio signal —Vi, /Voy is

primarily used to extract thermal properties, such that the pro-
portionality coefficients correlating the absolute magnitude of
the detected signal with the surface temperature rise can be
normalized. Typical TDTR and FDTR signals are shown in
Figs. 2(a) and 2(b), and we discuss the method of separately
determining the thermal conductivities along different crys-
talline directions.

There are three unknown parameters to be determined
from pump-probe thermoreflectance measurements, includ-
ing the in-plane thermal conductivity «,, the cross-plane
thermal conductivity «,, and the interface conductance G be-
tween the AV3Sbs substrate and the transducer. To separately
determine these parameters, we first performed TDTR mea-
surements; the root-mean-square spot radius is set as 20 wm to
ensure that the ratio signal is dominantly sensitive to «,. We
quantify the sensitivity as the logarithmic derivative of the
signal y to the parameter x, S; = dlny/dInx, as shown in
Fig. 3(a), suggesting that the ratio signal is only sensitive
to k, and is marginally affected by both in-plane thermal
conductivity «, and interface conductance G between the
transducer and the sample. To ensure there is no frequency de-
pendence in cross-plane thermal conductivity, we performed
TDTR measurements at different modulation frequencies, and
we found that a single set of k, = 0.49Wm ' K~! and G =
60 MWm 2 K~! can simultaneously achieve the best fit of the
TDTR signals of the CsV3Sbs sample at different modulation
frequencies [Fig. 2(a)], indicating that there exists no modu-
lation frequency-dependent thermal transport originated from
quasiballistic or nonequilibrium phonons [49].

After «, is determined by TDTR measurements, «, is
measured using the FDTR technique with a tightly focused
spot radius of 3 um and a modulation frequency range f =
0.01 — IMHz. As shown in Fig. 3(b), the FDTR sensitivity
to «, is much higher than the other two unknown parameters
k., and G. The in-plane thermal conductivity «, is deter-
mined as 8.8 4= 1.5 W m~! K~! from the frequency-dependent
ratio —Vi,/Vou. We also cross-checked that the same «,
obtained by best-fitting the ratio can also reproduce the
frequency-dependent amplitude signal [Fig. 2(b)]. Similarly,
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FIG. 3. Sensitivities of (a) time-domain thermoreflectance (TDTR) and (b) frequency-domain thermoreflectance (FDTR) ratio signal to
different parameters. The root-mean-square radii are 20 and 3 wm for TDTR and FDTR sensitivity analysis, respectively.

k, and k, of RbV3Sbs at room temperature are measured
as 0.7240.10 and 124+2Wm~'K~!, respectively. Our
measurements of k, values are consistent with the recent mea-
surements [12,35].

The room-temperature ., and «, of CsV3Sbs and RbV3Sbs
with other typical van der Waals layered materials in
Fig. 4(a), and the cross-plane thermal conductivities are not
only smaller than glass (~1.4Wm~'K~!) [58] but also
lower than other van der Waals materials with weak inter-
layer coupling. As shown in Fig. 4(b), the ultralow «, of
AV;Sbs is consistent with the reported low group velocity of
longitudinal acoustic (LA) phonons (2200 ms~! for RbV;Sbs
and 1960 m s~! for CsV3Sbs [20]), indicating weak interlayer
coupling strength and soft LA phonons of AV3Sbs are respon-
sible for the low «.
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The temperature-dependent TDTR measurements are per-
formed using the Janis VPF 800 cryostat. To avoid large
temperature rises at low temperatures beyond the linear ther-
moreflectance regime, we carefully control the power of
the pump and probe beams <15mW, which corresponds
to a steady-state temperature rise of <10K. Temperature-
dependent thermal conductivities of quartz fused silica
and sapphire as standard reference samples are first mea-
sured (see Supplemental Material [42]) with excellent
agreement with reported literature [39,59]. We also care-
fully checked the spot-size dependence of the measured
thermal conductivity and found that a root-mean-square
radius of 20 wm is large enough to avoid any ballis-
tic effects, which could lead to underestimated thermal
conductivities [60].
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FIG. 4. (a) Summary of experimentally measured cross-plane thermal conductivity «, and in-plane thermal conductivity «, of layered van
der Waals materials at room temperature [45,49,50-53]. (b) Cross-plane thermal conductivity «, and longitudinal acoustic (LA) velocity v, .
of AV;Sbs and typical van der Waals layered materials [20,51-57], with BP denoting black phosphorous and HOPG denoting highly ordered

pyrolytic graphite.
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transport properties of (a) time-domain thermoreflectance (TDTR)

measurement of Al-coated CsV3Sbs sample and (b) frequency-domain thermoreflectance (FDTR) measurement of Au-coated CsV3Sbs sample.

C. Uncertainty analysis

We use the multivariate error propagation formula based
on Jacobi matrices for uncertainty analysis [61,62]. The co-
variance matrix of the unknown parameter vector Xy is
calculated as

Var[X ] = (75J0) " J5 (Varhl + JpVar[X ol 5) Ty (T500)
(1)

where the superscript T represents the matrix transpose, Jy =
dR/0Xy and Jp = 0R/0Xp are the Jacobian matrices cor-
relating the ratio signal R (array of ratio values depending
on delay time in TDTR or modulation frequency in FDTR)
and the unknown parameters Xy or control parameters Xp,
respectively. In this paper, the control parameters Xp include
the root-mean-square radius w, thickness and thermal proper-
ties of the metal transducers, and the heat capacity of AV;Sbs.
Typical uncertainty levels are 10% for « of Al or Au transduc-
ers, 3% for C of the transducers and AV3Sbs samples, 4%
for the transducer thickness, and 5% for the root-mean-square
spot radius. For TDTR measurements, the vector of unknown
parameter Xy includes «, of AV3Sbs and the interface con-
ductance G. After TDTR measurements are performed, k.,
is included as the control parameter Xp when performing
uncertainty analysis of FDTR, and Xy of FDTR only includes
kr and G. An example of the Var[Xy] for TDTR and FDTR
fitting of CsV3Sbs at 300 K can be seen in the Supplemental
Material [42], and the uncertainties 2(o) of each unknown
parameter can be calculated as the square root of the diagonal
elements of the matrix Var[Xy ]. Using the covariance matrix
Var[Xy ], the multivariate confidence interval is determined as
ellipsoid [45], as shown in Fig. 5.

D. Resistivity and thermal conductivity of electrons

Figure. 6(a) shows the temperature-dependent resistiv-
ity p, of AV3Sbs along the in-plane direction, measured
using a physical property measurement system, and the

estimated electron in-plane thermal conductivity k., using
the Wiedemann-Franz law is shown in Fig. 6(b). Inflection
points in both p, and «,., are observed at 102 K for RbV;Sbs
RbV;Sbs and 94 K for CsV3Sbs, agreeing well with the re-
ported Tcpw in previous literature [8,19].

Due to the small thicknesses (5090 um) of our samples,
it is challenging to directly measure the cross-plane resistiv-
ity and the electronic contribution to the cross-plane thermal
conductivity ... However, we estimate that electrons con-
tribute negligibly to «, .. Due to the unique layered structure
and weak interlayer coupling strengths, the Fermi surface of
AV3Sbs has been reported to show strong 2D features [18],
resulting in a high anisotropy ratio p,/p, ~ 600 from 2 to 300
K characterized by Ortiz et al. [8] Therefore, we expect the
electronic cross-plane thermal conductivity «_ . is on the order
of ~0.01 Wm~! K~! at 300 K, which is negligibly small com-
pared with the measured «, of CsV3Sbs (0.49Wm~'K~!)
and RbV3Sbs (0.72W m~! K1),

III. HOPPINGLIKE CROSS-PLANE THERMAL
TRANSPORT

The temperature-dependent «, (40-500 K) of RbV;3Sbs
and CsV3Sbs is shown in Figs. 7(a) and 7(b). Interestingly,
the cross-plane thermal conductivity «, shows a glasslike
temperature dependence with thermal conductivity decreas-
ing monotonically as the temperature decreases. The thermal
conductivity even drops below the Cahill-Pohl limit [39] at
temperatures lower than Tcpw. The Cahill-Pohl limit can be
regarded as the minimum thermal conductivity of the quasi-
particle transport regime by assuming that the mean free paths
of all phonons are equal to half of the wavelengths. Since
RbV;Sbs and CsV3Sbs are anisotropic layered materials, we
also compare the measured «, with the extended anisotropic
Cahill-Pohl model proposed by Chen and Dames [63] which
included effects of phonon focusing and first Brillouin zone
truncation. The fact that «, drops below both the isotropic and
anisotropic Cahill-Pohl model suggests possible existence of
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FIG. 6. (a) In-plane resistivity and (b) in-plane electron thermal conductivity of AV;Sbs (A = Rb, Cs).

localized phonons [65], which is consistent with the recent
observation of nearly flat phonon branches in AV3Sbs [28].
Considering these localized modes could be well described
by Einstein oscillators, we proposed a hopping model to
describe the cross-plane thermal transport [65]. In general,
the lattice thermal conductivity of crystalline solids can be
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FIG. 7. Measured cross-plane thermal conductivity «, of (a) RbV3Sbs and (b) CsV;Sbs over the temperature range of 40-500 K, compared
with the proposed hopping model, isotropic Cahill-Pohl (iso. C-P) model [39], anisotropic Cahill-Pohl (aniso. C-P) model [63] and Callaway
model [64]. Details for the peak in «, around Tcpw for (c) RbV;Sbs and (d) CsV;Sbs.
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where C(w) = ha)g(a))% is the spectral volumetric specific
heat, with f the Bose-Einstein distribution and g(w) the den-
sity of states, and D(w) is spectral diffusivity. In this paper,
our hopping model separately treats the propagating low-
frequency phonons and the high-frequency localized modes.
The propagating low-frequency phonons is described by the
Callaway model [64], while localized high-frequency modes
are treated as Einstein oscillators. Therefore, the vibrational
density of states is written as

w < W
w > w.’

30)2/(27121)3),
3ngd(w — wg),

gw) = { 3)

where o, is the cutoff frequency between the propagating
phonons and localized modes, v, is the averaged acoustic
velocity, and ng denotes the number density of Einstein os-
cillators. With the Debye approximation, the total number of
propagating modes below @, should be equal to 3(n — ng),
therefore:

/0 ' g@)dw = 3(n — np). @)

We can then derive an explicit expression correlating ng
and w,:

we = [67203(n — ng)] "%, 5)

where n is the number density of atoms. Following Allen and
Feldman’s [66] definition of spectral thermal diffusivity D(w),
the thermal conductivity can be computed by integrating
C(w)D(w) over the vibrational spectrum. For low-frequency
propagating phonons, D(w) is simply v(w)*t(w)/3 from the
phonon-gas model, with 7(w) denoting the relaxation time.
The dynamics of the localized modes can be described by
a random walk theory [67], where D(w) is determined by
hopping length «, with the hopping rates expressed as w/mw
[68], and probability of a successful hopping denoted as P.
Considering the structural fluctuation at finite temperatures,
we phenomenologically describe the probability of successful
hopping P using the Arrhenius law P = Aexp(—E,/kgT),
where E, is activation energy and A is the preexponen-
tial factor. Therefore, D(w) over the phonon spectrum is
expressed as

1.2
_ gvst(a)), w < W,
D(w) = {(ngA exp (—kf—“T), > w. ©)

Integrating over the vibrational spectra, the lattice thermal
conductivity based on the hopping model is written as

Oej

_ B 5 l)% /? X4 e
kph(T') = kp(n — ng) ; v; (9 @17 ])zt(x, T)dx

cj

2 2
Y O, )

+ 3ngkp———
ng B(eXE _ 1)2 WE

where x = ,i—“;, kg is Boltzmann constant, 7(x, T') is spectral

relaxation time, and v; is the group velocity of acoustic branch
Jj. Here, 6. is like the Debye temperature of branch j, defined
as 0.j = hw.j/kp. Also, wg denotes the average frequency of
Einstein oscillators. More details of the hopping model are
included in the Supplemental Material. Figures 7(a) and 7(b)
show that the hopping model captures the glasslike (7). Our
measurement also observed a peak [Figs. 7(c) and 7(d)] at
Tepw in temperature-dependent «,, which is consistent with
recent observations of lattice distortions in the cross-plane
direction [17,18].

IV. CONCLUSIONS

In summary, we report on the temperature-dependent ther-
mal conductivity of the kagome metals AV3;Sbs (A = Rb,
Cs) using pump-probe thermoreflectance techniques. At room
temperature, the cross-plane thermal conductivities are de-
termined as 0.72 and 0.49Wm~'K~' for RbV;Sbs and
CsV3Sbs, respectively. The low «k, arises from strongly
suppressed phonon group velocity associated with weak in-
terlayer bonding. Unique glasslike temperature dependence
of k, is observed, with the cross-plane thermal conductivity
dropping monotonically even below the Cahill-Pohl limit as
the temperature decreases lower than Tcpw. The glasslike
k. can be well captured by a hopping transport picture of
localized phonon. Sudden increase in «; is also experimentally
observed at Tcpw, supporting recent identifications of 3D
CDW transitions where the lattice distortions are modulated
in the cross-plane direction.
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