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We report x-ray diffraction studies of the electronic ordering instabilities in the kagome material CsV3Sbs
as a function of temperature and applied magnetic field. Our zero-field measurements between 10 and 120 K
reveal an unexpected reorganization of the three-dimensional electronic order in the bulk of CsV;Sbs: At low
temperatures, a 2x2x2 superstructure modulation due to electronic order is observed, which upon warming
changes to a 2x2x4 superstructure at 60 K. The electronic order-order transition discovered here involves
a change in the stacking of electronically ordered V;Sbs layers, which coincides with anomalies previously
observed in magnetotransport measurements. This implies that the temperature-dependent three-dimensional
electronic order plays a decisive role for transport properties, which are related to the Berry curvature of the
V bands. We also show that the bulk electronic order in CsV3Sbs breaks the sixfold rotational symmetry of
the underlying P6/mmm lattice and perform a crystallographic analysis of the 2x2x2 phase. The latter yields
two possible superlattices, namely a staggered star-of-David and a staggered inverse star-of-David structure.
Applied magnetic fields up to 10 T have no effect on the x-ray diffraction signal. This, however, does not rule

out time-reversal symmetry breaking in CsV;Sbs.

DOI: 10.1103/PhysRevB.105.195136

I. INTRODUCTION

The physics of quantum materials containing layers of
corner-sharing triangles is full of surprises. Not only that
localized magnetic moments on kagome lattices provide a
unique platform for novel magnetic states of matter [1]. As
it is now becoming more and more evident, also delocalized
electrons on a kagome lattice can exhibit novel and truly
fascinating electronic phases, such as nontrivial topological
matter [2,3], chiral superconductivity [4,5], bond and charge
ordering [6,7], or complex intertwined order [8,9].

In this regard the kagome materials AV3Sbs (A =K,
Rb, Cs) have become particularly famous, generating a real
surge of research into their electronic properties [9-16]. One
reason for the large interest certainly is the appearance of
superconductivity in a topological Z, kagome metal [10].
Superconductivity in layered kagome materials is very rare
to start with. But the coexistence of superconductivity and
nontrivial electronic topology may support elusive and highly
sought after quasiparticles such as Majorana bound states
[16]. In addition to this, intriguing electronic ordering in-
stabilities have been observed in AV3Sbs. Recent scanning
tunneling microscopy (STM) studies, for instance, revealed
the presence of electronic orders on the surfaces of KV3Sbs
and CsV;3Sbs [9,13,14].

Focusing on CsV3Sbs, electronic order sets in below 95 K
[10,14], resulting a 2x2 superstructure, which in fact shows
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signatures of chirality [14]. The latter are indeed in agree-
ment with previous theoretical studies of the kagome Hubbard
model, where such an instability has been predicted [5,7].
While the formation of electronic order within the kagome
layer is by now quite well established, the microscopic order-
ing pattern could not yet be determined. Another important
feature of the electronic order in CsV3Sbs is its three-
dimensional (3D) character, i.e., the correlations between the
kagome layers [12,16,17]. Also, these correlations remain
controversial: While some studies find clear indications for a
2x2x2 order [16,17], recent x-ray diffraction (XRD) studies
found a disordered 2x2 x4 modulation [12] or even a coexis-
tence of 2x2x2 and 2x2 x4 superstructures [18].

Here, we study the 3D electronic order in the bulk of
CsV3Sbs single crystals using high-resolution XRD as a func-
tion of temperature and applied magnetic field. The basic
lattice structure of this compound is illustrated in Figs. 1(a),
1(b). We show that, besides the electronic order-disorder
transition at about 95 K, there is an additional order-order
transition at 60 K. This order-order transition coincides
with previously reported anomalies in the magnetotransport
[15,19], indicating that the changes in the electronic order play
a decisive role for the topological band structure of CsV3Sbs.

II. EXPERIMENTAL DETAILS

The zero-field measurements were done using a high-
performance laboratory XRD facility, optimized for resolution
and sensitivity. This custom-made instrument is equipped
with a monochromatized Mo KB radiation source (beam

©2022 American Physical Society
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FIG. 1. Temperature-dependent XRD measurements and illustration of the three-dimensional room-temperature P6/mmm structure of
CsV;Sbs. The latter is shown in (a) together with the kagome V sublattice of a V3Sbs layer in (b). The XRD data in (c)—(f) reveal the
appearance of two distinct 3D superlattice modulations with different out-of-plane correlations along ¢,. Data were taken with increasing
temperature. (c) Temperature-dependent integrated intensity of the (0.5, 2.5, —0.5) and (0.5, 2.5, —0.25) superstructure reflections, which
signal the presence of a 2x2x2 and a 2x2x4 superlattice, respectively. The red and blue lines serve as guides to the eye. Inset: Reciprocal
space map parallel to the (hk%) plane for the 2x2x2 phase at 10 K. The chirality of the XRD intensity is similar to that observed by STM
[14]. (h31) planes for the undistorted 1x 1x 1 host phase (d) at 300 K, the 2x2 x4 phase (e) at 75 K, and the 2x2x2 phase (f) at 10 K.

diameter 70 um on the sample) and a CdTe area detector
with 300 000 pixels and no readout noise for high detection
efficiency and minimum background. The outstanding perfor-
mance of the instrument is particularly well demonstrated in
Fig. 2(d) where peak profiles with a maximum intensity of
2 counts/s are still fully resolved. The cooling of the sample
down to 10 K was accomplished by a low-vibration pulse-tube
cryostat, which was itself mounted on a specialized four-circle
diffractometer. High-energy (100 keV) XRD measurements
in fields up to 10 T were performed at beamline P21.1 of
the PETRA III storage ring (DESY, Hamburg, Germany).
To apply magnetic fields along c¢; and to reach temperatures
down to 10 K, the CsV3Sbs single crystal was mounted into a
cryomagnet cooled by liquid He. The scattered radiation was
again be detected using a CdTe area detector, this time with
100 000 pixels.

The single crystals for the present XRD study were syn-
thesized using the self-flux method and well characterized
prior to the XRD experiments. The magnetothermal transport
measurements reveal the high quality of our CsV;3Sbs sin-
gle crystals and show a large anomalous Nernst effect. Both
the Nernst and Seebeck signals exhibit quantum oscillations,
which start around 2 T [20]. The diffraction patterns at room
temperature exhibit sharp and resolution-limited diffraction
spots that can be indexed by a hexagonal unit cell with lat-
tice parameters a, = b, = 5.5160(14) A and ¢;, = 9.28(3) A,
again verifying the extremely high quality of the studied sin-
gle crystals. In total, 145 Bragg reflections could be reached
through the windows of the cryostat, 47 of them being unique.
Refinement of the measured intensities [21] yielded the ex-
pected P6/mmm structure and zgp, = 0.7422(1) as a single

atomic coordinate not fixed by a special position, which is
in perfect agreement with previously published data [22].
Throughout the following text, the Miller indices (4, k, [) of
the observed diffraction peaks refer to the undistorted 1x1x 1
host phase with space group P6/mmm.

III. RESULTS
A. Zero-field measurements

Starting from room temperature, the sample was cooled
down very carefully to 10 K at a rate of about 2 K per minute.
After cooling down, a large number of additional superlattice
reflections was observed at 10 K. The inset of Fig. 1(c),
Fig. 1(f), and Figs. 2(a)-2(c) show representative reciprocal
space maps and scans with typical superlattice peaks. The su-
perlattice reflections at 10 K can be indexed referring to a unit
cell, which is doubled along a;, by, and c;,. We will refer to
this as a 2x2 x2 superlattice in the following. The superlattice
reflections are extremely narrow and resolution limited [full
width at half maximum (FWHM) =~ 0.04 reciprocal lattice
units (r.l.u.)] in all three directions of reciprocal space, i.e.,
the bulk exhibits a fully developed 3D electronic order.

We note here that the electronic order at the surface is un-
stable and transforms into a stripelike 4 x 1 surface modulation
at low temperatures [9]. The earlier attribution of this instabil-
ity to surface effects [14] is in fact supported by the absence of
corresponding superlattice peaks in our bulk sensitive XRD.

The main result of the present study concerns the tem-
perature evolution of the superlattice, which is displayed in
Fig. 1(c): Upon warming, the average intensity of the 2x2x2
reflections decreases continuously up to about 55 K and then
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FIG. 2. Breaking of the sixfold rotational symmetry due to electronic order in the 2x2x2 and 2x2x4 phase. (a), (d) [ cuts (—0.5, 3.0, /)
and (2.5, 0.5, 1), which are related by sixfold symmetry, differ in both phases (integration thickness 64 = §k = 0.06 r.l.u.). Also the intensity
distributions in reciprocal lattice planes related by sixfold symmetry are distinct as demonstrated in (b), (c) for the 2x2x2 phase and in (e), (f)
for the 2x2x4. In the 2 x2 x4 phase the peak intensities for / = 0.25 still possess the sixfold rotation symmetry, while the ones with / = 0.5 do
not (d). In the 2x2x2 phase sixfold rotation symmetry of the XRD pattern is completely lost (a). Inset: Schematic, indicating the sk positions

of the measurements in (a), (d).

drops abruptly at about 60 K. Just above 60 K we observe
additional peaks at positions revealing a quadrupling along
the ¢;, direction of the P6/mmm unit cell. This signals the
formation of a 2x2x4 superlattice in the sense introduced
above. Note that only the period of the modulation along ¢, is
changed, while the periodicity of the superlattice along a;, and
by, remains unaltered. The superlattice peaks of the 2x2x4
phase are also resolution limited, which can be observed in
Figs. 1(e) and 2(d)-2(f). The 2x2 x4 modulation therefore as
well is long-ranged ordered in all three directions of space.
With further increasing temperature, the decrease of the peak
intensities continues, followed by an abrupt drop to zero in-
tensity at about 95 K.

We point out that our data exclude a coexistence of the
2x2x2 and 2x2x4 phase at the measured temperatures be-
tween 60 and 95 K: The intensity of the superlattice peaks
with [ = 0 is always finite in the 2x2x2 phase, whereas it
vanishes completely in the 2x2x4 phase, which is incom-
patible with a phase coexistence. In addition, the intensities
of the superlattice peaks with I = 0.5 and [ = 0.25 above
60 K exhibit a very similar temperature dependence, as can
be seen in Fig. 1(c), further supporting the conclusion that all
superlattice peaks have the same origin, namely the 2x2x4
phase.

The doubling along the a;, and b;, directions observed in
our XRD measurements is in perfect agreement with the
2x2 superstructures detected at the surface by STM. This
agreement also provides compelling evidence for the direct
relation between the structural modulations probed by XRD
and electronic order in the V3Sbs layers probed by STM. We
therefore conclude that also the structural transition at 60 K

reflects a change in the electronic order. More specifically, the
superlattice reflections reveal a reoganization of electronically
ordered kagome layers along c;, while the periodicity of the
electronic order in the ab;, plane remains unchanged.

It is important to note that a previous XRD study reported
a 2x2x4 phase at 15 K [12], instead of the 2x2x2 phase
observed here. Furthermore, another very recent XRD study
found a coexistence of the 2x2x?2 and 2x2 x4 phases below
95 K, which depends on the cooling protocol [18]. In both
studies, the XRD intensity maps show broad streaks along the
reciprocal [ direction due to considerable disorder along the
¢y, direction. These results therefore imply that the 2x2x2
and 2x2 x4 phases are close in energy and metastable under
certain conditions.

We argue that the present XRD results correspond to
intrinsic electronic order in thermal equilibrium: First, the
superlattices observed here are highly ordered in all three
dimensions, which is a very strong indication that these struc-
tures belong to the thermodynamically stable phase. We also
find the electronic order to be phase pure, i.e., there is no
coexistence of different types of electronic order. Second,
the observed transition temperatures agree perfectly with a
number of previous reports: The transition at T;; = 95 K is
fully consistent with anomalies observed in the magnetic sus-
ceptibility, electrical resistivity, and the specific heat [10,14].
But more importantly, the transition at 7., = 60 K is in perfect
agreement with previous magnetotransport studies where pre-
cisely at this temperature striking anomalies were observed
[15,19]. It also corresponds very closely to a drastic change
in the temperature-dependent Seebeck coefficient [20]. The
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rearrangement of the electronic order at T, is therefore di-
rectly related to changes in the macroscopic properties.

In Figs. 2(a) and 2(d), ! cuts at two hk positions, which
are equivalent in P6/mmm, are shown. Clearly, the [ cuts at
the two positions differ, showing that the sixfold symmetry of
P6/mmm is indeed broken by the electronic order in both the
2x2x2 and 2x2x4 phases. This can also be observed very
nicely in Figs. 2(b) and 2(c) and Figs. 2(e) and 2(f), which
compare the intensity distributions in reciprocal lattice planes
related by the sixfold symmetry. Our data therefore exclude
high-symmetry charge ordering models with P6/mmm sym-
metry discussed in the literature [23].

B. Magnetic field-dependent measurements

Now we turn to another very striking feature of the XRD
intensity distribution, namely its chirality. As can be observed
in the inset of Fig. 1(c), the intensities exhibit a chirality in
the (hk) plane very similar to what has been observed by STM
[13,14]. These STM studies also revealed that the chirality of
the electronic order at the surface can be altered by a mag-
netic field of 2 T applied along the c;, direction. The chirality
detected in STM hence appears to be linked to time-reversal
symmetry breaking (TRS breaking). Indeed, chiral electronic
order yielding time-reversal symmetry is found in the kagome
Hubbard model, where it results from sublattice interference
within a single kagome plane [5,7]. Interestingly, a very recent
muon spin rotation (uSR) study of KV3Sbs reports the evi-
dence for time-reversal symmetry breaking due to electronic
order [24]. These uSR data also show additional anomalies at
lower temperature, which may correspond to the transition at
T, = 60 K.

But when interpreting the chiral XRD pattern from a bulk
sample care must be taken: Twinning of a nonchiral super-
structure, for example, can also yield a chiral XRD intensity
distribution. The chirality of the XRD intensities presented in
the inset of Fig. 1(c) can therefore not be taken as proof for
chiral electronic order.

In order to further investigate possible sample twinning and
TRS breaking in CsV3Sbs, we performed XRD with 100 keV
synchrotron radiation in applied magnetic fields up to 10 T.
The use of synchrotron radiation provides an even higher
q resolution than the zero-field measurements performed in
house. As in the STM studies mentioned above, the magnetic
field was applied parallel to the c¢;, axis.

The sample was first cooled down into the 2 x2 x?2 phase in
zero magnetic field. As can be seen in Fig. 3, within the error
of the present measurement, no change of the peak profiles
was observed upon increasing the magnetic field to 10 T.
We also applied —10 T and performed field-cooled measure-
ments. In all cases, the peak position and width remained
unchanged and also the intensity remained constant within
about 5%, which corresponds to the experimental error of
the setup. Slight variations in the profiles can be attributed to
small changes of the sample position of the order of =10 pm.
Instead, the high ¢ resolution of the present synchrotron ex-
periment revealed small peak splittings due to the twinning of
our single crystal (see inset of Fig. 3). We therefore conclude
that the chiral XRD pattern detected in the present experiment
is, first, indeed caused by a twinning of the sample and,
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FIG. 3. Magnetic field-dependent XRD measurements. Blue
curve: (5.0, 1.5, —0.5) peak of the 2x2x2 phase in the zero-field
cooled state at 10 K and O T. The structure of the intensity profile
is due to the mosaic of the sample. As the magnetic field along
the ¢, direction is increased from O to 10 T, the intensity of the
(5.0, 1.5, —0.5) superstructure peak remains unchanged (red curve).
Inset: A two-dimensional detector image showing twin-induced peak
splitting at the (5.0,2.0,0.0) position. Increasing g, corresponds to an
increasing scattering angle 20.

second, not related to TRS breaking. Our results can hence
neither prove nor disprove chiral electronic ordering or TRS
breaking in CsV3Sbs.

C. Crystallographic refinements

While the twinning of the superstructure, combined with
the small intensity of the superlattice peaks, currently pre-
vents a detailed crystallographic analysis of the 2 x2 x4 phase,
we succeeded in analyzing the zero-field data sets for the
2x2x2 phase at low temperatures. A key factor here was
the unmatched quality of the present XRD data from a
phase-pure 2x2x?2 phase. The crystallographic refinements
of the 2x2x2 superlattice were performed in the space
group Fmmm, which was also found in previous theoreti-
cal investigations [23]. While the base-centered orthorhombic
Cmcm, which corresponds to one of the structures proposed in
Ref. [25], can be excluded based on reflection conditions, we
also considered a monoclinic distortion to C2/m. However,
both Fmmm and C2/m yield essentially the same atomic
positions in direct space, i.e., we cannot discriminate between
these two space groups based on the present data. Since our
data do not show signs of a significant monoclinic distortion,
we use the higher symmetric Fmmm in the following.

Our analysis showed that the measured XRD data are
very well reproduced by two different superlattices, namely
a staggered star-of-David (SOD) and staggered inverse SOD
shown in Fig. 4 (structural parameters can be found in the
Appendix). Our results are in fact perfectly in line with other
recent studies [17,18,25].

The two solutions found in the crystallographic refine-
ments mainly differ in the sign of the displacement vectors,
which describe the shifts of the V sites in the 2x2x2 phase
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(a) z2=0 (b) z=1

V-V distances:
Vi-V; = 2.664(3) A
V-V, = 2.657(3) A

V-V = 2.724(3) A
Vo-Vs = 2.711(2) A

(d) z=
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V-V, = 2.696(3) A
—V,-V; = 2.688(2) A

——— V-V, = 2.683(3) A

FIG. 4. Tllustration of the refined structural models for the
2x2x?2 phase at low temperatures. Model 1 (staggered inverse SOD)
in (a), (b) and model 2 (staggered SOD) in (c), (d). The two planes
at z =0 and z = 0.5 alternate along the ¢ direction (out of plane),
which results in a staggered ordering. The different nearest-neighbor
V-V distances are encoded by different colors, as indicated below the
corresponding panels.

with respect to an unmodulated structure. This ambiguity of
the present analysis stems from the twinning of the superlat-
tice in combination with the relatively small intensities of the
superlattice peaks.

IV. CONCLUSION

To conclude, we studied the 3D bulk electronic order in
CsV3Sbs and obtained two main results: First, an order-order
transition at 60 K, which involves a change of the correlations

between kagome layers and anomalies in the magnetotrans-
port. Second, we performed a crystallographic refinement of
the 2x2x2 phase and found two possible solutions, namely
a staggered SOD and a staggered inverse SOD. While we
cannot determine which of the two solutions corresponds to
the 2 x2 x2 phase of CsV3Sbs, this experimentally determined
structural information will enable us to test, assess, and im-
prove available theoretical models.

The reorganization at 60 K implies that different ordering
patterns are energetically very close, which is also highlighted
by the fact that more surface sensitive methods found uniaxial
order [9] or a coexistence of inverse SOD and SOD type order
[26]. All this indicates highly tunable ordering instabilities
that in particular may depend on the number of layers in few
layer systems. This still needs to be explored systematically. It
also remains to be clarified whether or under which conditions
chiral charge order or possible nematic instabilities occur in
AV3Sbs. These open issues certainly deserve further study and
will very likely yield more surprises in the future.
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APPENDIX: CRYSTALLOGRAPHIC REFINEMENTS

For data processing information, see Ref. [21]. As de-
scribed in the main text, we obtained two models, which

TABLE 1. Refined atomic coordinates and equivalent isotropic
displacement parameters for the staggered inverse star-of-David su-
perstructure (model 1), as shown in Figs. 4(a) and 4(b).

Atom Site X y z Ugq

Cs; 8i 0 0 0.75074(8) 0.0086(9)
Cs, 8f 0.25 0.25 0.25 0.0085(9)
Vi 160 0.37859(12) 0.12630(6) 0 0.0068(10)
V, 160 0.62415(12) 0.37624(6) 0 0.0066(10)
V3 8g 0.2475(2) 0 0 0.0091(14)
V4 8h 0 0.74741(10) 0 0.0088(14)
Sb, 16m 0 0.33294(5) 0.62156(10) 0.0072(9)
Sb, 32p  0.25056(3) 0.08348(4) 0.12162(9) 0.0072(9)
Sbs 16m 0 0.83339(5) 0.62338(10) 0.0072(9)
Sby 4b 0 0 0.5 0.0073(10)
Sbs 8e 0.25 0.25 0 0.0074(10)
Sbg 4a 0 0 0 0.0075(10)
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TABLE II. Refined atomic coordinates and equivalent isotropic
displacement parameters for the staggered star-of-David superstruc-
ture (model 2), as shown in Figs. 4(c) and 4(d).

Atom Site X y b4 Uy

Cs; 8i 0 0 0.74923(9)  0.0086(9)
Cs, 8f 0.25 0.25 0.25 0.0087(9)
A\ 160 0.37154(13) 0.12373(7) 0 0.0059(10)
V, 160 0.62587(14) 0.37374(7) 0 0.0076(11)
V; 8g  0.2525(2) 0 0 0.0099(15)
Vy 8h 0 0.75259(12) 0 0.0081(15)
Sb; 16m 0 0.33369(5) 0.62251(10) 0.0073(9)
Sb,  32p 0.24944(4) 0.08317(5) 0.12247(9) 0.0073(9)
Sb;  16m 0 0.83327(5) 0.62070(11) 0.0073(9)
Sby 4b 0 0 0.5 0.0075(10)
Sbs 8e 0.25 0.25 0 0.0075(10)
Sbe 4a 0 0 0 0.0077(10)

describe the data equally well, namely the inverse SOD
(model 1) and the SOD (model 2). Both models feature a
staggered ordering along the c, axis. The main difference is
an inversion of the positional shift of the V sites. Details about
the refinements and the data sets are provided in Tables I-III.

TABLE III. Details on data collection and structure. Top: Pa-
rameters characterizing the data collection and the crystal structure.
Bottom: Comparison of the refinements of model 1 and model 2.
Both models describe the experimental data equally well, with a
slightly better fit by model 1.

Crystal data Data collection

Temperature (K) 10 Wavelength A) 0.63229
Crystal system Orthorhombic 26max (deg) 45.36
Space group Fmmm Nieasured 914
a(A) 10.9713(14) Nindependent 474
b(A) 18.983(3)  Nopsewvea LI > 20 ()] 292
c(A) 18.514(10) w (mm™") 13.76
Z 16 Rin (%) 6.52
Peale (g Cm73) 6.163

Refinement Model 1 Model 2
Nparamelers 30 30

Ry > 4o (%) 3.17 3.37

R all (%) 391 4.12
wRy > 40 (%) 13.07 13.97
wR, all (%) 15.51 16.16
Extinction 0.00013 0.00013
Twin fractions 65:16:19 65:16:19
Goodness of fit 1.133 1.102

A pmin (€ A7) —1.234 —1.231
Apmax (e A7) 1.033 1.024
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