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The phase diagram of the kagome metal family AV3Sb5 (A = K, Rb, Cs) features both super-
conductivity and charge density wave (CDW) instabilities, which have generated tremendous recent
attention. Nonetheless, significant questions remain. In particular, the temperature evolution and
demise of the CDW state has not been extensively studied, and little is known about the co-existence
of the CDW with superconductivity at low temperatures. We report an x-ray scattering study of
CsV3Sb5 over a broad range of temperatures from 300 K to ∼ 2 K, below the onset of its super-
conductivity at Tc ∼ 2.9 K. Order parameter measurements of the 2 × 2 × 2 CDW structure show
an unusual and extended linear temperature dependence onsetting at T ∗ ∼ 160 K, much higher
than the susceptibility anomaly associated with CDW order at TCDW = 94 K. This implies strong
CDW fluctuations exist to ∼ 1.7 × TCDW. The CDW order parameter is observed to be constant
from T = 16 K to 2 K, implying that the CDW and superconducting order co-exist below Tc,
and, at ambient pressure, any possible competition between the two order parameters is manifested
at temperatures well below Tc, if at all. Anomalies in the temperature dependence in the lattice
parameters coincide with TCDW for c(T ) and with T ∗ for a(T ).

PACS numbers:

The newly discovered kagome metal system AV3Sb5

(A = K, Rb, Cs) [1] has been extensively studied in the
last two years due to the rich cooperative physics that
they display. They represent a new class of topologi-
cal kagome metal with both superconducting and charge
density wave (CDW) instabilities [2–8]. These com-
pounds appear to be nonmagnetic and undergo CDW
transitions at relatively high temperatures, TCDW = 78
K, 104 K and 94 K respectively, before displaying super-
conductivity at low temperatures, with Tc = 0.93 K, 0.92
K and 2.5 K respectively [1, 2, 5]. Their layered crystal
structure is based on a stacking of A-Sb2-VSb1-Sb2-A
layers (see Fig. 1(b)) with hexagonal symmetry in the
space group P6/mmm, and a kagome network of vana-

FIG. 1: The crystal structure of CsV3Sb5 is shown. a) shows
a projection of the structure within the kagome plane, while
b) shows a more three dimensional perspective. Two Sb sites
with different Wyckoff positions are labeled as Sb1 and Sb2.

dium atoms coordinated by antimony in the basal plane
(Fig. 1(a)). The vanadium and antimony layers are sep-
arated by alkali layers and form the quasi-2D structure
[9]. This system is known to provide a platform for a va-
riety of collective quantum phenomena, including a large
anomalous Hall effect [10, 11], a nontrivial Z2 topology
[5], superconductivity and chiral charge ordering [12, 13],
and all of this is motivating their great current interest.

Focusing on the case of CsV3Sb5, several recent stud-
ies have investigated its electronic ordering instability, a
CDW that is associated with a magnetic susceptibility
anomaly at TCDW = 94 K [14–17]. Somewhat surpris-
ingly the CDW order in CsV3Sb5 is three-dimensional
[3, 5, 8, 18–21], which means that there are electron cor-
relations not only in the kagome plane (ab-plane), but
also between the kagome layers, along the c-axis. How-
ever, a consensus on the details of the structure of the
CDW ground state and the mechanism for its formation
is currently lacking. While the in-plane superstructure is
known to be 2× 2, the out-of-plane superstructure com-
ponent remains controversial and not fully characterized.
For example, Liang et al demonstrated a 2× 2× 2 CDW
state using scanning tunneling microscopy techniques [8]
while the Ortiz and Wilson group results have indicated
a 2 × 2 × 4 state at 15 K by surveying the reciprocal
space with high resolution synchrotron x-ray diffraction
[5]. Moreover, a recent x-ray study by Stahl and col-
laborators has reported a measurement of the order pa-
rameter of several CDW Bragg intensities, suggesting a
2 × 2 × 2 superstructure below 60 K, with a transition
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to 2 × 2 × 4 above 60 K and below 94 K [16]. A suc-
cessive high-resolution x-ray work found different results
below 60 K and claimed the coexistence of 2× 2× 2 and
2×2×4 CDW stacking phases which compete each other
[22]. Another recent work combined high-resolution x-ray
diffraction, scanning tunneling microscopy and scanning
transmission electron microscopy and suggested that the
distinct 1×4 phase emerges uniquely on the surface [23].
The detailed CDW structure thus remains an open ques-
tion.

In this letter, we report a temperature dependent x-ray
diffraction study of the CDW instabilities in high-quality
single crystal CsV3Sb5, over a broad range of tempera-
tures from 300 K to ∼ 2 K, below the onset of super-
conductivity in our single crystal of CsV3Sb5 at Tc ∼ 2.9
K. Our measurements show CDW superlattice peaks at
[1.5, 1.5, ±0.5] with a relatively strong temperature de-
pendence, as well as broad CDW peaks at [1.5, 1.5, -0.25]
and [1.5, 1.5, 0] without. These correspond to 2× 2× 2,
2 × 2 × 4, and 2 × 2 × large CDW states in the bulk of
CsV3Sb5, respectively.

Our focus is on the 2 × 2 × 2 CDW instability which
shows strong temperature dependence. Surprisingly,
its order parameter extends beyond TCDW = 94 K in
CsV3Sb5, to T ∗ ∼ 160 K, a temperature scale that has
not been previously discussed for this material. We also
measured the temperature dependence of the CsV3Sb5

crystal lattice parameters from 2 K to 300 K which will
be discussed below.

High-quality single crystals of CsV3Sb5 were grown
using the self-flux method that has been reported else-
where [2]. Magnetization measurements were performed
using a Quantum Design superconducting quantum in-
terference device magnetometer (SQUID) in reciprocat-
ing sample option (RSO) mode. Heat capacity measure-
ments were performed with the relaxation method using
the Quantum Design physical properties measurement
system (PPMS) HC option.

Our x-ray scattering studies of these single crystals
were performed using a Huber four circle diffractometer
with a closed cycle refrigerator equipped with a Joule-
Thompson stage. X-ray scattering measurements were
performed using Cu Kα radiation (λ = 1.54 Å) produced
by an 18 kW rotating anode source with a vertically fo-
cused pyrolytic graphite monochromator. These x-ray
measurements are quite distinct from high resolution syn-
chotron x-ray measurements, which typically employ a
small spot size and experience significant beam heating of
the samples. The present measurements were performed
in transmission geometry and employed a beam covering
most of the 3 mm × 3 mm × 20 µm single crystal sample.
The large beam size allows relaxed resolution appropri-
ate to better capture diffuse scattering. The relatively
low power and distributed beam results in minimal beam
heating and equilibrated sample temperatures to as low
as 2 K. This experimental configuration is ideal for x-ray

FIG. 2: Magnetic susceptibility measurements for single crys-
tals of CsV3Sb5 with an external magnetic field applied within
the kagome plane (a, b) and perpendicular to it (c, d) are
shown. (a, c) Magnetic susceptibility measurements with
µ0H = 1 T, show an anomaly at TCDW = 94 K. The in-
set shows another anomaly at ∼ 60 K in (c) only, field out
of plane. (b, d) Susceptibility measurements at low temper-
atures using a small dc field µ0H = 1 mT, show the onset of
superconductivity below Tc = 2.9 K.

measurements at very low temperatures. Measurements
of fluctuations down to a minimum temperature of 300
mK have been successfully performed in other systems in
this manner [24].

Magnetization measurements were performed both
with the external magnetic field applied within the
kagome plane (H ‖ ab, IP), Fig. 2(a)(b), and out of the
plane (H ‖ c, OP), Fig. 2(c)(d). Measurements were
performed at both high and low temperature in order to
characterize the CDW and the superconducting transi-
tions. The measurements to high temperature in Fig. 2
(a) and (c) were performed with a 1 T external magnetic
field from 2 K to 300 K while the low-temperature mea-
surements employed a field of 1 mT from 1.8 K to 5 K
using the zero-field-cooled (ZFC) warm-up, followed by
field-cooled (FC) cool-down protocols. The sharp transi-
tion observed in the susceptibility data at TCDW = 94 K
(Fig. 2(a)(c)) agrees well with previous reports [2, 19, 20]
and corresponds to the CDW transition.

Low temperature susceptibility measurements are
shown in Fig. 2(b)(d). The sudden drop of the ZFC sig-
nal corresponds to the superconducting transition. We
note that our superconducting transition temperature so-
identified is Tc ∼2.9 K, slightly higher than those previ-
ously reported for CsV3Sb5, which varied between 2.5 K
and 2.8 K [2, 3, 25]. We attribute the difference to the
high quality of our as-grown CsV3Sb5 sample [3]. Al-
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though the TCDW and Tc identified with field IP and OP
measurements are the same, the magnitudes of the sus-
ceptibilities are different, showing significant anisotropy,
as expected given the quasi-two-dimensional nature of
this kagome metal [1, 2, 9, 26]. A further anisotropic fea-
ture observed in the susceptibility is at ∼ 60 K, where
there is a weaker but sharp anomaly observed in the
OP measurement, shown in panel (c), and this feature
seems to be absent in the IP measurement shown in panel
(a). It also shows a small thermal hysteresis between
the warming and cooling measurements which indicates
a coupling to the lattice. This feature at ∼ 60 K has
not been observed in previously reported susceptibility
data [2, 20]. However, previous x-ray [16], magnetotrans-
port [3, 27], STM [8, 18], coherent phonon spectroscopy
[14, 28, 29], and muon spin relaxation [30] measurements
have all found anomalies at this temperature, and it has
been argued to be due to the 1Q unidirectional nature
of the CDW. The observation of this feature in the OP
(H ‖ c) susceptibility measurement alone would seem
to be consistent with this argument. Nonetheless, a re-
cent polarization-resolved electronic Raman spectroscopy
study as well as x-ray results combined with the group
theoretical analysis suggest that the uniaxial charge mod-
ulation below 60 K may not be a bulk effect [15].

Specific heat measurements at zero field also show a
sharp transition at TCDW = 94 K, as Fig. 3 demon-
strates for our single crystal. The inset depicts the low-
temperature regime data to highlight the onset of super-
conductivity below Tc = 2.9 K, which agrees well with
our magnetic susceptibility measurements above. The
red curve (labeled phonons) is our best fit to the high
temperature lattice contribution of CsV3Sb5, approxi-
mated by the Thirring model [31–33], which allows us
to preferentially assess the anomalous contribution above
TCDW. The subtracted data ∆Cp/T , is shown at the bot-
tom of the figure, with its scale on the right. We note
that, it is difficult to separate the CDW contribution over
this whole temperature range, it is clear that the CDW
entropy release is strongly peaked at TCDW = 94 K, per-
haps due to a weak first-order character arising from weak
coupling between electronic and lattice degrees of free-
dom. It is also clearly extended across a broad range of
temperatures up to ∼150 K. As will be discussed, this
extended temperature dependence of the CDW ∆Cp/T
above TCDW = 94 K is consistent with our x-ray scatter-
ing results.

We next investigate the CDW state by x-ray diffrac-
tion over a broad temperature range from 300 K down
to 2 K. In Fig. 4 we show the main results of this x-ray
scattering study, which are line scans in reciprocal space
carried out along [1.5, 1.5, L] at different temperatures.
Data at four representative temperatures are shown in
this figure. We observe significant temperature depen-
dence in this scan only at L = ±0.5, consistent with a
2×2×2 CDW state. A strong temperature-independent

FIG. 3: The temperature dependence of the specific heat Cp

measured at zero field shows a clear transition at TCDW = 94
K. The red curve shows a fit to the lattice contribution of Cp

using a Thirring model. The subtracted data ∆Cp is shown
at the bottom with its scale on the right y-axis. The inset
depicts the low-temperature regime to Cp, highlighting the
onset of superconductivity below Tc = 2.9 K.

peak at L = 0, is also evident in Fig. 4(b). In Fig. 4(a)
and (c), the [1.5, 1.5, ±0.5] superlattice reflections are
fit to a Gaussian function with a fixed full-width-at-half-
maximum (FWHM) of 0.05 r.l.u. (reciprocal lattice unit),
displayed with like-color curves on top of the data.

We attribute the temperature dependence at [1.5, 1.5,
±0.5] superstructure reflections to the 2 × 2 × 2 CDW
order and its fluctuations. The extracted integrated in-
tensities arising from the Gaussian fittings are shown as
an order parameter in Fig. 5(b). It’s inset shows the peak
intensity of the [1.5, 1.5, 0.5] superstructure reflection at
the lowest temperatures, ranging from 2 K to 10 K, where
it is clear that it is almost temperature-independent. To
confirm this low temperature behaviour, we performed
careful line scans along [1.5, 1.5, L] at 2 K, 5 K, 10 K
and 16 K as shown in Fig. 5(a), which show no apprecia-
ble temperature dependence at these low temperatures.

Previous high-pressure measurements on this kagome
metal system AV3Sb5 show that superconductivity co-
exists with CDW order under ambient pressure, how-
ever superconducting Tc increases while TCDW decreases
with increasing pressure, suggesting a competition be-
tween CDW order and superconductivity [9, 25, 34, 35].
Evidence for such competition is also provided by hole-
doping studies[34, 36, 37], systematic studies of finite
crystal thickness [34, 38], and measurements under uni-
axial strain [39]. In contrast, our x-ray results on the
ambient pressure CDW state in CsV3Sb5 show it to be
robust and to co-exist well with its superconducting in-
stability below Tc = 2.9 K, at least as low as T = 2
K.

Our x-ray diffraction order parameter for the CDW
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FIG. 4: (color online) The temperature dependence of the x-ray diffraction intensity (normalized to counts per second) at [1.5,
1.5, L] is shown. Panel (a) and (c) show the CDW peaks at L = −0.5 and L = 0.5, respectively, and intensity is plotted on a
linear scale. Panel (b) shows the the full [1.5, 1.5, L] scans, with intensity plotted on a log-scale. The temperature-dependent
peaks at half-integer reflections [1.5, 1.5, ±0.5] are due to the 2 × 2 × 2 CDW structure.

peak at [1.5, 1.5, ±0.5] shows several intriguing features,
in addition to its co-existence with superconductivity at
low temperatures. First, Fig. 5(b) shows the CDW or-
der parameter to extend in temperature to ∼ 160 K,
more than 1.5 times of the TCDW = 94 K determined
from the magnetic susceptibility and specific heat mea-
surements. Secondly, it possesses a remarkably linear
temperature dependence over an extended temperature
regime. Earlier high-resolution x-ray measurements have
reported related CDW Bragg scattering to turn on below
TCDW = 94 K [2, 5, 16, 23]. Our new results imply that
the order parameter above TCDW = 94 K originates from
fluctuations, rather than true long range order. However
it also implies that these fluctuations are strong. A sim-
ilar conclusion is reached for the strong, temperature-
independent peak at [1.5, 1.5, 0]. This has not been
reported previously, and its presence would again argue
for strong fluctuations related to the CDW state at tem-
peratures high compared to TCDW = 94 K.

Of course, critical fluctuations are routinely measured
in order parameter studies of continuous phase transi-
tions. However, for three dimensional (3D) materials,
strong critical fluctuations are typically limited to tem-
peratures within ∼ 0.2 in (T − Tc)/Tc. Low dimen-
sional systems, in contrast, are known to exhibit ex-
tended critical scattering, such that fluctuations devel-
oped well above the critical temperature, Tc, but only
lock into a 3D structure below Tc.

Strong fluctuation effects associated with the order
parameter have been reported in another d1 electronic
system, TiOCl, under similar low resolution diffraction
conditions as those which are relevant here [40, 41]. In
TiOCl, the structural distortion arises from spin-Peierls
phenomena, and it displays both a commensurate and
incommensurate dimerized structure. However, the mea-
sured commensurate order parameter extends well above

FIG. 5: (color online) (a) The temperature dependence of
the x-ray diffraction scans across [1.5, 1.5, L] is shown for
temperatures below 20 K, and with intensity on a logarithmic
scale. (b) The temperature dependence of the integrated peak
intensity at the [1.5, 1.5, ±0.5] CDW reflections, the order
parameter, is shown. The inset shows the peak intensity at
[1.5, 1.5, 0.5] at low temperatures, from 2 K to 10 K.
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FIG. 6: The relative change in the lattice constants as a func-
tion of temperature in CsV3Sb5 are shown. (a) The a lattice
constant shows a slope change at temperatures below T ∗ ∼160
K, and perhaps a second one below TCDW = 94 K. (b) The
c lattice constant shows an abrupt change roughly coincident
with TCDW = 94 K. All straight lines are intended as guides-
to-the-eye.

the transition temperature and displays a growth which
is linear in decreasing temperature, very reminiscent of
that observed here for CsV3Sb5. The entropy release of
TiOCl to ∼ 150 K, that is ∼ 1.6× its highest temper-
ature Tc2 [41], is also very similar to what we observed
here in Fig. 3.

We have also measured the temperature dependence of
the lattice constants for single crystal CsV3Sb5 by track-
ing the peak positions of the [2, 2, 0] and [0, 0, 4] reflec-
tions as a function of temperature from 2 K to 300 K.
The temperature dependence of the lattice constants a
and c are plotted in Fig. 6, where the relative change is
normalized to the room temperature data (300 K).

The c lattice constant, along the stacking direction,
shows an abrupt change near ∼ 90 K, which is con-
sistent with the first-order-like anomaly in the suscep-
tibility associated with the CDW transition temperature
TCDW = 94 K, shown in Fig. 2(a) and (c). In contrast,
the a lattice constant shows a change of slope near T ∗

∼ 160 K, and perhaps a second one near TCDW = 94 K.
These sets of lattice parameter measurements were per-
formed under both warming and cooling protocols, and
no obvious hysteretic behavior was observed.

To conclude, we present detailed x-ray diffraction stud-
ies of the CDW state in the bulk of CsV3Sb5 across a
very broad range of temperatures. It reveals a remark-
able linear order parameter associated with its 2× 2× 2
CDW superlattice structure, which extends well above
TCDW = 94 K. Above TCDW, we associate it with strong
CDW fluctuations which eventually merge into back-
ground at T ∗ ∼ 160 K, close to 1.7 × TCDW. Our low
temperature x-ray diffraction measurements down to 2 K,
suggest that the CDW state in CsV3Sb5 remains robust
on entering the superconducting state below Tc = 2.9 K.
Finally, we report the relative change in lattice constants
as a function of temperature in CsV3Sb5, where a slope
change of the in-plane lattice parameter a is observed at
∼ 160 K, and a discontinuity in the c lattice parameter
is observed near TCDW = 94 K.

We acknowledge useful conversations with J. P. Clancy.
This work was supported by the Natural Sciences and
Engineering Research Council of Canada.
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