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‘We report a muon spin rotation/relaxation (. SR) study of single-crystalline samples of the «-RuCl; honeycomb
magnet, which is presumed to be a model compound for the Kitaev-Heisenberg interaction. It is inferred from
magnetic susceptibility and specific-heat measurements that the present samples exhibit successive magnetic

transitions at different critical temperatures Ty with decreasing temperature, eventually falling into the Ty = 7K
antiferromagnetic (7 K) phase that has been observed in only single-crystalline specimens with the least stacking
fault. Via uSR measurements conducted under a zero external field, we show that such behavior originates from
a phase separation induced by the honeycomb plane stacking fault, yielding multiple domains with different 7y’s.

We also perform ©SR measurements under a transverse field in the paramagnetic phase to identify the muon
site from the muon-Ru hyperfine parameters. Based on a comparison of the experimental and calculated internal
fields at the muon site for the two possible spin structures inferred from neutron diffraction data, we suggest a
modulated zigzag spin structure for the 7 K phase, with the amplitude of the ordered magnetic moment being
significantly reduced from that expected for the orbital quenched spin-1/2 state.

DOI: 10.1103/PhysRevB.97.134410

I. INTRODUCTION

The Kitaev model, a spin-1/2 honeycomb model with bond-
dependent exchange interaction, has attracted considerable
attention because of its remarkable prediction of the spin-liquid
state with fractional fermionic excitations [1]. It is predicted
that such a bond-dependent exchange interaction K can be
realized in a honeycomb magnet with effective spin Jegr = 1/2
because of the strong spin-orbit coupling (SOC) [2]. The
Kitaev-Heisenberg (KH) model, which is regarded as a more
realistic model, comprises two additional interactions, i.e.,
the isotropic exchange interaction J and the bond-dependent
symmetric off-diagonal exchange interaction I". The KH model
predicts an extended spin-liquid phase and several nontrivial
antiferromagnetic (AFM) states upon tuning of the K, J,
and I magnitudes [3,4]. As a model compound for the KH
model, «-NayIrO; has been successfully synthesized, and a
zigzag-type magnetic ordering has been found to be the ground
state [5—8]. However, the localized J. = 1/2 picture remains
under debate [9,10].

«-RuCl; has attracted renewed interest as another candidate
compound for the KH model. This compound crystallizes in
a monoclinic structure with a C2/m space group [11,12]. The
RuClg octahedra form an almost ideal honeycomb structure in
the ab plane by sharing the edges. Strong in-plane magnetic
anisotropy observed via magnetization measurements suggests
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that the Ru** (4d%) ion has a low-spin state [11,13-15].
Consequently, the ground state may be described as having an
effective angular momentum / = 1 with a total spin § = 1/2;
thus, the magnetic moment is given by Jer = 1/2. Indeed,
Raman and neutron scattering experiments have revealed an
excitation between the Jei = 1/2 ground state and Jegr = 3/2
excited state [16,17]. Various experimental studies support
gap opening in the electronic structure due to the substantial
SOC and electron correlations [16,18-21]. Thus, a-RuCl; is
presumed to be an SOC-assisted Mott insulator. Furthermore,
a magnetic excitation continuum, which is not explained by
the conventional magnon, has been reported in the paramag-
netic state [17,22-24]. The origin of the anomalous magnetic
excitation has been discussed based on the pure Kitaev [25—
27] and extended KH models [28,29]. Coupling between the
exotic magnetism and lattice degrees of freedom has also been
suggested [30-32]. Recently, a field-induced phase transition
to a spin-liquid state was discovered at an external field of
~8 T [33-40].

Although the exotic spin-liquid state is highly expected to be
the ground state of «-RuCl; under zero external field, several
phase transitions accompanied by magnetic ordering between
7 and 14 K have been reported [13—15,17]. Synthesis of a single
crystal with a unique phase transition at ~14 K has been re-
ported, where the crystal exhibited a zigzag spin structure with
2c¢ magnetic superlattice modulation below 14 K [11]. How-
ever, diffuse scattering originating from the honeycomb plane
(HP) stacking fault was observed in the x-ray diffraction pat-
terns. On the other hand, another group has reported synthesis
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of a single crystal with no stacking fault which exhibited a
single phase transition at ~7 K with 3¢ modulation [12].
Those researchers also found that several phase transitions,
including that at 14 K, appeared upon intentional deformation
of the crystal. These results indicate that the magnetic transition
temperature is sensitive to the HP stacking sequence and that
the 7 K transition is observed in only the pristine phase.

It is important to clarify the details of the exchange in-
teractions in «-RuClj in order to examine the eligibility of
the KH model for elucidating the magnetic properties of this
material. To this end, several theoretical studies have suggested
that the direction of the ordered moment is sensitive to the
signs and magnitudes of the exchange interactions [41-44].
Further, although a neutron diffraction study has proposed
possible zigzag spin structures in the 7 K phase, a large
ambiguity remains with regard to the direction of the ordered
magnetic moment [12]. This uncertainty exists because of
the scarcity of information provided by microscopic probes
sensitive to the local magnetic properties. A recent muon spin
rotation/relaxation (uSR) study revealed the details of the
local magnetic properties in the magnetic ordered state [45].
However, the polycrystalline sample exhibited only the 14 K
transition, and the details of the 7 K phase as a ground state
for the pristine phase continue to require clarification.

In this paper, we report a SR study of single-crystalline
samples of @-RuCl; to uncover the local magnetic properties
of the 7 K phase. A brief description of the present wSR
measurements is provided in Sec. II, which is followed by
details of the data analysis of the observed SR spectra under
zero external field (ZF uSR; Sec. III A). The obtained spectra
provide clear evidence that these transitions originate from a
phase separation induced by the HP stacking fault, generating
multiple domains with four different 7x’s (Sec. III B). In
addition, the results of ©SR measurements conducted under
a transverse field (TF wSR) in the paramagnetic phase are
analyzed in Sec. III C to refine the muon site from the mag-
nitudes of the muon-Ru hyperfine parameters. In Sec. IV A,
we discuss the muon stopping site in «-RuCl; based on our
ab initio calculation result and the experimental hyperfine
parameters. In Sec. IV B, a comparison is made between the
experimental and calculated hyperfine fields at the muon site
for the 7 K phase, which suggests a modulated zigzag spin
structure, where the amplitude of the ordered magnetic moment
is significantly reduced from the moment size expected for the
orbital quenched spin-1/2 state. Finally, we discuss the sign of
the Kitaev exchange interaction in ¢-RuCl; from the direction
of the ordered moment.

II. EXPERIMENT

Conventional ZF uSR experiments were conducted using
the Advanced Research Targeted Experimental Muon Instru-
ment at S-line (ARTEMIS) spectrometer equipped on the S1
beamline of the Japan Proton Accelerator Research Complex
(J-PARC). We used several thin platelike o-RuCl; single
crystals. Figure 1(a) shows the temperature 7 dependence
of the specific heat C for one of the single crystals used in
the present uSR experiment. From the data, we found that
the four phase transitions were observed at Ty; = 13.1(2) K,
o = 11.82) K, Tnz = 9.9(2) K, and Tng = 7.2(1) K, where
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FIG. 1. (a) Temperature dependence of specific heat of a single
crystal used in the present £ SR experiment. Arrows represent anoma-
lies indicating the four magnetic ordering transitions at Ty;—Tng.
(b) Zero-field (ZF) uSR time spectra G(t) measured at selected
temperatures. The solid curves represent the results of least-squares
fitting using Eq. (1). (c) #SR time spectra at 3.7 K measured under
ZF and longitudinal field (LF) of 50 mT.

T4 corresponds to the transition temperature of the AFM 7 K
phase with the least stacking fault [12]. Details of the crystal
growth were reported elsewhere [13]. The crystal surface was
parallel to the HP, while the initial muon spin polarization was
perpendicular to the HP. The muon spin depolarization function
G(t) was obtained from the decay-positron asymmetry.

We also performed TF uSR measurements using the Nu-
Time spectrometer installed on the TRIUMF M15 beamline,
where the external field By was perpendicular to the initial
muon spin polarization. By was applied either parallel or
perpendicular to the HP. A sample with dimensions of 8.1 x
7.6 x 0.9 mm>® was used for the measurements with By L
HP. For those with By || HP, we employed four platelike
crystals with typical dimensions of 6.5 x 2.6 x 1.6 mm?®
stacked along the direction perpendicular to the HP. The precise
magnitudes of By were determined to be By = 5.99952(2)
and 5.99956(5) T for By L HP and By || HP, respectively,
where the calibration was performed based on the precession
frequency of muons stopped in a “muon-veto” scintillator
(made of CaCO3) mounted beneath the sample in the cryostat.
The positron signals from the sample and the CaCO3 were
separated by sorting the positron events using the signal from
the muon-veto scintillator.

II1. RESULTS AND ANALYSIS
A. Zero-field uSR spectra

Implanted muons probe magnetic order through the preces-
sion of the muon magnetic moment under the internal field By
associated with the spontaneous magnetization. As shown in
Fig. 1(b), we detected the development of oscillating signals
in the ZF uSR spectra at lower temperatures, which is a clear
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FIG. 2. Fast Fourier transform of ZF uSR spectra at selected
temperatures. The dotted lines represent the upper and lower limits
of the estimated noise level. The line colors correspond to those for
the time spectra shown in Fig. 1(b).

indication of the appearance of the quasistatic magnetic order.
Note that we have abbreviated the T ranges above Ty, Ty <
T < Tle TN3 <T < TNz, TN4 <T < TN3» and T < TN4 as
PM, AF1, AF2, AF3, and AF4, respectively.

Considering the fast Fourier transform (FFT) of the ZF SR
spectra shown in Fig. 2, we made the least-squares curve-fit
analysis of G(¢) using the following recursive function:

G@t) = (1 — fu)Gxr(t)e ™" + fcosRuvt)e ™
+ fajo@mvgt)e ™ + fee™, (D

where the first term is the paramagnetic component described
by a product of exponential damping with a rate A, due
to dynamical field from the fluctuating electron spins and
the Kubo-Toyabe function [46] Gkr(¢) for the depolarization
due to random local fields from nuclear magnetic moments.
The second and third terms represent precession signals from
the AFM phases, where jj represents the Bessel function, f
and fg are the fractional yields, v and vg (27 v =y, Biy) are
precession frequencies with y,, = 27 x 135.5388 MHz/T, Biy
is the internal field at the muon site proportional to sublattice
magnetization, A and Ag are the depolarization rates of the re-
spective signals monitoring the distribution and/or fluctuation
of Bjy. The last term represents the nonprecessing component
corresponding to a fraction of implanted muons f, subjected
to Biy parallel to the initial muon spin polarization, thereby
showing weak longitudinal depolarization with X.. The total
signal fraction of the magnetically ordered phases is denoted
by fm in the first term, where fi, = f + fs + f.. The curve
fit using Eq. (1) yielded satisfactory conversion for every time

spectra with an averaged normalized x2 = 1.3(2). Here, the
use of the Bessel function in Eq. (1) is justified by the previous
neutron diffraction study that suggested the possibility of
incommensurate magnetic modulation due to pseudo-three-
layer HP stacking, although the incommensurate modulation
period was too long to be detected by the neutron diffraction
experiment [12]. We also note that a preliminary analysis using
Eq. (1) with cos(2mvgt) substituted for jo(2mwvgt) yielded
strongly T dependent fg and f, which is unlikely for the
fully developed magnetic phases, thus supporting the use of
the Bessel function.

B. Phase separation

Since the local field Bj, is mainly determined by transferred
hyperfine field and magnetic dipolar field from ordered mag-
netic moments within a distance of several nanometers around
the muon, SR is inherently sensitive to spatial phase separa-
tion. Provided that a sample (or a domain within the sample)
exhibits spatially uniform and multistage phase transitions at
several critical temperatures, these transitions are observed as
a stepwise change in Bj,; and in the corresponding precession
frequency at each transition temperature. Meanwhile, if a
spatial phase separation occurs, allowing different magnetic
structures with different transition temperatures and Bj,’s to
coexist as macroscopic domains, multiple precession signals
develop independently from zero frequency at each transition
temperature, with their relative yields corresponding to their
respective volumetric fractions.

As summarized in Fig. 3(a), we find one precession sig-
nal with a frequency v below Ty;, which is in line with
a previous report [45]. Upon cooling, another precession
signal (previously unobserved) appears below Ty4 that is
reproduced by the Bessel function with a frequency vg, while
no anomaly is found for v around 7n4. The relatively small
Mg [&2mvg; see Fig. 3(b)] implies that these multiple phases
have a macroscopic domain size that far exceeds the effective
range of the magnetic dipole field exerted on muons from Ru
moments. These observations strongly suggest that a phase
separation occurs within the sample and that each magnetic
phase has different critical temperatures. The sinusoidal signal
is reasonably attributed to the 14 K phase, whereas the Bessel
term corresponds to the precession signal for the pristine 7 K
phase. Note that uSR spectra for the short-range ordered
state are expected to exhibit Gaussian or exponential-like
damping without oscillation [47,48]. The macroscopic domain
size is also supported by the presence of a well-defined
thermodynamic phase inferred from a clear phase transition
at Tna [13].

The temperature dependence of the total signal fraction
of the magnetic ordered states f;, is plotted in Fig. 3(d). If
the four magnetic transitions occur successively in a single-
phase sample, f;, should exhibit a steep change to unity
immediately below Ty;. However, it is clear in Fig. 3(d) that
fm actually exhibits a gradual increase with decreasing T
above Tny4 to saturate below Tng4. This further supports the
occurrence of phase separation in this sample. The volumetric
fraction of the 7 K phase is roughly estimated to be ~65%.
We stress that the 7 K phase has the largest volume in our
sample.
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FIG. 3. Temperature dependence of (a) precession frequencies,
(b) depolarization rate, (c) fractional yield, and (d) the sum of
fractional yield for magnetically ordered phases ( f, = f + f5 + fo)-
The dashed lines in (d) are guides for the eye.

According to a previous uSR study, the development of
14 K phase accompanying a precession signal of ~1 MHz is
followed by an additional signal with a large frequency dis-
tribution below ~11 K [45]. While the small-volume fraction
of the 14 K phase for the present £SR data does not allow
a curve fit with these multiple signals, the enhanced A in the
relevant temperature region can be interpreted as being due to
the occurrence of unresolved precession signals. The sudden
decrease of A below Tng is explained by the correlation of
parameters in the curve fit, where part of the depolarization
corresponding to the 14 K phase was represented by the Bessel
function. Considering the small fraction of the additional
14 K phase signal appeared below ~11 K (~5%-10%), the
correlation would not affect the primary feature of the deduced
result for the 7 K phase.

we find two peaks with similar amplitudes. These peaks exhibit
shifts to lower frequencies and broadening with decreasing 7.
The corresponding TF SR spectra were analyzed in the time
domain via curve fitting using two cosine functions with the
Gaussian envelope

G||(t) = f||] COS(27T1)||1[ =+ 9()) exp[—(A||1t)2]
+ fia cosQmvpat + 6p) expl—(hpt)’l.  (2)

On the other hand, the FFT spectra for By L. HP exhibit an
almost T-independent feature with a single sharp line, as
shown in Fig. 4(b). These spectra were analyzed using

G.(t) = f1cos(2mv, + 6p) exp[—(r11)’]
+ (1 — £1) 082 vex + o) exp(—hext),  (3)

where 6 is the initial phase and § is the stretched exponent.
The second term was adopted to describe the additional small
peak, which we tentatively attributed to a background signal
of unknown origin.

As will be discussed in Sec. IVA in more detail, the
observed dependence of the frequency shift on the B direction
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is consistent with the assumption that vy, vj2, and v, originate
from a single muon site with the corresponding anisotropy
in the local susceptibility. More specifically, the observed
spectrum for By || HP is explained as a convolution of spectra
with By applied along the various directions parallel to the
HP. This explanation can be made because we used several
crystals for the corresponding measurements, where each
crystal had domains due to the monoclinic structure. Thus,
the two observed peaks can be attributed to an approximately
two-dimensional powder pattern for a single muon site.

We have already shown that a phase separation occurs in
the present sample. However, we stress that the local magnetic
property in the paramagnetic state is not affected by the
stacking fault because the magnetic susceptibility above ~30 K
is almost independent of the degree of complexity in the
magnetically ordered phases below ~14 K [49]. Thus, we can
presume without much uncertainty that the phase separation is
irrelevant to the splitting of TF ©SR frequency spectra in the
paramagnetic state.

The frequency shift (K;, j = 1, || 2, and L) is induced by
additional hyperfine fields at the muon site due to polarized Ru
electron spins. We deduced K ; by subtracting the contributions
from the Lorentz field and demagnetization, such that [50]

Vi — 1 1
Kj: Yo — 47 g—NJ p)(j, (4)

where 27‘[1)() = )/MBo, Nj (NHI = N||2 ~ (0.28-0.41, N| >~
0.84-0.85) is the demagnetization factor [51], p (=0.01884
mol/cm?) is the molar density of @-RuCls, and x ;j is the molar
susceptibility. The obtained values for K, K2, and K | versus
temperature are shown in Fig. 5(a). Note that the vertical axis
is reversed to highlight the increasing behavior of the local
magnetic susceptibility with decreasing 7.

It is highly likely that the in-plane magnetic anisotropy is
weak in this compound, as can be inferred from the relatively
small difference between Kj; and K. Thus, we assume y; =~
X2 = x1. In Fig. 5(b), K; are plotted against x; with the
temperature as an internal variable, where x| and x, are quoted
from an earlier study [13]. It is generally expected that K ; can
be described by

Aj
K(T)=Ky+ N x;i(T), (5)

AMB

where K refers to the T-independent contribution, A; are
the hyperfine parameters between the muon spin and the
electron spins, N is Avogadro’s number, and pup is the
Bohr magneton. As «-RuCl; exhibits anisotropic magnetic
susceptibility (x; # x.1), Kjj1 and K, are plotted against x|,
whereas x, is used for the K| case. As shown in Fig. 5(b),
we found a linear relationship between K ; and x; above 50 K
and obtained Ay = —88(2)mT/ugp, Ajp = —60(2) mT/ug,
and A} = —5(3) mT/up from the slopes. To characterize
the hyperfine coupling tensor, we defined the isotropic, axial,
and asymmetric components, Ajo = 1(AL + Ay + App) =
=514 mT/pp, Aux = [241 — (A + Ap)] = 23()mT/
pp, and Agym = 3(Aj1 — App) = —14(1) mT/pup. These
values are summarized in Table 1.
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FIG. 5. (a) Temperature dependence of the frequency shift, where
the circles, triangles, and squares correspond to K, K2, and K |,
respectively. The vertical axis is reversed for clarity. (b) K; plotted
against magnetic susceptibility x;, with the temperature being an
internal variable. The solid lines were obtained via curve fitting using
Eq. (5) for the data above 50 K. The inset shows an enlarged view of
the K, versus x, plot.

IV. DISCUSSION
A. Muon site

Our Hartree potential calculation suggests four different
muon sites corresponding to local potential minima (U <
0.4 eV, where U is the potential energy measured from the
minimum), which are illustrated by yellow hatched areas in
Fig. 6(a). The calculation was done using the Vienna Ab
initio Simulation Package (VASP) [53], which can calculate
the electron density distribution in the atomic positions and
pseudopotential based on the density functional theory (DFT)
with the generalized gradient approximation (GGA). We la-
beled these candidate sites (k), with k = 1 to 4, for which the
magnitudes of U, along with the Wyckoff positions, relative
positions, and point symmetries, are summarized in Table 1.
Note that a similar result has been reported in Ref. [45], where
the origin of the unit cell is shifted from ours by (0,1/2,1/2).

In insulators, it has been suggested that a positive muon
modifies the atomic positions of the surrounding ions [54,55].
To further refine the potential minima, we calculated the
relaxed crystal structure with ab initio calculations. The
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TABLEI. Potential energies U at possible muon sites measured from that for the grand minimum, along with the Wyckoff position, relative
position, point symmetry for the C2/m structure, and calculated dipole contribution for the hyperfine parameters for the four expected muon
sites (k) (k =1, 2, 3, and 4). Ao = 2(AL + Aj1 + Ap), A = t[2AL — (Aj1 + Ap)], and Agym = 3(Aj1 — Aj2), corresponding to the
isotropic, axial, and asymmetric components of the hyperfine coupling tensor, respectively. The experimentally evaluated results are shown in

the last row.

Muon site U (eV) Wyckoff position Relative position Point symmetry Ao (mT/up) Ay (mT/ ) Agsym (mT /i)
u(l) 0.00 2d 0, 1/2,1/2) 2/m 0 —56 35

n2) 0.23 4i (1/3,0,0.1) m 0 35 —12

n(3) 0.32 4g (0, 0.28, 0) 2 0 54 —16

wu4) 0.38 2a 0,0,0) 2/m 0 46 —31
Experiment —51(4) 23(1) —14(1)

calculation was made with using the Open source pack-
age for Material eXplorer (OpenMX) code, which is based
on the DFT+GGA and norm-conserving pseudopotential
method [56]. We used a charged 2 x 1 x 2 supercell with
a proton, which mimics a positive muon, placed at each of
the expected muon site candidates as the initial structure.
Schematic plots of the initial and relaxed structures for the
1(3) case are illustrated in Figs. 6(b) and 6(c). All the (k)
sites showed 0.8-1.3 A displacement from the initial positions
except for the (4) site.

Furthermore, we compared the experimental hyperfine pa-
rameters with those calculated for the candidate sites. Gener-
ally, the hyperfine field in a nonmetallic compound is primarily
due to the isotropic transferred hyperfine interaction and
anisotropic magnetic dipolar interaction between the muon and
local electronic moments. Thus, we evaluated the anisotropic
hyperfine parameters by calculating the classical dipole field
from the 1up spins at the Ru sites within a sphere with a 5-nm
radius. We used the Ru sites in the relaxed 2 x 1 x 2 structures
for the nearest 16 Ru sites for the calculation. The calculated
Ajso, Aax, and Agym are also listed in Table I. It must be noted
that the dipolar hyperfine field is purely anisotropic, yielding
Ajso = 0. Therefore, the observed finite value for Aj, may
be attributed to the transferred hyperfine interaction due to
unpaired electron spin density at the muon site [57]. In the
following, we focus on the comparison between A, and Ageym
by assuming that the anisotropic components are dominated
by the dipole interaction.

The (1) site is located near the center of the Ru hexagon
in the HP, which is parallel to the ab plane in Fig. 6(a). For
the (1) site, a large negative A, is given by our dipole field
calculation, as shown in Table I, indicating a large positive fre-
quency shift for By || HP. However, we obtained large negative
values for K; and K, and the experimental A, was positive.
Thus, we can reject the (1) site, although it is at the potential
minimum. All the other muon site candidates are located in
the inter-HP sites, and positive A, and negative Aggym, are
expected. Although we could not find a muon site candidate
showing perfect agreement between the experimental and
calculated results, the w(2), u(3), and w(4) sites are favored.

B. Spin structure of the 7 K phase

A recent neutron diffraction study proposed two types of
possible spin structures for the ground state, i.e., spiral and
modulated zigzag spin structures [12]. Both of these structures

have an ordered magnetic moment aligned in a zigzag manner
within each honeycomb layer, accompanied by 3¢ magnetic
superlattice modulation (see Fig. 5 in Ref. [12]). It also
pointed out the possibility of an incommensurate magnetic
modulation, where the modulation period is too long to be
detected by the neutron diffraction experiment since the HP
stacking period slightly deviates from 3¢ [12]. We consider that
the observed Bessel term in our ZF SR spectra is related to the
possible incommensurate modulation. However, we discuss
the spin structure by comparing our experimental results and
the spin structures with the 3¢ modulation because the accurate
periodicity of the incommensurate modulation has not been
determined at present.

For the spiral zigzag spin structure, the ordered moment
rotates in the ca plane from layer to layer. The ordered
moment of the nth layer m,, is described as m,, = mg[cos(8 +
%nn),O, sin(6 =+ %nn)] in the rectangular ab L coordinate
system, where mg is the magnitude of the ordered moment
and 6 is the initial phase. It is estimated that my = 0.45(5)ug.
On the other hand, in the modulated zigzag spin structure,
the direction of the ordered magnetic moment is fixed, and
the amplitude modulates from layer to layer. The magnetic
moment lies in the ca plane, tilted from the a axis with angle
¢ = +35° or —35°, as schematically illustrated in Fig. 7. The
ordered magnetic moment lies approximately within the xy
plane of the RuClg octahedron for ¢ = +35°, whereas it is
oriented in the z direction for ¢ = —35°. The magnitude of
the ordered moment at the nth layer is m,, = mg sin(6 £ %nn),
with mg = 0.60(5)ug.

In order to assess these two types of spin structures in
view of our experimental results, we calculated Bj, at the
four candidate muon sites, where B;,, was evaluated as a
function of 0 (the initial phase of the 3¢ modulation) by taking
the sum of classical dipole fields from the ordered magnetic
moments within a sphere with a 5-nm radius around the (k)
site. As shown in Sec. IV A, we used the 16 Ru sites in the
2 x 1 x 2 relaxed structure as the nearest 16 Ru sites in the
sphere. Figure 7 shows the 6 dependence of the calculated
muon precession frequencies at each p(k), and one can observe
several precession frequencies at a given 6. This is because
there are several (k) positionsinthea x b x 3¢ magnetic unit
cell; for instance, there are six w(1) positions in the magnetic
unit cell, and the internal field can differ at each position. If
the incommensurate modulation period is sufficiently long, the
calculated precession frequency corresponds to the peaked fre-
quency vg for the Bessel term. Interestingly, these frequencies

134410-6



LOCAL SPIN STRUCTURE OF THE «-RuCl; ...

PHYSICAL REVIEW B 97, 134410 (2018)

a
(c) final

FIG. 6. (a) Schematic illustration of crystal structure for ¢-RuCls.
The four possible muon sites w(k), (k = 1, 2, 3, and 4), which are
obtained with the Hartree potential calculation, are highlighted by
orange, lightblue, purple, and dark blue balls, respectively. The yellow
hatching indicates regions in which the Hartree potential for a positive
muon U measured from the grand minimum is lower than 0.40 eV.
(b) Theinitial 2 x 1 x 2 supercell structure with a positive muon (pro-
ton) placed at the ©(3) site used in our relaxed structure calculation.
(c) The obtained relaxed crystal structure for the calculation. These
plots were drawn using VESTA [52].

approximately degenerate to a single value at ~2 MHz for the
1(3) site with the ¢ = +35° modulated zigzag spin structure
[see Fig. 7(g)], which is in agreement with our experimental
observation of a single precession signal at ~2 MHz below
Tna. Accordingly, it is suggested that the implanted muon
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FIG. 7. Schematic illustration of two canting directions for the
modulated zigzag spin structure depicted on a local rectangular
coordination. The red and green balls correspond to the Ru** and
CI™ ions, respectively. The blue arrows are the ordered magnetic
moments (drawn using VESTA [52]). Calculated precession frequency
u(k) (k = 1-4) sites for (a)—(d) the spiral zigzag spin structure and
for the modulated zigzag spin structure with (e)—(h) a canted angle
¢ = +35° and (i)—(1) ¢ = —35° [12]. The calculated frequencies
are plotted against the initial phase 6 of the 3¢ modulation of the
ordered moment. The circles, triangles, and squares correspond to
the precession frequencies for the respective (k) positions in the
a x b x 3c magnetic unit cell, where the internal fields differ from
each other.

stops at the «(3) site and that the ¢ = +35° modulated zigzag
spin structure appears below T4, while 6 remains unknown.
Further calculation confirmed that such degeneracy appeared
within a ¢ range of only +30° < ¢ < +45°.
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The Ru moment size (~0.6up) inferred from the previous
neutron diffraction study [12] is significantly smaller than
the saturated moment 1uyp for the orbital-quenched spin-1/2
system, suggesting the existence of a large orbital contribution
to the microscopic magnetic properties of «-RuCls;. As a
possible origin of the small ordered magnetic moment, the
presence of residual magnetic fluctuation is suggested [12,22].
Meanwhile, the present SR result including the spectra at
2 K under various longitudinal fields [applied along the initial
muon spin polarization, shown in the Fig. 1(c)] indicates that
Biy is predominantly determined by the reduced quasistatic
Ru moments. Thus, we speculate that the origin of the moment
shrinkage may be due to magnetic excitation that accompanies
fast fluctuation modes perpendicular to the magnetization axis.

According to a recent theoretical study, the direction of the
ordered magnetic moment in the magnetic ordered state is a
sensitive criterion for evaluating the exchange interactions.
Chaloupka and Khaliullin clarified that the zigzag magnetic
ordered state with the ordered magnetic moment lying in
the xy plane is stabilized for the extended KH model in
which the third-nearest-neighbor exchange interaction J3 and
ferromagnetic (FM) K are included, whereas the conventional
KH model with AFM K and FM J predicted the zigzag spin
structure with the ordered magnetic moment pointing along
the z axis [44]. The present uSR result is clearly in favor of
the former scenario.

Recently, the extended KH model with FM K and AFM
J received further theoretical support from the combined
quantum chemistry electronic-structure calculation and exact-
diagonalization method [58]. Winter ef al. also proposed
an extended KH model with the FM Kitaev term being an
effective spin Hamiltonian by using the exact-diagonalization
method, and they also reinterpreted the inelastic neutron
scattering results in Refs. [17,59] based on their effective
spin Hamiltonian with the FM Kitaev interaction [28,43].
Recent inelastic neutron scattering studies also proposed the
FM Kitaev term [60-62]. Wang et al. also explained the neutron
scattering experiment results based on the spin-wave theory for
their K-I" model with FM K [63].

As aremaining issue, we discuss the effect of the transferred
hyperfine interaction Ay in the magnetic ordered state, which
was not considered in the above internal field calculation.
As mentioned in Sec. III C, the presence of isotropic hy-
perfine coupling Ajs, points to the possibility of transferred
hyperfine-type interaction for its origin, Ajs, ~ A¢. However,
considering that it might be short range and exerted from
several neighboring magnetic ions, we conclude that such
a hyperfine field would be canceled out for the w(1), u(2),
and wu(4) sites due to the local symmetry for the proposed
spin structures. On the other hand, finite transferred hyperfine

field might be expected at the (3) site because the distances
between the 1(3) site and the neighboring magnetic ions are
different from each other and the vector sum of the magnetic
moments at the neighboring magnetic ions remains finite. In
this regard, we need quantitative estimation of the transferred
hyperfine field to examine the consistency of our result with
the spin structure presumed for the 7 K phase, which is beyond
the scope of the present study.

We also note that the calculated precession frequency
shown in Fig. 7 is sensitive to the position of the muon
site. For the muon sites suggested by the VASP calculation
without optimization for structural relaxation, the estimated
muon precession frequencies at the site corresponding to (3)
degenerated to ~2.7 MHz for the ¢ = —35° modulated zigzag
spin structure. This is apparently in favor of an AFM K, in
contrast to the conclusion drawn above, although the calculated
frequency is slightly off the observed value of ~2 MHz. Thus,
more reliable information about the muon site is required
to come to a definite conclusion based solely on the muon
experiment.

V. SUMMARY

We performed SR measurements on single-crystalline
samples of the «-RuCl; honeycomb magnet, which is a candi-
date compound for the Kitaev-Heisenberg model. The samples
exhibited magnetic phase transitions at Ty; = 13.1(2) K,
o = 11.82) K, Ty = 9.9(2) K, and Tna = 7.2(1) K, where
the AFM 7 K phase corresponds to that with the least
stacking fault. Our wSR result indicates that the successive
phase transitions originate from spatial phase separation, most
likely due to the honeycomb plane stacking fault reported by
Cao et al. [12]. The frequency shift inferred from TF uSR
measurements in the paramagnetic state strongly suggests
that the implanted muons are stopped in the interlayer site
between the honeycomb planes. A detailed assessment of the
present uSR result combined with the DFT calculation for
muon sites suggests that the ¢ = 4-35° modulated zigzag spin
structure, which has been proposed to be one of the possible
spin structures based on a neutron diffraction study, is the most
plausible magnetic structure for the 7 K phase [12].
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