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The van der Waals layered magnet a-RuCl; offers tantalizing prospects for the realization of Majorana
quasiparticles. Efforts to understand this are, however, hampered by inconsistent magnetic and thermal transport
properties likely coming from the formation of structural disorder during crystal growth, postgrowth processing,
or upon cooling through the first order structural transition. Here, we investigate structural disorder in o-RuCl;
using x-ray diffuse scattering and three-dimensional difference pair distribution function analysis. We develop a
quantitative model that describes disorder in «-RuCl; in terms of rotational twinning and intermixing of the high-
and low-temperature structural layer stacking. This disorder may be important to consider when investigating the
detailed magnetic and electronic properties of this widely studied material.
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I. INTRODUCTION

The exactly solvable Kitaev model on the two-dimensional
honeycomb lattice is a fascinating example of how frustrated
magnetic interactions can lead to the emergence of novel
fractionalized quasiparticles such as Majorana fermions and
gauge fluxes [1]. Due to this, the identification of the candi-
date Kitaev material a-RuCl; attracted considerable attention
[2-5]. RuCl; comprises honeycomb layers of Ru atoms co-
ordinated with Cl which are stacked via weak van der Waals
bonds to form bulk crystals. Although an ideal realization of
the Kitaev model would be a purely two-dimensional system
that remains a quantum spin liquid down to zero temperature,
RuCl; exhibits three-dimensional magnetic order.

Recent years have seen extensive efforts to better under-
stand the properties of RuCl;. Early reports observed that
the RuCls magnetic ordering temperature varied substantially
from sample to sample [3]. Later, thermal Hall measurements,
which are of particular importance in identifying the pres-
ence of chiral Majorana edge modes, also suffered similar
repeatability challenges [4,6-8]. A natural reason for these
inconsistencies would be RuCl;’s propensity towards stacking
disorder which is associated with the combination of weak van
der Waals interlayer bonding and the different near-degenerate
forms of interlayer stacking that tend to exist in layered
honeycomb van der Waals materials [9-11]. These types of
structural disorder are often considered to be at the root of the
puzzling sample-dependent properties of RuClj [3,12,13].
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The accepted room-temperature RuCl; structure has the
C2/m (No. 12) space group with a = 5.98 A, b = 10.34 A,
c=6.01 /0\, o=y =90° and B = 108.9° [14]. As shown
in Fig. 1(a), this involves neighboring planes being displaced
along the armchair direction of the layers, as illustrated by
the green vector. More significant sample variability has been
observed at low temperatures, below a widely reported and
highly hysteric structural transition which generally occurs
within the temperature range of 50 to 170 K [15-19]. At low
temperature the structure is believed to be quite disordered,
but a significant R3 (No. 148) structural component is thought
to emerge [15]. This involves the Ru atoms in one layer
sitting over the center of the hexagon from the layer below
[Fig. 1(a)].

A comprehensive understanding of the intriguing transport
properties of RuCls will likely require an evaluation of the
local structural properties, including stacking order and dis-
order. The pair distribution function (PDF) method is often
a useful tool for such a problem, but in this case prepar-
ing unstrained and nontextured powder samples presents a
major challenge. Three-dimensional difference pair distribu-
tion function (3D-APDF) methods are compatible with single
crystals and yield richer structural information [20,21], which
extends what can be learned from diffuse scattering [22,23].
Here we present a 3D-APDF analysis of the x-ray diffuse
scattering from a single crystal sample of RuCl;. We find
that, within our resolution of 0.3 A, the diffuse scattering
has the form expected for a crystal composed of identical
layers with the disorder arising from stacking faults. Using
3D-APDF analysis we provide a comprehensive overview of
the types of layer stacking and estimate the prevalence of

©2023 American Physical Society
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FIG. 1. Characterization of the structural phase transition. (a) Layer stacking in the high-temperature C2/m structure and in the R3-like
structure that is prevalent at low temperatures. The dotted outline shows the hexagonal crystallographic supercell described in the methods.
The figure shows only the ruthenium honeycomb layers, omitting chlorine atoms for clarity. (b) Integrated intensity of the (3,1,23) Bragg peak
normalized to the intensity at 30 K. This peak is present only in the low-temperature structural phase. The structural transition is observed to
have a large hysteresis of ~50 K. (¢) H — L reciprocal space maps at K = 1, for a single crystal at 300 K and 30 K. The top left panel shows the
data from the as-grown crystal that had never been cooled to low temperature. We observed very little diffuse scattering in this data, indicating
that the crystal was of good quality with very little disorder. The white circles indicate the Bragg peak plotted in panel (b). These maps show
the changes in Bragg peak positions due to the structural transition, as well as the appearance of rods of weak, diffuse scattering which remain
even after rewarming the sample to room temperature. The left two panels labeled “cycle 17 were collected on the first cooling of the sample,
while the right two panels (“cycle 2”) were collected on the second cooling. Intensity is plotted on a logarithmic scale to enhance visibility of

the weak, diffuse features.

the different types of stacking faults. Our measurement also
allows us to place an upper constraint of 0.3 A on the size of
any distortions that may occur within the honeycomb layers
that occur as a result of the layer restacking.

II. METHODS

Throughout this work, we will index all peaks in terms of
a simple hexagonal supercell with lattice parameters a = b =
598 A,c=17.18 A,a = B =90°, and y = 120°. This unit
cell, which is shown as the black dotted lines in Fig. 1(a),
is chosen for convenience as it allows all Bragg peaks to be
indexed to integer values and because its ab plane coincides
with the honeycomb plane. The ¢ lattice parameter of this
supercell is equal to three times the distance between hon-
eycomb layers.

Single crystals of «-RuCl; were grown at the Oak Ridge
National Laboratory using chemical vapor transport technique
in a two-zone tube furnace with the hot end kept at 1000 °C
and the cold end at 750 °C. RuCl; powder obtained by react-
ing RuO, with AlICl;-KCl salt mixture [24] was used for the
crystal growth. Flat plates with lateral size ~500 um were
used in this study. The sample was cooled using a helium
cryocooler and measurements were collected from room tem-
perature down to a base temperature of 30 K.

X-ray diffraction data spanning large regions of reciprocal
space were collected at the 6-ID-D beamline at the Advanced
Photon Source at the Argonne National Laboratory. The x-ray
energy was 87 keV to minimize absorption and maximize
reciprocal space coverage. The beam size was chosen to
overilluminate the sample. A Pilatus 2M CdTe detector was
used to collect the diffraction data. The sample was rotated
continuously through a full 360° and the image was read from
the detector every 0.1°. This measurement was completed at
two further distinct axes of rotation to improve coverage of
reciprocal space and to cover the gaps between the sensors
on the detector. The data obtained covered a range of ap-
proximately £11 A~!. Data were taken with different x-ray
attenuator settings in order to obtain data without saturation-
related distortions to the Bragg peak intensity and also high
signal-to-noise diffuse scattering. The images were processed
and pixels binned into a grid of voxels in reciprocal space,
to generate a 3D volume of reciprocal space data using ap-
proaches developed in Ref. [21].

To perform the 3D-APDF analysis, it is necessary to sepa-
rate the Bragg peak and diffuse scattering components of the
data. Bragg peak data were isolated by selecting regions of
reciprocal space according to the structural selection rules of
the nominal structural space group (C2/m at high temperature
and R3 at low temperature). The range of reciprocal space
around the Bragg peaks was chosen by observing the change

144419-2



STACKING DISORDER IN «-RuCl; ...

PHYSICAL REVIEW B 108, 144419 (2023)

in gradient between the Bragg and diffuse scattering. Checks
were performed to test whether the results obtained depend
on the punch size. The diffuse scattering data were isolated
by “punching out” the Bragg peak data and filling in the gaps
using a linear interpolation along the reciprocal space L direc-
tion. The diffuse scattering data was then Fourier transformed
to produce 3D-APDF data sets [21].

III. RECIPROCAL SPACE ANALYSIS

We begin by considering the reciprocal space diffraction
data on RuClj as plotted in Fig. 1. The transition between the
room-temperature monoclinic C2/m structure and the low-
temperature nominally rhombohedral R3 phase can be tracked
by the appearance of Bragg peaks such as (3,1,23), which
only occur in the R3 phase. This transition may be thought of
primarily as a restacking of the honeycomb layers, as shown
in Fig. 1(a) (chlorine atoms have been omitted for clarity).
Figure 1(b) shows clear signatures of this transition with a
large hysteresis. As the sample is cooled through the transition
the Bragg peaks specific to the C2/m phase disappear and new
peaks appear at the positions expected for the low-temperature
R3 unit cell.

The crystal selected for this measurement was an
untwinned crystal, with Bragg peaks well indexed by a single
domain of the known C2/m structure at room temperature.
Upon temperature cycling into the low-temperature structure,
which is proposed to be R3, and back to room temperature we
observe a return to the same untwinned C2/m structure.
This shows that the crystal “remembers” the specific
direction defining the C2/m structure even though the
R3 structure would suggest that the crystal is nominally
threefold symmetric.

In addition to the changes to the long-range structure, we
also observed the appearance of rods of diffuse scattering
upon the first cooling of the crystal. This is shown in the
four panels of Fig. 1(c), plotting the (H1L) reciprocal lattice
plane at high and low temperature, as the crystal is cycled in
temperature. The crystal initially showed only a small amount
of diffuse scattering, which manifests as lobes of scattering
with a shape typical of thermal diffuse scattering. As such,
the as-grown crystal does not show evidence for structural
disorder. There is a substantial increase in diffuse scattering
upon cooling into the low-temperature phase. This new scat-
tering appears as extended rods along the reciprocal space
L direction, perpendicular to the honeycomb planes. These
rods of scattering remain even when the crystal is warmed
back into the high-temperature phase. Our observed pattern
of diffuse intensity, involving rods of scattering along L, is
indicative of incorrect stacking or horizontal translation of
individual planes within the crystal structure. The lack of
strong structural diffuse scattering between the rods suggests
that minimal disorder is present within the individual planes.
We will use the hypothesis that disorder in RuCls is composed
of stacking faults in our more detailed 3D-APDF analysis in
the next section.

IV. STACKING DISORDER

The stacking faults underlying the observed diffuse scat-
tering were assessed by 3D-APDF analysis. The Bragg peaks

were punched out as described in the Methods section, iso-
lating the diffuse scattering which was Fourier transformed to
produce the 3D-APDF. This 3D-APDF encodes differences
in the electron density-density correlation with respect to the
average crystal structure [20]. It is important to note that the
average crystal structure will not necessarily correspond to
the nominal unit cell as different types of correlated disorder
can affect both the average structure and the local structure.
In particular, the average structure in a material with stack-
ing faults comprises a superposition of the possible atomic
positions from all different layers. This means that the unit
cell describing the average structure contains atoms at all
possible locations, but with partial atomic occupancy related
to the prevalence of each atomic position. Most simple types
of random stacking faults will lead to an equal population of
each atomic position.

We start by inspecting the 3D-APDFs at z = 0, as shown
in Figs. 2(a) and 2(b). One might naively expect that if all
disorder arises from stacking faults, with no disorder in the
individual planes, then the z = 0 3D-APDF should be blank.
On the contrary, we observe patterns of positive and negative
spots at positions that are combinations of (%, 0) and (0, %) in-
plane displacement vectors. These displacements imply nine
possible layer positions within the (x, y) plane, which are su-
perimposed in the average structure. This results in an average
unit cell with in-plane lattice constants of § and resulting
partial atomic occupancy. The z = 0 3D-APDF can then be
understood as having signal at locations corresponding to
Ru-Ru and CI-Cl interatomic vectors, with either positive or
negative density depending on whether the real occupancy
is larger or smaller than the partial atomic occupancy in the
smaller average unit cell. The z =0 3D-APDF plane thus
serves as a basis for understanding RuCl; overall.

We now consider how to extract information about
the stacking faults from the 3D-APDF. The information
about the stacking is encoded in the x, y cut taken at
7= % =5.73 A, which is the z value equal to the distance be-
tween adjacent layers in the crystal. Interpreting this segment
of the 3D-APDF could, in principle, be done by constructing
and fitting a model, but this would be rather complicated, as it
would contain many interatom vectors; however, we immedi-
ately observe a similarity between the z = % cuts shown in
Figs. 2(c) and 2(d) and the z = 0 cuts shown in Figs. 2(a)
and 2(b) (at 300 and 30 K, respectively). At 300 K the z = %
cut resembles the z = O cut, but shifted by an in-plane vector
of (%, 0), which is the stacking type in the long-range C2/m
crystal structure. Indeed, if the disorder in RuClj is entirely
composed of stacking faults without any in-plane disorder, the
z= % 3D-APDF should theoretically be equal to a weighted
linear sum of z = 0 3D-APDF data shifted in-plane according
to the stacking types.

We therefore fit the z = % APDF using a model consisting
of a weighted combination of shifted z = 0 APDFs, with the
weighting factors as free parameters. Since all the different
shifts applied lead to density at different positions in the z =
% APDF, there is one unique best fit solution, with weighting
factors that are independent of one another. The result of
this fit is shown in Figs. 2(e) and 2(f) and shows that our
model provides a good representation of the z = % plane. The
in-plane translation vectors used to generate these linear sums
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FIG. 2. Interlayer stacking characterization by 3D-APDEF. The upper row shows 300 K data (after temperature cycling), while the bottom
row shows 30 K. (a),(b) x — y cut of the 3D-APDF at (x = 3, y = 3, and z = 0). We note that these cuts are not blank, as would be expected
for a 3D-APDF without intralayer disorder. This is due to the stacking faults which have the effect of reducing the in- plane lattice constants by
3 as discussed in the text. As a result, this is a 3D- APDF with respect to the average structure with lattice constants £. (c),(d) x — y cut of the
3D APDFat (x =3, y=3, andz = 3) where 7z = 5 corresponds to the distance between adjacent layers. (e),(f) Welghted sums of several
copies of the (x =3, y = 3, and z = 0) cut of the 3D-APDF, translated by different in-plane vectors corresponding to the interlayer stacking
types, which reproduce the observed z = % 3D-APDF in (c),(d), respectively. (g),(h) The translations and weighting factors used to generate
the weighted sums shown in (e) and (f) that describe the stacking disorder present in RuCl;. The stacking types for the long-range ordered
structure are shown as green arrows, while the blue, black, and red arrows represent stacking types found only in the disordered component
of the crystal. Listed percentage contributions are evenly divided between all the translation vectors of that type. Error bars were estimated by
manually adjusting the weighting factors until the weighted sum differed visibly from the z = % data.

are shown in Figs. 2(g) and 2(h), which also indicate the per-
centage contribution of each translation vector. The presence
of these types of (%, 0) and (0, %) stacking faults in RuCl;
is understandable since they maintain a close packed struc-
ture for the CI atoms of adjacent layers and so these are the
minimum energy stacking faults. Error bars on the weighting
factors were estimated by manually adjusting the weighting
factors until the weighted sum differed visibly from the z = %
data. Errors on the calculated percentage contributions were
computed by summing in quadrature the contributions from
the weighting factors.

In the 3D-APDFs at both 30 K and 300 K we observe
that the dominant stacking is that of the long-range ordered
phase (R3 and C2/m for 30 K and 300 K, respectively). This
is manifested in the raw data as the presence of extended tails
from the very intense main Bragg peaks [Fig. 1(c)], which
contribute to the diffuse signal as these tails are larger than
the punch size used to compute the 3D-APDF. These stacking
types are indicated by the solid green arrows in the right-hand
panels of Fig. 2. RuCl; crystals often contain contributions
from three possible C2/m domains, rotated by 120° about the
c axis. However, the crystal selected for this measurement was
chosen for its low degree of twinning and so one of the three
possible monoclinic domains is predominant over the other
two at 300 K. In the low-temperature phase, the 3D-APDF
is consistent with an equal proportion of the two possible
rhombohedral-like domains, as is reflected in Figs. 2(g) and

2(h). We note that the percentage contribution of this long-
range ordered phase varies somewhat depending on the punch
size chosen; however, the relative contributions of the differ-
ent stacking faults (described below) do not depend on punch
size. This was tested by computing the APDFs with two
different punch sizes [radius 0.12 and 0.16 reciprocal lattice
units (RLU)]. The relative contributions of the stacking faults
were very similar for these two choices of punch size. Figure 2
was generated with a punch size of 0.16 RLU, which has a
somewhat reduced contribution from the long-range ordered
stacking.

The RuCls stacking faults that differ from those corre-
sponding to the nominal long-range ordered phase are shown
by the blue, solid black, and red arrows of Figs. 2(g) and 2(h).
The predominant type of stacking fault in the 300 K phase is
from the secondary monoclinic twin domains, despite the fact
that the main Bragg peaks do not indicate long-range ordered
twin domains. In both high- and low-temperature phases, we
also observe an intermixing with the stacking type found in
the other structural phase. Namely, C2/m type stacking in
the low-temperature phase and R3 type stacking in the high-
temperature phase. We observe that, although the long-range
ordered C2/m structure is primarily untwinned, the three
types of C2/m stacking faults are observed in equal propor-
tions in the low-temperature crystal. In the high-temperature
phase, we also infer the presence of a direct stacking of one
layer on top of another indicated by the red arrow at zero
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FIG. 3. Single layer structural characterization of RuCl; via real-space correlation functions. (a),(b) 3D-APDF computed from data with
the Bragg peaks removed leaving only the diffuse component of the scattering (denoted short-range order or SRO). (c),(d) “Pseudo APDF”
that reflects the long-range order (LRO). (e) Simulation using the C2/m structural model. (f) Simulation using the highly distorted structure
found for single layer exfoliated RuCl; [25]. We observe that, within the measurement resolution, all single layer structures agree with the
monoclinic single layer structure. No distortions of the magnitude seen in the exfoliated layer are observed in the bulk crystal. All data are
taken at (x = 6, y = 3, and z = 0.08), where z = 0.08 corresponds to the Ru-Cl distance. We made this choice over the z = 0 plane in order

to have higher sensitivity to the distortions observed in Ref. [25].

shift, which is required to obtain a good match between the
7= % data and the weighted sums (see Fig. 2). This type of
stacking is not observed in either C2/m or rhombohedral-like
long-range order.

V. INTRALAYER ORDER

Information about possible distortions in the single layer
local structure can also be extracted from our data. This is
interesting because the structure of a single layer of RuCls
exfoliated onto a silicon wafer proved to be substantially
different from the structure of the nominal space groups [25],
suggesting that RuCl; may have a propensity towards local
distortions. It is also notable that theoretical calculations usu-
ally assume the undistorted room-temperature structure. We
show here that there is no evidence of such a distortion in
either the long-range ordered low-temperature phase or in the
3D-APDFs computed from the diffuse scattering. We cannot,
however, exclude the possibility of distortions smaller than
our 0.3 A resolution.

Panels (a) and (b) of Fig. 3 show the 3D-APDF corre-
sponding to the structure within the planes. This is taken at
a small value of z = 0.08 which corresponds to the Ru-Cl
distance. Such a distance was chosen over z = 0 because
this plane is more sensitive to the distortions observed in
Ref. [25]. To test whether this short-range information in
the 3D-APDF is consistent with the measured average long-
range structure, we created a “pseudo APDF” that reflects
the long-range structure in a way that can be easily com-
pared to the short-range disorder in the APDF. We first
computed the Patterson function by isolating and Fourier
transforming only the Bragg peaks. The z = 0.08 cut of

the Patterson function cannot be directly compared to the
3D-APDF computed from the diffuse scattering and instead
needs to be converted to a difference Patterson function
compared to the unit cell with in-plane lattice parameters §
(described in the previous section). The average Patterson
function for this reduced unit cell was computed by first
folding and summing the (x =6, y =3, and z = 0.08) cut
onto a 2D array % X % the original size. This small array was
tiled 3 x 3 to generate the average cut for the reduced unit
cell. This average was subtracted from the data to generate
the “pseudo APDF” that can be compared to the diffuse
scattering APDF.

The net result of the “pseudo APDF” analysis is shown in
(c) and (d) of Fig. 3 and appears similar to panels (a) and (b).
This suggests that, within our resolution, there is no evidence
for short-range distortions within the layers. In performing
this comparison we note that our upper momentum limit of
the data collected gives us a somewhat crude real space reso-
lution of ~0.3 A; distortions smaller than this would not be
detected. Both data were also found to have a pattern that
is similar to the nominal structure by simulating the “pseudo
APDF” for the C2/m space group in an equivalent way. The
rather large distortions on the order of those seen in a single
exfoliated layer would have been readily visible. As reported
in Ref. [25], in a single exfoliated layer the flat Ru layers be-
come buckled, the Ru-Cl distance decreases, and the Cl layers
show an in-plane distortion. A comparison between the data in
Fig. 3(a) to a calculation in Fig. 3(f) which computes the 3D-
APDF based on the structure reported in [25] makes it clear
that the two structures are very different and that no distortions
of this magnitude occur in the structural transition of the bulk
crystal.
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VI. CONCLUSIONS

Our x-ray diffraction data on a single crystal of a-RuCl;
shows a dramatic structural change from a single domain
C2/m structure at room temperature to a completely twinned
rhombohedral-like structure at 30 K. Although the diffraction
pattern at low temperature could be well indexed by the R3
unit cell previously proposed for this material, the crystal does
not show threefold symmetry but rather “remembers” its sin-
gle domain C2/m structure upon warming above the transition
temperature, suggesting it is not truly threefold symmetric.

Temperature cycling does, however, introduce disorder into
the crystal which manifests as rods of diffuse scattering per-
pendicular to the honeycomb planes. This pattern of diffuse
scattering is typical of misstacked or translated honeycomb
layers and we evaluated the types of misstackings via 3D-
APDF. We find that the stacking disorder is primarily an
intermixing of the high- and low-temperature structures, com-
bined with rotational twinning. The low-temperature phase
showed an equal mixture of all three C2/m stacking types,
despite beginning with an untwinned C2/m crystal at room
temperature. At room temperature we also observed stacking
with no in-plane translation between adjacent layers, unlike
that seen in either long-range ordered structure. Our mea-
surements therefore give a comprehensive overview of how
the three-dimensional crystal structure of «-RuClj is built up
from the component honeycomb layers.

Stacking disorder is thought to be at the root of sample
variability seen in both magnetic and transport properties of
RuCl; [3,12,13]; however, the mechanisms behind these ef-
fects are not fully understood. Introducing stacking faults by
physically deforming the crystal is known to nearly double the
magnetic ordering temperature [3]. Variability is also seen in
thermal Hall measurements, with only some samples showing
the half-integer quantization characteristic of the Majorana
edge modes expected in a Kitaev quantum spin liquid [12,13].
It has been shown that the observability of the quantized ther-
mal Hall effect is related to the coupling of these particles with
the phonon bath [26]. Furthermore, phonons with out-of-plane
atomic motions or propagation vectors are now known to play
a particularly important role [19]. Since out-of-plane phonons
are strongly affected by the layer stacking, stacking faults may
therefore determine whether the quantized thermal Hall effect
is observed.

Despite the evident importance of the layer stacking, RuCls
is often considered in the two-dimensional limit, without ex-
amining the effects of interactions between the honeycomb
layers. Our measurement shows how the layers are stacked
and therefore provides a crucial basis for understanding the
role of the third dimension. The stacking will determine
the distances between ruthenium atoms in adjacent layers,
affecting the interlayer magnetic interactions and magnetic
ordering. Stacking faults will likely also affect the phonon dis-
persions important for the thermal Hall effect measurements.
Density functional theory calculations have indeed been re-
ported using ordered structures with different stacking types,
showing substantial changes due to stacking [19]. The effects
of stacking faults could be emulated using larger supercell
structures containing stacking faults of the types identified
in our work, although we note that such simulations will
be computationally expensive. By identifying the types of
layer stacking that occur in a single crystal, our measurement
therefore provides an important basis for understanding the
effects of disorder on the remarkable electronic and magnetic
behavior of RuCls.
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