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Muon spin relaxation study of the layered kagome superconductor CsV;Sbs

Zhaoyang Shan,!2 Pabitra K. Biswas,>"" Sudeep K. Ghosh 451 T Tula®,> Adrian D. Hillier®,? Devashibhai Adroja 30
Stephen Cottrell,> Guang-Han Cao,">” Yi Liu,® Xiaofeng Xu®,® Yu Song,"? Huigiu Yuan,">”° and Michael Smidman ®!2-*
I'Center for Correlated Matter and Department of Physics, Zhejiang University, Hangzhou 310058, China
2Zhejiang Province Key Laboratory of Quantum Technology and Device, Department of Physics,

Zhejiang University, Hangzhou 310058, China
3ISIS Facility, STFC Rutherford Appleton Laboratory, Harwell Science and Innovation Campus, Didcot OX11 0QX, United Kingdom
“Department of Physics, Indian Institute of Technology, Kanpur 208016, India
3School of Physical Sciences, University of Kent, Canterbury CT2 7NH, United Kingdom
Highly Correlated Matter Research Group, Physics Department, University of Johannesburg, P.O. Box 524,

Auckland Park 2006, South Africa
7State Key Laboratory of Silicon Materials, Zhejiang University, Hangzhou 310058, China
8Key Laboratory of Quantum Precision Measurement of Zhejiang Province, Department of Applied Physics,

Zhejiang University of Technology, Hangzhou 310023, China
9 Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China

@™ (Received 11 March 2022; revised 30 May 2022; accepted 1 August 2022; published 23 August 2022)

The Z, topological metals RV3;Sbs (R = K, Rb, Cs) with a layered kagome structure provide a unique
opportunity to investigate the interplay between charge order, superconductivity, and topology. Here, we report
muon-spin relaxation/rotation («SR) measurements performed on CsV;Sbs across a broad temperature range,
in order to uncover the nature of the charge density wave order and superconductivity in this material. From
zero-field uSR, we find that spontaneous magnetic fields appear below 50 K, which is well below the charge
density wave transition (7* ~ 93 K). We show that these spontaneous fields are dynamic in nature making it
difficult to associate them with a hidden static order. The superconducting state of CsV3Sbs is found to preserve
time-reversal symmetry, and the transverse-field 4 SR results are consistent with a superconducting state that has

two fully open gaps.

DOI: 10.1103/PhysRevResearch.4.033145

I. INTRODUCTION

Kagome lattice compounds have served as ideal platforms
for exploring both unusual magnetic phenomena, such as
geometric frustration and quantum spin liquids [1-3], and
electronic behaviors due to the presence of flat bands, Dirac
cones, and nontrivial band topologies [4-7]. The recently
discovered superconductors RV3Sbs (R = K, Rb, Cs) have
therefore attracted much attention for the study of super-
conductivity in kagome lattice systems [8—11], which have
topological band structures with multiple Dirac cones. These
materials also exhibit unusual charge density wave (CDW)
ordering, which is accompanied by a giant anomalous Hall
effect [12,13], and in KV3Sbs was reported to correspond
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to a chiral charge ordering [14]. Moreover, this CDW or-
der exhibits clear competition with the superconductivity in
these compounds, where there is an enhancement of 7. upon
the suppression of the CDW state by pressure [15-22]. Al-
though low-temperature thermal conductivity measurements
suggested a nodal superconducting gap in CsV3Sbs [23],
penetration depth measurements using the tunnel-diode os-
cillator (TDO) and muon-spin rotation methods [24,25] as
well as scanning tunneling microscopy, point contact spec-
troscopy, and nuclear magnetic/quadrupole resonance [26-30]
point to fully gapped multiband superconductivity with a sign-
preserving order parameter.

Given the unconventional properties of the CDW state, to-
gether with various theoretical proposals including chiral flux
phases and star of David and inverse star of David configura-
tions [31-34], it is important to probe whether time-reversal
symmetry (TRS) is broken in the CDW state. In the case
of KV3Sbs, an enhanced relaxation rate of the asymmetry
from muon-spin relaxation («SR) is detected below the CDW
transition 7* = 80 K [35], corresponding to the spontaneous
appearance of static magnetic fields. On the other hand, in
CsV;3Sbs the enhanced relaxation rate was found to have its
onset well below the CDW transition 7* = 93 K [36], while
no evidence for TRS breaking along the ¢ axis could be

Published by the American Physical Society
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detected with spin-polarized tunneling spectroscopy [37]. As
such, it is of particular interest to further examine the nature
of the spontaneous fields emerging within the charge ordered
state.

Here, we report muon-spin relaxation/rotation measure-
ments of CsV3Sbs in zero, longitudinal, and transverse
magnetic fields. We observe an increase in the «SR relaxation
rate upon cooling in zero field, which is significantly enhanced
below around 50 K, well below T* ~ 93 K. This enhancement
persists in a 50 G longitudinal field, pointing to the dynamic
nature of these fields. Measurements in the superconducting
state indicate the lack of additional spontaneous fields appear-
ing below the superconducting transition, and the superfluid
density derived from transverse-field results is consistent with
the previously observed multiband superconductivity.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of CsV3Sbs were prepared by a
solid-state reaction method. Stoichiometric amounts of Cs
(liquid, Alfa 99.98%), V (powder, Sigma 99.9%), and Sb
(shot, Alfa 99.999%) were mixed thoroughly in a glovebox
filled with Ar gas. The mixture was subsequently loaded in
an alumina crucible that was then jacketed in a tantalum tube.
The tantalum tube was thereafter sealed in an evacuated quartz
ampoule, heated up to 600 °C, and held at this temperature for
3 days, before being furnace cooled to room temperature. The
single phase of the as-grown samples was checked by powder
x-ray diffraction on a PANalytical x-ray diffractometer with
monochromatic Cu-Ke; radiation. ©SR measurements were
performed on powdered CsV3Sbs samples at the ISIS facil-
ity at elevated temperatures between 5 and 180 K using the
EMU spectrometer in a *“He cryostat, and at low temperatures
down to 0.1 K in a dilution refrigerator using the MuSR
spectrometer. For zero-field (ZF) and longitudinal-field (LF)
measurements, the asymmetry A(¢) between the number of
positrons detected at the forward (NVg) and backward (Ng)
positions was analyzed via

N]: — O[NB

At) = ,
NF +OlNB

)]
where « is a calibration constant. For transverse-field (TF)
measurements, the time-dependent histograms corresponding
to 16 groups of detectors were simultaneously analyzed using
the MUSRFIT software package [38].

III. RESULTS AND DISCUSSION

A. Zero- and longitudinal-field uSR at elevated temperatures

Figure 1(a) displays the uSR spectra at several selected
temperatures, measured in zero applied field on the EMU
spectrometer. It can be seen that upon reducing the tempera-
ture, there is an increase in the relaxation rate of the asymme-
try, indicating a broadening of the internal field distribution
at the muon-stopping site. The shape of the muon spectra
is indicative of a Kubo-Toyabe relaxation function, arising
from a Gaussian distribution of magnetic fields static on the
timescale of the muon lifetime (2.2 us). The data were ana-
lyzed taking into account both Gaussian Kubo-Toyabe (GKT)
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FIG. 1. (a) Zero-field ©SR measurements of CsV;Sbs measured
at four temperatures, where the solid curves show the results from
fitting using Eq. (2). The inset shows the data at 10 K, where the blue
solid curve shows the results of fitting using Eq. (2) with A = 0.
It can be seen that in the inset there is considerable deviation of
the fitting from the data, showing the necessity of considering an
exponential relaxation channel [39]. (b) and (c) The temperature
dependence of the fitted values of the exponential relaxation rate A
(b) and the Kubo-Toyabe relaxation rate A (c). The values of A are
shown for both the case where A is fitted as a free parameter and the
case where A is fixed to the value obtained at 120 K. The symbols
filled with a cross correspond to points which were measured in ZF
after a LF had been applied, as described in the text.

and exponential relaxation channels (e=*") via

A = A[L+ 21 = A2 2 2)e M Ags,  (2)
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where A and Agg correspond to the initial asymmetries for
muons stopping in the sample and silver sample holder, re-
spectively, which were fixed to the fitted values at 120 K,
while A and A are the Gaussian Kubo-Toyabe and exponen-
tial relaxation rates. Note that if a purely Gaussian relaxation
is considered (A = 0), the low-temperature spectra cannot be
well fitted, as can be seen in the inset of Fig. 1(a), where
there is a systematic deviation of the fit from the data at 10 K
[39]. In addition to the deviation at low times below 0.6 us,
it can also be seen that the fitted curve undershoots the data
between 4.5 and 8 us, while it overshoots at longer times.
This suggests that an exponential relaxation channel is also
essential to fully describe the low-temperature relaxation of
CsV3Sbs, as was also found for KV;3Sbs [35] and RbV;3Sbs
[40].

The temperature dependence of the fitted values of A and
A between 5 and 180 K are displayed in Figs. 1(b) and 1(c),
respectively. It can be seen that there is little change in A with
temperature. On the other hand, at the highest temperatures,
A is small, indicating that the relaxation is nearly entirely
from the nuclear moments which are static on the timescale
of the muon lifetime. Upon lowering the temperature, there is
an onset of the exponential component below around 160 K,
with little change across the intermediate temperature range.
Below around 50 K, there is a significant increase in A, which
continues to increase with decreasing temperature down to
the lowest measured temperature (5 K). To check that this
low-temperature increase in A is not an artifact of correlations
between the A and A parameters, the data were fitted with A
fixed to the value at 120 K (A = 0.1961 us™!). As shown in
Fig. 1(b), a very similar trend is still observed in A, showing
the intrinsic nature of this low-temperature enhancement of
the relaxation. We note that A is very small above around
150 K, and the data here are well accounted for by only a static
relaxation function. This suggests that the low-temperature
increase in A is not due to the slowing down of thermal muon
diffusion processes, since such thermally activated hopping of
the muons would also be expected to lead to dynamic behavior
at higher temperatures, as well as a significant temperature
dependence, which is not observed in the intermediate tem-
perature range (60—140 K).

Note that in Fig. 1(b) a few points (filled with a cross)
are systematically lower than the adjacent values. These were
measured after a longitudinal field had been applied and then
removed at low temperatures, pointing to a weak dependence
of this component on the field history. These results therefore
show that there is a significant increase in the low-temperature
relaxation, which occurs well below the charge ordering tran-
sition at 7* = 93 K. This is different from that observed in
SR measurements of isostructural KV3;Sbs [35], where an
enhanced relaxation in the exponential channel had its onset
at T* =80 K, but is similar to another study of CsV3Sbs
where the increase had its onset at around 70 K, also below the
charge ordering temperature, which is reported as evidence for
a hidden flux phase [36]. However, in Ref. [36] the relaxation
corresponding to muons stopping in CsV3Sbs is ascribed to
purely Gaussian relaxation, whereas here we find that both
exponential and Gaussian components are required to account
for our data, and the low-temperature increase is predomi-
nantly in the exponential relaxation rate.

Since the analysis of the ZF-uSR data in the normal state
of CsV3Sbs using Eq. (2) implies that both the Gaussian
and Lorentzian relaxation channels are present, we comple-
ment this analysis by a recently introduced unbiased principal
component analysis (PCA) technique [41]. PCA is a simple
unsupervised machine learning (model independent) tech-
nique used for reducing dimensionality of the data. In the PCA
technique, a linear transformation in the data space is used
to find only a few orthonormal basis vectors called principal
components (PCs) such that they can well capture the covari-
ance of the data with respect to the average. The projections of
the original data on the PCs are called the PC scores. Changes
in values of the most important PC scores, which capture most
covariance in the data, reflect crucial changes between asym-
metry functions at different temperatures. This technique has
recently been successfully used to identify transitions that are
associated with TRS breaking in superconductors from ZF-
1SR data of LaNiGa,, and LaNi;_,Cu,C, [42], although the
changes in these cases can be subtle, and magnetic transitions
in antiferromagnetic BaFe,Se,O. We note that although this
method can successfully determine changes in the asymmetry
function by corresponding changes in the principal compo-
nent scores and hence can complement the standard regression
analysis, it is difficult to associate those changes with any
particular type of relaxation channel.

We show the results of PCA in Fig. 2 for CsV3Sbs
performed jointly on ZF-uSR data from several materi-
als showing TRS breaking [42]. We first identify the PCs
that have the largest contributions to the covariance of the
CsV3Sbs data by computing the cumulative principal compo-
nent score (cPCS) metric [43]. The cumulative PC scores for
CsV;3Sbs are shown in Fig. 2(a). We note that only the first
three PCs are important and the first PC captures the most
covariance of the data. We have computed the error bars in
the PC scores by assuming that the errors come solely from
the experimental errors of the asymmetry functions. The PC
scores at a given temperature are defined as

M
PCUL (T =Y PC"(t;) x A(T;. 1)), 3)

score

J

where PC["](tj) is a value of the nth PC at time ;. Assuming
that errors coming from different time windows are not corre-
lated, we obtain the PC score standard deviation as

M

SD[PCl (T)] = | D> (PC" (1)) x E(T. 1)%.  (4)
J

where E(T;, t;) indicates the experimental error of the asym-

metry function A(7;,t;) and we also assume that the error

coming from the variation of PC"(z;) is negligible.

We note from the variations of the PC scores as a function
of temperature shown in Figs. 2(b)-2(d) that all of the three
PCs show a clear and significant change below 7" =~ 50 K. The
changes in the PC scores set in below T =~ 160 K, where in
the intermediate temperature range there is little variation in
the second and third PCs, while the first PC has a clear shoul-
der at around 100 K close to T*, suggesting a relationship
between the additional fields and the charge ordering. Thus
the PCA corroborates the results of the previous analysis of
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FIG. 2. Principal component analysis (PCA) of the ZF-.SR spectra of CsV3Sbs in the normal state. (a) Cumulative principal component
score for each PC. The first three PCs have the largest contribution to the data reconstruction. (b)—(d) Principal component scores for the first,

second, and third most important PCs as functions of temperature.

ZF-uSR data using Eq. (2) showing the onset of additional
fields below 7' = 50 K, which may be associated with sponta-
neous fields in the charge ordered state.

While an exponential relaxation is often interpreted as aris-
ing from fluctuating internal fields, it can also correspond to a
Lorentzian distribution of static fields, as reported for KV3Sbs
[35], as well as several time-reversal symmetry breaking
superconductors [44-48]. To distinguish between these two
scenarios, we performed measurements in a LF of 50 G, which
are displayed for three temperatures in Fig. 3(a). It can be
seen that a significant relaxing component is still observed
in this LF, and the relaxation rate increases with decreasing
temperature, while the Kubo-Toyabe component observed in
ZF is absent, as expected when the muons are decoupled from
this relaxation channel. When a larger LF of 500 G is applied,
the muons are nearly entirely decoupled from the local fields
even at 5 K, with only a very small drop in the asymmetry.

0.26 : : : :
> (a) LF 50 G
= 0241
E 022} o5k
> o 70K
2 0.20}F o 120K
e 5K (500 G)
0-18 2 4 : 8 10
t (ps)
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FIG. 3. (a) uSR measurements of CsV3Sbs performed in longi-
tudinal applied fields, where the open symbols correspond to data
at three temperatures in a longitudinal field of 50 G, while the solid
symbols correspond to measurements in a 500 G field, where the
muons are decoupled from the local fields. The solid lines show the
results from fitting the 50 G data using Eq. (5). (b) Temperature
dependence of the exponential relaxation rate Ap obtained from
analyzing the data in the 50 G LF.

The 50 G data were analyzed using

A1) = Ae™ ™' + Agg, &)

where Agg was fixed to the same value as the ZF analysis. The
temperature dependence of A in the 50 G LF is displayed
in Fig. 3(b), where a sizable value is still observed at low
and intermediate temperatures. Furthermore, the significant
low-temperature enhancement observed below 50 K in the ZF
data is still present in a LF of 50 G. If the relatively small
internal fields detected in the ZF measurements were purely
static, they would be expected to be entirely decoupled by
the LF, as was observed for KV3Sbs in a 25 G LF [49], and
this therefore suggests that the exponential component for
CsV3Sbs corresponds to fluctuating magnetic fields and, as
such, the low-temperature enhancement also has a dynamic
nature. The dependence of Ap on the applied LF (Br) in
the fast-fluctuation limit can be estimated using the Redfield
formula

Av?

A= ——t
- y2Bf + v?

(6)
where A is the value in ZF. Using the 5 K values of A =
0.04825 us~! and Ap = 0.01875 us~! for the 50 G LF, we
estimate v = 3.39 us~!, corresponding to a correlation time
7. = 0.29 pus. The magnitude of the local fields By, can be re-
lated to A via A = 2(yﬂBloc)2/v, yielding Bjoc & 3 G. These
are similar local fields and correlation times inferred for the
dynamic part of the uSR spectra of PrOs,Sb;, [50], which
were suggested to reflect the 4f-electron dynamics of the
system.

Due to the intriguing dynamic nature of the spontaneous
fields below 50 K inside the CDW phase, it is difficult to
associate them with a hidden static order, such as the one
proposed in Ref. [36]. This further validates the unconven-
tional nature of the CDW phase in CsV3Sbs reported by other
measurements such as pump-probe spectroscopy [51,52]. It
was found that there is a change in rotational symmetry below
50 K from Cg to C, which is more like a crossover and the
electronic and orbital degrees of freedom curiously behave
differently in this regime [52]. In addition, our measure-
ments do not show the second transition below 30 K reported
in Ref. [36]. Further experimental and theoretical studies
are therefore necessary to uncover the true nature of the

033145-4



MUON SPIN RELAXATION STUDY OF THE LAYERED ...

PHYSICAL REVIEW RESEARCH 4, 033145 (2022)

0.3

o
[N

Asymmetry

©
—

5 10 15
t (us)

0.0
0

FIG. 4. Zero-field uSR measurements performed on the MuSR
spectrometer both in the normal state at 3.5 K and far below the
superconducting transition at 0.1 K. The solid curves show the results
from fitting using Eq. (2).

spontaneous fields associated with the CDW phase in
CsV3Sbs. We note that in 1T-TaS,, changes in the LF-uSR
spectra at different temperatures within the CDW phase were
associated with the diffusion of spinons in distinct quantum
spin liquid states [53]. In addition, the dynamic fields ob-
served in CsV3Sbs are distinct from the static spontaneous
fields inferred to appear at the charge order transition of
isostructural KV;Sbs [35,49]. This points to fundamental dif-
ferences in the charge ordered states of the two compounds,
which could potentially arise from the presence of different
types of Van Hove singularity [54].

B. 1SR measurements in the superconducting state

In order to search for the appearance of spontaneous mag-
netic fields in the superconducting state, indicative of a TRS
breaking pairing state [55], ZF-uSR was measured using the
MuSR spectrometer with the sample cooled in a dilution re-
frigerator. Figure 4 displays spectra measured in ZF at two
temperatures, at 3.5 K in the normal state and at 0.1 K well
below T, where there is little difference between the mea-
surements at the two temperatures. The data were fitted using
Eq. (2), yielding A = 0.205(2) s~ and A = 0.039(3) us™!
for both temperatures. These fitting results suggest a lack of
additional magnetic fields in the superconducting state, indi-
cating that the pairing state does not break TRS, consistent
with previous results for both CsV3Sbs and KV3Sbs [25,35].

To determine the temperature dependence of the superfluid
density, muon-spin rotation measurements were performed in
a TF of 300 G, as shown for two temperatures in Fig. 5. An
increased relaxation in the superconducting state corresponds
to the formation of a flux-line lattice, which is sensitive to the
magnitude of the penetration depth, and hence the superfluid
density. The data were analyzed using

ATe(t) = Ase ™" cos(yByt + ) + Apg cos(7,Bigt + ),
(N
where the first and second terms correspond to muons stop-
ping in the sample and sample holder, respectively, and ¢ is a
common phase. Here, the ratio A/A;, was fixed to the fitted

.
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FIG. 5. Muon-spin rotation measurements of CsV;Sb measured
in a 300 G transverse field at (a) 0.1 K and (b) 2 K. The solid curves
show the results from fitting using Eq. (7).

value obtained from fitting at the lowest measured tempera-
ture. The superconducting contribution to the relaxation oy
was calculated using oy = /0> — 02, using a normal state
contribution o, = 0.209 ws~! estimated from the normal state
data. The temperature dependence of oy, which is propor-
tional to the superfluid density, is displayed in Fig. 6. A clear
low-temperature saturation of oy, cannot be resolved, and the
data cannot be accounted for using a single-gap s-wave model.
On the other hand, there are not sufficient low-temperature
data points to resolve whether at low temperatures the data do
approach a constant value, as expected for a fully open super-
conducting gap, or whether they exhibit power-law behavior
characteristic of nodal superconductivity. In a previous pen-
etration depth study using the tunnel-diode oscillator based
method [24], fully gapped behavior is revealed by A(T") be-
coming flat only at very low temperatures, below around
0.2 K, and the data are analyzed using an isotropic two-gap
s-wave model. Similarly, we fitted o, with the same two-gap
s 4+ s model, which as shown by the red curve in Fig. 6 can
well describe the data, with zero-temperature gap magnitudes
of Ay = 0.55kgT. and A, = 2.72kgT;, with a fraction corre-
sponding to the smaller gap of 22%. Here, the value of the
small gap is very close to that from the analysis of the TDO

0.0 0.4 0.8 1.2 1.6

0.00 :
T(K)

FIG. 6. Temperature dependence of oy, of CsV3Sbs determined
from TF-u SR results, which is proportional to the superfluid density.
The solid curves show the results from fitting with a two-gap s-wave
model and an isotropic s-wave model as described in the text.
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data [24], while A, is larger, being closer to that deduced
previously from pSR [25]. Therefore these results are consis-
tent with the previous findings of two-gap superconductivity
in CsV3Sbs [24,25].

The multigap superconductivity with preserved TRS found
in CsV3Sbs constrains the forms of possible superconducting
instabilities in conjunction with other measurements which
indicate isotropic full gap behavior [24-30]. In particular,
the proposed nodal f-wave-type [56] superconducting order
parameter seems to be incompatible with the experimental
observations in CsV3Sbs. Rather, a fully gapped supercon-
ducting state resulting from the multiband nature and an
intricate interplay [54] between the CDW phase, supercon-
ductivity, and topological order is expected to be realized in
CsV3Sbs, and further studies are necessary to uncover its true
nature and pairing mechanism.

IV. CONCLUSION

In summary, we performed ZF-, LF-, and TF-uSR mea-
surements on the kagome lattice superconductor CsV3Sbs.
Upon lowering the temperature, a significant increase in the
relaxation rate corresponding to the exponential relaxation
channel of the ZF asymmetry is observed, which has its
onset below around 50 K, well below the charge ordering
temperature 7* = 93 K. Upon measuring in a LF of 50 G,
a sizable relaxation is still observed, which also shows a sim-

ilar low-temperature increase, indicating the dynamic nature
of these small fields. Meanwhile ZF measurements at lower
temperatures show no detectable change upon entering the su-
perconducting state, indicating that the superconducting order
parameter does not break TRS, while the TF-uSR analysis
is consistent with the previous findings of two-gap s-wave
superconductivity. While it is still an open question as to
whether the additional internal fields that have their onset well
below T* are related to changes in the charge ordered state,
the dynamic nature of these fields inferred from our study
suggests that they cannot be straightforwardly interpreted in
terms of static spontaneous fields arising from the unusual
charge ordered state.
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