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Abstract

We report on (resonant) x-ray diffraction experiments on the normal state properties of
kagome-lattice superconductors KV3;Sbs and RbV;Sbs. We have confirmed previous reports
indicating that the charge density wave (CDW) phase is characterized by a doubling of the unit
cell in all three crystallographic directions. By monitoring the temperature dependence of Bragg
peaks associated with the CDW phase, we ascertained that it develops gradually over several
degrees, as opposed to CsV3Sbs, where the CDW peak intensity saturates promptly just below
the CDW transition temperature. Analysis of symmetry modes indicates that this behavior arises
due to lattice distortions linked to the formation of CDWs. These distortions occur abruptly in
CsV3Sbs, while they progress more gradually in RbV3Sbs and KV;3Sbs. In contrast, the
amplitude of the mode leading to the crystallographic symmetry breaking from P6/mmm to
Fmmm appears to develop more gradually in CsV3Sbs as well. Diffraction measurements close
to the V K edge and the Sb L; edge show no sensitivity to inversion- or time-symmetry
breaking, which are claimed to be associated with the onset of the CDW phase. The azimuthal
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angle dependence of the resonant diffraction intensity observed at the Sb L; edge is associated
with the difference in the population of unoccupied states and the anisotropy of the electron

density of certain Sb ions.

Keywords: charge density waves, resonant diffraction, superconductivity

1. Introduction

The recently discovered family of kagome metal compounds
AV3Sbs (A = K, Cs, and Rb, see [1-3]) has attracted much
interest due to their rich physical states [4—15]. They exhibit a
charge density wave (CDW) order which sets in at 80-110 K.
In addition to CDW, superconductivity is observed below the
transition temperature 7., which varies between ~0.9 and
~3.0 K for different alkali metals [1-3]. T is further changed,
reaching in some cases values as high as ~7-8 K, either by
doping [16] or application of pressure [17-19].

X-ray diffraction measurements show that the CDW is
characterised by a unit cell doubling along both a and b dir-
ection, and a quadrupling along the ¢ axis [20-22]. Distinct
CDW phases were theoretically shown to be energetically
favorable, leading to the tunability of type of CDW order by
an external parameter such as temperature, pressure or dop-
ing [15, 23-27]. Experiments have also reported signatures
of threefold rotational symmetry breaking inside the CDW
phase [28-31]. The most important feature of the CDW state
is time-reversal symmetry-breaking, which has been reported
by muon-spin rotation (1#SR) experiments [8, 12, 32]. Time-
reversal symmetry breaking is also reflected by anisotropic
intensities of the ordering vectors obtained from scanning tun-
neling microscopy [6, 7], field switchable chirality, a giant
anomalous Hall effect [5, 33] and an anomalous Nernst signal
[34]. Moreover, the chiral nature of the charge order is also
supported by observed electronic magneto-chiral anisotropy
[35]. Despite a tremendous amount of experimental and the-
oretical effort, the precise nature of symmetries broken by
the CDW phase in AV3Sbs remains elusive. Exploring the
microscopic mechanisms responsible for the CDW formation
in the AV3Sbs (A = Cs, K, Rb) family of kagome metals is
crucial for understanding the unique properties of the nor-
mal and the superconducting states. In this respect, an import-
ant starting point is to have a solid knowledge of the materi-
als’ crystallographic structure and its variation as a function
of the alkaline atoms. To do so, we have applied advanced
x-ray diffraction characterization which provides informa-
tion on the crystallographic symmetry breaking occurring
at the CDW formation temperature as well as the presence
of an anisotropic distribution in the electron density of the
V and Sb ions.

This paper is organized as follows: In section 2, we describe
the sample preparation and the experimental details of the
x-ray (resonant) diffraction experiment. In section 3.1, we
report on the periodicity associated with the CDW phase and
its temperature dependence associated with the development
of a coherent long-range CDW throughout the sample. We
confirm previous reports that the observed CDW periodicity

is different from the one measured in CsV3Sbs and develops
more gradually as a function of temperature. In section 3.2 we
summarize our x-ray diffraction measurements performed in
the vicinity of the V K edge and the Sb L; edge. In conclu-
sion, the resonant x-ray diffraction cross section is not sensit-
ive to the symmetry breaking associated with the occurrence
of the CDW. The resonant enhancement observed at the Sb
L, edge originates from the anisotropy of the Sb electron
density.

2. Experimental details

Single crystals of RbV3Sbs and KV3Sbs were synthesized by
Rb, K ingot (purity 99.9%), V powder (purity 99.9%), and Sb
grains (purity 99.999%) using the self-flux method [3].

The resonant x-ray diffraction experiment was carried out
at the 116 beamline [36] at the Diamond light Source, using a
six-circle ‘Kappa’ diffractometer in horizontal scattering geo-
metry equipped with a Pilatus 100 K detector from Dectris.
An illustration of the experimental setup is shown in figure 5.
In the experiment, a KV3Sbs (RbV;Sbs) single-crystal sample
with a surface normal direction close to [0 O 1] and an area of
~2 x 2 mm? was mounted in an ARS DE-202SK cryo cooler
to stabilize the sample temperature in an interval ranging from
5 K to room temperature. The horizontally polarized x-ray
beam was focused to a spot size of 20 ym x 200 pum (vertical
X horizontal).

The x-ray beam energy was tuned in the vicinity of the
Sb L; edge (2s — S5p transition) at around 4.7 keV (A =
0.264 nm) and subsequently close to the V K edge (1s — 4p
transition) at around 5.4 keV (A = 0.229 nm).

Analysis of the polarization of the scattered x-rays was per-
formed utilizing a LiF and a graphite crystal at the Sb and V
edges, respectively.

3. Results and discussion

3.1. Superlattice peaks

Members of the AV3Sbs (A = K, Rb and Cs) are known
to undergo a symmetry-breaking transition that results in an
increase of the unit cell size [37]. At ambient pressure, a
CDW in AV;3Sbs sets in at Tepw ~78 K, 93 K and 103 K
for A = K, Cs and Rb, respectively. For CsV3Sbs there
have been several reports based on high energy x-ray dif-
fraction [21, 22, 37] and resonant x-ray diffraction at the V
and Sb absorption edges. [38] Few groups [21, 22, 39] have
reported the occurrence of a CDW instability in CsV3Sbs
which is three-dimensional in nature, with a resulting 2 X
2 x 4 superstructure. However, Li et al [38] did not observe
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Figure 1. Reciprocal space scan along the L direction. Data was
acquired on a KV3Sbs sample at the incident photon energy of
4.698 keV at T = 12.9(2) K, in the CDW phase. The inset shows a
rocking curve of the (0 0 4) reflection (black dot) gathered at

T =12.9(2) K and at 4.73 keV. A fit of the rocking curve with a
pseudo-Voigt profile (red line) gives an estimated full-width at half
maximum of 0.060° £ 0.005°.

such modulation in their experiment. Early solutions of the
CsV3Sbs 2 x 2 x 4 superstructure were indexed in the trigonal
P3 space group (No. 147) [21]. More recent experiments [37]
have observed the orthorhombic distortion alluded in [21] and
index the crystallographic structure with the Cmmm space
group (No. 20).

While crystallographic experimental reports on KV3Sbs
and RbV;Sbs are more consistent, we judged worth invest-
igating further the CDW phase via high-resolution x-ray dif-
fraction. Crystallographic structures are routinely determined
on micron cube-size crystals. Symmetry breaking associated
with small distortions of the lattice can be obscured by several
factors such as the weakness of the diffraction peaks induced
by the symmetry breaking and/or the presence of twins. The
goal of our x-ray diffraction experiments was 1) to compare
the CsV3Sbs resonant diffraction results reported in [38] with
the RbV3Sbs and KV;Sbs and 2) to confirm recent experi-
ments [37] reporting a 2 X 2 X 2 superstructure in RbV3Sbs
and KV;Sbs and to determine the temperature evolution of the
diffraction peaks associated with the symmetry lowering on a
larger sample size as compared to previous x-ray reports. [20].
The first point will be discussed in detail in the next section. As
for the second one, we could identify diffraction peaks asso-
ciated with a 2 x 2 x 2 doubling of the P6/mmm unit cell in
both RbV;3Sbs and KV;3Sbs. As already reported [37], we have
found no evidence for the additional superstructure (x4) along
the c-axis direction. Our results are summarized in figure 1,
with a reciprocal lattice scan along the L direction for the a
3/2 L) and (1/2 3/2 L) family of reflections. In both cases,
peaks with half-integer values are visible, whilst intensity at
the quarter-integer values shows no diffraction signal.

We now turn our attention to the development of CDW
ordering. Several authors [22, 38, 40] have reported x-ray
measurements on CsV3Sbs which confirm the symmetry
change occurs abruptly at a transition temperature of T~93 K,
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Figure 2. Temperature dependence of superlattice peaks for the two
samples: KV3Sbs in the main figure and RbV3Sbs in the inset. The
main panel features the temperature dependence of the

(3/2 3/2 1/2) and (1 1 1) peaks in KV3Sbs, which was collected
with an incident photon energy E = 4.68 keV and after cooling the
sample from room temperature to 10 K. The (1 1 1) peak (black
square) has, within the errorbars, no temperature dependence, while
the (3/2 3/2 1/2) intensity (red star) decreases upon approaching
Tcpw. After heating the sample to 120 K, we monitored the
intensity variation of the (3/2 3/2 1/2) peak as the sample was
cooled down below Tcpw (blue triangle). Within the experimental
uncertainties, cooling and heating runs have comparable intensity.
Close magenta point, referred to the temperature axis on top of the
figure, are CsV3Sbs data from [38] and serve to illustrate the abrupt
saturation of the CDW order parameter in CsV3Sbs at TS5y, ~ 93 K.
Inset: the temperature dependence of the RbV3Sbs (5/2 0 2) peak,
also showing no hysteresis in the cooling and heating run. Lines are
a guide to the eye.

with the intensity of the superlattice peaks reaching a max-
imum value at T~92 K. Our measurements of the temper-
ature dependence of selected superlattice peaks for KV3Sbs
and RbV;Sbs are illustrated in figure 2. KV3;Sbs has a CDW
instability reported around 78 K and indeed we observe the
appearance of diffracted intensity consistent with the doub-
ling of the hexagonal unit cell along all the crystallographic
directions. Further, we have measured the variation of the peak
intensity as a function of temperature, while cooling down the
sample from T > T¢pw to 50 K. Comparing the peak intens-
ity on the heating and cooling run suggests that no thermal
hysteresis is present and the intensity evolution as a function
of temperature follows the same power law for both condi-
tions. We have also monitored the intensity of the (1 1 1) Bragg
peak associated with integer Miller indices, whose intensity is
expected to be insensitive to the CDW instability. Our meas-
urements confirm that this is indeed the case. The intensity
of this Bragg peak stays constant, within error bars, for all
the measured temperature ranges. Analogous measurements
were also done on a RbV3Sbs confirming the development of
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Table 1. Symmetry-mode analysis results. By comparing the crystallographic structure in the high-temperature phase with the one reported
for the 2 x 2 x 2 CDW phase (trihexagonal “TrH’ deformation), we can extract the atomic displacements and describe them in terms of a
basis of symmetry-adapted modes and calculate the amplitude A of the distortion modes. Amplitude values are normalized with respect to
the primitive unit cell of the high-symmetry structure. The amplitude values are given in A.

Sample  P6/mmmT[K] FmmmT[K] AT]) AT ALH ALH AM+)
CsV3Sbs 290 90 0.031  0.002 0.021 0010 0016
RbV;Sbs 290 10 0.031 0.0l  0.060 0.008  0.039
KV;3Sbs 290 10 0.030  0.024 0.045 0.008  0.025
CsV;3Sbs 290 10 0.038  0.000 0.064 0001  0.039

a CDW phase at 103 K. The absence of any temperature hys-
teresis for diffraction intensity measurements on heating and
cooling conditions is also the case for RbV3Sbs (see inset of
figure 2). The smooth evolution and the absence of hysteresis
point to a gradual increase of the lattice distortions at the origin
of the CDW phase.

Overall, concerning the CDW temperature dependence,
CsV;3Sbs differs from RbV;Sbs and KV3Sbs. The latter two
compounds have a CDW that develops over a broader tem-
perature range, with KV3Sbs plateauing around 40 K and
RbV;Sbs increasing continuously till the lowest temperat-
ure is measured. In contrast, in CsV3Sbs it was reported that
CDW peaks plateauing just below Tcpy [22, 37] with the
abrupt appearance of phonon mode that becomes active right
at TCDW [41]

To gain more insight into the origin of the contrasting tem-
perature dependence between the Cs compound and the Rb,
K one, we have carried out a symmetry-mode analysis with
AMPLIMODES [42, 43] for the reported crystallographic
structure above and below the CDW ordering temperature.
The analysis involves identifying the symmetry-breaking dis-
tortion leading to the distorted Fmmm structure by attributing
contributions to various symmetry-adapted modes. As input
data, we used the CIF files provided in the supplementary
information of [37] and tables 1 and 3 of reference [22]. In all
cases, we consider the distortions from the P6/mmm structure
at 290 K to the low temperature Fmmm 2 x 2 x 2 expanded
cell. Details are reported in table 1 and in the appendix A.1.
Out of the five existing symmetry adapted modes, for all three
compounds, the largest amplitudes are associated with T'S,
Lfr and Mfr (modes are described according to the associ-
ated irreducible representations, which are labeled according
to [44]). Particularly striking is the similarity of the amplitude
values for CsV3Sbs and RbV;3Sbs between 290 K and 10 K,
suggesting that both compounds undergo the same amount
of distortion across the examined temperature range. This is
apparently in contradiction with the temperature evolution of
the intensity of the CDW Bragg peaks reported in figure 2.
However, this contradiction can be resolved by looking at
the mode amplitude intensity of CsV3Sbs between 290 K
and 90 K, just below T¢pw, where the order parameter has
already saturated. One can see that in this case the largest amp-
litude is associated with the F;‘ mode, with a value compar-
able to the other two compounds at the lowest temperature.
We could therefore speculate that the intensity of the CDW
peaks reflects the atomic displacements associated with the 1";‘
mode. As it can be seen in table 3 in appendix A.2, this mode is

associated only with the Sb atom, while the Lfr mode involves
displacements of all the atomic species present. In summary,
the AMPLIMODES symmetry analysis suggests, within the
limit of the available data, that lattice distortions associated
with the CDW formation occur abruptly for CsV3Sbs whilst
they develop more gradually in RbV3Sbs and KV3Sbs. This
is in contrast with the amplitude of the mode responsible for
the symmetry breaking, which seems to be developing more
gradually also in CsV3Sbs. In this respect, the markedly dif-
ferent behavior observed in CsV3Sbs from the other two com-
pounds seems to stem from a subtle balance between the crys-
tallographic structures deformation and the associated change
in the band structure of the material.

3.2. Resonant x-ray diffraction

In this section, we present the results of our measurements per-
formed in the vicinity of the V K edge and on the Sb L; edge
on both compounds. Resonant x-ray diffraction is a combin-
ation of diffraction and spectroscopy which combines sensit-
ivity to long-range ordering with element specificity [45-47].
It is therefore an ideal tool to probe electronic and magnetic
ordering phenomena. Specifically, under appropriate condi-
tions, resonant diffraction is sensitive to the asymmetry of
the electron density of the resonant ion. For example, it was
predicted that time-reversal and inversion breaking phases in
the cuprate superconducting phase could be measured [48].
While resonant x-ray diffraction evidence of symmetry break-
ing in some Cu-based materials is controversial [49, 50],
such symmetry breaking has been unambiguously observed
in V5,03 [51] and CBg [52]. Such sensitivity arises from the
complex nature of the polarization and angular dependence
of the x-ray cross-section, when the x-ray energy is tuned in
the vicinity of an absorption edge. Specifically, the inversion
breaking phases reflect a departure from the description of the
sample in terms of atomic orbital of different parity with non-
overlapping orbitals. A hallmark of inversion symmetry break-
ing is the presence of sizeable absorption peaks in the pre-edge
region of the absorption edge, as exemplified by the strong pre-
peaks visible in the V,0s and VO, absorption spectra [53].
In a recent paper, [11] it was proposed to use resonant x-ray
diffraction to identify plausible magnetic motifs in the CDW
phase, derived from the parent hexagonal structure. However,
roughly at the same time Li ef al [38] reported the absence of a
resonance in the diffracting intensity in the vicinity of the VK
edge for CsV3Sbs. On the other hand, their report supports the
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presence of a resonance in the intensity of the (1/2 0 5/2) peak
near the Sb L; edge. From their observations, they deduce the
presence of an Sb Sp-electron assisted CDW in CsV3Sbs.

The main goal of our experiment was to use resonant x-
ray diffraction to identify plausible magnetic motifs associated
with the development of the CDW. However, the absence of a
resonance at the V K edge demonstrates that such symmetry
breaking is beyond the sensitivity of the chosen technique.
There could be various reasons for this lack of sensitivity; the
most prominent one is that the framework developed for reson-
ant x-ray diffraction is suitable for materials that are described
best by a model based on localized electrons. Nevertheless,
we can draw interesting comparisons between the behavior
observed in CsV3Sbs [38] with the one occurring in KV3Sbs
and RbV3 Sbs

In our experiment, we have confirmed the absence of a
resonant enhancement of the intensity of the Bragg peaks
associated with the CDW at the V K edge for both KV3Sbs
and RbV;Sbs samples. However, as already reported by Li
et al [38], a resonant enhancement for selected reflection has
been observed at the Sb L, edge. In figure 3 we plot the energy
dependence of the intensity of selected Bragg peaks. Only in
the case of the (3/2 3/2 1/2) peak there is a non-negligible
enhancement of the intensity occurring 1 eV before the first
maximum in the Sb K edge absorption spectra. The occurrence
of the resonant enhancement of the intensity at this energy is a
hallmark of the presence of a difference in the electron dens-
ity of the Sb ions which contributes to the diffraction struc-
ture factor at this point in reciprocal space. Specifically, we
are probing the transition from 2s states to the partially occu-
pied 5p orbitals.

To ascertain the nature of the resonant enhancement we
have performed an azimuthal angle scan of the (1/2 0 11/2)
Bragg peak. This scan entails a rotation of the sample around
the scattering wave vector, and the observed angular depend-
ence provides details on the electron density distribution at the
resonant atom [54]. The particular reflection was chosen as it
had the most favorable condition to fulfill the experimental
constraints. We collected energy scans at fixed momentum
transfer for several values of the azimuthal angle ) covering
arange of ~180°. Figure 4 shows two scans performed at 95°
apart. One can observe a change in the spectral shape and the
development of a pronounced maximum for ¢ = —125°, at
the energy E4 marked by a dashed line. To obtain a reliable
azimuthal angle dependence we have normalized the intensity
value recorded at E4 by the values obtained at 4.68 keV. Such
values measured far from the absorption edge do not depend
on the angle 1) and therefore provide a means to eliminate sys-
tematic error due to the change in the diffraction geometry that
occurs whilst rotating the sample around ).

The resulting angular dependence for KV3Sbs is illus-
trated in the inset of figure 4 and it is characterized by a
sin’(1)) dependence on top of a constant signal. Therefore,
we can readily conclude that we observe a signal originating
from the anisotropic distribution of the orbitals probed at this
specific energy. To extract information on the source of the
anisotropy one could use the expression provided in [55] for
the resonant x-ray scattering cross-section. The experimental
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E = 4.698 keV (marked by a black dash line), while for the
(3/2077/2) peak the intensity sharply decrease. Data was gathered
with a Pilatus Area detector. Datasets, as they appear in the legend,
are multiplied by 1, 5, and 30 respectively, for ease of comparison.
Each dataset consists of two scans done at a slighly different
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contributions. Open symbols represent fluorescent data collected at
two different sample orientation positions (angle ©). Squares and
triangles correspond to 6 equal to 15° and 75°, respectively.
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represents the normalized measured x-ray absorption of the sample.
In the inset, the azimuthal angle dependence (close symbol) of the
diffracted intensity for the x-ray energy of 4.698 keV is illustrated.
The line is a fit of the data according to the model presented in the
appendix A.2.

intensity modulation can readily be fit with two parameters,
corresponding to isotropic and anisotropic scattering contribu-
tions respectively, with the former about an order of magnitude
larger than the latter (see the appendix for more details).
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Given the large number of independent crystallographic
sites for the Sb ion in the low-temperature unit cell, it is
hard to assign the observed anisotropy to a selected crystal-
lographic site. Given the observed sinz(w) azimuthal depend-
ence we suggest that it could come from the presence of
a local anisotropy direction, which is not the same for at
least one of the Sb crystallographic sites. However, to be
more quantitative, several azimuthal angle scans of the low-
temperature crystallographic structure would be needed. This
would require a dedicated experiment, given the size of the
CDW unit cell, having at least 6 independent crystallographic
sites for Sb. Such a feat lies outside the goal of the present
manuscript.

Before concluding, we note here that there is also an
increasing number of theoretical models that point to the crit-
ical role of Sb orbitals in the electronic structure and for
determining the relative stability of different CDW phases.
Different from Sb-ions, alkali metal ions were theoretically
shown to have almost no effect on the stabilization of the
CDW phase. Some of these predictions have already been
confirmed by x-ray absorption experiments in CsV3Sbs [56].
In the present case, the observed anisotropy of the electron
density of the Sb ion in KV3Sbs, as well as the output of the
AMPLIMODE analysis, point to a non-negligible role of Sb
ions for CDW formation.

4. Conclusions

We have performed synchrotron x-ray diffraction experiments
to scrutinize the periodicity of the CDW in KV;3Sbs and
RbV;Sbs. We have confirmed previous reports observing a
CDW associated with a 2 x2 x 2 expansion of the high-
temperature P6/mmm hexagonal unit cell, which is distinct
from the 2 x 2 x4 expansion reported for CsV3Sbs. The
development of the CDW phase is distinct from the CsV3Sbs
one. In the latter material, the intensity of the CDW Bragg peak
reaches saturation within ~1K from T cpw, while for KV3Sbs
and RbV;Sbs it develops gradually over several tens of Kelvin.
Symmetry-mode analysis suggests that this behavior follows
from the lattice distortions associated with the CDW formation
which occur abruptly for CsV3Sbs whilst they develop more
gradually in RbV3Sbs and KV3Sbs. This is in contrast with
the amplitude of the mode responsible for the P6/mmm —
Fmmm crystallographic symmetry breaking, which seems to
be developing more gradually also in CsV3Sbs. Additionally,
we have used resonant x-ray diffraction to ascertain the nature
of the CDW in KV;3Sbs and RbV3Sbs. While resonant x-
ray diffraction is potentially sensitive to inversion and time
symmetry breaking, we find that this is not the case for the
materials under investigation. We have found no evidence
of substantial resonant enhancement of Bragg peak intens-
ity at the V K edge. Selected reflections at the Sb L; edge
do show some resonance, but they arise from the anisotropy
of the electron density of the Sb ion and not from inver-
sion or time symmetry breaking, as confirmed by the azi-
muthal angular dependence of a selected CDW peak. Such

findings establish constraints on theoretical models and they
have the potential to provide guidance for future experimental
investigations.
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Appendix

A.1. Symmetry-adapted modes analysis with AMPLIMODES

The symmetry-adapted modes analysis presented in
section 3.1 was performed using the AMPLIMODES tool
provided by the Bilbao Crystallographic server within the
Solid State Theory Applications toolbox. A detailed descrip-
tion of AMPLIMODES is provided in [42, 43]. Here it
suffices to say that, when dealing with a change in crys-
tallographic symmetry of a material, the structural distor-
tions can be decomposed into contributions from different
modes with symmetries given by irreducible representations
of the parent space group. In this context, modes are col-
lective correlated atomic displacements fulfilling specific
symmetry properties. One could for example distinguish
between primary and secondary (induced) distortions with
different symmetries. The observed asymmetry between the
parent and observed structures can be attributed solely to a
primary distortion mode, while considering secondary dis-
tortion modes in isolation would result in a higher level of
symmetry.

The tables presented in this section reproduce the results
obtained with AMPLIMODES when considering the reported
P6/mmm (space group No. 191) as High Symmetry Structure
and the Fmmm (space group No. 69) as Low Symmetry
Structure in the tool input. The Fmmm distortion decomposes
into five distortion modes of different symmetry, which are
listed in table 2. Note that only the LT and L;‘ irreducible
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Table 2. Summary of the mode decomposition for the distortions associated with the symmetry breaking from P6/mmm to Fmmm in
XV3Sbs, X =K, Rb, Cs. The wave vector (K-vector) involved in the distortions associated with each irreducible representation (Irrep), the
direction of the order parameter as well as the isotropy subgroup, and the dimensionality of each irreducible representation are given.

K-vector Irrep [44] Direction Isotropy Subgroup Dimension
(0,0, 0) It (a) P6/mmm (191) 1
(0,0,0) rs (—1/2 a,0.866 a) Cmmm (65) 1
(1/2,0, 1/2) Lf (a, 0,a) Fmmm (69) 5
(172, 0, 1/2) Lf (a, 0, -a) Fmmm (69) 3
(1/2,0,0) M (0, a,0) Pmmm (47) 4

Table 3. Summary of the basis modes. For each relevant atom in the
parent unit cell, its Wyckoff position (WP) is given, as well as the
irreps. Numbers in parentheses indicate the number of modes for
each irrep.

Atom WP Modes

Sb 4h TF () T () L @) L () M)
\Y% 3f LT L)y mMi@)

Cs 1b L)

representations have the same isotropy subgroup of the low
symmetry structure and can therefore be considered related to
primary modes.

The set of displacements of each Wyckoff orbital of the
parent structure form an invariant subspace for all symmetry
operations, so that the basis modes can be chosen considering
separate modes for each Wyckoff orbital in the parent structure
(see table 3), The program then uses the lattice parameters and
the atomic position of the high-symmetry structure to calcu-
late a structure with the same symmetry as the low-symmetry
structures. Then the lattice distortions can be compared and
atomic motions can be assigned to all atoms in the unit cell.

A.2. Azimuthal angle dependence calculations

Here we describe in detail the the procedure for the fit of the
azimuthal angular dependence reported in the inset of figure 4.
As reported in the appendix of [55] a general expression for the
structure factor F of a given Bragg reflection can be expressed
in terms of atomic multipoles of rank K, with K = 0 (scalar/iso-
tropic), K = 1 (dipole), K = 2 (quadrupole). K = 2 is the max-
imum rank that can be obtained for an electric dipole-electric
dipole (E1-El) transition, which is relevant in our case, as
absorption and diffraction data do not suggest the need to con-
sider other transition channels. To get an analytical expression
for the structure factor, it is custom to calculate an expression
for F as a function of the incident and outgoing x-ray polar-
ization. In our experiment, we work in a horizontal scattering
geometry and therefore we define the incident x-ray polariza-
tion as 7. The outgoing polarization can be described in terms
of its component in the scattering plane (so-called 7’) and in
the plane perpendicular to the scattering plane (o).

The intensity of a Bragg peak at a given momentum transfer
will be given by the sum of the intensity in the two different

Figure 5. Experimental setup for resonant x-ray diffraction in
horizontal geometry at the 116 beamline. The incident x-ray
polarization is defined as 7, since it is contained in the scattering
plane.

outgoing polarization channels:
I=I5 x+1y 7= |F7r’77r‘2+|Fa’77r|2 (D

Measurements performed with polarization analysis prove that
the intensity /,/_ is negligible compare to the intensity /., .
Therefore, to fit the measured azimuthal angle dependence
only the |F,/_.|? term needs to be taken into account.

Here we reproduce its explicit expression from [55], but
without the terms which describe resonant x-ray magnetic dif-
fraction (A1 pand Ay ; ):

7)A0,0 — isin® () sin (2¢)) A%

+ 7 [sin* (0) (3 cos? (1) — 1) — 1] Azp
+[1- sin® () sin? (¢ )] Az (2

where Ak o are linear combination of atomic multipoles of
rank K. Multipoles of rank K = 1 (Ao and A, ;) are relevant
to describe resonant magnetic scattering and are not contribut-
ing to the diffracted intensity, as the sample does not display
long-range magnetic ordering.

Table 4 summarize the results of applying the expression
in equation (2) to the azimuthal angle dependence obtained
for the (1/2 0 11/2) Bragg peak. The minimal contribution
required to describe the experimental data is given by the Ag o
term plus either of the A, ¢ or Az contribution. Considering
more than two contributions does not improve the fit.
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Table 4. Parameters were obtained by fitting the azimuthal angle
dependence of the (1/2 0 11/2) CDW peak with equation (2).
Numbers within brackets represent standard deviations. Models 1
and 2 give the best description of the experimental data. An explicit
expression for x? is given in [57]. In all fits an extra parameter 1)g
representing the deviation of the origin of the azimuthal angle is
used and for all the fit 1)p = 5.5° +-0.2°. The origin of the azimuthal
angle is chosen by setting the [1 0 0] direction as the azimuthal
reference in the Diffcalc software used for reciprocal space
calculation.

# fit Ao Az Az, Az X

1 731(4) — — —047(1)  9.08
2 5212) —0.38(1) — — 9.08
3 5.4(2) —0.35(4) — —0.034)  9.65
4 33202 —072(1)  0.32(6) 041(1) 978

Without an extended dataset of azimuthal angle dependence
for several Bragg peaks is challenging to assign the source
of the observed anisotropic contribution to a specific (or sev-
eral) Sb atom. In general, the symmetry operations of the space
group dictate the orientation of the local environment between
atoms sitting at a given crystallographic (or Wyckoff) posi-
tion which has higher symmetry than the most general posi-
tion (X, y, z). As an example, two atoms sitting in the same
Wyckoff position could be related by a rotation of 180° around
a given preferential crystallographic axis. [54] In this respect,
the observed two-fold azimuthal angle dependence stems from
an anisotropy in the electron density that is compatible with the
symmetry operation of the crystallographic space group, that
characterizes the CDW phase.
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