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«-RuCl;, a well-known candidate material for Kitaev quantum spin liquid, is prone to stacking disorder due
to the weak van der Waals bonding between the honeycomb layers. After a decade of intensive experimental and
theoretical studies, the detailed correlation between stacking degree of freedom, structure transition, magnetic,
and thermal transport properties remains unresolved. In this work, we reveal the effects of a small amount
of stacking disorder inherent even in high quality «-RuCl; crystals. This small amount of stacking disorder
results in the variation of the magnetic ordering temperature, and it suppresses the structure transition and
thermal conductivity. Crystals with a minimal amount of stacking disorder have a 7Ty > 7.4 K and exhibit
a well-defined structure transition around 140 K upon cooling. For those with more stacking faults and a
Ty below 7 K, the structure transition occurs well below 140 K upon cooling and is incomplete, manifested
by the diffuse streaks and the coexistence of both high-temperature and low-temperature phases down to the
lowest measurement temperature. Both types of crystals exhibit oscillatory field-dependent thermal conductivity
and a plateaulike feature in thermal Hall resistivity in the field-induced quantum spin liquid state. However,
a-RuCl; crystals with a minimal amount of stacking disorder have a higher thermal conductivity that pushes the
thermal Hall conductivity to be closer to the half-integer quantized value. These findings demonstrate a strong
correlation between layer stacking, structure transition, magnetic, and thermal transport properties, underscoring
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the importance of interlayer coupling in «-RuCl; despite the weak van der Waals bonding.
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Shortly after the first experimental investigation of
a-RuClj as the candidate material for Kitaev quantum spin
liquid [1], it was realized that the stacking sequence of the
RuCl; honeycomb layers can affect the magnetic properties
[2]. This is typical for van der Waals bonded cleavable mag-
nets where nowadays the stacking degree of freedom of the
two-dimensional structure units has been employed to engi-
neer magnetic ground states [3-5]. The stacking of RuCls
honeycomb layers relative to each other leads to different
proposed crystal structures, including the monoclinic C2/m,
the rhombohedral R3, and the trigonal P3;12. At room tem-
perature, most studies reported a C2/m structure for ¢-RuCls.
Upon cooling, this monoclinic structure becomes unstable and
around 150 K «-RuCl; goes through a first-order structure
transition most likely to the rhombohedral R3 structure [6]. In
early studies of «-RuCl3, more than one magnetic anomaly is
typically observed in the temperature range 7-14 K [2,7-10].
The 14 K magnetic order seems to result from the C2/m type
stacking [8,11], and it is believed that the mixing of different
types of stacking gives rise to the multiple magnetic anomalies
in the temperature range 7-14 K.
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With the intense materials synthesis effort, most «-RuCl;
crystals being studied nowadays have only one single mag-
netic transition around 7y = 7 K. This has been employed as
a simple and convenient criteria for a quick check of crystal
quality. However, Ty has been found to vary from 6 to 8 K
[12—14]. The origin of this discrepancy is still unknown. Also
unknown is whether and how this magnetic order is correlated
with the first-order structure transition at high temperatures.

Recently, the intensively debated thermal transport prop-
erties of «-RuCl; have called for a thorough revisiting of
the materials issues of this fascinating compound [15]. The
half-integer quantized thermal Hall conductance was believed
to be one of the fingerprints for Majorana fermions of frac-
tionalized spin excitations in «-RuCls;. However, the thermal
Hall conductance in field-induced disordered or the quantum
spin liquid state was found to be sample-dependent, and the
experimental observation of the half-integer quantized value
requires using «-RuClj crystals with high longitudinal ther-
mal conductivity [16-22]. The other intriguing experimental
observation is the oscillatory features of thermal conductivity
as a function of in-plane magnetic field. These features were
reproduced by different groups but the origin is under hot
debate. While some believed this is an intrinsic character
of the magnetic phase of Ty ~ 7 K [23,24] and attributed
the observed oscillations to quantum oscillations of puta-
tive charge-neutral fermions [24], others believed that the
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oscillatory features have an extrinsic origin and result from a
sequence of field-induced magnetic phase transitions in crys-
tals with stacking disorder [25,26].

All these interesting but debated results and interpretations
highlight the importance of understanding the material issues
in @-RuCls. In this work, we performed a careful investigation
of the correlation between the layer stacking, structure tran-
sition, magnetic and thermal transport properties of different
a-RuClj; crystals with Ty varying from 6 to 7.6 K. The amount
of stacking disorder discussed in this work is far less than
that in our previous work [23] and may not induce significant
magnetic anomalies at 10-14 K in magnetic and specific-heat
measurements. This small amount of stacking disorder causes
the variations in 7y in different «-RuCl; crystals. Based on
the characterizations, we categorize our «-RuClj crystals into
two types. Type-1 «-RuClj single crystals with 7y above 7.2 K
have a minimal amount of stacking disorder and show a well-
defined structure transition around 140 K upon cooling. For
type-1I crystals with more stacking disorder and a lower Ty
around 6.5 K, the structure transition occurs below 140 K
upon cooling and is incomplete, manifested by the coexistence
of both high-temperature and low-temperature phases and the
observation of diffuse streaks by neutron scattering below
the structure transition. For both types of crystals, oscillatory
field-dependent thermal conductivity and a plateaulike feature
in thermal Hall resistivity were observed in the field-induced
quantum spin liquid state. However, «-RuClj single crystals
with Ty above 7.4 K have a higher thermal conductivity,
which pushes the thermal Hall conductivity to be closer to the
half-integer quantized value. Our results demonstrate a strong
correlation between the layer stacking, structure transition,
magnetic, and thermal transport properties, and they highlight
the importance of interlayer coupling in «-RuCl;.

I. EXPERIMENTAL DETAILS

a-RuCl; used in this study was grown using two vapor
transport techniques: self-selecting vapor growth with a small
temperature gradient near the powder, and the conventional
vapor transport technique with a large temperature gradient.
The former is employed to grow thicker crystals for neutron
single-crystal diffraction measurements described later, and
the growth details can be found elsewhere [27]. The latter
was performed in a two-zone tube furnace with the hot end
kept at 1000°C and the cold end at 750°C. This yields
millimeter-sized single crystals with a minimal amount of
stacking disorder that are ideal for measurements of magnetic,
thermodynamic, and thermal transport properties. The growth
details were reported previously [23]. Varying the growth tem-
perature and temperature gradient along the growth ampoule
impacts the layer stacking and thus physical properties. For
example, a-RuClj crystals with Ty around 6 K were obtained
by keeping the hot end of the growth ampoule at 1075°C
while the cold end was at 1025 °C. We noticed that crystal
quality and properties are sensitive to the total vapor pressure
inside of the growth ampoule. Our growths suggest that a
higher vapor pressure facilitates the formation of stacking
disorder, although a detailed relation has not been developed
yet. Therefore, in order to obtain «-RuCls crystals with a
controlled degree of stacking disorder, all factors affecting the

total vapor pressure inside of the growth ampoule should be
considered, such as the purity and amount of starting powder,
the volume of the growth ampoule, the growth temperature,
and the temperature gradient along the growth ampoule. In
our growths, high pure RuCl; powder synthesized by reacting
RuO; powder with AlICI3-KCl salt [28] or purchased from
Furuya Metals (Japan) was used, and the growths were found
to be comparable with respect to disorder control.

Elemental analysis on cleaved surfaces was performed
using the wavelength dispersive (WDS) spectroscopy tech-
niques. WDS measurement was performed using a JEOL
JXA-8200X electron microprobe analyzer instrument equip-
ped with five crystal-focusing spectrometers for wavelength
dispersive x-ray spectroscopy. Magnetic properties were mea-
sured with a Quantum Design (QD) Magnetic Property
Measurement System in the temperature range 2.0 < 7 <
300 K. Specific-heat data below 30 K were collected using
a QD Physical Property Measurement System (PPMS). Ther-
mal transport measurements were performed on a custom-
built PPMS puck as described before [23]. The temperature
dependence of 0 0/ reflections was monitored on a flat surface
by a PANalytical X’Pert Pro MPD powder x-ray diffractome-
ter using Cu K1 radiation. An Oxford PheniX closed-cycle
cryostat was used to measure from 300 to 20 K.

Neutron diffraction experiments were carried out using the
single-crystal diffractometer CORELLI [29] at SNS to mon-
itor the structural phase transition and to search for potential
diffuse scattering arising from possible stacking disorder in
crystals grown under different conditions. Single crystals are
mounted inside a closed-cycle refrigerator with a base tem-
perature of 6 K. The MANTIDWORKBENCH package [30] was
used for data reduction and analysis. We define the momentum
transfer Q in three-dimensional (3D) reciprocal space in A~
as Q = Ha* + Kb* + Lc*, in which H, K, and L are Miller
indices, and a*, b*, ¢* are the lattice vectors in reciprocal
space. For each type of crystal mentioned below, we checked
one small piece around 6 mg and one large piece around
200 mg. No difference was observed between the small and
large pieces.

II. RESULTS

Figure 1 shows the temperature dependence of magnetiza-
tion, specific heat, and intensity of the 005 structural Bragg
reflection (in C2/m notation) illustrating the magnetic order-
ing and structure transition temperatures for two typical types
of single crystals. We define the magnetic ordering tempera-
ture as the temperature where Cp(7') peaks. Type-I crystals
have Ty > 7.2 K and show sharp anomalies at 7y in both
temperature dependence of magnetization and specific heat.
The results of one crystal with Ty = 7.6 K [see Fig. 1(a)] are
presented in this work as a representative of type-I crystals.
For this crystal, abrupt changes in the temperature depen-
dence of magnetization [Fig. 1(d)] and 005 reflection suggest
the structure transition occurs at about 140 K upon cooling
[Fig. 1(c)] and about 170 K upon warming [Fig. 1(e)]. Upon
cooling below 140 K, the intensity of the peak sitting at 26 =
85.15° decreases quickly upon further cooling and disappears
around 130 K. Meanwhile, a peak sitting at 20 = 85.62°
appears and its intensity increases quickly upon cooling and
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FIG. 1. Magnetic order and structure transition in two typical types of «-RuCl; single crystals. As described in the text, type-I crystals have
magnetic ordering temperatures above 7.2 K, while type-II crystals normally order magnetically below 7 K. (a), (b) Temperature dependence
of magnetization and specific heat (Cp) below 20 K. The magnetization was measured in a magnetic field of 1 kOe applied along the zigzag
direction (perpendicular to the Ru-Ru bond). The vertical dashed lines highlight the Néel temperature, 7y, defined as the temperature where Cp
peaks. Ty = 7.6 Kin (a) is 1.1 K higher than that in (b). (c)—(e) Temperature dependence of magnetization and 005 reflection in the temperature
range 20-200 K for the crystal with 7y = 7.6 K, a representative for type-I crystals. (f)—(h) Temperature dependence of magnetization and 005
reflection in the temperature range 20-200 K for the crystal with Ty = 6.5 K, an example for type-II crystals. The temperature dependence of
magnetization in (d),(g) was measured in a magnetic field of 10 kOe applied perpendicular to the honeycomb plane. All data in [(c)—(h)] were

collected in a temperature sweep at a rate of 2 K/min.

saturates below about 120 K. Steplike features associated with
the structure transition are observed in the high-temperature
magnetization at 140 and 170 K upon cooling and warming,
respectively. Similar features are observed for all «-RuCls
crystals with Ty above 7.2 K.

Type-II crystals [Fig. 1(b)] normally have a Ty below 7 K
and show broader transitions and weaker anomalies near Ty
in magnetization and specific heat. Physical properties of one
crystal with Ty = 6.5 K were presented in this work as an
example of type-II crystals. Above Ty, some weak features
were observed in both magnetization and specific heat in
Fig. 1(b), in sharp contrast to Fig. 1(a). The structure tran-
sition also shows anomalous features distinct from those for
type-1 crystals. Upon cooling, the structure transition of the
crystal with Ty = 6.5 K [see Fig. 1(f)] occurs around 60 K
and the transition is not complete, which is well illustrated
by the coexistence of reflections from both high-temperature
and low-temperature phases to the lowest temperature 20 K
of our x-ray diffraction measurement. Upon warming from
20 K, the phase coexistence persists until about 170 K, above
which only the high-temperature monoclinic phase remains
[Fig. 1(h)]. Accordingly, a wide loop was observed in the
temperature dependence of magnetization [Fig. 1(g)]. It is
interesting to note that for both a-RuClj; crystals the structure
transition occurs around 170 K upon warming. When screen-
ing crystals, we noticed that the structure transition can occur
in a wide temperature range 50-140 K when measuring upon
cooling. For type-II crystals, the phase coexistence is always
observed for crystals with Ty below 7 K. Figure S1 of the
Supplemental Material [31] shows the x-ray diffraction re-
sults of two different crystals. Both crystals have 7y = 7.1 K

(from specific heat) and the structure transition at 120 K upon
cooling. However, one crystal shows a complete structure
transition while the other one shows phase coexistence below
120 K, which seems to be the lowest structure transition tem-
perature that one @-RuCl; crystal can have before showing a
sluggish first-order structure transition and phase coexistence
at low temperatures.

Considering the limited penetration depth of x-ray diffrac-
tion, we studied the structure of different pieces of pristine
a-RuClj crystals using single-crystal neutron diffraction. All
crystals studied with neutron diffraction were well character-
ized by measuring magnetic properties and/or specific heat
before exposing them to a neutron beam. Multiple pieces with
mass ranging from 6 to 200 mg and 7y ranging from 6 to
7.6 K were checked. All crystals crystallize in C2/m at room
temperature but have a different degree of mosaic. We are
aware of previous reports of successful growth of «-RuCls
crystals with the P3;12 structure [25]. Our neutron results do
not rule out the possibility that some small crystals suitable for
x-ray single-crystal diffraction can have P3,12 type structure.
Figures 2(a) and 2(b) show the temperature dependence of
(116) or (113) reflection to determine the structure transi-
tion in both crystals. For the crystal with Ty = 7.6 K, the
structure transition occurs around 140 K upon cooling and
170 K upon warming, consistent with those determined from
magnetic and x-ray diffraction measurements shown in Fig. 1.
For the crystal with Ty = 6.5 K, the structure transition occurs
below 80 K upon cooling and 170 K upon warming. The
latter temperature agrees well with those determined from
magnetic and x-ray diffraction measurements shown in Fig. 1.
The slightly different transition temperature when measuring
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FIG. 2. Neutron single-crystal diffraction found a sharp structure transition for the crystal with 7y = 7.6 K but a sluggish structure
transition and diffuse streaks for the crystal with 7y = 6.5 K. (a) The thermal evolution of the (1,1,6) reflection measured in cooling and
warming at a rate of 2K/min confirms the sharp structural transition in the crystal with 7y = 7.6 K. (b), (c) The neutron diffraction patterns at
200 K (in the high-temperature C/2m phase) and 100 K (in the low-temperature R3 phase) for the crystal with Ty = 7.6 K. Extra reflections in
(c) confirm the symmetry change at low temperatures. (d) The temperature evolution of (1,1,3) reflection measured in cooling and warming at
a rate of 2 K/min of the crystal with Ty = 6.5 K. (e), (f) The neutron diffraction patterns at 200 K (in the high-temperature C/2m phase) and
10 K (in the low-temperature R3 phase) for the crystal with Ty = 6.5 K. The mosaic in (e) and the diffuse streaks in (f) are highlighted by the
line cut shown in the right half of each panel (b), (c), (e), and (f). The transformation matrixes between the high-T' C2/m and low-T R3 unit

@ 9

cell are a, = a,,, b, = 1/2(—a,, +b,,), ¢, = a,, + 3¢,,, where the subscripts “r” and “m” denote the rhombohedral and monoclinic structures.

cooling is in line with the fact that this transition temperature
can vary in a wide temperature range 50-140 K depending
on the concentration and detailed distribution of stacking
imperfection.

Detailed reciprocal space maps provide a better under-
standing of the nature of average and local structure for
both «-RuCl; single crystals. Figures 2(b) and 2(c) show the
neutron diffraction patterns collected at 200 K (above the
structure transition) and 100 K (below the structure transition)
for the type-I crystal with 7y = 7.6 K. As reported previously,
the high-temperature monoclinic C2/m structure becomes un-
stable upon cooling and transforms into a rhombohedral R3
structure [6]. This can be appreciated by the appearance of
additional Bragg peaks along the L direction [see Fig. 2(c)].
The right half of each panel shows the line cut along [0, 2, L]
highlighting (i) that this crystal is of high quality with neg-
ligible mosaic, and (ii) the absence of any diffuse feature
in the temperature range investigated. The correlation length
& derived from the full width at half-maximum (FWHM)
of the (0,2,0) reflection at 200 K using a Lorentzian line
shape is ~ 450 + 10 A, which is at the resolution limit of the
neutron measurement. The peak broadens slightly at 100 K
and suggests a reduction of the correlation length to about
350 &+ 10 A. Figures 2(e) and 2(f) show the neutron diffraction
patterns at 200 K (above the structure transition) and 10 K
(below the structure transition) for the type-II crystal with
Ty = 6.5 K. The crystal clearly has a much larger mosaic,
and more interestingly, diffuse streaks are evident below the

structural transition [Fig. 2(f)]. The correlation length is about
78 £5 A at 200 K and reduces to 32+3 A at 10 K. Both
values are much smaller compared to those for the crystal with
Ty = 7.6 K. Despite the apparent difference in the correlation
lengths, the local environment surrounding the Ru ions for
both single crystals is very similar in the high-temperature
C2/m phase. As can be determined from the structure infor-
mation listed in Table I in the Supplemental Material [31],
those two crystals have the same lattice parameters, Cl-Ru-Cl
bond angles, and Ru-ClI bond lengths at 200 K. Given the sur-
prisingly similar crystal structure and lack of any unidentified
phase, the observed diffuse streaks in the crystal with Ty =
6.5 K are attributed to the stacking faults that are prevalent in
van der Waals bonded layered materials. As discussed later,
the stacking disorder can act as the pinning center prevent-
ing a uniform structure phase transition. Thus the structure
transition occurs at a lower temperature. The inhomoge-
neous distribution of stacking disorder might be responsible
for the sluggish transition occurring in a wider temperature
range.

After warming above the structure transition, both crystals
seem to get back to the original pristine state. In the Supple-
mental Material [31], we show the neutron diffraction patterns
of both crystals after warming up to 200 K from below the
structure transition. Interestingly, the diffraction pattern and
the correlation length are comparable before and after the ther-
mal cycling. We also monitored the possible effects of thermal
cycling on the structure transition and magnetic order by
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FIG. 3. Thermal transport measurement results of «-RuCls.
(a) Thermal conductivity of w-RuCl; crystal. Heat current is ap-
plied along the zigzag direction (perpendicular to the Ru-Ru bond).
(b) Oscillatory features of thermal conductivity. Data collected with
both heat current and magnetic field along the zigzag direction.
(c),(d) Thermal Hall resistivity (c) and conductivity (d) at 5 K.
Both heat current and magnetic field are applied along the zigzag
direction. The horizontal dashed lines in (d) highlight the thermal
Hall conductivity relative to the fraction of quantized thermal Hall
kqu/n, where n = 2, 4, and 8 are shown.

measuring the temperature dependence of magnetization and
specific heat. As shown in the Supplemental Material [31],
the thermal cycling does not seem to affect the magnetic order
after 10 thermal cycles.

Figure 3(a) shows the typical temperature dependence of
thermal conductivity («,, thermal current along ag-axis) of
both single crystals below 20 K. The small difference in Ty
can be well resolved. Both samples show a recovery of heat
transport upon cooling through 7y and a peak around 5 K in
the temperature dependence of thermal conductivity. This is
consistent with previous reports [19,22,32-34]. The crystal
with 7y = 7.6 K has a higher thermal conductivity below
Ty. This magnitude of thermal conductivity is higher than
the threshold value for the observation of the half-integer
quantized thermal Hall effect [22].

Figure 3(b) shows the oscillatory features in the field de-
pendence of longitudinal thermal conductivity (x,) at 2 K,
shown as the scaled derivative (k ~'dk /dB T~') of thermal
conductivity with respect to applied magnetic field. This
scaling procedure brings the oscillatory features of various
samples with different thermal conductivities to the same
scale and emphasizes the critical fields instead of absolute os-
cillatory amplitudes. We observed that the oscillatory features,
especially those after the system has entered the field-induced
quantum spin liquid phase (7.5 T), are very similar for both
samples. This indicates that the oscillatory features in the
field-induced quantum spin liquid region are dominated by
in-plane physics.

We also studied the thermal Hall effect of both crystals.
Figures 3(c) and 3(d) show a plateau region in both thermal
resistivity and (scaled) conductivity measured at 5 K. The
plateau spans the field region in which the field-induced dis-
ordered or quantum spin liquid phase dominates. The profile

of the thermal Hall signal is better shown by resistivity. The
scaled thermal Hall conductivity is highly sample-dependent.
We noticed in our sample screening that the plateau value
could vary by a factor of 5 for different samples with different
thermal conductivities. The crystal with Ty = 7.6 K has less
stacking disorder and hence a higher thermal conductivity.
This leads to a near half-integer quantized «,,/7 . In contrast,
kyy/T for the crystal with Ty = 6.5 K is further away from the
half-integer quantized value as illustrated by the data shown
in Fig. 3(d). As reported in Ref. [23], the evolution of thermal
Hall resistivity with temperature in all samples measured in
this work shows one feature associated with the suppression
of Ty and the other one at the crossover from the field-induced
quantum spin liquid state and the partially polarized state.
A plateau is normally observed when these two features are
of comparable magnitude, signaling caution is needed when
explaining the significance of the plateau in thermal Hall
conductivity.

III. DISCUSSIONS

The detailed physical properties of two «-RuCljs crystals
were reported in this work as the representatives of two types
of «-RuClj crystals. Typically, type-I crystals have a Ty above
7.2 K, whereas type-II crystals have a Ty below 7 K. Specific-
heat results shown in Fig. 1 and Fig. S5 in the Supplemental
Material [31] demonstrate that 7y of our a-RuClj crystals can
range from 6 to 7.6 K. Our WDS measurements confirmed
that all crystals have the same atomic ratio and the nonstoi-
chiometry or chemical composition should not be responsible
for the variation in Ty among different o«-RuCly crystals.
Therefore, the differences in properties between type-I and
type-II crystals may shed some light on the origin of Ty
variation in different «-RuCl; crystals.

A careful comparison between type-I and -II crystals in-
dicates that stacking disorder causes a sluggish structure
transition and leads to phase coexistence at low temperatures.
Type-II crystals distinguish themselves from type-I crystals by
showing a sluggish structure transition most likely originating
from the stacking disorder. The larger mosaic [see Fig. 2(e)]
suggests the presence of stacking disorder in type-II crystals.
From magnetic and x-ray and neutron diffraction measure-
ments of different crystals, the structure transition when being
measured upon cooling occurs at a lower temperature with
increasing stacking disorder, and two-phase coexistence is
always observed when the structure transition occurs below
120 K. The phase coexistence was observed at 20 K, the
lowest temperature of our x-ray diffraction measurements.
It will not be a surprise if the phase coexistence persists at
even lower temperatures, for example below Ty. Our x-ray
and neutron diffraction studies provide solid evidence for
the phase coexistence but cannot tell the detailed concen-
tration and distribution of those two phases or the stacking
disorder. However, one can expect that the stacking disorder
acts as a pinning center for the sliding of RuCl; honeycomb
layers during the structure phase transition, leading to more
complex stacking disorder as the temperature decreases. This
expectation is consist with the observation of diffuse streaks
for type-II crystals shown in Fig. 2(f). Such diffuse streaks
were observed in previous studies and attributed to stack-
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ing disorder between RuCls honeycomb layers [8,12]. The
concentration and detailed distribution of stacking disorder
in the starting crystals affect the mosaic, structure transition
temperature, the concentration, and distribution of both high-
temperature and low-temperature phases below the structure
transition. Figure S1 presents the x-ray diffraction results for
crystals with Ty near 7.1 K, which highlights the effect of the
concentration and detailed distribution of stacking disorder.

The neutron single-crystal diffraction confirms that type-I
crystals are of high quality as evidenced by a large correlation
length beyond the resolution limit of our neutron measure-
ment. However, this does not mean that these crystals are free
of stacking disorder. Previously, a scanning transmission elec-
tron microscope (STEM) study observed P3; 12-type stacking
in @-RuClj; flakes from one crystal with C2/m structure deter-
mined by neutron single-crystal diffraction [35]. This result
was reproduced in our recent STEM studies. STEM probes a
small region of a thin flake, while neutron diffraction studies
the whole crystal in neutron beam averaging over many simi-
lar and different regions. The discrepancy between STEM and
neutron diffraction indicates the presence of stacking disorder
in type-I crystals, and the disorder can even exist in local
regions in the form of other types of layer stacking with
comparable energy [11]. Nevertheless, the long coherence
length implies that the concentration of stacking disorder in
high-quality type-I crystals is low.

The stacking disorder can be responsible for the slightly
suppressed Ty. The phase coexistence or stacking disorder
may affect both the interlayer and intralayer magnetic in-
teractions. The interlayer magnetic interactions are disrupted
by inhomogeneous layer spacing and exchange paths, while
theoretical studies have shown that the intralayer exchange
interactions are influenced by the stacking structure [36]. Neu-
tron single-crystal diffraction at 200 K revealed the same local
structure in both types of «-RuClj; crystals. However, whether
the local structure similarity persists at low temperatures is
unknown. Despite tremendous efforts, the low-temperature
structure is not yet determined due to the appearance of
diffuse scattering below the structure transition [8,11]. Solv-
ing the low-temperature structure is beyond the scope of
current effort. However, we would point out that this is
essential to resolve possible local distortion of RuClg octa-
hedra that determines the relative magnitude of those terms
in magnetic Hamiltonian and also critical for a quantitative
understanding of the suppression of Ty. In addition, the phase
coexistence scenario should be considered when solving the
low-temperature structure, depending on the quality of crys-
tals employed.

The above discussion of how stacking disorder suppresses
Ty does not contradict the previous proposal that mechanical
deformation can induce magnetic anomalies in the tempera-
ture range 10-14 K [11,23]. In previous studies, mechanical
deformation was employed to create a large concentration of
stacking disorder, which resulted in crystals with one single
magnetic order at 14 K. However, the concentration of stack-
ing disorder in both types of crystals studied in this work is
much lower, and this is especially true for type-I crystals.
On the other hand, the suppression of Ty from 7 K and the
appearance of weak magnetic anomalies in the temperature
range 10-14 K seem to be strongly correlated and may have

the same origin. The Supplemental Material [31] presents
specific-heat data for more samples, with separate panels
highlighting the features below and above 8 K. For those crys-
tals with suppressed 7y (for example lower than 7 K) or with
more than one lambda-type anomaly, some weak anomalies
can be observed above 8 K. All the observations suggest that
a small amount of stacking disorder suppresses the long-range
magnetic order with 7y around 7 K, and increasing the pop-
ulation of stacking faults leads to magnetic phases with Ty
above 10 K.

The stacking disorder is also responsible for the sample-
dependent thermal transport properties. Upon cooling through
Ty, type-I crystals show a stronger recovery of thermal con-
ductivity [see Fig. 3(a)]. The high thermal conductivity and
Ty of type-1 crystals indicate the importance of interlayer
coupling and interactions. As reported previously [18,22], a
large thermal conductivity is necessary for the observation of
half-integer quantized thermal Hall effect. In Fig. 3(d), the
crystal with Ty = 7.6 K shows a high thermal Hall conduc-
tivity k,/T, closer to the half-integer quantized value. It is
interesting to note that the half-integer quantized thermal Hall
effect was recently observed for a deformed «a-RuCl; crystal
with Ty = 14 K, which exhibits a high thermal Hall resistivity
despite a low thermal conductivity [23]. These two studies
suggest two different ways to observe thermal Hall con-
ductivity at half-integer quantized value: using high-quality
samples with a minimal amount of stacking disorder and high
thermal conductivity, or using samples with a high thermal
Hall resistivity. Obviously, thermal Hall conductivity can be
rather sample-dependent, and the stacking disorder can have
a dramatic effect on it. Despite the sample-dependent thermal
Hall conductivity, both types of crystals have similar critical
fields for oscillatory features in magnetothermal conductivity
and also the same field range in which the thermal Hall effect
and oscillatory features in thermal conductivity are observed.

The correlation between stacking disorder, magnetic, and
thermal transport properties developed in this work suggests
the following can be valid criteria when selecting crystals
with a minimal amount of stacking disorder: (i) the struc-
ture transition temperature measured upon cooling. This can
be determined by measuring the temperature dependence of
magnetization in the paramagnetic state, or by monitoring the
evolution with temperature of an appropriate nuclear reflec-
tion by x-ray or neutron diffraction. (ii) The magnetic ordering
temperature determined by specific-heat measurements. In
addition to a well-defined Ty, specific-heat measurements can
also tell whether extra anomalies exist near Ty (see Fig. S5).
We noticed that the anisotropic magnetic susceptibility around
Ty is not that sensitive to the small variation of 7y or the pres-
ence of multiple magnetic transitions as revealed by specific
heat shown in Fig. S5. From the characterizations of different
crystals in the past decade, crystals with a minimal amount
of stacking disorder should have a structure transition around
140 K when being measured upon cooling and one single
magnetic anomaly around 7.6 K in specific heat.

IV. SUMMARY

In summary, we study the effects of a small amount
of stacking disorder on the structure, magnetic, and ther-
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mal transport properties in «-RuCls single crystals with Ty
varying from 6.0 to 7.6 K. The amount of stacking disor-
der may not be enough to induce magnetic anomalies in the
temperature range 10-14 K, but it can still have a dramatic
effect on the physical properties. The stacking disorder in
as-grown crystals can suppress the structure transition temper-
ature (upon cooling), the Néel temperature, and lattice thermal
conductivity. The similar oscillatory field-dependent thermal
conductivity and plateaulike feature in thermal Hall resistivity
were observed in all @-RuCl; single crystals studied in this
work despite the variation in 7y. However, «-RuCl; single
crystals with a minimal amount of stacking disorder have a
higher thermal conductivity, which pushes the thermal Hall
conductivity to be closer to the half-integer quantized value.
Our results demonstrate a strong correlation between the layer
stacking, structure transition, magnetic, and thermal transport
properties, and they highlight the importance of interlayer
coupling in a-RuCl; despite the weak van der Waals bond-
ing. Our work also suggests well-defined criteria for selecting
a-RuClj crystals with a minimal amount of stacking disorder:
a structure transition around 140 K when being measured
upon cooling and one single magnetic anomaly around 7.6 K
in specific heat. Moreover, the presence of stacking disorder
may be universal in all layered, cleavable magnets. The impli-
cations of this work can be extended to other compounds and
help resolve and understand their intrinsic properties and the
novel quantum phenomena.
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