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Field-induced spin-liquid-like state in a magnetic honeycomb lattice
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Quantum fluctuations in magnetic lattices can yield a quantum spin-liquid (QSL) state, where no long-range
order appears even at zero temperature. The variety of mechanisms that can generate the spin-liquid state
and the more exotic QSL state remain unclear, however. Here, we report a magnetic honeycomb system,
BaCo2(P1-xVx )2O8, in which the spin correlations can be tuned by the disorder, leading to different magnetic
behaviors. At low x, the material has a spin-glass ground state that appears to be due to coexisting and competing
correlations. We have found that an external magnetic field can introduce spin-liquid-like behavior for some
members of the solid solution, testified by the magnetic and thermodynamic experiments. Our results suggest that
structural geometry, chemical disorder, and external field may help enhance quantum fluctuations in magnetic
honeycomb materials.
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I. INTRODUCTION

Interactions and fluctuations lead to a variety of low-energy
states in condensed matter. At low temperatures, when ther-
mal fluctuations are small, matter tends to form an ordered
state. In a conventional magnetic system, for example, ferro-
or antiferromagnetically (FM/AFM) long-range ordered states
are frequently expected at absolute zero. In a spin glass,
usually due to disorder, no single configuration of the spins
is uniquely favored due to coexisting interactions of different
strengths, leading to a ground state where the magnetic mo-
ments are frozen in random directions [1]. A different kind of
disordered magnetic state is found in geometrically frustrated
magnets, where, for certain magnetic lattice geometries and
spin types, the magnetic moments cannot simultaneously sat-
isfy all preferred nearest-neighbor interactions, leading to a
macroscopically degenerate ground state with no long-range
order. This is called a spin-liquid state when the ground
state is dynamic rather than static [2]; in “spin ice,” the
disordered state is frozen and has a residual entropy analogous
to classical ice [3,4]. The quantum spin-liquid state (QSL) is a
unique type of spin liquid because its dynamically disordered
state is not necessarily derived from geometric frustration, but
is rather due to quantum fluctuations [5]. In a QSL, all the
closest-neighbor spins pair quantum mechanically, giving rise
to no local order parameter in the ground state, which prevents
ordering at 0 K. These highly entangled spin states may extend
to include more than only nearest neighbors [6]. The massive
many-body entanglement in QSLs gives rise to an extensive
residual spin entropy [7,8].

A QSL state has been reported for several S = 1/2 triangu-
lar or kagome materials, including Cs2CuCl4 [9], YbMgGaO4

[10,11], Ba3CuSb2O9 [12], and ZnCu3(OH)6Cl2 [13,14]. A
theoretical breakthrough was made in the prediction of QSL
states in materials when Kitaev proposed a model for S = 1/2
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spins on a honeycomb lattice in which the spins are coupled
to their three nearest neighbors through FM Ising interactions
[15]. A2IrO3 (A = Li, Na) and α-RuCl3 are candidate mate-
rial examples of the Kitaev model [16–18]. Though all show
long-range magnetically ordered states at low temperature in
zero field [19–21], signatures of the Kitaev exchange have
been detected [22–24]. This apparent contradiction has been
clarified experimentally and theoretically, where it has been
shown that additional factors, such as Heisenberg interactions,
induced by long-range AFM interactions between the spins,
can win out over the Kitaev interactions at low temperature
[25,26]. Importantly, it has been shown that external magnetic
fields are able to suppress the Heisenberg term, leaving the
Kitaev interaction dominant and stabilizing the QSL state in
the honeycomb lattice [27–31]. Experiments have also shown
that applied pressures can suppress the AFM state in α-RuCl3
and induce a new quantum state [32].

The significant effects of an applied magnetic field are
not only known in honeycomb lattice α-RuCl3, but also for
frustrated systems such as pyrochlores, since long ago [33].
Spin ice, for example, can be tuned to a quantum spin-liquid
state with gapless excitations in a transverse field [34,35].
Structural disorder acting as a transverse field in spin ice
Pr2Zr2O7 and other frustrated systems is experimentally ver-
ified to induce a long-range correlated but disordered ground
state [36–38]. The notion of a U(1) quantum spin-liquid state
has been proposed in quantum spin ice [39], although there
has been no solid evidence for it. In a spin-glass system, it
is believed that a magnetic field can induce a transition from
spin glass to a spin-liquid state [40].

Due to the above, the magnetic behavior of spins in mag-
netically frustrated systems can be complex but appealing. In
theory, a frustrated magnetic geometry with a low value of
spin (S = 1/2), which enhances quantum fluctuations, helps
in stabilizing a QSL state [2]. In addition, structural/chemical
disorder or external magnetic field may also help to intro-
duce quantum fluctuations. Here we report crystal structure,
magnetic, and thermodynamic properties of a compound,
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BaCo2(P1-xVx )2O8, in which the magnetic Co2+ with effec-
tive pseudo-spin-1/2 is found on a perfect honeycomb lattice.
In this work, we show that these materials may be good
candidates for the study of QSL phenomena.

II. EXPERIMENT

Polycrystalline samples of BaCo2(P1-xVx )2O8 were syn-
thesized from stoichiometric mixtures of dried BaCO3 (99%),
CoO (99%), V2O5 (99.6%), and (NH4)2HPO4 (99%) by solid-
state reaction. The starting materials were ground and mixed,
and then heated in air up to 150 °C for 5 hours, followed
by heating in air at 850 °C for three days with intermediate
grindings. Powder x-ray diffraction patterns were measured
using a Bruker D8 Advance Eco with CuKα radiation. Ri-
etveld refinements were performed using GSAS software.
The dc and ac magnetization data were measured using
the Quantum Design physical property measurement system
Dynacool, equipped with a vibrating sample magnetometer
(VSM) option. Specific-heat data for selected compositions
were collected on a Quantum Design PPMS Evercool II with
applied magnetic fields up to 9 T.

III. RESULTS AND DISCUSSION

The end member of the series, BaCo2(PO4)2, has three
polymorphs, whose existence is notoriously dependent on
the synthesis method and thermal history [41]. The poly-
morph of interest here is the γ form, which is rhom-
bohedral (space group R-3) and consists of a stack of
quasi-two-dimensional (quasi-2D) magnetic honeycomb lat-
tice layers. Before the current work, this γ form of
BaCo2(PO4)2 has only been obtained by a hydrothermal
method [42]. BaCo2(PO4)2 is an example of a highly frus-
trated S = 1/2 XY-like honeycomb lattice, where no spin
glass or long-range ordering is observed [4,43]. Due to dif-
ficulties in preparing γ -BaCo2(PO4)2, many researchers have
turned to the arsenate analogue BaCo2(AsO4)2, which has the
same crystal structure and can be easily obtained by solid-state
reaction. The properties of the latter material are different
from those of the phosphate, however.

In the current work, we successfully obtained the γ form
of BaCo2(PO4)2 by solid-state reaction through partial sub-
stitution of the P5+ with V5+. We find that the desired
honeycomb-based rhombohedral structure sustains over a
wide range of V content, from low to high (x = 0.15 ∼ 0.75),
in BaCo2(P1-xVx )2O8. This can be seen by inspection of the
room-temperature powder x-ray diffraction data in Fig. 1.
GSAS refinement results of the structural parameters of a
representative compound in the series (x = 0.2) are presented
in the Supplemental Material [44]. A schematic figure of
the BaCo2(P1-xVx )2O8 structure is shown in Fig. 2(a). By
gradually increasing vanadium content x, the overall struc-
ture changes monotonically. The in-plane Co-Co distance
increases while the interlayer spacing decreases [Fig. 2(b)].
Eventually, when x > 0.75, the rhombohedral structure can-
not incorporate any more vanadium and a tetragonal form
(space group I41/acd) of BaCo2V2O8 is found; BaCo2V2O8

does not display a magnetic honeycomb layers and hence shall
not be characterized here. Within the range of x = 0.15−0.75,
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FIG. 1. Room-temperature powder x-ray diffraction data for the
BaCo2(P1-xVx )2O8 series. Diffraction peak positions are indicated by
red (for the target phase with the R-3 BaCo2P2O8 structure) and blue
(BaCo2V2O8, I41/acd) ticks. Cu Kα radiation.

the honeycomb cobalt layer in the rhombohedral structure
is slightly changed from the γ -BaCo2(PO4)2 parent, giving
rise to a series of magnetic and thermodynamic properties, as
discussed below.

The temperature dependences of the dc susceptibilities
for the BaCo2(P1-xVx )2O8 materials measured under 0.1 T
applied field are shown in Fig. 3. At x = 0.15 and 0.2,
no clear magnetic ordering transition can be observed to
the lowest temperature measured of 1.7 K. The absence of
magnetic ordering at low temperature reflects the presence
of a disordered ground state, which can result from either
spin-glass or spin-liquid behavior. As the vanadium content
increases, we observe a decreasing magnetization, and a

0.15 0.30 0.45 0.60 0.754.8

4.9

5.0

5.1
22.4

22.8

23.2

V content x

La
tti

ce
 c

on
st

an
t (

Å
)

a

c

(a) (b)

(c)O

Ba

Co

P

(d)

FIG. 2. (a) The γ -BaCo2(PO4)2 structure of the
BaCo2(P1-xVx )2O8 materials studied. (b) Lattice parameters a and c

as a function of vanadium concentration x in BaCo2(P1-xVx )2O8. (c)
Top view of the Co-based honeycomb layers.
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FIG. 3. Temperature dependence of dc magnetic susceptibility
for BaCo2(P1-xVx )2O8 measured with a 0.1 T field. Inset: Inverse
susceptibility as a function of temperature for low V-doping samples
x = 0.15 and 0.2, as well as their low-temperature Curie-Weiss fits.

magnetic transition appears near 6 K, with no clear depen-
dence on vanadium concentration. This x-independent mag-
netic transition is unexpected and may arise due to two possi-
bilities: either it is an intrinsic magnetic property or a constant
magnetic impurity. For the first case, high V substitution not
only significantly suppresses its intrinsic magnetization, but
also drives the system from a disordered ground state to a
long-range ordered ground state. For the second, we can safely
rule out the magnetic contribution from the potential impurity
BaCoP2O7, which has magnetic ordering at 10.4 K [45].
Finite-size effects will be negligible for our well-crystallized
materials. However, since the observed ordering transition
temperature is coincident with that of BaCo2V2O8, which has
an antiferromagnetic long-range ordering transition TN ∼ 5 K
[46], the possibility that the observed transition results from
the traces of BaCo2V2O8 impurity cannot be excluded. In this
case, the major phase of BaCo2(P1-xVx )2O8 remains disor-
dered down to the lowest temperature. From the heat-capacity
measurements for high x compositions, tiny anomalies can be
observed at ∼6 K (see Supplemental Material [44]), but the
results do not help to eliminate any of these possibilities. More
experimental evidence is necessary in order to determine
which of the above cases is true for the high x compounds. In
this Rapid Communication, we focus on the lower x compo-
sitions (x � 0.2) only, which reveal a disordered ground state
down to lowest temperature.

Since Co2+ is a Kramers ion, the low-temperature mag-
netism of BaCo2(P1-xVx )2O8 should be dominated by the
Kramers doublet ground states with effective spin 1/2. The-
oretical study also has testified that Co2+ compounds are
promising candidates for the realization of the Kitaev model
[47]. In BaCo2(P1-xVx )2O8, the magnetic susceptibility of
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FIG. 4. (a) Heat capacity of low-xBaCo2(P0.8V0.2)2O8 measured
under zero and 9 T magnetic field. (b) The ac susceptibility of
BaCo2(P0.8V0.2)2O8 as a function of temperature measured at 10,
100, 1000, and 10 000 Hz.

the effective spin follows the Curie-Weiss law in the low-
temperature regime from 2 to 30 K (inset of Fig. 3). From the
fits, we find � to be −3.2 and −1.8 K for x = 0.15 and x =
0.2, respectively. The negative sign shows that the magnetic
ground state is dominated by antiferromagnetic interactions
[48]. V substitution tunes the dominant interactions in these
systems between FM and AFM, and at low temperature
the two interactions coexist and compete with each other,
resulting in a spin-glass ground state. This assumption is
also supported by a recent neutron study on γ -BaCo2(PO4)2,
which reveals that it has two coexisting short-range magnetic
orders below its ordering temperature, even though no spin-
glass signature can be observed [4]. We argue that the disorder
effect induced by V substitution enhances the competition
between two interactions and results in a spin-glass ground
state.

To further clarify the spin-glass nature, we studied the heat
capacity and dynamic ac susceptibility of the samples at low
x that do not show a clear magnetic ordering transition, i.e.,
x = 0.15 and 0.2. In Fig. 4, we present both measurement
results for the x = 0.2 sample. (For x = 0.15, all features are
similar and are not shown here.) From the heat-capacity data,
we find that at zero field, no λ-shaped peak is observed and a
broad peak shows up at around 5 K, confirming the spin-glass
nature of the studied compound [49,50]. More conclusive
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evidence for the spin-glass nature of the low-temperature state
was obtained by ac susceptibility. In a spin glass, magnetic
spins experience random competing short-range interactions
with other magnetic spins, resulting in a state that is highly
irreversible and metastable. We also measured the ac suscep-
tibility of BaCo2(P0.8V0.2)2O8 under an ac field of 0.5 mT at
different frequencies ranging from 10 Hz to 10 kHz. The real
part of the ac susceptibility shows a frequency dependence
below 4 K, which is considered as strong evidence for a
spin glass resulting from the short-range correlations. The
spin-glass ground state is not found in γ -BaCo2(PO4)2 [4],
so it must arise from the off-site disorder induced by the V
substitution for P.

As the external field can suppress the Heisenberg AFM
term and give rise to a quantum state in α-RuCl3, we
studied the magnetization under different applied fields for
our spin-glass compositions [51]. For low x samples, i.e.,
BaCo2(P0.85V0.15)2O8, in which the Heisenberg AFM and Ki-
taev FM correlations are comparable, the result is a spin-glass
ground state, and suppression of the AFM term by applying
an external field could produce a state that is more similar
to the Kitaev model predictions. To address this possibility,
specific heat was measured with several dc magnetic fields. In
Fig. 5(a), we show the temperature dependence of the specific
heat in fields ranging from 0 to 9 T. At zero field, no λ-shape
peak is observed and a broad peak shows up around 5 K, con-
firming the spin-glass nature of the studied compound [52].
This broad feature shifts to higher temperatures and eventually
disappears when applying increasing magnetic fields. This is a
typical feature found in some quantum spin-liquid candidates
[27,52,53].

We have successfully obtained a nonmagnetic reference
compound, BaMg2(P0.85V0.15)2O8, that enables subtraction
of the lattice contribution to the specific heat at low tem-
peratures, allowing for an estimate of the magnetic entropy
of BaCo2(P0.85V0.15)2O8 under external fields. Magnetic heat
capacity is a sensitive probe of the low-energy magnetic
excitations from the ground state. The increase in Cm around
5 K is presumably due to short-range Co-Co spin correlations.
Applying a magnetic field leads to a shift to high temperature
of the anomaly, and at larger fields a broadening and sup-
pression of the anomaly occurs. The change in the magnetic
entropy �Sm of BaCo2(P0.85V0.15)2O8 up to 70 K is only
0.5Rln2 [Fig. 5(c)], which is about half of that of the pure P
compound [4]. Under an external field, the magnetic entropies
approach a saturation at higher temperature, but they all only
reach 0.5Rln2 eventually (not shown). The “missing entropy,”
the difference between the observed entropy and Rln2, is
usually accredited to spin fluctuations at low temperatures
that lift the ground-state degeneracy. For spin ice such as
Dy2Ti2O7, for example, the zero-point entropy is found to
be 0.67Rln2. Since a finite field overcomes the energetic
barriers of spin reorientation in geometric-frustration-induced
spin ice, it results in a slightly increased �Sm [7]. In the
current case, in contrast, an applied magnetic field suppresses
the magnetic entropy. We are thus able to conclude that the
spin fluctuations in the ground state become prominent in
applied fields, but are not due to a field-induced stronger
geometrical frustration. We believe that the missing entropy
in BaCo2(P1-xVx )2O8 might come from some more exotic
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FIG. 5. (a) Temperature dependences of Cp/T under different
magnetic fields in BaCo2(P0.85V0.15)2O8 and BaMg2(P0.85V0.15)2O8.
(b) Temperature dependences of magnetic heat capacity divided by
temperature under different magnetic fields in BaCo2(P0.85V0.15)2O8.
(c) Integrated magnetic entropy under different magnetic fields in
BaCo2(P0.85V0.15)2O8. The value of 0.5Rln2 is the total entropy
found for the current case, and Rln2 is the spin entropy for S = 1/2
magnets.

fluctuations such as an enhanced quantum fluctuation at low
temperature, which is consistent with general expectations for
a QSL system.

IV. CONCLUSION

Geometrically frustrated magnetic lattices can often dis-
play unusual ground states. Many of the similarities and dif-
ferences between spin glass, classic spin liquid, and quantum
spin liquid motivate an understanding of their origins and
possible methods for tuning from one to another. Here we
provide the example of BaCo2(P1-xVx )2O8, which has a Co-
based honeycomb layered structure. Vanadium substitution
for phosphorus introduces weak exchange disorder to the
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parent compound γ -BaCo2(PO4)2, leading to a spin-glass
ground state with coexisting but competing AFM and FM
correlations in low-doping samples. Intriguingly, we note
that the external field can suppress the AFM component,
uncovering the FM interactions. In an S = 1/2 honeycomb
lattice with dominating ferromagnetic interactions, quantum
spin-liquid states are expected according to the Kitaev model.
Both experimental observations and theoretical predictions
make BaCo2(P1-xVx )2O8 a promising candidate system for
the observation of QSL physics. Quantitative identification

of the high-field state for x = 0.15 with the QSL state will
require future detailed study.
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