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Two-step growth of high-quality single crystals of the Kitaev magnet α-RuCl 3
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The layered honeycomb magnet α-RuCl3 is the most promising candidate for a Kitaev quantum spin liquid
(KQSL) that can host charge-neutral Majorana fermions. Recent studies have shown significant sample depen-
dence of thermal transport properties, which are a key probe of Majorana quasiparticles in the KQSL state,
highlighting the importance of preparing high-quality single crystals of α-RuCl3. Here, we present a relatively
simple and reliable method to grow high-quality single crystals of α-RuCl3. We use a two-step crystal growth
method consisting of a purification process by chemical vapor transport (CVT) and a main crystal growth
process by sublimation. The obtained crystals exhibit a distinct first-order structural phase transition from the
monoclinic (C2/m) to the rhombohedral (R3̄) structure at ∼150 K, which is confirmed by the nuclear quadrupole
resonance spectra with much sharper widths than previously reported. The Raman spectra show the absence of
defect-induced modes, supporting the good crystallinity of our samples. The jumps in the thermal expansion
coefficient and specific heat at the antiferromagnetic (AFM) transition at 7.6–7.7 K are larger and sharper
than those of previous samples grown by the CVT and Bridgman methods and do not show any additional
AFM transitions at 10–14 K due to stacking faults. The longitudinal thermal conductivity in the AFM phase
is significantly larger than previously reported, indicating a very long mean-free path of heat carriers. All the
results indicate that our single crystals are of superior quality with good crystallinity and few stacking faults,
which provides a suitable platform for studying the Kitaev physics.

DOI: 10.1103/PhysRevMaterials.8.074404

I. INTRODUCTION

Quantum spin liquids (QSLs) are exotic quantum states in
which spins are strongly correlated with each other but do
not order down to absolute zero due to strong frustrations
[1]. Following the proposal of a QSL state on a triangular
lattice by Anderson [2], various approaches have been pro-
posed to stabilize QSL states. Among them, the Kitaev model
on a two-dimensional (2D) honeycomb lattice has garnered
considerable attention because it can host an exactly solvable
QSL state [3]. In this model, bond-dependent Ising interac-
tions introduce exchange frustrations, giving rise to a Kitaev
quantum spin liquid (KQSL) state, where the spin degrees of
freedom fractionalize into itinerant Majorana fermions and
localized Z2 fluxes (visons) [4]. Intriguingly, these quasipar-
ticles form composite particles under magnetic fields, which
are expected to be non-Abelian anyons that are indispensable
for fault-tolerant topological quantum computations [3].

*These authors contributed equally to this work.
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After the proposal of the Kitaev model, Jackeli and Khali-
ullin proposed an innovative mechanism to realize the Kitaev
interactions in real materials [5]. Since then, many candi-
date materials have been proposed [6]. Among them, the
spin-orbit-assisted Mott insulator α-RuCl3 with a layered hon-
eycomb lattice [7] has been most actively studied, in which
Ru3+ ions are surrounded by octahedra of Cl− ions. Since
the adjacent octahedra share the edge of the Cl-Cl bond,
the Heisenberg interactions through the two Ru-Cl-Ru bonds
are canceled except for the Ising interactions perpendicular
to the edge directions, providing a promising platform for
realizing the Kitaev model. α-RuCl3 exhibits an antiferro-
magnetic (AFM) order below TN ∼7 K due to non-Kitaev
interactions, such as Heisenberg and off-diagonal interactions
[8–11], but various experiments above TN, including neutron
scattering [12–14], Raman spectroscopy [15,16], and specific
heat [14,17], suggest the spin fractionalization expected in
the KQSL state. More importantly, the AFM phase can be
suppressed by in-plane magnetic fields above ∼8 T [18–20],
leading to a field-induced spin-disordered state. In this
region, the half-integer quantized thermal Hall effect has been
observed [21–25], supporting the existence of chiral edge
currents of Majorana fermions at the sample edges. Moreover,
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recent specific heat measurements under in-plane magnetic
fields demonstrate the presence of a Majorana gap with char-
acteristic angular dependence expected in the Kitaev model
[26,27]. The sign change of the thermal Hall effect is observed
at the field angle where the Majorana gap closes [27], pro-
viding compelling evidence for a one-to-one correspondence
between the bulk and edge properties expected for the topo-
logical state in the KQSL under magnetic fields.

However, it has been pointed out that the experimental
value of the thermal Hall conductivity κxy strongly depends on
the sample quality and crystal growth methods. For instance,
it has been reported that samples synthesized by the Bridgman
method exhibit the half-integer quantized thermal Hall effect
[21–25], whereas samples synthesized by the vapor trans-
port method do not exhibit a perfect half-integer quantization
value, leading to a proposal of different interpretation based
on a thermal Hall effect due to topological magnons [28].
In addition, the observation of scaling in κxx and κxy points
to the possibility of the phonon thermal Hall effect [29], but
such scaling has not been observed in other groups [21,24,28].
Moreover, even samples grown by the same method show
strong sample dependence; for instance, in Bridgman sam-
ples, the half-integer quantized thermal Hall effect tends to
be observed in cleaner samples with fewer stacking faults and
higher longitudinal thermal conductivity κxx [25].

In α-RuCl3, apart from the half-integer quantum thermal
Hall effect in κxy, it has been reported that the longitudinal
thermal conductivity κxx oscillates periodically with respect to
the inverse of the magnetic field [30]. However, the interpre-
tation remains highly controversial. Some claim that these are
quantum oscillations resulting from an exotic QSL state [30],
which may be associated with the KQSL state [31], while
others argue that they are due to additional AFM transitions
caused by stacking faults [32]. Therefore, it is highly desirable
to investigate the effects of sample-quality dependence using
high-quality single crystals to examine whether or not the
KQSL state is realized in α-RuCl3.

There have been several reports on the synthesis and char-
acterization of α-RuCl3 single crystals, and it is well known
that crystal growth methods involving a sublimation pro-
cess, such as the self-selective vapor phase growth (SSVG)
method [33,34], can yield high-quality single crystals. In par-
ticular, it has been reported that high-quality single crystals
can be obtained by the sublimation method using prean-
nealed α-RuCl3 powder [35]. Here, we report on the synthesis
of high-quality single crystals of α-RuCl3 by a two-step
crystal growth method using the chemical vapor transport
(CVT) and sublimation processes. We carefully character-
ized the crystal structure of our samples and investigated
the effects of sample quality on the physical properties of
α-RuCl3 through magnetic susceptibility, nuclear quadrupole
resonance (NQR), Raman spectroscopy, thermal expansion,
specific heat, and longitudinal thermal conductivity measure-
ments. A clear structural phase transition from the monoclinic
(C2/m) to the rhombohedral (R3̄) structure was observed at
140–160 K. The jumps in the thermal expansion coefficient
and specific heat at the AFM transition temperature TN are
significantly higher and sharper than those of previous
Bridgman [26,27] and CVT [9,36] samples. Moreover, the
longitudinal thermal conductivity κxx in the AFM phase is

FIG. 1. (a) Purification process by the CVT method. The starting
powder of α-RuCl3 are transported as RuCl4 gas from the hot end to
the cold end. Tiny single crystals are grown at the cold end, while
impurities such as oxides are retained at the hot end. (b) Main crystal
growth process by the sublimation method. A typical temperature
sequence is shown. (c) Photograph of a typical α-RuCl3 single crystal
obtained by the two-step sublimation method.

the highest among the samples reported so far. All the results
consistently indicate that our single crystals are of high quality
with good crystallinity and few stacking faults.

II. EXPERIMENT

In this study, single crystals of α-RuCl3 were synthesized
by a two-step process. First, the starting powder of polycrys-
talline α-RuCl3 (Furuya Metal) was carefully purified and
crystallized by the CVT method. In this process, no external
transport agent is used because the α-RuCl3 powder dissoci-
ates, producing chlorine gas, which acts as a transport agent.
It is known that single crystals of α-RuCl3 synthesized by the
CVT method, where crystal growth occurs at relatively lower
temperatures compared to other methods, tend to contain
stacking faults and have lower crystallinity [10,37]. However,
this process is useful for removing impurities, such as oxides,
from the starting powder [38]. In the first process, the starting
powder with a weight of 0.26 g is placed at the hot end of a
quartz tube (typically, 15 mm in outside diameter, 26 cm long,
and 1 mm thick) and transported to the cold end, as illustrated
in Fig. 1(a). The temperatures at the hot and cold ends were
set at 750 ◦C and 550 ◦C, respectively, which are typical values
for the previous CVT method applied to α-RuCl3 [39]. This
process yielded tiny platelike single crystals at the cold end.
The obtained CVT crystals then served as starting materials
for the subsequent sublimation growth process, which was
conducted without a temperature gradient. In this main growth
process, CVT crystals were enclosed inside a quartz tube
(typically, 15 mm in outside diameter, 8 cm long, and 1 mm
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thick). The total volume of the CVT crystals (typically, 45 mg)
was set so that the gas pressure inside the quartz tube reached
2–3 atm at 1000 ◦C. Single crystals enclosed in a quartz tube
were held at 1000 ◦C for 24 h and then gradually cooled to
800 ◦C at a rate of −(1.3 ∼ 2) ◦C/h [Fig. 1(b)]. Figure 1(c)
displays a typical single crystal obtained by this two-step sub-
limation method. Typically, all the tiny-starting single crystals
crystallize into one single crystal during the sublimation pro-
cess, resulting in a millimeter-sized large crystal with black,
shiny surfaces. In the main crystal growth process by the
sublimation method, we placed six quartz tubes in a furnace
in one process. Finally, we obtained single crystals in almost
all the quartz tubes (about 5 out of 6).

The crystal structure at room temperature was evaluated by
x-ray diffraction measurements (XRD) (RIGAKU MicroMax-
007 HF). The magnetic susceptibility was measured on a
superconducting quantum interference device magnetometer
(Quantum Design MPMS XL). The thermal expansion coeffi-
cient was measured with a homemade capacitive dilatometer
[35,40]. Our apparatus enables the detection of length changes
�L � 10−2 Å, where L is the length of the sample. NQR
measurements were performed by the conventional spin-echo
method [41]. The Raman spectroscopy was measured using
a confocal microscopic system with a linear-polarized laser
(Horiba LabRAM HR Evolution). The excitation wavelength
was 532 nm. Specific heat measurements were carried out
by the long-relaxation technique [26]. The longitudinal ther-
mal conductivity was measured by the standard steady-state
method [22].

III. RESULTS AND DISCUSSION

It is well established that α-RuCl3 undergoes a structural
phase transition at Ts = 140–160 K [8]. However, the crys-
tal structures both above and below Ts are still a subject
of debate. The space group of the crystal structure is con-
sidered to be C2/m at room temperature and R3̄ below Ts

[42]. However, several previous studies have argued that the
room-temperature structure is P3112, and the low-temperature
structure is either C2/m or P3112 [10,32,38]. Generally,
Bragg peaks in XRD measurements are influenced by stacking
faults and multidomains in crystals. α-RuCl3 is susceptible
to stacking faults because the 2D honeycomb planes are
weakly stacked by the interlayer van der Waals force [38].
Additionally, in the monoclinic C2/m crystal structure, mul-
tidomains can form, which may become a source of the partial
cancellation of the thermal Hall signal [43]. Therefore, the
contradiction of the crystal structure in α-RuCl3 may be at-
tributed to stacking faults and multidomains. For instance,
the room-temperature structure with P3112 can be observed
due to multidomain structures with C2/m [10], and the low-
temperature structure with C2/m or P3112 can be observed
when defects in the crystal hinder the structural phase tran-
sition, maintaining the room-temperature structure. Thus, in
order to address the KQSL state of α-RuCl3, it is essential to
prepare high-quality single crystals with fewer stacking faults
and multidomains.

The XRD measurements reveal that the crystal struc-
ture of our samples is the monoclinic C2/m structure at
room temperature with lattice constants a = 5.9956(12) Å,

FIG. 2. (a) Temperature dependence of magnetic susceptibility
of α-RuCl3 under a magnetic field of 7 T measured during cooling
(blue) and heating (red) processes at around Ts. (b) Temperature
dependence of relative length change of α-RuCl3 measured along the
a axis at around Ts during cooling (blue) and heating (red) processes.

b = 10.354(17) Å, c = 6.0237(11) Å, and β = 108.83(2)◦.
Figures 2(a) and 2(b) depict the temperature dependence of
the magnetic susceptibility χ (T ) under a magnetic field of 7 T
along the c axis (perpendicular to the 2D honeycomb plane)
and the relative length change �L(T )/L(T0), where �L(T ) ≡
L(T ) − L(T0) and T0 is the reference temperature, measured
along the a axis (perpendicular to the Ru-Ru bond direction)
during cooling and heating, respectively. Both datasets ex-
hibit a distinct first-order structural phase transition with a
hysteresis loop within a narrower temperature range of 20 K
compared to the samples synthesized by the vapor transport
method [44], indicating the high quality of our samples. As
discussed below, crystals of higher quality, characterized by a
clear structural phase transition, demonstrate a higher antifer-
romagnetic transition temperature TN.

Next, we performed NQR measurements under zero mag-
netic field from 300 K to 20 K to obtain detailed information
on the crystal structure. Figure 3(a) displays the NQR spectra
of 35Cl (I = 3/2) at around 16.8–16.9 MHz. The number
of peaks in the NQR spectra corresponds to the number of
independent sites of Cl, reflecting the crystal structure of the
material. Above 160 K, two peaks with different intensities
are observed, consistent with the C2/m crystal structure. Be-
low 120 K, only one peak is observed, indicating the R3̄
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FIG. 3. (a) Temperature dependence of 35Cl NQR spectra of α-RuCl3 measured during cooling (blue) and heating (red) processes.
(b) Enlarged view of the 35Cl NQR spectra at 20 K for the sample measured in this study (blue) and for the sample grown by the single-step
sublimation method (green) [41]. (c) Raman spectra of α-RuCl3 measured at 295 K (red) and 9.5 K (blue) in the z(xy)z̄ configuration with
in-plane linear polarization (XY geometry). Here, x and y correspond to the a and b axes in the monoclinic C2/m structure, respectively, and z
denotes the direction of the incident light normal to the ab plane.

crystal structure. This result coincides with that of CrCl3
[45], which has the same structure as α-RuCl3. In the inter-
mediate temperature range of 140–160 K, three peaks with
different intensities are observed, which are interpreted as
the coexistence of the high-temperature C2/m structure and
the low-temperature R3̄ structure. If the crystal structure is
P3112, three peaks should be observed in the NQR spectra
[45], but neither three peaks above nor below Ts are observed.
Therefore, the possibility of the crystal structure with P3112
in α-RuCl3 is excluded. This result is consistent with recent
XRD results showing that the crystal structure at room tem-
perature is C2/m and a structural phase transition from C2/m
to R3̄ occurs at Ts [42]. Figure 3(b) compares the NQR spectra
of our sample with those of a sample synthesized by the
one-step sublimation method without purification by the CVT
process [41]. The linewidth of our sample is less than half of
that of the previous sample. This also confirms that our sample
is of high quality.

Despite the pronounced change at Ts discussed above, the
in-plane Raman spectra in Fig. 3(c) exhibit nearly identical
phonon peak structures between 295 K and 9.5 K. This re-
flects the layered structure of α-RuCl3 with weak interlayer
van der Waals interactions. Consequently, the in-plane Raman
spectra depend only on the structure of the isolated α-RuCl3

layer. In accordance with a previous study [15], four Raman
active modes are expected in the XY geometry. Indeed, four
Raman modes are observed in our sample, indicating that
the interlayer lattice interactions are indeed weak in α-RuCl3

and do not significantly affect the phonon dynamics expected
in the isolated RuCl3 layer. In the previous study [15], an
additional peak at 205 cm−1 was observed alongside the four
peaks, interpreted as being activated by defects. Notably, such
a peak is absent in our sample, affirming the high quality of
our sample.

Figure 4 illustrates the temperature dependence of the in-
plane magnetic susceptibility χ and the thermal-expansion
coefficient α(≡ L−1dL/dT ) at low temperatures, revealing a
distinct AFM transition at TN = 7.6 K. In particular, α(T )
exhibits a sharper AFM transition compared to the previous

samples synthesized by the vapor transport method [44], al-
though the sign of the change in α at TN for our high-quality
sample is opposite to that of the previous samples with rel-
atively broader transitions at TN and Ts. Further studies are
needed to clarify this point. In addition to the sharper transi-
tion at TN, the AFM transition temperature in our samples is
among the highest reported so far, indicating the high purity
of our samples. α-RuCl3 has an ABC stacking structure below
Ts, but when stacking faults are introduced, it changes to an
ABAB stacking structure, resulting in additional AFM orders
at around 10–14 K [38]. In our samples, no obvious anomaly
is observed around 10–14 K, which indicates minimal stack-
ing faults in our samples.

Figure 5(a) shows the specific heat divided by temperature
C/T . Again, a clear AFM transition at TN = 7.7 K is observed
in our sample, which is higher than that of previous Bridgman
[26,27] and CVT [9,36] samples. The peak of the specific
heat C/T at TN is much sharper and higher than that of the
previous Bridgman sample [26,27] and comparable to that

FIG. 4. Temperature dependence of magnetic susceptibility χ

under a magnetic field of 0.1 T perpendicular to the c axis (blue, left
axis) and thermal expansion coefficient α (red, right axis) measured
along the a axis at around TN.

074404-4



TWO-STEP GROWTH OF HIGH-QUALITY SINGLE … PHYSICAL REVIEW MATERIALS 8, 074404 (2024)

FIG. 5. (a) Temperature dependence of specific heat divided by
temperature C/T for the two-step sublimation sample (#C1, red) and
Bridgman samples with (green) and without (blue) electron irradi-
ation [26,46]. (b) Temperature dependence of longitudinal thermal
conductivity κxx along the a axis for the two-step sublimation sam-
ple (#K1, red) compared with Bridgman samples (blue and green)
showing the half-integer quantized thermal Hall effect [21,22].

of the SSVG sample [34]. For comparison, we have plotted
in Fig. 5(a) the C/T data for Bridgman samples with and
without point defects introduced by electron irradiation [46].
The introduction of defects by electron irradiation leads to
a shift in TN towards lower temperatures, accompanied by a
suppression of the sharpness of the transition at TN. According
to the previous studies [34], samples with higher TN exhibit
sharp Bragg peak spots in XRD measurements and a clear
structural phase transition at Ts. Moreover, no anomalies due
to stacking faults have been observed in the specific heat at
10–14 K. These results indicate the exceptional crystallinity
of our samples.

Finally, we present the results of longitudinal thermal con-
ductivity measurements. Figure 5(b) depicts the temperature
dependence of the thermal conductivity κxx along the a axis,
together with data for Bridgman samples reported in previous
studies that exhibit the half-integer quantized thermal Hall
effect [21,22]. It has been argued for the Bridgman samples
that cleaner samples with a large peak of thermal conductivity
κ

peak
xx above 4 W/Km in the AFM phase tend to exhibit a

value close to the half-integer quantization value [22,25]. In
the AFM phase, spin-phonon scattering is suppressed, and

TABLE I. TN, specific heat C/T at TN, and κpeak
xx for sam-

ples synthesized by different crystal growth methods. Note that in
Refs. [25,26,46], specific heat was measured using the same long-
relaxation method as in this study, while in Refs. [17,34], specific
heat was measured using the Quantum Design Physical Property
Measurement System (PPMS).

TN C/T at TN κpeak
xx

Growth method (K) (Jmol−1K−2) (W/Km)

Two-step sublimation 7.6–7.7 1.5 13
SSVG [34] 7.6 2.0 8
Bridgman [25] 7.4 0.7 4
Bridgman [26] 7.0 0.6 −
One-step sublimation [17] 6.5 0.5 −
Bridgman (irradiated) [46] 5.7 0.2 −

the phonon contribution to the thermal conduction becomes
enhanced. Since the enhancement is more pronounced for
cleaner samples with smaller impurity scattering, the mag-
nitude of κ

peak
xx , which is proportional to the mean-free path

of the heat carriers, is a measure of crystallinity. The present
sample exhibits a much higher κ

peak
xx than that of the Bridgman

samples exhibiting the half-integer quantized thermal Hall
effect. The obtained value is more significant than that of clean
samples synthesized by the SSVG method [33,34], which
is the highest value reported so far. In contrast, κxx in the
paramagnetic state above 8 K is smaller than that of samples
grown by other crystal growth methods. This can be attributed
to stronger spin-phonon scattering in the high-quality crystals
in the paramagnetic phase, aligning with the previous report
[34]. In Table I, we summarize the results for TN determined
from the specific heat measurements, the peak value of C/T at
TN, and κ

peak
xx . Although the precise values of these quantities

may depend slightly on the measurement techniques used,
the high values obtained in our samples confirm the superior
quality of crystals grown by the present method. A more
comprehensive study of the thermal transport properties under
magnetic fields on the high-quality single crystals synthesized
in this study will address issues regarding the reproducibility
of the half-integer quantum thermal Hall effect in κxy and the
origin of the oscillations in κxx under magnetic fields.

IV. CONCLUSION

In summary, we synthesized high-quality single crystals of
α-RuCl3 by the two-step sublimation method and character-
ized their physical properties. The magnetic susceptibility and
thermal expansion coefficient show a distinct hysteresis loop
at ∼150 K, indicating the clear first-order transition at Ts. The
35Cl NQR spectra demonstrate a crystal structure change from
monoclinic (C2/m) to rhombohedral (R3̄) at the structural
phase transition. The Raman spectra show only the phonon
peaks expected in an isolated RuCl3 layer, supporting the
good crystallinity of our samples. The jumps in the thermal
expansion coefficient and specific heat at TN are much higher
and sharper than those of previous samples grown by the CVT
and Bridgman methods and do not show any additional AFM
transitions at 10–14 K due to stacking faults. The longitudinal
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FIG. 6. (a), (b) XRD patterns in the (H, K, 0) and (0, K, L)
planes for the as-grown sample (#X1), respectively. (c), (d) XRD
patterns in the (H, K, 0) and (0, K, L) planes for the cut sample
(#X2), respectively.

thermal conductivity in the AFM phase is significantly larger
than previously reported. All the results indicate that our sin-
gle crystals are of high quality with good crystallinity and few
stacking faults, which provide a platform for resolving the dis-
crepancies discussed in the thermal transport measurements
on α-RuCl3.
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APPENDIX

We performed XRD measurements at room temperature to
check the crystallinity of α-RuCl3 single crystals obtained in
this study. Figures 6(a) and 6(b) show the XRD patterns in the
(H, K, 0) and (0, K, L) planes for an as-grown sample, respec-
tively. The diffraction patterns in the (H, K, 0) and (0, K, L)
planes both show clean spots, indicating good crystallinity in
both the ab plane and the stacking (c-axis) direction. Here,
we stress that the (0, K, L) plane diffraction, which includes
information on the stacking direction, shows no diffuse lines
but clean spots, indicating minimal stacking faults in our
as-grown single crystal. Furthermore, we performed XRD
measurements for a sample after cutting with a razor blade.
As a result, we have found that while the XRD spots in the
(H, K, 0) plane do not change with the cut, diffusive lines
along the stacking direction appear in the (0, K, L) plane [see
Figs. 6(c) and 6(d)]. These results indicate that when the
sample is cut, few defects are introduced in the ab plane, while
many stacking faults are introduced in the stacking direction.
Correspondingly, slight anomalies appear in the specific heat
C/T at around 10 K and 14 K (see Fig. 7). Therefore, the
clear spots in the XRD patterns and the absence of anomalies
in the specific heat for the as-grown samples indicate minimal
stacking faults in our single crystals.
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