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Phase-separated charge order and twinning across length scales in CsV3Sbs
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We present x-ray scattering studies resolving structural twinning and phase separation in the charge density
wave (CDW) state of the kagome superconductor CsV;Sbs. The three-dimensional CDW state in CsV3Sbs is
reported to form a complex superposition of Star of David (SoD) or Tri-Hexagonal (TrH) patterns of distortion
within its kagome planes, but the out-of-plane stacking is marked by metastability. To resolve the impact of
this metastability, we present reciprocal space mapping and real-space images of CsV3Sbs collected across
multiple length scales using temperature-dependent high-dynamic range mapping (HDRM) and dark-field x-ray
microscopy (DFXM). The experimental data provide evidence for a rich microstructure that forms in the CDW
state. Data evidence metastability in the formation of 2 x 2 x 4 and 2 x 2 x 2 CDW supercells dependent on
thermal history and mechanical deformation. We further directly resolve the real space phase segregation of
both supercells, as well as a real-space, structural twinning driven by the broken rotational symmetry of the
CDW state. Our combined results provide insights into the role of microstructure and twinning in experiments
probing the electronic properties of CsV3;Sbs where rotational symmetry is broken by the three-dimensional

charge density wave order but locally preserved for any single kagome layer.
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I. INTRODUCTION

The AV3Sbs (A =K, Rb, Cs) family of compounds is
comprised of quasi-2D planes composed of kagome networks
of vanadium ions coordinated by antimony and separated by
planes of alkali metal ions [see Figs. 1(a) and 1(b)] [1]. All
three compounds in the material family host a primary charge
density wave (CDW) instability, inside of which several un-
conventional phenomena are reported. These include a giant
anomalous Hall effect [2,3], various hints of staged order
[4-7], broken time-reversal symmetry [8—12], and uncon-
ventional superconductivity [13—15]. The most complicated
evolution of electronic states within the CDW phase is re-
ported to occur within the A = Cs member, CsV3Sbs, which
also possesses the most complex parent CDW state [7].

Specifically, both KV3Sbs and RbV;Sbs exhibit a com-
mon CDW state characterized by a 3q-type distortion of the
kagome planes into tri-hexagonal (TrH) layers that stagger by
half of a unit cell when stacked along the interplanar direction,
creating a2 x 2 x 2 supercell [16,17]. This three-dimensional
cell reduces the in-plane rotational symmetry of the unit cell to
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two-fold while largely preserving the six-fold rotational sym-
metry of each individual kagome plane. In contrast, CsV3Sbs,
in its average structure, exhibits signs of both TrH- and Star of
David (SoD)-type breathing modes within its kagome network
[17-19]. The stacking of these distortions along the c-axis cre-
ates a larger 2 x 2 x 4 supercell that also reduces the overall
rotational symmetry to two-fold. Additionally, this larger cell
seemingly competes with a smaller 2 x 2 x 2 cell, and reports
of their interplay differ [20,21].

While both angle-resolved photoemission and x-ray
diffraction studies report the presence of both SoD and TrH
distortions in CsV3Sbs [17-19], x-ray scattering reports differ
on the presence and thermal evolution of the c-axis modula-
tion of the CDW state. Initial reports included observations
of either a 2 x 2 x 2 cell [22] or a larger 2 x 2 x 4 super-
lattice [23]. Studies of the thermal evolution of CDW order
later showed that both states manifest in the same crystal
with either the 2 x 2 x 4 state [20] or the 2 x 2 x 2 state
[21] stabilized via thermal quenching. This complexity and
variance between samples and experiments suggests a shallow
energy landscape with nearly degenerate patterns of CDW
ordering [24].

Upon cooling below Tepw = 94K in CsV;3Sbs, metasta-
bility and staging of multiple patterns of CDW ordering were
reported in recent x-ray scattering measurements [17]. Order
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FIG. 1. (a) View of the undistorted unit cell of CsV3Sbs at room
temperature. (b) Crystal structure projection of the ab-plane, with
V-V bonds drawn to illustrate the kagome network of vanadium
atoms. (c) Crystal structure of the two distortion modes, Star of
David (SoD) and its inverse Tri-Hexagonal (TrH), which occur below
94 K [17]. Black lines indicate the nominal hexagonal structure
of each state, and purple lines indicate the orthorhombic structure
formed below Tcpw.

along three different wave vectors was observed with differing
onset temperatures: a 2 X 2 x 1 structure forming just below
the transition temperature, followed by a 2 x 2 x 2 structure
forming below 90 K, and last, a2 x 2 x 4 structure that forms
below 85 K (See Fig. 2). Interestingly, the 2 x 2 x 1 structure
diminishes at the onset of the 2 x 2 x 4 structure’s nucleation,
suggesting competition between stacking orders. Initial x-ray
investigations of potential CDW phase separation reported

Orthorhombic Supercells Twin Variants

2x2x2

2x2x4

FIG. 2. (Left) Diagram showing the possible low-temperature
superstructures of CsV;Sbs, including the orthorhombic 2 x 2 x 1,
2x2x2, and 2 x 2 x 4 cells, respectively. A projection of the
orthorhombic ab plane is also displayed. (Top right) Schematic of
real-space hexagonal lattice points (black) overlaid with the three
orthorhombic twin variants (purples), aligned by their respective
origins. (Bottom right) Tri-twinned orthorhombic unit cells, shifted
to be aligned by their respective centers, displayed to demonstrate
how local two-fold symmetry can combine into a pseudo-hexagonal
lattice with apparent six-fold symmetry across the average structure.
The three twin variants are rotated by 120° about the c-plane normal
and are displayed using varied shades of purple and line dash styles.

domain formation on the scale of hundreds of microns
[21], consistent with optical studies [12] and scanning
tunneling microscopy measurements (STM) [25]. How these
various CDW states nucleate and their interplay with the
underlying microstructure of the crystal remain active areas
of investigation.

The structural twinning below Tcpw seen in optical bire-
fringence measurements [12] is consistent with the existence
of three orthorhombic twin domains rotated by 120° from
one another. The diagram in Fig. 2 illustrates how the rota-
tional twins, each with two-fold symmetry, can be combined
to reproduce a pseudo—six-fold symmetry. This complicates
the interpretation of conventional x-ray scattering data, and
a multi-length scale approach that combines momentum-
resolved probes with spatial resolution below several hundred
microns has yet to be employed to study CsV3Sbs. This is
relevant, as understanding how these structural textures man-
ifest and their intrinsic length scales remain vital to modeling
the various symmetries reportedly broken below Tcpw in
CSVij5[7l

In this paper, we report a study of the CDW metastabil-
ity and phase separation as well as twin domain formation
in CsV3Sbs. A multi-length scale approach is used by first
reporting the impact of thermal history and crystallinity
on CDW order using high-dynamic range x-ray mapping
(HDRM). These measurements are performed using an
~300 x 800 um? x-ray footprint that averages across a rotated
crystal using a conventional transmission setup. The result-
ing macroscopic average resolves the thermal evolution of
2 x2x 2 and 2 x 2 x 4 superstructures when the CDW is
entered via slow versus fast rates of cooling, and different
CDW clusters are identified with differing onset temperatures.
These measurements also reveal the impact of mechanical
deformation in suppressing the 2 x 2 x 4 CDW state.

Complementary low-temperature, dark-field x-ray mi-
croscopy (DFXM) measurements are also reported across a
textured crystal of CsV3Sbs to interrogate the length scale of
heterogeneity in CsV3Sbss CDW and crystallographic domain
structures. Structural domain formation and phase separation
between CDW states was observed with evidence of CDW
domain sizes on the order of one hundred um. Our results
stress the importance of accounting for metastability, phase
separation, and structural texture in studies of the electronic
properties of CsV3Sbs.

II. EXPERIMENTAL METHODS
A. Sample preparation

Plate-like crystals of CsV3Sbs were grown using a
crucible-based flux method detailed elsewhere [23]. For the
HDRM x-ray scattering measurements at CHESS, two high-
quality samples from the same batch were analyzed via
magnetic susceptibility measurements and exhibited the ex-
pected Tepw = 94K and bulk 7, = 2.5K transitions [26].
The first crystal studied via HDRM, “Crystal 1,” was a bulk
as-grown single crystal, and the second crystal, “Crystal 2,”
was a square cut out of a larger single crystal using a razor
blade to be one-third its original length in a and b while main-
taining its original thickness. The crystal studied in DFXM
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FIG. 3. Schematic of the dark-field x-ray microscopy (DFXM) experiment configuration. Major components of the setup are labeled,
including a diffractometer, an x-ray objective lens, and an area detector placed at the image plane. The x-ray path is visualized using a light red
beam. The vertical rotation axis, about which the sample is rotated in 6 for mosaic determination, is denoted in black, while the momentum

transfer Q is denoted in purple. Dimensions are not drawn to scale.

measurements was a separate, textured crystal that was
mechanically exfoliated using tape to remove surface impuri-
ties and achieve a desired thickness of 22100 um. This allowed
for a transmission scattering geometry.

B. HDRM x-ray measurements

High-dynamic range x-ray scattering measurements were
performed at the CHESS QM2 beam line using an inci-
dent wavelength of A = 0.47686 A. A helium and nitrogen
switchable-option blower was used to cool crystals down to
35 K. Cooling was driven via nitrogen flow down to 100 K and
then switched to He-gas flow below this temperature. “Slow-
cooled” samples were treated by cooling a crystal from room
temperature to 150 K at 5 K/min, then cooling from 150 K to
100 K at 2 K/min, followed by cooling at 1 K/min through the
CDW transition down to 35 K. “Fast-cooled” samples were
cooled at 10 K/min from 300 K to 35 K. Data were collected in
transmission on a six-megapixel detector by performing three-
axis 360° rotation scans at 0.1° step size during warming.
The NeXpy software package [27] was employed to visualize
and perform one-dimensional cuts of reciprocal space maps.
APEX3 software [28] was used to solve the low-temperature
structure.

An unsupervised machine learning tool called x-ray
temperature clustering (X-TEC) was used to analyze the para-
metric data sets. X-TEC uses a Gaussian Mixture Model
to identify peaks in reciprocal space with distinct temper-
ature dependencies. To distinguish the functional form of
the intensity-temperature trajectory, rather than its magnitude,
the intensity of each momentum ¢ is re-scaled (z-scored) as
I;(T) = [I3(T) — j151/0;, where g is the mean over temper-
ature T', and o7 is the standard deviation in 7' [29].

C. DFXM experimental setup

DFXM is an augmented form of single-crystal x-ray
diffraction (XRD), in which an x-ray objective is placed in the
path of the diffracted beam to spatially distinguish and mag-

nify the origins of the diffracted signal. Real-space images
that originate from a specific crystallographic Bragg peak can
subsequently be collected on a detector placed at the image
plane. A combination of high spatial (real-space) and angular
(reciprocal-space) resolutions makes DFXM an ideal tech-
nique for multiscale investigations [30,31]. This technique, for
instance, has previously been used to study a low-temperature
transition in a layered oxide, NaMnQ,, textured across multi-
ple length scales [32].

DFXM measurements were performed at the 6-ID-C beam-
line of the advanced photon source (APS) at Argonne National
Laboratory. A generalized schematic of the DFXM setup, not
including the low-temperature cryostat, is displayed in Fig. 3.
The experimental setup at Sector 6 nominally incorporates the
following, listed in order (starting from the undulator/source)
along the incident x-ray direction: a Si (111) double-crystal
monochromator, tuned to transmit between 20 and 22 keV
x-rays; a Huber x-ray slit screen that controlled the incident
spot size on the sample; an x-ray—diffraction-capable cryostat
[32]; a 50 um pinhole placed just in front of the objective lens
to reduce noise from the divergence of the diffracted signal; a
polymeric compound refractive lens (CRL), designed for 20
keV x-rays, used as the objective lens with a focal length
of 131 mm and working distance of 140 mm [33,34]; and
two area detectors mounted on a translation/rotation stage, to
capture the magnified diffraction signal at the image plane.
The diffracted illumination was ultimately limited to 20 wm in
width by the incident slit screen and 50 um in height by the
exit pinhole.

The inherent x-ray absorption of the DFXM technique
presents a significant challenge to imaging weak diffrac-
tion peaks, such as those formed by charge density waves.
To overcome this challenge, a large-area Medipix3-based-
detector array (LAMBDA) from X-Spectrum was used to
image the CDW signal at q = (%, %, %) and q = (%, %, %).
This direct x-ray area detector hosts a native pixel size of 55
microns. CDW images collected using this detector, paired
with the x-ray magnification of the CRL, yield an effective
pixel size of 2.1 um. A second, higher-resolution area detec-
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tor was employed to capture images of CsV3Sbis brighter,
primary structural peaks. This detector is composed of a
20 um LuAG:Ce x-ray scintillator, reflective mirror, 5x op-
tical objective lens, and a 5.5-megapixel sSCMOS Zyla camera
made by Andor. With a native pixel size of 6.5 um, the ef-
fective pixel size of images collected using the Zyla detector
is 0.05 um. The resulting experimental feature resolution—
or the smallest resolved line-pair—of the LAMBDA and
Zyla detectors are ~2um and =400nm, respectively. In
DXFM measurements, the crystal was initially oriented such
that the [0, 0, 1] direction and the reciprocal lattice vector
[1, 1, O] were parallel and perpendicular to the incident beam,
respectively.

D. DFXM data analysis

All DFXM data were collected using rocking curve imag-
ing (RCI), whereby multiple images are collected at a single
Bragg peak as the sample is rotated through various orienta-
tions (0). Rotating the sample in this way provides a method
for subdomain discrimination, as the diffracted illumination
appears only when the associated material satisfies the Bragg
condition. The resulting data is a series of images that corre-
spond to the various sample orientations for a given sample
position and diffraction angle. The small numerical aperture
of the objective lens and the large sample-to-detector distance
(A2 m) lead to an exceptional angular resolution of 0.001°.
Integrating the intensity across DFXM images and plotting it
against 6 produces a one-dimensional curve, emblematic of
point detector intensity curves generated from conventional
x-ray diffraction. Applying this concept on a pixel-by-pixel
basis, assuming a 1:1 mapping of pixels to material points, re-
sults in a spatially resolved plot of rocking curve information.

Due to a small numerical aperture, axial (depth) resolution
along the diffracted beam direction (i.e., k') is poor. In the
current setup, a transmission horizontal scattering geometry
was used, so the depth resolution is given to be an effective
width of the incident beam along an intersection of a line
parallel to k. As a consequence, it is not possible to isolate
CDW or twin domains lying along k’. While tomographic ap-
proaches may be used to obtain depth sensitivity, they require
a complete azimuthal rotation around the scattering vector,
which was not possible given mechanical restrictions with
a cryostat and sample morphology. Nevertheless, a vertical
50 um-long, 20 wum—wide beam was used to illuminate a thin
slice of the crystal to reduce the number of domains contribut-
ing to a given pixel in each image, which was obtained by
translating the sample through the incident beam. As a result,
clean domain boundaries were identified in DFXM images.
In the future, the use of coded aperture to generate structured
illumination can be used for a complete 3D reconstruction of
CDW domain network, as was demonstrated in a recent study
of nematic order in a pnictide superconductor [35].

Background subtraction based on the work of Garriga
Ferrer et al. [36] was performed on all collected images
to enhance contrast before analysis. Subtractions employed
a combination of up to three major steps, including dark-
detector subtraction, hot pixel removal, and thresholding.
After noise removal was completed, images were analyzed
by calculating key spectral parameters, characteristic of the
periodic structure of the system. The analysis followed a pro-
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FIG. 4. X-TEC analysis revealing the distinct intensity-

temperature trajectories for (a) and (b) “Crystal 1” or as-grown
crystal, and (c) and (d) “Crystal 2” or cut crystal. Both crystals
underwent identical slow cooling [(a), (¢)] and fast cooling [(b), (d)]
protocols. Plots show cluster-averaged intensities AI(7T') where the
minimum value of the average trajectory is subtracted. Further, a
quarter-type peak and a half-type peak, whose pixel intensity tracks
the same temperature-dependent trajectory, will be classified under
one of the two mixed (2 x 2 x 2) + (2 x 2 x 4) clusters.

cedure whereby the intensity of each pixel was plotted across
6 values (slices) and fit with a Gaussian curve. The param-
eters extracted from this fitting were the maximum intensity
or amplitude of the peak, the peak’s center of mass (u) or
mosaic, the full width at half maximum (FWHM) of the curve,
and the integrated area under the curve. These parameters
are plotted across every pixel in a representative image, pro-
ducing visualizations that highlight contrasts stemming from
different material domains/defects. Examples of these plots
are displayed and discussed further in later sections of this
manuscript.

III. RESULTS AND DISCUSSION

A. HDRM temperature studies: Strain dependence
and cooling hysteresis

Two crystals were explored using x-ray diffraction under
variable cooling rates. “Crystal 1,” which is a pristine as-
grown bulk crystal, and “Crystal 2,” which is a subsection of
an as-grown bulk crystal from the same batch that has been
mechanically excised with a razor blade. Both crystals were
subjected to identical slow-cooling and fast-cooling cycles,
and the onset of CDW order was analyzed via the X-TEC
algorithm. The results are plotted in Fig. 4.

Focusing first on “Crystal 1,” two distinct clusters are iden-
tified upon warming after a “slow cooling” protocol, as shown
in Fig. 4(a). One of these corresponds to the 2 x 2 x 2 CDW
state and one to the 2 x 2 x 4 CDW state. Upon warming, the
2 x 2 x 4 state vanishes above 83 K, which corresponds to the
end of the plateau in the thermal evolution of the 2 x 2 x 2
cluster, and this is followed by the 2 x 2 x 2 cluster vanish-
ing above 88 K. This onset temperature for CDW order is

093601-4



PHASE-SEPARATED CHARGE ORDER AND TWINNING ...

PHYSICAL REVIEW MATERIALS 8, 093601 (2024)

lower than the nominal Tepw = 94 K and likely arises from a
thermometry offset between the cryostat and sample temper-
ature. Magnetization measurements on this crystal [26] show
the expected transition temperature. Regardless of this offset,
the thermal evolution of the two clusters suggests competition
with one another, where the onset of one cluster impacts the
relative intensity of the other.

Exploring this further, the same “Crystal 1”” was then stud-
ied on warming following a “fast cooling” protocol, with the
results shown in Fig. 4(b). Two qualitative changes appear.
The first is that the CDW order vanishes above 83 K; this is
5 K lower than the onset of the CDW order after slow cooling.
The second change is that 2 x 2 x 4 correlations no longer
have a distinct thermal evolution. They instead mix with
2 x 2 x 2 correlations and vanish above ~75K, with two
separate temperature-dependent order parameters identified.
We note here that the mixed 2 x 2 x 2 and 2 x 2 x 4 clus-
ters shown in Fig. 4(b) are indistinguishable to the machine
learning algorithm which X-TEC employs, because the al-
gorithm classifies pixel intensity according to its temperature
dependence, not (H, K, L) position. This is consistent with a
first-order phase boundary into an ordered phase with nearly
degenerate CDW configurations, similar to results reported in
Xiao et al. [21] with the added insight of distinct 2 x 2 x 2
and 2 x 2 x 4 reflection clusters mixing within a common
onset temperature in the quenched state.

A second crystal grown from the same batch was then
tested, “Crystal 2.” Instead of using an as-grown crystal,
which is typically larger than that needed for an x-ray diffrac-
tion measurement, “Crystal 2” was obtained by using a razor
blade to mechanically cut a smaller footprint out of a larger
parent crystal. Because crystals of AV3;Sbs behave as mechan-
ically soft foils, this is a reasonably common procedure for
certain measurements of CsV3;Sbs where the size needs to be
reduced. The results of slow and fast cooling x-ray diffrac-
tion measurements on “Crystal 2” are shown in Figs. 4(c)
and 4(d).

Strikingly, 2 x 2 x 4 correlations are absent in this cut
crystal. Instead, only two 2 x 2 x 2 correlation clusters are
identified with onset temperatures ~5 K offset from one an-
other at 83 K and 88 K. These two clusters correspond to two
domains within the sample, and each cluster maps to one crys-
tallite or the other [26]. Both fast-cooling and slow-cooling
protocols yield qualitatively identical trajectories for the two
CDW clusters, signifying that the metastability and thermal
hysteresis has also vanished. Inspection of the primary Bragg
peaks for this cut crystal shows a slight broadening relative
to those in as-grown “Crystal 17 [26], suggesting that subtle
mechanical deformation induced during cutting is likely re-
sponsible for quenching the 2 x 2 x 4 state.

To fully illustrate some of these trends, representative re-
gions of reciprocal space were chosen to show data following
the conclusions drawn from the X-TEC analysis. An inte-
grated cut along L at H = —0.5, K = —0.5 at 85 K is shown
for “Crystal 1” in Fig. 5(a). The suppression of Tcpw under
quenching determined from the cluster analysis is evident, and
the slow-cooled sample shows the CDW order at this temper-
ature, while the fast-cooled sample does not. A representative
cut comparing the CDW order in “Crystal 2” and “Crystal
1” is shown in Fig. 5(b) where the 2 x 2 x 4-type peaks are
absent in “Crystal 2.”

T 1T T 1 T T 1 1T 1
T=85K (-0.5,-0.5, L) |

—e— slow-cooling
fast-cooling —
@

400—

2 — Crystal 1 R b o |
2 200= —
2 - 4
= (b) T=45K (-0.5,-0.5, L)
1000— —e— Crystal 1 —
B Crystal 2
500—

FIG. 5. L-cuts about (H, K) = (—0.5, —0.5) showing: (a) CDW
superlattice peaks in “Crystal 1” following slow cooling and fast
cooling at 85 K, and (b) the absence of quarter-type peaks in “Crystal
2” at45 K.

The direct visualization of representative scattering data
reinforces the conclusions drawn from the X-TEC-based
analysis, namely that the 2 x 2 x 4 CDW state accompa-
nies a metastability where close competition between CDW
states with mixed wave vector and onset temperatures appears.
Quenching through Tepw modifies this phase competition
and suppresses the ordering temperature. Upon introduc-
ing a slight mechanical deformation, evident via a slightly
degraded crystallinity, the balance between these states is
altered. With this small perturbation, the 2 x 2 x 4 state is
suppressed and the CDW state evolution becomes insensitive
to quenching versus slow cooling through Tcpw. A similar
suppression of the 2 x 2 x 4 state was reported due to slight
alloying/disorder [37], and the balance between CDW states
is also tunable via external pressure [38].

Due to time constraints associated with synchrotron beam
time, this effect was demonstrated only on one sample. While
there may be other factors beyond the trivial strain that sup-
press the 2 x 2 x 4 state, this should nevertheless stand as a
warning that routine mechanical manipulation (e.g., cutting,
polishing, gluing) of CsV3Sbs in electronic property measure-
ments must be done carefully to avoid changing the CDW
state. It is worthwhile to note the that impact of subtle me-
chanical perturbation on the electronic properties of CsV3Sbs
is also observed in strain-relieved magnetotransport studies
[39] and in the in-plane transport anisotropy [40].

B. Microstructural length scales and twin formation

In order to gain deeper insights into the spatial impact
of metastability in the CDW state of an as-grown crystal,
DXFM measurements were performed. First, to resolve the
CDW effect on the local microstructure of the ab-plane, a
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FIG. 6. High-resolution image of the (2, 2, 0) peak of CsV;Sbs
at low temperature (3.2 K), which illustrates a network of hundreds
of crystal domains across the 32.5 um span of the image. Real-space
crystal axes and a scale bar are included at the bottom of the image.
Two cutouts of triple-point boundaries, outlined in red, have been
magnified and presented to the right of the primary image. The top
cutout is overlaid with the twinning diagram from Fig. 2 to highlight
the experimental validation of the theoretical twinning model. The
lower cutout is overlaid with cyan dashed lines that emphasize a net-
work of triple-point boundaries that form larger hexagonal domains.
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high-resolution RCI scan using the (2, 2, 0) primary Bragg
reflection (260 = 23.61°) was collected at T = 3.2K. The
Zyla detector described in Sec. IIC was employed to image
this structural peak across 6 positions in 0.001° steps, with 5
seconds of exposure each. By evaluating the total intensity of
each image with respect to the sample’s 6 position, an inten-
sity curve akin to the results of single crystal diffraction can be
obtained. For the (2, 2, 0) peak, an average FWHM of 0.024°
is observed, which aligns with expectations for a highly crys-
talline sample. The scattering geometry of the (2, 2, 0) peak
means that the DFXM images are projections taken at a shal-
low angle (13°) from the c-axis, meaning that any contrast
observed will necessarily be an average representation of the
structure along the interlayer stacking direction.

Plotting the maximum intensity of the (2,2, 0) images
reveals a number of linear boundaries (see Fig. 6) across the
32.5um field-of-view. A number of triple-point boundaries
appear that signify three in-plane 120° rotations. Two such
regions, centered on boundaries with three-fold symmetry,
have been highlighted and digitally magnified for presentation
in Fig. 6. These triple-point boundaries are likely coordination
centers for rotational twinning born from lowering the original
6-fold hexagonal symmetry to 2-fold orthorhombic symme-
try in the CDW state. These boundaries extend an average
of 3.7 um from their centers, and faint two-dimensional
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FIG. 7. Overview and comparison of the DFXM data collected on CsV;Sbs, at a single position, from the (H, K, L) indicated in the top left
corners. For each peak (H, K, L), the following is displayed from left to right: Plots of the integrated intensity of each pixel across 6 positions
are shown, characterizing the illuminated volumes of each peak’s crystallographic domain of origin, projected to a 2D image. The angles of
incidence for all three Bragg peaks are similar enough that the illuminated volumes are equivalent. The absolute intensity values for the (2,
2, 0) peak should not be directly compared to the CDW peak intensities due to the different detectors employed to capture them. Plots of the
relative misorientation (mosaic) of each pixel’s fit center-of-mass compared to the image averaged center-of-mass are also presented. Mosaic
plots highlight contrasts due to changes in crystal orientation and display mosaic boundaries. Lastly, plots of the full width at half maximum
(FWHM) fit to each pixel are shown. FWHM values tend to increase with the concentration of local heterogeneities (i.e., dislocations, faults,
etc.) within a given diffraction signal. White arrows and dotted lines have been added to the (2, 2, 0) peak’s FWHM plot to highlight 120°

separated boundaries, identified by their increased width values.
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FIG. 8. Plots of experimental parameters calculated from images stitched together based on sample position during area rastering.
Parameters calculated from two charge density wave signals (1/2, 1/2, 1/2) and (1/2, 1/2, 1/4) are presented side-by-side for visual comparison.
Displayed from left to right are plots of the pixel-based mosaic spread, FWHM, and integrated intensity, shown with their respective color
bars. Additionally, a corresponding segmentation plot is displayed, with each pixel denoting the dominant CDW signal (by integrated area) of
its related material position. Black pixels in the segmentation plot denote areas in which there is a mixed peak “MP” signal, meaning that the
integrated intensity from each CDW signal is within 30% of the other. Scale bars displayed on the leftmost plot indicate the total area spanned
by the DFXM measurements. Black dashed circles in the bottom right of each FWHM plot denote the singular location of the plots presented

in Fig. 7.

modulations can be seen extending from these junctions with
boundaries that are nearly perpendicular to its opposing triple-
point boundary. The origin of these modulations is likely
subsurface texture or terracing that modulates the intensity.

To explore this further, the integrated intensity, mosaic
shift, and FWHM for the (2, 2, 0) peak are plotted in Fig. 7.
The mosaic plot of the (2,2,0) peak shows a near-planar
orientation gradient revealing a transition between crystal-
lographic domains. Notably, the central mosaic boundary
follows a fault line that passes through several of the observed
triple-point boundaries. This pattern enforces the idea of twin
boundaries nucleating along larger (potentially pre-existing)
hexagonal boundaries, with twin variants locally competing
for formation. Additional texture is evident in the FWHM
plot of the (2, 2, 0) peak shown in Fig. 7 where 120° rotated
boundaries that extend over 10 um appear. This potentially
arises from local strain fields from subsurface defects, though
the effect is subtle in this field of view.

C. Charge density wave phase separation

At the same sample location, DFXM images were also
collected at the wave vectors q = (%, %, %) andq = (%, %, }1),
corresponding to the 2 x 2 x 2 and 2 x 2 x 4 CDW states,
respectively. The LAMBDA detector, described in Sec. II1C,
was employed to image the weaker CDW peaks using a 10
second exposure time, and 0.1° 6—steps. One-dimensional
intensity curves for both signals can be generated in a similar
fashion to the (2, 2, 0) peak for comparison. The maximum
intensity observed for the (%, % %) peak is 21000 counts,

while the maximum intensity for the (%, %, i) peak is 3600

counts. The factor of 6 reduction in the peak intensity of the
(], 3 4) signal coincides with a factor of 3 increase in its
FWHM (0.472°), resulting in a factor of 2 reduction of the
f-integrated intensity.

The integrated intensity, relative mosaic shift, and FWHM
values plotted across the x-ray beam footprint are again dis-
played in Fig. 7. Mosaic plots of the CDW peaks show a
left-to-right orientation gradient for the (%, 5 2) and (2, 2 4)
peaks, qualitatively similar to the mosaic boundary seen in
the primary (2, 2, 0) peak. The intensity distribution for each
CDW peak is also qualitatively similar across the illuminated
area, while the FWHM distributions of each peak show some
subtle variance; however, these maps suffer from the poorer
resolution of the detector setup needed to resolve the CDW
order. To explore further and at length scales outside of the
32.5um field-of-view, the incident x-ray illumination was
rastered across the sample.

DXFM data were collected via a series of RCI scans that
were performed for each peak at various sample locations.
Images were taken at positions spanning 500 um in the ver-
tical direction and 100 um in the horizontal direction, where
images from a given peak were then stitched together accord-
ing to each scan’s relative position. The sample was moved
between scans such that there was no overlap in the vertical di-
rection (50 um steps) and a 66% overlap in the horizontal di-
rection (10 um steps). Fig. 8 shows the resulting parameter
plots of the stitched DFXM images for the (%, %, %) and
(3, %, %) peaks. The reduction in peak intensity and increase
in the FWHM of the (%, %, %) peak persists at this larger
length scale, and evaluating this larger surveyed area gives a
more complete picture of the CDW texture in the crystal.
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| 3.2 mm

FIG. 9. Optical microscope image of the CsV;Sbs sample, as it was measured in the DFXM experiment. Orange arrows indicate the
real-space crystallographic orientation of the sample. Rectangles drawn on the image using solid and dashed red lines indicate the area of
the magnified image cutout presented to the right and the relative area covered in the DFXM scans of the CDW peaks, respectively. The
magnified cutout is displayed with an overlay of a semi-transparent version of the segmentation plot shown in Fig. 8. This overlay highlights
the relationship between the macroscale characteristics observed in the optical images with the mesoscale characteristics observed in the

stitched DFXM images.

Looking first at the mosaic shift maps, three distinct re-
gions appear, colored to represent their relative negative and
positive shifts from center. The predominant mosaic boundary
separates the scanned region into upper and lower halves of
the stitched plots. An additional, horizontal gradient appears
in the (%, %, %) peak that coincides with an increase in inte-
grated intensity, indicating added depth-integrated or terraced
subdomains. In contrast, the (%, %, i) peak does not exhibit a
comparable horizontal subdomain structure.

The FWHM plots of each peak further highlight the
domain structure, showing an expected broadening near
the domain boundaries. The FWHMSs of the (%, %, %) and
(%, %, i) peaks show a slight broadening at the vertical do-
main boundary identified in the mosaic maps. Furthermore,
elliptical domain boundaries appear in the FWHM plots of
the (%, %, %) peak in the region where a horizontal gradient in
the mosaic offset was identified. This indicates the presence
of two to three additional domains contained within the lower
half of the scan. The FWHM map for the (4, 1, 1) peak
remains relatively uniform in this same region (aside from the
slight broadening at the vertical domain boundary).

Turning now to the integrated intensity maps of Fig. 8, a
clear anticorrelation between the (%, % %) and (%, % }‘) maps
appears. In regions where the (%, %, %) peak is maximal, the
(%, %, i) peak is reduced, and visa versa. This is additional
evidence that the (%, %, i) peak directly competes with the
(%, %, %) peak regions for domain formation. We stress here,
however, that throughout the majority of these maps both
peaks appear with varying intensities. This implies a mixed
signal via depth averaging of spatially separated domains
through the crystal volume.

To further quantify the length scale of the CDW compe-
tition, a segmentation plot of the scanned area is presented
in Fig. 8. Segmentation was carried out by evaluating the
O-integrated intensity from each CDW signal for a given
pixel. The signal that produced a higher integrated intensity is
assumed to come from the dominant volume and is assigned
a peak label. Regions colored with cyan represent regions
where the integrated intensity of the (%, %, i) peak exceeds
the integrated intensity of the (%, %, %) peak by 30%, while
orange regions correspond to the inverse condition. Black
pixels are designated in regions where integrated intensities
are within 30% of one another. The relative scarcity of black
pixels observed in the segmentation plot illustrates that, even
when summed along the projection vector, regions prefer to be
dominated by one CDW peak or the other. This segregation
agrees with coarser resolution scans near the V K-edge in
Xiao et al. [21]. These results further support the competition
and existence of two distinct CDW phases that form separately
across crystal domains.

The mesoscale (um) DFXM results can be compared to
macroscale (mm) optical images of the sample to ascertain
possible sources for the spatial variation in the CDW state’s
character. Fig. 9 displays the scanned area relative to the
real-space sample along the ab-plane. A relatively continuous
metallic surface can be observed over much of the sample
area; however, the top of the scanned area corresponds to
a deformed region that extends over a large void. The de-
formation manifests as a tab of material (10—50 um thick)
still connected to the topmost layers of the nominal sample
volume.

Surveying across this region, where the thickness of the
crystal becomes narrower, suggests that changes in the CDW
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domain structure correspond to defect boundaries in the crys-
tal. The segmented region with a dominant (%, %, le peak
appears across the boundary with the upper tab of crystal and
seemingly also begins to appear near a lower boundary line at
the bottom of the scan. Further elucidating how these surface
features correlate with the depth dependence of the CDW
states using DFXM requires overcoming the loss of depth sen-
sitivity along the projection vector of the Bragg peak, which
is an active area of research. Despite this region being thinner
than the neighboring domain, the crystallinity of the CDW
order as assessed via the FWHM of the CDW peaks is iden-
tical on either side of the boundary. This suggests a picture
of spontaneous nucleation of nearly degenerate CDW states
about a local defect, rather than a deformation-driven change
in the local energy landscape. Regardless of the impetus for
the spatial transition between the 2 x 2 x 2 and 2 x 2 x 4
CDW states, the DXFM data demonstrate a clear competition
between the two states in spatially segregated regions at the
100 um length scale.

IV. SUMMARY

The metastability and phase separation of CDW states
in CsV3Sbs were investigated across multiple length scales
using x-ray diffraction. Cluster analysis of sample-averaged
scattering data shows that multiple CDW states form at oft-
set temperatures and that the onset temperature of CDW
order and the mixing between CDW states can be biased
via thermal quenching. Data also demonstrate that subtle
damage from mechanical cutting quenches the 2 x 2 x 4
CDW state, and the metastability associated with thermal
hysteresis and competing CDW orders similarly vanishes.
DXFM data directly image the spatial separation between
CDW domains with dominant 2 x 2 x 4 CDW and 2 x 2 x
2 CDW characters. These domains seemingly switch along
defect boundaries apparent at the crystal surface, suggest-
ing a complex interplay between the nucleation of CDW
order and texture (e.g., defects, twin domain boundaries)
within the crystal lattice. These data are consistent with
a number of nearly degenerate CDW states with wave
vectors along the M-L line [24] that, across a first-order
phase boundary, are pinned locally by defects in the crys-
tal. Our results stress the importance of understanding the

microstructure of CsV3Sbs in order to interpret the anomalies
present in its electronic properties, such as rotational symme-
try breaking.

The raw data that support the findings of this study and the
python scripts used for data analysis are openly available in
Zenodo [41].
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