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We investigated the structural and magnetic properties of single-crystalline VCl;, a newly synthesized member
of the vanadium trihalide family. High-quality single crystals were grown by the chemical vapor transport
method, and their behavior was characterized using neutron diffraction and thermodynamic measurements. We
show that VCl; crystallizes in the Bil;-type structure at room temperature and undergoes a structural phase
transition at Tg = 103.7(5) K that lowers the lattice symmetry, followed by a zigzag antiferromagnetic order
with a propagation vector k = (0, 0.5, 1) below Ty = 21.8(1) K. Neutron diffraction experiments indicate that
the ordered moments are canted by approximately 21° away from the ¢ axis toward the a axis, yielding a
total moment of approximately 1.09(2)ug/V>*. Field-dependent magnetization along the c axis exhibits a half
magnetization plateau, indicative of a field-stabilized fractional state. These results establish VCl; as a new
platform for exploring structural transitions, anisotropic magnetism, and field-induced phases in vanadium-based

honeycomb magnets.

DOI: 10.1103/fj11-mwxv

I. INTRODUCTION

Layered van der Waals magnets have recently attracted
significant attention due to their potential applications in
spintronic and magneto-optic devices, as well as their
fundamentally intriguing physics [1-5]. Among these two-
dimensional (2D) materials, binary transition-metal trihalides
T X5 (T = transition metal; X = CI, Br, I) have emerged as a
focal point in the study of low-dimensional magnetism owing
to their rich variety of magnetic ground states. Within this
family, compounds such as VI3 [6-8] and Crl; [9,10] have
been confirmed to exhibit ferromagnetism down to the mono-
layer limit, whereas VBr3 [11-13], CrCl; [14], and a-RuCl;
[15] are antiferromagnetic at low temperatures. All these
materials share a common structural motif of edge-sharing
T X ¢ octahedra forming a honeycomb lattice within the plane.
Weak interlayer van der Waals interaction enables mechanical
exfoliation down to the monolayer, making these materials
ideal platforms for exploring two-dimensional magnetism and
related phenomena [16,17].

Notably, unlike Cr3t ions with a 3d> electronic con-
figuration, V3* ions in vanadium trihalides possess a 3d>
configuration with an unquenched orbital angular momentum

“Contact author: zhaoj@fudan.edu.cn

2469-9950/2026/113(9)/094428(9)

094428-1

(L = 1), resulting in stronger spin-orbit coupling [6,18-20].
This enhanced coupling suggests a heightened sensitivity of
vanadium trihalides to external stimuli such as strain and
chemical substitution [21,22], offering promising opportuni-
ties for tuning their magnetic and electronic properties via
physical or chemical means.

VCl; is a newly synthesized member of the vanadium
trihalide family, crystallizing in the same Bil3-type structure
(space group R3, No. 148) as VBr3; and VI3 at room tem-
perature [23,24]. Unlike VI3, which undergoes two structural
phase transitions at Tg; = 79K and Ts, = 32K [6], VCl;
exhibits a single structural transition at a slightly higher tem-
perature [Ts = 103.7(5) K], resembling the behavior of VBr3
(Ts =90.4K) [11]. VCl3 also parallels VBr3 in magnetism,
which orders antiferromagnetically below Ty = 26.5K [11].
VCl; undergoes a similar transition into an antiferromagnetic
ground state at Ty = 21.8(1) K. In this paper, we present
a comprehensive investigation of the structural and mag-
netic properties of bulk VCl; single crystals through neutron
diffraction and thermodynamic measurements.

II. METHOD

Single crystals of VCl; were synthesized by chemical
vapor transport. The commercially obtained VCl; precursor
contained trace oxide-related impurities. To improve phase

©2026 American Physical Society
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FIG. 1. Schematic illustrations of the crystal structure of VCl; viewed along the (a) @ axis and (b) ¢ axis. (c) Photograph of a high-quality
VCl; single crystal. (d) X-ray diffraction pattern of the cleaved surface measured at room temperature. The inset shows the rocking curve of
the (0, 0, 6) reflection. (e) X-ray Laue diffraction pattern taken along the ¢ axis.

purity, the starting material was first subjected to a vacuum-
sealed purification treatment under reducing conditions to
suppress residual oxide phases. The resulting powder was
subsequently sealed in a quartz tube under vacuum and placed
in a horizontal three-zone furnace. The hot end was main-
tained at 550 °C, while the cold end was kept at 480 °C for 21
days, followed by slow cooling to room temperature. Large
hexagonal sheetlike VCl; single crystals formed at the cold
end of the quartz tube. Similar to its sister compounds VBr3
and VI3, VCl; rapidly absorbs moisture from the air and
undergoes oxidation and degradation. Therefore, all sample
handling was conducted in a glovebox under an inert gas
atmosphere.

The high quality of the sample was verified by a high-
resolution D8 Discover x-ray diffractometer equipped with a
copper x-ray source from Bruker. We conducted heat capacity,
magnetic susceptibility, and magnetization measurements on
VCl; single crystals using a 9-T physical property measure-
ment system (Quantum Design) and 7-T magnetic property
measurement system (Quantum Design). The high-field mag-
netization measurements were performed at the Steady High
Magnetic Field Facility (SHMFF) of the High Magnetic Field
Laboratory. The pulsed field measurements were performed at
Wuhan National High Magnetic Field Center.

To determine the magnetic and nuclear structures, we per-
formed single-crystal neutron diffraction experiments using
the four-cycle mode of the Dimensional Extreme Magnetic
Neutron Diffractometer (DEMAND, HB-3A) at the High Flux
Isotope Reactor at Oak Ridge National Laboratory [25]. The
single crystal used in this experiment was about 2 mm in
diameter and 0.5 mm thick and weighed about 5 mg. The

crystal was cooled down to the base temperature of 5 K us-
ing a closed-cycle refrigerator. The neutron wavelength used
was 1.533A. In addition, single-crystal neutron diffraction
measurements were also carried out on the time-of-flight
diffractometer wide angle in a single histogram (WISH) [26]
at the ISIS Neutron and Muon Source. A single crystal of
around 14 mg was used for this experiment. Diffraction
data were reduced using mantid software [27]. The nu-
clear and magnetic structures were refined using the fullprof
suite [28].

III. RESULTS AND DISCUSSION

The structure of VClj is illustrated in Figs. 1(a) and 1(b).
Each V3% ion is octahedrally coordinated by six Cl~ ions,
forming edge-sharing VClg octahedra within the plane. The
as-grown single crystals exhibit a dark, sheetlike morphol-
ogy with well-defined natural edges, characteristic of their
layered nature [Fig. 1(c)]. Our crystals are relatively large
and exhibit well-defined natural edges, which make possible
a wider range of measurements, including single-crystal neu-
tron diffraction. The presence of sharp 00/ Bragg reflections
in the x-ray diffraction pattern [Fig. 1(d)] confirms the high
crystallinity of the sample. The x-ray Laue diffraction pattern
taken along the c axis [Fig. 1(e)] further reveals a clear three-
fold rotational symmetry.

A structural phase transition is confirmed by a distinct
anomaly in the heat capacity at 7g = 103.7(5) K [Fig. 2(a)].
Magnetic susceptibility measurements with fields along the ¢
axis and within the ab plane reveal a clear kink and anisotropic
splitting [Fig. 3(a)], also indicating the structural phase tran-
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FIG. 2. Structural phase transition at Ty = 103.7(5) K in VCl;. (a) Heat capacity measured from 95 to 115 K as a function of temperature.
(b) Temperature dependence of the Bragg peak (2, 2, 0). The heat map was generated using raw data from scans of the (2, 2, 0) peak at
temperatures ranging from 5 to 130 K with an interval of 5 K. (¢) and (d) Comparison of selected in-plane Bragg peaks at different temperatures,

showing clear peak splitting associated with the structural distortion.

sition. To investigate this transition in greater detail, we
performed single-crystal neutron diffraction measurements at
DEMAND, HB-3A. Nuclear Bragg peaks of the (2, 2, 0)
reflection were measured at various temperatures to track the
structural evolution. At T = 120K, the nuclear peaks are well
indexed by a rhombohedral lattice with lattice parameters
a=0b=06.0082(5)A and ¢ = 17.3373(30) A (in hexagonal
notation), consistent with previous reports [29]. Upon cooling
through the structural transition at 7g = 103.7(5)K, a clear
splitting of the (2, 2, 0) Bragg peak emerges [Fig. 2(b)].
Comparisons of selected Bragg reflections at different temper-
atures are shown in Figs. 2(c) and 2(d). From the measured
Bragg peaks, the in-plane lattice constants at 5 K are de-
termined to be 6.0451(4) A and 5.9697(4) A. The observed
~1.2% change in the in-plane lattice constant suggests that the
structural phase transition breaks the threefold rotational (Cs)
symmetry. No appreciable difference is observed between the
5 and 35 K datasets, indicating the absence of additional struc-
tural transitions at lower temperatures. This behavior closely

resembles that of VBrj3, in contrast to VI3, which exhibits two
distinct structural transitions [6,11]. The proximity of the split
in the lattice peaks, combined with the intrinsic crystal quality
limitations of van der Waals materials, makes it difficult to
index structural peaks and refine the nuclear structure at low
temperature. However, the splitting of in-plane Bragg peaks
provides a direct measure of the relative volume fractions of
domains. By analyzing the integrated intensities of the split
Bragg reflections, we estimate the volume ratio of the different
structural domains in this crystal to be 5:4:1. The imbalance
of the domain volumes may be related to the preexisting
structure strains formed during the crystal’s growth.

‘We now turn to the magnetic properties of VCls. Magnetic
susceptibility and heat capacity measurements at low tempera-
tures reveal a clear antiferromagnetic phase transition at Ty =
21.8(1) K [Figs. 3(a) and 3(c)]. The transition temperature is
progressively suppressed by an applied magnetic field, with a
more rapid reduction for fields along the ¢ axis than for fields
within the ab plane [Figs. 3(c) and 3(d)].
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FIG. 3. Magnetic phase transition at 7y = 21.8(1) K in VCl;. (a) Magnetic susceptibility measured from 1.8 to 300 K under an external
field of 500 Oe. The inset provides a zoomed-in view of the structural phase transition. (b) Temperature dependence of the intensity of the
magnetic Bragg peak (—0.5, 0.5, —1), as measured by neutron diffraction on WISH, ISIS. The red line is a fit using the critical power law
I ~ (1=T/Ty)*. Low-temperature heat capacity under external magnetic fields along the (c) ¢ axis and (d) a axis. Magnetization curve
obtained from laboratory-based vibrating sample magnetometry (VSM), steady high magnetic field measurements (SF), and pulsed field
experiments (PF) under external magnetic fields along the (e) ¢ axis and (f) a axis. The inset of (e) shows the raw derivative data from the
pulsed field measurement, where a clear two-step transition is observed.
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FIG. 4. (a) and (b) A high- and low-temperature comparison of two representative inequivalent magnetic Bragg peaks, highlighting the
emergence of magnetic intensity at low temperature. (c) Temperature comparison of the (0, 1.5, 0) peak, which shows negligible change,
indicating that the signal is a spurious reflection arising from half-wavelength neutrons rather than a magnetic origin. (d) Neutron diffraction
mapping of the (0, K, L) reciprocal plane at the base temperature obtained on HB-3A, ORNL, revealing a distinct set of magnetic Bragg peaks.

Field-dependent magnetization measurements also reveal
anisotropic behavior [Figs. 3(e) and 3(f)]. The data from the
pulsed field and the steady high magnetic field are calibrated
based on the vibrating sample magnetometry (VSM) data
since the VSM measures an absolute value. For a magnetic
field applied along the a axis, the magnetization increases lin-
early and exhibits a distinct change in slope at approximately
44 T. In contrast, for the field applied along the ¢ axis, the
magnetization displays two steplike transitions at 25.2 and
35.4 T during the up-sweep, which shift to 24.0 and 34.2 T
upon the down-sweep, indicating hysteresis. These transitions
appear as two pronounced peaks in the differential pulsed field
magnetization raw data [see the inset of Fig. 3(e)], implying
field-induced anomalies in the magnetization process. Be-
tween these transitions, the magnetization shows a markedly

reduced slope, suggesting the presence of an intermediate field
regime with plateaulike behavior near half magnetization.

To gain microscopic insight into the observed macroscopic
magnetic behavior, we performed single-crystal neutron
diffraction measurements on VCls. Since the structural
distortion across the transition is relatively minor, all magnetic
structure analyses were conducted based on the high-
symmetry R3 phase. Upon cooling below Ty = 21.8(1)K,
additional Bragg peaks emerge at half-integer positions in
reciprocal space, indexed by the magnetic propagation vec-
tor k = (0, 0.5, 1) in hexagonal notation. Figures 4(a) and
4(b) compare the temperature dependence of two represen-
tative magnetic reflections, (0, 0.5, 1) and (0, 0.5, —2).
Figure 4(c) shows a comparison of the (0, 1.5, 0) re-
flection at high and low temperatures, with no significant
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FIG. 5. Magnetic structure of VCl;. Schematic views of the refined magnetic structure projected along the (a) ¢ axis and (b) a axis.
(c) Overall illustration of the zigzag antiferromagnetic structure of VCl; as determined by least squares refinement. (d) Comparison of the
observed magnetic structure factors and those calculated from the refined model. The resulting reliability factor, RF = 5.23, indicates a good

quality of fit.

difference observed, indicating that this signal arises from
half-wavelength neutrons (A/2 contamination) rather than a
magnetic origin. Using the determined propagation vector and
the rhombohedral crystal structure, we performed symme-
try analysis with the Bilbao Crystallographic Server [30-33]
and simulated annealing and representation analysis (SARAh)
[34]. The magnetic representation can be decomposed as
I'mag = 3T} @ 3I). Each irreducible representation con-
tributes three independent basis vectors. The three basis
vectors of I'} correspond to spin configurations in which the
two magnetic sublattices are coupled antiferromagnetically,
giving rise to a zigzag-type order. In contrast, the three ba-
sis vectors of I‘% correspond to configurations in which the
sublattices are aligned parallel along the respective directions,
resulting in a stripe-type order. Both configurations belong to
magnetic space group P;1. The absence of magnetic Bragg
intensity at (0, 1.5, 0) and its symmetry-equivalent positions
rules out the stripe configuration, thereby identifying the
zigzag magnetic order as the ground state of VCl;. Figure
4(d) displays an extended map of reciprocal space at the base
temperature, showing both magnetic and nuclear Bragg peaks.
The temperature dependence of the (—0.5, 0.5, —1) reflection,
which is symmetry equivalent to (0, 0.5, 1), is shown in
Fig. 3(b), and it clearly indicates a magnetic phase transition
at about 22 K, consistent with the behavior observed in heat
capacity and susceptibility measurements. The critical power

law fit/ ~ (1—T/Ty)** yields a critical exponent 8 = 0.130,
which is close to the 2D limit (8 = 0.125).

In compounds such as VCl; and VBrs, lattice distortion
at low temperatures gives rise to three distinct structural do-
mains, each rotated by 120° with respect to one another. In
our single crystal, upon cooling below T, the population of
these domains is slightly different, resulting in different scale
factors for each domain. This domain imbalance is evident in
our neutron diffraction data, where the intensity of a given
magnetic Bragg peak varies between domains and shows a
one-to-one correspondence with the intensity of the associ-
ated structural Bragg peaks. These observations confirm the
presence of multiple structural domains with unequal contri-
butions and allow us to exclude the possibility of a triple-Q
magnetic structure, as recently proposed in other honeycomb
magnets such as Na,Co,TeOg [35].

Furthermore, the relative population of each structural do-
main formed upon cooling below 7y can be estimated from
the intensity ratios of selected magnetic Bragg peaks. By
incorporating the corresponding scale factors obtained from
structural refinement, we carried out magnetic structure re-
finement and determined the ordered moment components to
be M, = 1.02(3)ug, My = 0.40(3)up, and My = 0.00(2)up.
The total ordered moment is M, = 1.09(2)uug. This value
agrees well with the moment inferred from magnetization
measurements [Figs. 3(e) and 3(f)]. The total ordered moment
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is also smaller than the theoretical spin-only value for V3+
(§ = 1), likely due to the presence of a substantial orbital con-
tribution that partially cancels the spin moment, which is an
effect similarly observed in VBr3 and VI3 [6,11]. Schematic
representations of the refined magnetic structure are shown in
Figs. 5(a)-5(c). The magnetic moments in VClj lie within the
ac plane and are predominantly oriented out of the ab plane.
This configuration is consistent with the magnetic anisotropy
observed in susceptibility measurements, where the residual
susceptibility below 7y is smaller for fields applied along the
c-axis direction [Fig. 3(a)].

Recent photoemission and first-principles studies revealed
the existence of localized electron polarons in VCl3, accom-
panied by local bond elongation and orbital reconstruction
[24]. Such local lattice-orbital modulations can, in princi-
ple, modify the V-CI-V hopping amplitudes and the orbital
overlap and hence renormalize the superexchange interac-
tions. Moreover, magnetization plateaus could be a hallmark
of frustrated magnetism and have been reported in a wide
variety of systems, including triangular-lattice antiferromag-
nets [36], kagome lattices [37], spinel chromates [38], and
low-dimensional Ising-like magnets [39]. While the micro-
scopic mechanisms differ, they share the feature of stabilizing
commensurate spin configurations over finite field ranges,
often through the combined effects of exchange frustration,
anisotropy, and Zeeman energy. In VCl;, the emergence of
the magnetization plateau suggests the stabilization of a field-
induced state distinct from both the zero-field zigzag order and
the fully polarized state. One possible scenario involves partial
spin reorientations among four neighboring zigzag chains,
in which the system evolves from an up-down-up-down ar-
rangement into an up-up-up-down configuration under an
out-of-plane field. This type of configuration naturally gives
rise to a fractional net moment and would be broadly analo-
gous to collinear stacking sequences invoked to explain half
plateaus in spinels and chain compounds [38]. Alternatively,
the plateau phase in VCI3 may not be strictly collinear. Non-
collinear or canted arrangements could also yield the observed
fractional magnetization if stabilized by anisotropic exchange
interactions [40]. Given that strong bond-dependent Kitaev
interactions have been reported in vanadium-based trihalides
[41], it is plausible that similar exchange anisotropies are
active in VClj3. Such terms, in combination with interlayer
coupling and conventional Heisenberg exchanges, could gen-
erate competing magnetic ground states and lead to plateau
formation under a field. The possibility of a Kitaev-frustrated
origin is particularly intriguing, as it would place VCl; among
the rare systems in which fractional magnetization plateaus
emerge from bond-anisotropic exchange rather than simple
Ising-like stacking. To further elucidate the nature of this
phase and the role of competing interactions in vanadium

trihalides, more comprehensive investigations, particularly in-
elastic neutron scattering, are highly warranted.

IV. CONCLUSIONS

In summary, we synthesized large, high-quality single
crystals of VCls and investigated their structural and mag-
netic properties. Magnetic susceptibility and heat capacity
measurements revealed a structural phase transition at Ty =
103.7(5)K and an antiferromagnetic transition at Ty =
21.8(1) K, which were confirmed by neutron diffraction ex-
periments. The magnetization curve along the ¢ axis exhibits
a plateaulike feature, indicative of unconventional field-
dependent behavior. Neutron diffraction refinements further
established the magnetic ground state as a zigzag antiferro-
magnetic order, with propagation vector k = (0, 0.5, 1) in
hexagonal notation. These findings place VCl; among the
emerging family of vanadium-based trihalides that host di-
verse and nontrivial magnetic phenomena and provide a solid
foundation for exploring their potential as model systems for
correlated magnetism in low-dimensional lattices.
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