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YbOCI is a representative member of the van der Waals layered honeycomb rare-earth chalcohalide
RChX (R = rare earth; Ch = O, S, Se, and Te; and X = F, Cl, Br, and I) family reported recently. Its
spin ground state remains to be explored experimentally. We grew high-quality single crystals of YbOCI
and conducted comprehensive thermodynamic, elastic, and inelastic neutron scattering experiments down to
50 mK. The experiments reveal an antiferromagnetic phase below 1.3 K which is identified as a spin ground
state with an intralayer ferromagnetic and interlayer antiferromagnetic ordering. By applying sophisticated
numerical techniques to a honeycomb (nearest-neighbor)-triangle (next-nearest-neighbor) model Hamiltonian
which accurately describes the highly anisotropic spin system, we are able to simulate the experiments well and
determine the diagonal and off-diagonal spin-exchange interactions. The simulations give an antiferromagnetic
Kitaev term comparable to the Heisenberg one. The experiments under magnetic fields allow us to establish a
magnetic field—temperature phase diagram around the spin ground state. Most interestingly, a relatively small
magnetic field (~0.3 to 3 T) can significantly suppress the antiferromagnetic order, suggesting an intriguing
interplay of the Kitaev interaction and magnetic fields in the spin system. The present study provides fundamental
insights into the highly anisotropic spin systems and opens a window to look into Kitaev spin physics in a

1

rare-earth-based system.

DOLI: 10.1103/PhysRevResearch.6.033274

I. INTRODUCTION

Among the various proposed quantum spin liquid models,
the exactly solvable Kitaev spin liquid (KSL) model built on a
honeycomb lattice has garnered significant interest due to its
fundamental importance and potential applications in topolog-
ical quantum computing. However, the material realization of
KSL remains a crucial challenge, owing to the rather unusual
bond-dependent spin interactions. In recent years, the efforts
in searching for the KSL candidates have been focused on
4d/5d ions, such as iridate A,IrO3 (A = Li, Na, and Cu)
[1-6] and «-RuCls [7-10]. In general, rare-earth magnetic
ions exhibit highly anisotropic magnetism stemming from
the strong spin-orbit coupling (SOC) and can naturally serve
as building blocks for Kitaev materials through the Jackeli-
Khaliullin mechanism [11]. Particularly, rare-earth ions with
an odd number of 4f electrons possess a doubly degen-
erate crystalline electric field (CEF) ground state (Kramers
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doublets), which is protected by time-reversal symmetry and
yields the effective spin-1/2 required by KSL. Due to the
critical experimental requirements, Kitaev spin systems based
on rare-earth magnetic ions remain less explored [12,13].

Recently, we revealed a family of KSL candidates, namely,
rare-earth chalcohalides RChX (R = rare-earth; Ch = O, S,
Se, and Te; X = F, Cl, Br, and I) [14,15]. Most of the family
members possess a high symmetry of R-3m, with nearest
rare-earth magnetic ions forming an undistorted honeycomb
lattice. Furthermore, the van der Waals layered rare-earth
chalcohalides offer good two-dimensionality, which is crucial
for Abelian and non-Abelian excitations in KSLs and con-
ducive to the fundamental study and potential applications
based on atomically thin flakes.

Following the initial discovery, we have successfully
grown sizable single crystals of YbOCI (~15 mm maximum),
providing an exceptional opportunity for in-depth experimen-
tal studies on the spin systems. In our previous work, we
conducted thermodynamic measurements above 1.8 K, ex-
amined CEF excitations, and initially studied the theoretical
ground state phase diagram [15]. Experimental investigation
of the spin ground state, which is a fundamental issue in the
search for the KSL phase, remains unexplored so far in this
spin system.

In this paper, we concentrate on the experimental explo-
ration of the spin ground state in YbOCI. The magnetization
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and heat capacity measurements indicate that YbOCI un-
dergoes an antiferromagnetic (AFM) transition at 1.3 K.
Elastic neutron scattering experiments down to 50 mK have
shown magnetic Bragg peaks below 1.3 K and have deter-
mined the magnetic propagation vector Q to be [0, 0, 1.5]. A
honeycomb-triangle spin Hamiltonian including the nearest-
neighbor (NN) and next-nearest-neighbor (NNN) spin interac-
tions is proposed to accurately describe the spin system. The
full diagonalization (FD) simulations for magnetization and
heat capacity under high magnetic fields determine the spin in-
teractions in the Hamiltonian. The spin interactions are jointly
determined by simulating the inelastic neutron scattering
(INS) spectra of polycrystalline samples in the ordered phase
with linear spin wave theory. The obtained Kitaev interaction
is comparable to the Heisenberg one. Using the spin parame-
ters, density matrix renormalization group (DMRG) calcula-
tions give an A-type AFM phase, i.e., an AFM ordering along
the ¢ axis accompanied by in-plane ferromagnetic ordering,
quantitatively in agreement with neutron and thermodynamic
measurements. The neutron scattering and thermodynamic
measurements under magnetic fields allow us to establish a
magnetic field—temperature phase (H-T) diagram around the
ground state. Interestingly, the AFM order is suppressed by
a modest magnetic field of ~0.3 T in YbOCI, indicating that
the zero-field AFM ground state exhibits notable Kitaev inter-
actions. The application of external magnetic fields, serving
as a transverse field term, accentuates quantum fluctuations,
suggesting an intricate connection between these fluctuations
and the proximity to the Kitaev spin-liquid-like behavior.

II. SAMPLES, EXPERIMENTS, AND METHODS

YDbOCI crystals were grown using the anhydrous YbCl;-
flux method [14]. X-ray diffraction and energy dispersive
x-ray measurements confirmed the high quality of the samples
[15]. Nearly 5 mg of YbOCI single crystals were prepared
for thermodynamics measurements. The principal axes of the
single crystals were determined using Laue diffraction in
combination with an optical microscope for further measure-
ments. The temperature dependent magnetization (M/H-T)
and magnetic field dependent magnetization (M-H) measure-
ments along the ¢ axis and a axis from 0.5 to 2 K under
magnetic field were carried out using a Quantum Design mag-
netic property measurement system with a 3He refrigerator.
M/H-T and M-H measurements along the ¢ axis and a axis
from 1.8 to 100 K under magnetic field were carried out using
a Quantum Design physical property measurement system
(PPMS) with a vibrating sample magnetometer. Heat capacity
and AC susceptibility from 50 mK to 4 K under magnetic
field were measured using a Quantum Design PPMS with a
dilution refrigerator. Elastic neutron scattering was conducted
on ~2 g polycrystalline samples down to 50 mK, and the re-
flections were determined using FULLPROF [16] software. The
magnetic symmetry approach is available on the Bilbao Crys-
tallographic Server [17]. Approximately 150 single-crystal
pieces, totaling around 0.2 g of YbOCI, were meticulously
coaligned in the (HOL) scattering plane on copper plates
for the neutron experiment to detect the magnetic Bragg
peaks. This experiment was conducted using the cold-neutron
Triple-Axis Spectrometer (TASP) at the Swiss Neutron Spal-

lation Source (SINQ), located at the Paul Scherrer Institut
in Switzerland. The measurements on TASP were completed
with a fixed Ef = 3.5 meV. A horizontal field cryomagnet,
specifically MA02, equipped with a dilution refrigerator was
used to generate a maximum magnetic field of 2 T at temper-
atures as low as 0.12 K. This setup enabled the application
of magnetic fields along the ¢ axis during the experiment.
The 12-spin-site FD was employed to simulate M/H-T , M-H,
and heat capacity data under different magnetic fields. The
ground state magnetic structure on a quasi-two-dimensional
plane composed of magnetic ions was calculated using the
DMRG method [18,19]. The periodic boundary conditions
(PBC) was employed to get accurate DMRG results. The
clusters used in the DMRG simulations are L, x L, =12 x 6
and L, x L, = 12 x 12. The truncation error was kept below
1072, and we performed 30 sweeps to improve the accuracy of
the simulations. The powder-averaged spin wave calculations
along a specified path in the Brillouin zone were based on the
SPINW package [20].

III. MODEL HAMILTONIAN

YbOCI has a structure of two adjacent triangular mag-
netic layers. The distance between the NNN magnetic ions
(~3.73 10\) is comparable to that between the NN magnetic
ions (~3.55 A). We can get a more accurate description of the
spin system by taking the NNN spin interactions into account
[Fig. 1(a)]. The honeycomb spin lattice formed by the NN
magnetic ions [Fig. 1(b)] strictly satisfies the threefold rota-
tional symmetry C; required by the Kitaev model, while the
triangular lattice formed by the NNN magnetic ions [Fig. 1(c)]
follows the sixfold rotational symmetry Cg. Considering the
strong SOC of Yb3t and the local octahedral structure, the off-
diagonal spin interactions are expected to play an important
role. Therefore, the NN spin Hamiltonian can be represented
as follows [21]:

Aoneycomb = Y JozS58% + Jo(SS; +578)
(ij)
+ s (v STST + V5SS
+ L (VST +viST S+ i ), (D
where J;., Ji, Jo, and J. are the NN spin-exchange interac-
tions, ;; corresponds to 1, €*™/3, and e~2"/3 along the three

bonds of &, §,, and &3 in the honeycomb lattice [Fig. 1(b)].
The NNN spin Hamiltonian follows [22]:

HTriangula.r = Z jZ/ZSlZS]i + J:/‘:(Sj_Sk_ + Sz_SI:_)
((ik))

+J:/|::l:()/i;<Si+S1:r + Vi;c*S;S]:)

iJ! . o )
~ SEESTS A VS S+ o k). @)

where J., Ji, J.,, and J, are the NNN spin-exchange
interactions and yj, corresponds to 1, ¢*”/3, and e~%7/3
along the other three bonds, &}, 5, and 8%, in the triangular
lattice [Fig. 1(c)]. As a higher-order term, Dzyaloshinskii-
Moriya interaction is neglected here. The model Hamiltonian
sets a foundation on which we can carry out quantitative
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FIG. 1. Local environment around Yb** in YbOCI. (a) The octahedral structure formed by Yb** ions and surrounding anions, as well
as the bond lengths and bond angles between nearest-neighbor (NN) magnetic ions and next-nearest-neighbor (NNN) magnetic ions. (b) A
honeycomb lattice structure formed by NN magnetic ions. (c) A double-layer triangular lattice structure formed by NNN magnetic ions. (d) The
schematic of a corner-sharing structure. (f) The schematic of an edge-sharing structure.

analysis and simulations of the thermodynamic and neutron
experiments.

Further analysis of the spin Hamiltonian for YbOCI can
be conducted. First, the spin Hamiltonian is equivalent to the
J-K-T-T"" model [21,23,24], which allows mutual conversion
of spin-exchange parameters between the two models. The
transformation formulas between the spin Hamiltonian and
J-K-T-T" in the honeycomb lattice are as follows [21]:

4 22 2 1

Ji = gfi - szi - g-]ii + §Jzzv
K = 2«/§Jzi +2J44,

2 272 4 1
I = _§Ji - T-]zi + gjii + §Jzza

2 22 4 1
I=—=J —J. 4 — = —J_.. 3

| 3:|:+3 s 3:l::t+311 (3)

Similarly, the transformation formulas between the spin
Hamiltonian and J-K-I'-T" in the triangular lattice are as
follows [23]:

b= 3@ T+ 20+ V2T,

K =20, —V2I,,

U= L(—J + T, — 4T, + V21,

T = (=200 + 20, + 40 — V2UL,). )

From the transformation formulas, it is evident that the Kitaev
terms are associated with off-diagonal interactions in both
the honeycomb and triangular lattices. In rare-earth mag-
netic ions, the strong SOC generates significant magnetic
anisotropy, which lays the foundation for exploring Kitaev
physics in rare-earth magnets. Second, we can discuss the ori-
gins of Kitaev interactions from a crystallographic perspective
[25]. Two types of configurations involving magnetic ions are

frequently observed in various magnetic materials: one is the
corner-sharing configuration shown in Fig. 1(d), and the other
is the edge-sharing configuration depicted in Fig. 1(f). For
the corner-sharing configuration, the bond angle formed by
the magnetic ion, the coordinating anion, and another mag-
netic ion is 180°, the Kitaev interaction K can be completely
canceled out. For the edge-sharing configuration, the bond
angle formed by the magnetic ion, the coordinating anion, and
another magnetic ion is 90°; the Heisenberg interaction J can
be completely canceled. If the magnetic ions and coordinat-
ing ions can form a perfect cubic structure, the off-diagonal
terms " and ' in the J-K-I'-I"" model vanish completely. In
real materials, achieving the ideal crystal structure mentioned
above is challenging; hence, terms like J, K, I, and T"" are
present. Considering these factors, the application of the spin
Hamiltonians described by Eqs. (1) and (2) is reasonable for
YbOCI.

IV. MAGNETIC PHASE TRANSITION OF YbOCI

The M/H-T measurements along the ¢ axis and a axis
[Fig. 2(a)] under 0.01 T reveal a transition at 1.3 K. The
absence of hysteresis loops in the M-H curve at 0.5 K sug-
gests that it is an AFM transition [24]. A small magnetic
field of ~0.1 T saturates the magnetic moments along the a
axis, while the saturation along the ¢ axis occurs at around
3.5 T [Fig. 2(b)]. The strong anisotropy is consistent with an
in-plane ferromagnetic ordering and an AFM ordering along
the ¢ axis, which will be clarified later with more neutron
experiments and simulations. The transition is also evidenced
by heat capacity measurements from 50 mK to 4 K [see
Fig. 4(a) below]. The magnetic entropy has not fully reverted
to RIn2 up to 4 K [24], and a higher temperature is required
to completely achieve spin disordering. This means that an
effective spin-1/2 model remains valid for the spin system
below 4 K.
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FIG. 2. Magnetization and heat capacity under magnetic fields. (a) and (b) M/H-T and M-H along the a axis (red circles) and along the ¢
axis (blue circles) in YbOCI at low temperatures. M/H-T data (open circles) and the simulations (solid lines) along (c) the ¢ axis and (d) the a
axis under different magnetic fields. (¢) The M-H data along the c axis (open circles) and the simulations (solid lines) and (f) those along the a
axis at 1.8 and 10 K. Magnetic heat capacity under magnetic fields along (g) the ¢ axis and (h) the a axis. The open circles and the solid lines

represent the experiments and the simulations, respectively.

The exchange parameters in the spin Hamiltonian are
jointly determined by simulating thermodynamic data under
high magnetic fields with FD calculations and INS spectra
with linear spin wave theory.

The diagonal spin interactions J.., J._, J+, and J. are first
given by the fitting of M/H-T data. In the paramagnetic state
and under high magnetic fields, spins are fully polarized, and
the off-diagonal terms can be ignored. The high-temperature
series expansion technique confirms that the effect of the diag-
onal terms on susceptibility decays as 72 with temperature,
while for the off-diagonal ones it decays as 73 in a specified
direction [21,22]. This is also verified by our numerical cal-
culations, which show little difference in simulating M/H-T
curves with and without the off-diagonal interactions in the
low-temperature (~1.8 K) range [24].

The M/H-T measurements under magnetic field along the
c axis and a axis from 1.8 to 100 K are shown in Figs. 2(c)
and 2(d), respectively. The 12-spin-site FD simulations of the
M /H-T data output an optimal set of parameters, namely, J,,
=1.05K,J.=026K,J. = —0.6K,and J. = —0.42K. The
parameters allow us to reproduce M/H-T under other mag-
netic fields [24] and M-H curves at 1.8 and 10 K [Figs. 2(e)
and 2(f)], which are highly consistent with the experimental
results. The square norm of the residuals is 9.306 x 10~* for
J.; and J/, and 0.011 for J- and J..

Heat capacity generally reflects the energy spectrum of
microscopic states. The off-diagonal terms are automatically
included in the magnetic heat capacity. Therefore, the off-
diagonal terms can be obtained by simulating magnetic heat
capacity under high magnetic fields.

The magnetic moments along the ¢ axis and a axis at 1.8 K
saturate at 5 and 1 T, respectively. Therefore, magnetic heat
capacity measurements under 5, 6, and 7 T along the ¢ axis
and 1, 3, and 5 T along the a axis are carried out [Figs. 2(g)
and 2(h)]. The FD simulations give off-diagonal terms of J1 1
=039K,J,, =0.13K, /. ~0,and J/, ~ 0. We sum-

marize these fitted parameters in Table I. The square norms of
the residuals of Jy+, J, , J.+, and J. are 0.77. The DMRG
calculations verify that both J,+ and sz . are close to zero [24].

Meanwhile, the INS spectrum down to 50 mK was mea-
sured [Fig. 3(d)] and employed to make a joint determination
of the exchange parameters. The exchange parameters given
by thermodynamic experiments are applied to the spin Hamil-
tonian to simulate the powder-averaged INS spectrum at
50 mK with linear spin wave (LSW) theory. The optimized
LSW calculations accurately reproduce the experimental
magnetic excitations [Fig. 3(e)]. The exchange parameters
examined and refined by the LSW simulations are finally
pinned down. We also calculated the dispersion of YbOCI
along the specified paths [Fig. 3(f)] in the Brillouin zone,
as shown in Fig. 3(g). The calculations reveal no dispersion
from the G point to the A point, aligning with the perfect
two-dimensional properties of YbOCI, which suggest a lack
of interlayer spin-exchange interactions. Excitations from the
M point through the G point to the K point manifest a distinct
V-shaped structure, aligning closely with features observed
at low |Q| in the powder INS spectrum. This offers a valu-
able reference for future investigations of the INS spectra of
YbOCTI single crystals.

Based on Egs. (3) and (4), we can transform spin-exchange
parameters between the two models, resulting in J; ~
071K, K; ~078K,I'y ~1.27K,and I'{ ~ 0.49 K for
the honeycomb lattice and J, ~ —0.11 K, K, ~ —0.26 K,
I’ ~0.05K,and I',} ~ 0.07 K for the triangular lattice. To
compare these parameters more clearly, we summarize them
in Table II.

For the J-K-I'-T"" model, it is clearer that the NNN spin
interactions are significantly smaller than the NN ones,
demonstrating that the spin interactions in the honeycomb
lattice play a major role in the magnetism of YbOCI
Although the ferromagnetic Heisenberg interactions lead
to a magnetically ordered ground state in YbOCI, the
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TABLE I. Spin-exchange interactions in the model Hamiltonian.

Jz. (K) Jx (K) Jox (K) J+ (K) J, (K) Ji (K) Jiy (K) J. (K)
1.05 —0.6 0.39 0 0.26 —0.42 0.13 0
antiferromagnetic Kitaev interaction (K; > 0) in YbOCI V. GROUND STATE MAGNETIC STRUCTURE

provides the possibility to explore richer Kitaev physics
[26,27]. The positive Kitaev term, compared to the negative
one in @-RuCl; [28], is more likely to host stable topological
excitations. The ratio |K;/J;| ~ 1.1, comparable to those in
«-RuCl; [28,29] and Na,Co,TeOg [30], indicates that Kitaev
spin physics plays an essential role in YbOCI. The relatively
large off-diagonal terms I'y and I} are directly related to the
octahedral structure of YbCl;0,4 with distortions.

We conducted elastic neutron scattering experiments on
polycrystals down to 50 mK to determine the ground state
magnetic structure of YbOC]I. Three new reflections at |Q| =
0.33 A=', 10| = 1.70 A~', and |Q] = 2.03 A~! in the spin-
ordered phase are highlighted using the spectrum at 8 K as
the background [Fig. 3(b)]. The analysis and fitting based on
the FULLPROF program [16] determine that the wave vectors of
the magnetic Bragg reflections are [0, 0, 1.5], [0, 0, 7.5], and
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FIG. 3. Ground state magnetic structure and neutron scattering experiments. (a) The three-dimensional ground state magnetic structure of
YbOCI with the magnetic propagation vector O = [0, 0, 1.5]. (b) The elastic neutron scattering spectra on polycrystals down to 50 mK. The
blue dashed lines mark the magnetic Bragg peaks below the transition temperature 1.3 K. (c) Elastic neutron scattering spectrum simulated
with the magnetic structure of YbOCI. The black numbers mark the wave vectors of the magnetic peaks, and the blue numbers mark the lattice
vectors. (d) The experimental INS spectrum on polycrystals at 50 mK. (e) The simulated powder-averaged INS by linear spin wave theory. (f)
The Brillouin zone of YbOCI. The red solid lines mark the path connecting the high-symmetry points in the Brillouin zone. (g) The simulated
INS spectrum of YbOCI based on the LSW theory.
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TABLE II. Spin-exchange interactions in the J-K-I'-I"" model.

Ji (K) K (K) 'y (K) I} (K) J2 (K) K> (K) I’ (K) 5 (K)

—0.71 0.78 1.27 0.49 —0.11 —0.26 0.05 0.07

[1, 0, 2.5], respectively, and the magnetic propagation vector
is determined to be Q = [0, 0, 1.5]. Hence, a ferromagnetic
magnetic structure forms within the ab plane, while an AFM
structure develops along the ¢ axis. The three-dimensional
ground state magnetic structure is shown in Fig. 3(a). Com-
bining the magnetization data from Figs. 2(a) and 2(b), we
can infer that the in-plane ferromagnetic structure in YbOCI
primarily arises from anisotropic spin-exchange interactions,
whereas the antiferromagnetic alignment along the ¢ axis is
associated with the interlayer van der Waals forces. Since our
focus is on quantum magnetism resulting from spin-exchange
interactions, it is reasonable to overlook the interlayer van der
Waals forces in the analysis of the magnetism of YbOCL

The magnetic structure is also supported by INS experi-
ments at 50 mK [Fig. 3(d)], as mentioned above. Additionally,
it is further examined by two-dimensional DMRG calcula-
tions with the experimentally determined exchange parame-
ters, which demonstrate that the magnetic moments almost lie
in the ab plane and form a ferromagnetic ordering along the a
axis [24].

The in-plane ferromagnetic and interlayer AFM ordering in
YbOCI is distinct from the observations in some other Kitaev
compounds. For instance, the ground state magnetic structure
in @-RuClj [31] and Na,IrO; [2,32] is a zigzag-ordered state,
and the ground state of YbCl; [12,13,33] is a Néel one. The
difference is closely related to the fact that J, and J are
negative (ferromagnetic), while J.; and J._ are positive (AFM)
in YbOCI.

VI. FIELD EFFECTS AND H-T PHASE DIAGRAM

We investigated the ground state magnetism of YbOCI
under magnetic field along the ¢ axis (Fig. 4). The transi-
tion is gradually suppressed by increasing the magnetic field
[Figs. 4(a) and 4(b)]. Elastic neutron scattering provides clear
evolution of the magnetic Bragg peak at 0 = [0, 0, —1.5] with
a magnetic field [Figs. 4(d) and 4(e)]. The magnetic Bragg
peak decreases with increasing field and becomes almost in-
visible for a field > 0.3 T. Hence, a relatively small magnetic
field can suppress the magnetic phase transition. This coin-
cides with the plateau observed in the x’-H [Fig. 4(c)] and
dM/dH-H [Fig. 2(b)] curves in the range of 0.3 to 3.1 T.

Interestingly, the transition shifts to higher temperatures
with increasing magnetic field. This has been consistently
seen in the heat capacity, M/H-T , and AC susceptibility [24],
distinct from a conventional AFM transition, which usually
shifts to lower temperature with magnetic field. The unusual
magnetic field dependence in YbOCI arises from the highly
anisotropic spin interactions caused by the strong SOC in
Yb** ions. For comparison, a-RuCl; [34-36], YbCls [13,33],
and Na,Co,TeOg [37] demonstrate the evolution of a conven-
tional AFM with magnetic field.

The above experiments and analysis allow us to establish
the H-T phase diagram [Fig. 4(f)]. The H-T phase diagram

can be divided into five regions. First of all, the red dashed
line marks the paramagnetic state, distinct from other spin
phases, at higher temperatures. Below ~1.3 K, the spin sys-
tem undergoes four states with increasing magnetic field,
i.e., a spin-ordered state, a transition state, a possible spin-
disordered phase, and a spin-polarized state. We provide more
detailed discussion in the following.

The small dip around 0.02 T in the AC susceptibility x’
marks the boundary from the spin-ordered state to a transition
state. It stems from the weak interlayer AFM coupling, which
can be easily disrupted by an external magnetic field. The
transition state covers the range of 0.02 to 0.3 T. In addition to
the aforementioned thermodynamic data, single-crystal elastic
neutron scattering experiments under a magnetic field along
the ¢ axis also demonstrate that the magnetic Bragg reflec-
tion of [0, 0, —1.5] is gradually suppressed with magnetic
field, suggesting a transition state or crossover before entering
the spin-disordered state. At higher magnetic fields above
~3.1 T, the system enters a fully polarized state, with a rapid
drop in both AC susceptibility x [Fig. 4(c)] and dM/dH-H
[Fig. 2(b)].

The possible spin-disordered phase in the range of 0.3 to
3.1 T is of particular interest. In this region, the transition
peaks in heat capacity and M/H-T fade away with magnetic
field, and a clear plateau appears in the AC susceptibility
[Fig. 4(c)]. Generally, AC magnetic susceptibility can be re-
garded as a spin response function and acts as a good indicator
of spin fluctuations in a spin system [38]. The formula for the
definition of AC magnetic susceptibility is as follows:

M) (M?) — (M)*

"= lim = . 5
X noH—0 dpoH kgT )

The plateaulike feature in the AC susceptibility x’ corre-
sponds to a region in which spin fluctuations are enhanced by
magnetic fields. The feature is verified by the derivatives of
M-H curves [Fig. 2(b)]. More crucially, the nearly complete
suppression of the magnetic Bragg peak at O = [0, 0, —1.5]
by a magnetic field above 0.3 T clearly indicates that the
AFM order is suppressed by magnetic fields. The region of en-
hanced spin fluctuations may potentially represent a KSL-like
state. If the spins were merely aligned along the c axis with
increasing magnetic fields, the AC susceptibility x’ would
not exhibit a sustained robust plateau between 0.3 and 3.1 T.
On the other hand, we consider it unlikely that the magnetic
moments gradually polarize along the c-axis direction within
the magnetic field range of 0.3 to 3 T. If we follow this
perspective, the magnetic Bragg peak at 0 =10, 0, 1.5] should
not completely disappear before the spins are fully polarized.
Conversely, elastic neutron scattering data demonstrate that
the magnetic Bragg peak at 0 = [0, 0, 1.5 vanishes at fields
exceeding 0.3 T, which is markedly different from the satu-
ration field of 4 T. We also estimate the Zeeman energy scale
using the experimentally determined parameters. The Zeeman
term is puoupgc-H: (up is the Bohr magneton, g, ~ 3.2 is
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FIG. 4. Magnetic field dependent experiments and H-T phase diagram. (a) Heat capacity under magnetic fields along the ¢ axis. The red
stars trace the peak change in heat capacity with magnetic fields. (b) M/H-T under magnetic fields along the ¢ axis. The red stars mark the
evolution of the phase transition with magnetic fields. More heat capacity and M/H-T data can be found in the Supplemental Material [24].
(c) AC susceptibility x’ along the ¢ axis at different temperatures. The blue squares mark the local minimum of yx’. (d) The single-crystal
neutron diffraction scans in the momentum range of Q from [0, 0, —2] to [0, 0, —1] with magnetic fields at 0.13 K. The circles represent the
experimental results, and the solid lines are the fitting ones. (¢) The scattering intensity of the magnetic Bragg reflection 0 = [0, 0, —1.5]
varies with magnetic field at 0.13 K. (f) The H-T phase diagram is determined by heat capacity, M/H-T, and AC susceptibility x’ along the
c axis. The phase boundaries are marked by the red pentagons and red upward triangles with the criteria dC,/dT = 0 and d(M/H)/dT = 0,
respectively. The blue squares indicate the boundaries between the spin-ordered phase and the transition state by the local minimum of the
AC susceptibility x’. The green pentagons and blue inverted triangles respectively denote the boundaries between the possible spin-disordered
phase and the transition state and between the possible spin-disordered phase and the spin-polarized state.

Landé g factor along the c axis, and H, is the magnetic field),
and a magnetic field of 0.3 T is about 0.6 K. For comparison,
the spin interaction is approximately 1.0 K. The energy scale
contributed by the magnetic field is insufficient to drive the
spins into a polarized state.

The unusual behavior seems to be related to the fact that
the magnetic moment in the ab plane is significantly larger
than that along the c¢ axis. Therefore, the magnetic field acts
as an effective transverse field along the ¢ axis, which es-
sentially enhances quantum fluctuations and suppresses the
magnetically ordered state, along with the off-diagonal spin
interactions. A similar magnetic field dependent behavior has
been witnessed in other KSL candidates, such as «-RuCl;
[7,8,39,40] and Na,;Co,TeOg [37,41-43]. All of them show
a spin-ordered ground state at 0 T and are tuned into a
KSL-like state by applying magnetic field. It should be noted
that the critical magnetic field is ~7 T for «-RuCls, ~7.5 T
for Na,Co,TeOg, and only ~0.3 T for YbOCI. The greatly
reduced critical field in YbOCI stems from the strong screen-
ing of 4f electrons by the outer 5s and 5p shells. This
offers the significant advantage of easy manipulation of a
potential KSL phase, making YbOCI a unique and promising

candidate for further exploration in this intriguing area of
research.

The emergence of the KSL-like state in YbOCI is accom-
panied by several quantum phase transitions and quantum
critical points, i.e., from the spin-ordered state to the KSL-like
state and from the KSL-like state to the fully polarized state.
The unusual KSL-like phase itself and the quantum phase
transitions are expected to offer rich Kitaev spin physics,
which will require extensive deep theoretical and experimen-
tal exploration in the future.

VII. SUMMARY

In this study, we experimentally explored the magnetic
ground state in the newly reported layered honeycomb antifer-
romagnet YbOCI and discovered a possible spin liquid phase.
By combining thermodynamic and neutron measurements
with sophisticated numerical simulations, the fundamental di-
agonal and off-diagonal exchange coupling parameters for the
highly anisotropic spin system were determined, which quan-
titatively pinned down the spin Hamiltonian. The compound
undergoes an AFM transition at 1.3 K. The neutron scattering
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experiments down to 50 mK and DMRG calculations and
spin wave calculations consistently point to a magnetic ground
state with a magnetic propagation vector 0 = 10,0, 1.5]. The
experiments allowed us to establish an H-T phase diagram.
Most interestingly, the ordered ground state can be pushed
into a spin-disordered state with enhanced quantum spin fluc-
tuations (or a possible KSL phase) using a small magnetic
field (~0.3 T). The present study demonstrates that the van
der Waals layered family offers an inspiring playground for
anisotropic spin systems, particularly for Kitaev spin physics
and potential applications.
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