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We have investigated the magnetic and electric ground states of a quasi-two-dimensional triangular lattice
antiferromagnet (TLAF), Ba3CoNb2O9, in which the effective spin of Co2+ is 1/2. At zero field, the system
undergoes a two-step transition upon cooling at TN2 = 1.36 K and TN1 = 1.10 K and enters a 120◦ ordered
state. By applying magnetic fields, a series of spin states with fractions of the saturation magnetization Ms are
observed. They are spin states with 1/3, 1/2, 2/3 (or

√
3/3) Ms . The ferroelectricity emerges in all spin states,

either with collinear or noncollinear spin structure, which makes Ba3CoNb2O9 another unique TLAF exhibiting
both a series of magnetic phase transitions and multiferroicity. We discuss the role of quantum fluctuations
and magnetic anisotropy in contributing more complex phase diagram compared to its sister multiferroic TLAF
compound Ba3NiNb2O9 [J. Hwang et al., Phys. Rev. Lett. 109, 257205 (2012)].
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I. INTRODUCTION

The geometrical frustration and spin fluctuation in magnets
can lead to many exotic properties at low temperatures such
as quantum spin liquid, spin ice, and magnetization plateau
[1]. The realization of a quantum spin system with the
simplest form of geometrical frustration can be achieved
in a two-dimensional (2D) triangular lattice antiferromagnet
(TLAF) with small spins (S = 1/2 or 1) [2]. For example,
in Ba3CoSb2O9 [3–5] and Ba3CoNb2O9 (in this work) com-
pounds, the magnetic ions (Co2+ with effective spin S = 1/2
at low temperatures) lie on 2D regular triangular lattice planes
well separated by nonmagnetic layers. In TLAFs with Heisen-
berg spins, the spins order antiferromagnetically forming
120◦ spin structure at zero magnetic field. Theories predicted
that the 120◦ ordered state evolves to different magnetically
ordered states under magnetic field, first to an “up-up-down”
(uud) state with total moment equal to 1/3 of the saturation
magnetization Ms [6–8]. The uud state can be stabilized over
a wide range of field, hence showing a magnetization plateau,
through quantum and/or thermal fluctuations. By applying
higher magnetic fields, the uud state becomes energetically
unstable yielding to 2:1 canted spin states.

Experimentally, the 1/3 magnetization plateau has
been observed in TLAFs with a regular triangular lat-
tice (RbFe(MoO4)2 (S = 5/2) [9], Rb4Mn(MoO4)3 (S =
5/2) [10], Ba3NiSb2O9 (S = 1) [11], Ba3NiNb2O9 [12],
Ba3CoSb2O9 (S = 1/2) [3–5]) and with an isosceles triangular
lattice [Cs2CuBr4 (S = 1/2)] [13,14]. More interestingly, the
recent studies reveal that quantum spin fluctuations may
stabilize more quantum spin states with higher fractions
of Ms under fields in TLAFs with S = 1/2. For example,
Cs2CuBr4 shows extra spin states with 1/2, 5/9, and 2/3 Ms
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[14], Ba3CoSb2O9 shows a spin state with 3/5 Ms [4], and
Ba3NiNb2O9 shows a 2:1 canted spin sate with

√
3/3 Ms [12].

All these spin states have not been predicted theoretically and
fully understood. Searching for new TLAFs with quantum spin
states is still a very active topic in condensed matter physics.

Multiferroicity, where more than one ferroic order coexists
in the same phase, is another interesting property discovered
in TLAFs. In magnetoelectric multiferroics, the magnetic and
electric degrees of freedom are strongly coupled [15,16],
which may be utilized for new types of memory devices
[17,18]. In TLAFs with classical spins, RbFe(MoO4)2 [19]
and ACrO2 (S = 3/2, A = Ag and Cu) [20,21] have shown
multiferroicity in the magnetic phase where the spins have
noncollinear spin structures. Although the exact mechanism of
the multiferroicity in TLAFs is still under development [22],
the spin chirality is likely to play a crucial role considering the
disappearance of the ferroelectricity in the uud state. On the
other hand, our recent studies on Ba3NiNb2O9 show that the
ferroelectricity persists in the collinear spin states (uud and 2:1
canted spin state), and coexists with the quantum spin states
[12], which adds complexity to the existing understanding of
the multiferroicity in TLAFs.

In this paper, we extended our studies to another new TLAF,
Ba3CoNb2O9. Based on specific heat, neutron diffraction, dc
susceptibility and magnetization, ac susceptibility, dielectric
constant, and polarization experiments, a detailed H -T phase
diagram is constructed for Ba3CoNb2O9. The complex phase
diagram reveals a series of spin states with 1/3, 1/2, 2/3
(or

√
3/3) Ms under fields, and another possible spin state at

lower fields between the 120◦ phase and the uud phase with
1/3 Ms . At zero field, it goes through a two-step transition
to enter the 120◦ spin ordered state. The phase diagram also
shows that the multiferroicity is present in both noncollinear
and all collinear spin states. These results demonstrate that
Ba3CoNb2O9 is another rare TLAF with S-1/2 in which the
quantum spin fluctuations lead to a series of spin states and
they coexist with the ferroelectricity.
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The rest of the paper is organized as follows. In Sec. II,
the sample preparation and experimental setups are described.
In Sec. III, we report experimental results: (i) first low- or
zero-magnetic field data of dc magnetic susceptibility, specific
heat, and neutron powder diffraction, and (ii) high-field mag-
netization, ac susceptibility, dielectric constant, and electric
polarization measurements. Finally, in Sec. IV, we present the
H -T phase diagram and discuss our experimental results.

II. EXPERIMENTAL

Polycrystalline samples of Ba3CoNb2O9 were made by
solid state reaction. Appropriate mixtures of BaCO3, CoCO3,
and Nb2O5 were ground together, pressed into pellets, and then
calcined in air at 1230 ◦C for 24 hours. The room temperature
x-ray diffraction pattern confirms its trigonal P -3m1 space
group with a = 5.7737(4) Å and c = 7.0852(5) Å, which
agrees very well with a previous report [23]. Ba3CoNb2O9

is isostructural to Ba3NiNb2O9 and can be represented as
a framework consisting of corner-sharing CoO6 and NbO6

octahedra. The Co ions occupy the 1b Wyckoff sites and
forms the triangular lattice in the ab plane. Its structure can be
regarded as a pseudo-two-dimensional triangular magnet; i.e.,
the Co magnetic triangular lattices are magnetically separated
by the two nonmagnetic Nb layers. For structural details, see
Ref. [12].

The dc magnetization measurements were performed with
a high-field vibrating sample magnetometer (VSM) of the Na-
tional High Magnetic Field Laboratory and with a commercial
SQUID magnetometer (magnetic property measurement sys-
tem, Quantum Design). The ac susceptibility measurement was
done with a home-made ac susceptometer. The specific heat
was measured with the physical property measurement system
by Quantum Design. The neutron diffraction measurements
were performed below 1.7 K by using the neutron powder
diffractometer HB2A at ORNL with the wavelength of 2.41 Å.

For the dielectric constant and the polarization measure-
ment, samples were polished to have a parallel capacitor
geometry with typical dimensions of 10 × 5 × 0.2 mm3. The
electrical contacts were made by painting silver epoxy on the
two parallel opposite surfaces. The dielectric constant was
measured with an Andeen-Hagerling AH-2700A capacitance
bridge. The polarization was obtained by integrating the
pyroelectric current signal as a function of time. For the
pyroelectric current measurement, the following procedures
were taken. (1) A sample was cooled down through a transition
under different conditions of electric and magnetic field, (2) the
electric field was removed and the sample was short circuited
for 15 minutes to remove the residual surface charge, (3) the
magnetic field was set to a desired value if the sample had
been cooled down without magnetic field, and (4) the transient
current was measured with a Keithley 6517A electrometer
upon warming.

III. RESULTS

A. dc magnetic susceptibility and specific heat

The inverse of the dc magnetic susceptibility (χ = M/H )
above 1.8 K for Ba3CoNb2O9 is shown in Fig. 1(a). A
change of slope for 1/χ is observed at around 50 K. The

(a)

(b)

FIG. 1. (Color online) (a) The temperature dependence of the
inverse of the dc magnetic susceptibility. The symbols are experi-
mental data and the solid lines are linear fittings. Inset: dc magnetic
susceptibility. (b) The low-temperature dc magnetic susceptibility
and specific heat.

effective moment is estimated to be 5.3 μB for 100 K <

T < 300 K and 4.0 μB for 2 K < T < 20 K by using
the linear Curie-Weiss fittings. This decrease of effective
moment indicates a crossover of spin state for Co2+ from high
(S = 3/2) to low (S = 1/2) spin state. For Co2+ ions in an
octahedral environment, as for Ba3CoNb2O9, the crystal field
and spin-orbital coupling leads to a Kramers doublet with the
effective spin-1/2 as the ground state. For other TLAFs with
octahedral Co sites, such as Ba3CoSb2O9 [24] and ACoB3

(A = Cs, Rb, B = Cl, Br) [25], the ground state is also with
effective spin-1/2. The estimated 4.0 μB lies between 1.7 (spin
only) and 4.5 μB (with full angular momentum contribution)
for a S-1/2 state. It is therefore reasonable to assume
an effective S-1/2 state for Co2+ in Ba3CoNb2O9 at low
temperatures.

At lower temperatures, χ was measured by the VSM, of
which the data are presented in Fig. 1(b). The VSM data show
two kinks at TN1 and TN2 (TN1 < TN2) characterized as a broad
peak or a shoulder at TN2 and a decrease of susceptibility below
TN1. Both TN1 and TN2 decrease and the features become
broader with increasing magnetic fields. Specific heat was
measured to investigate the nature of the susceptibility kinks
at zero field, whose result is shown in Fig. 1(b). There are
two sharp peaks at TN2 = 1.36 K and TN1 = 1.10 K, which
indicates the susceptibility kinks are from long-range magnetic
orderings. The fact that the susceptibility decreases below TN1

suggests an antiferromagnetic (AFM) ordering.
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FIG. 2. (Color online) (a) The neutron powder diffraction (NPD) patterns taken at T = 0.24, 1.2, and 1.5 K (b) The temperature dependence
of the intensity (area of the peak) of the magnetic Bragg peaks at Q = (1/3, 1/3, 0.5) and (4/3, 1/3, 0.5). The symbols are experimental data
and the solid lines are guide to eyes. (c) NPD pattern taken at T = 0.24 K. The solid curve is the best fit from the Rietveld refinement by using
FULLPROF.

B. Neutron powder diffraction

Neutron powder diffraction experiments were performed in
order to identify the magnetic structures at low temperatures at
zero field. The NPD data taken at three different temperatures
are shown in Fig. 2(a). While the lattice Bragg peaks do not
show temperature dependence, two magnetic Bragg peaks with
Q = (1/3, 1/3, 0.5) and (4/3, 1/3, 0.5) are clearly observed at
T = 0.24 K, which are absent at T = 1.5 K. The temperature
dependence of the order parameter [area of the (1/3, 1/3,
0.5) and (4/3, 1/3, 0.5) peaks] shows a rapid increase at T =
1.0 K, close to TN1, while there is no obvious feature around
TN2 [Fig. 2(b)].

The Rietveld refinement of the 0.24 K pattern [Fig. 2(c)]
revealed the same lattice structure (P -3m1) at low temper-
atures suggesting no obvious structural distortion down to
0.24 K. Since only two magnetic peaks were observed,
it is difficult to determine magnetic structure exclusively.
Among possible magnetic space groups, P -1 gave good
refinement results, which is a magnetic structure with collinear
antiferromagnetic (AFM) spins between the nearest-neighbor
layers and a 120◦ AFM spin ordering. This magnetic structure
is consistent with the decrease of χ below TN1 and is the same
as that of Ba3NiNb2O9 [12].

The ordered moment is fitted to be 0.97(1) μB for each Co2+
ion, which further confirms the S-1/2 spin state for Co2+ at low
temperatures. Due to the resolution limit, the refinement cannot
tell whether the 120◦ ordered spins lie in the ab plane or in a
plane containing the c axis (an easy-axis type 120◦ structure).

In addition, there is an unidentified peak around 22.5◦ with
no temperature dependence, which is probably due to a small
percentage of unidentified impurity. Further NPD experiments
probably on single-crystal samples with better resolution will
resolve the issues of the unidentified peak as well as more
definitive determination of the magnetic structure. In Table I,
we summarize the structural and magnetic parameters obtained
from the T = 0.24 K NPD data.

C. dc magnetization and ac susceptibility

Figure 3 shows the dc magnetization data [M(H )] at
T = 0.64 K measured with the high-field vibrating VSM at
NHMFL. The Co2+ spin saturates at Hs = 5 T, above which
M increases linearly with a slope of 0.013 μB/T/Co2+ due to
the Van Vleck paramagnetism. The saturation magnetization,
Ms = 2.1 μB/Co2+, is obtained by the extrapolation of the
magnetization curve from well above the saturation field. This
value is similar to the Ms of Ba3CoSb2O9 [3], which can be
obtained from a S-1/2 spin state with g = 3.84 due to the
spin-orbital coupling. The M(H ) curve shows weak changes
of slope below Hs .

The weak changes of the slope are more evident in the
first derivative of the magnetization curves (dM/dH ) as
peaks and valleys [Fig. 4(a)]. The field dependence of the
ac magnetic susceptibility data [χ ′(H )] show similar features
of the peaks and valleys as well as the overall shape. The
similarity between is expected because χ ′ can probe dM/dH

directly and allows one to use χ ′ to identify magnetization

TABLE I. Structural and magnetic parameters obtained by the Rietveld refinement for the NPD pattern at T = 0.24 K.

Atoms X Y Z

Ba1 0.0000 0.0000 0.0000
Ba2 0.3333 0.6667 0.6613 ± 0.0014
Co1 0.0000 0.0000 0.5000
Nb1 0.3333 0.6667 0.1751 ± 0.0012
O1 0.5000 0.0000 0.0000
O2 0.1677 ± 0.0010 0.3353 ± 0.0020 0.3319 ± 0.0009
Space group Lattice parameters (Å) RF factor Bragg R factor
P -3m1 a = 5.7703(1) b = 5.7703(1) c = 7.0808(3) 4.16 3.09

α = β = 90◦ γ = 120◦

Magnetic space group Momentum
P -1 0.97(1)
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FIG. 3. (Color online) (a) The high-field dc magnetization data
at T = 1.4 K up to H = 35 T (a) and at T = 0.64 K between 0 and
5.5 T (b). The arrows indicate the transitions explained in the text.

changes with higher resolution. The oscillatory features can
be even more clearly detected by subtracting the background
(empirical linear background) as shown in Fig. 5.

Both the dM/dH and χ ′ data show series of oscillatory
features at consistent field positions. For dM/dH at 0.64 K,
these field positions are 1.41(17) T, 2.22(12) T, and 3.08(8) T.
It is notable that the magnetization values at these three field
positions of the valleys are close to 1/3, 1/2, and 2/3 (or√

3/3) of Ms , respectively. All these features imply a series
of magnetic phase transitions with increasing field and the
fractional magnetization values can be used to deduce the
magnetic phases at different fields. We indicate the field

FIG. 4. (Color online) (a) The first derivative of the dc magne-
tization as a function of field at different temperatures. Data are
offset by −0.1 μB /Co2+/T from 0.64 K data incrementally. Inset:
Enlargement of the 0.64 K data at low fields. (b) The dc magnetic
field dependence of χ ′ at different temperatures. Data are offset by
−0.07 from 0.3 K data. Inset: Enlargement of the 0.3 K data at low
fields. The arrows indicate the transitions explained in the text.

FIG. 5. (Color online) Oscillatory components of χ ′ (solid sym-
bols) and dM/dH (empty symbols) obtained by subtracting empirical
linear backgrounds. The arrows indicate the same transitions shown
in Fig. 4.

positions of the valleys as down arrows, and will use these
field positions to build a phase diagram later [26].

The temperature dependence of χ ′ (see Fig. 6) also reveals a
two-step transition at TN1 (red arrows) and TN2 (black arrows).
The temperature dependencies of χ ′(T ) at H = 0 and 2 T are
similar to those of the dc magnetic susceptibility [χ (T )] data
measured at H = 0.1 T and 2 T. The similarity suggests a
nonglassy magnetic system and allows us systematic studies
of the magnetic field dependence of the transitions. With
increasing magnetic fields, the features related to the two-step
transition shift to low temperatures and become weaker, and
only one transition is observed above H = 3 T in the measured
temperature range. The position of the transition is assigned
to the peak or to the temperature where the high-temperature
extrapolation deviates as shown in the inset of Fig. 6(b).

D. Dielectric constant and polarization

Figure 7 shows the temperature dependence of the dielectric
constant ε′ at different fields. At zero field, two anomalies,
a slope change around 1.4 K and a sharp peak at around
1.1 K, were observed with overall tendency of monotonically
increasing behavior. Here, we focus only on the anomalies as
they are related to the phase transitions and treat the overall
increase of the dielectric constant as background. As the
magnetic field increases, both anomalies become weaker
and shift to lower temperatures. At a certain range of field,
between 2.75 and 3.25 T, an additional smaller peak (indicated
as an asterisk) was observed at a slightly higher temperature
than that of the larger peak. The peak temperatures were
extracted by fitting the curves with independent Gaussian
functions after the background (εbkg) was subtracted. For
example, Fig. 8 shows �ε (=ε − εbkg) at H = 1 and 3.25 T
and the Gaussian fitting curves. The peak temperatures are
indicated as arrows and asterisks.

The field dependence of ε′ also shows several features as
peaks and valleys, while ε′ increases monotonically above
Hs . Their field positions are indicated by down arrows
and as asterisks as shown in Fig. 9. All these features are
closely correlated to the features observed by the dc and ac
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)(

FIG. 6. (Color online) (a) Temperature dependence of the ac
magnetic susceptibility (χ ′) at low fields (0–2 T) (a) and at higher
fields (3.75, 3.5, 3.25, 3, 2.75, 2.5 T from the top) (b). Data are
offset incrementally by 0.02 from 0 T data (a) and 0.04 from 2.5 T
data (b), respectively. The arrows indicate the transitions explained
in the text. The inset of (b) is the detailed view of 3 T data near
the high-temperature transition to show how TN2 was determined.
The solid line is the third-order inverse polynomial fitting of the
high-temperature data.

magnetic measurements, which again support the occurrence
of a series of magnetic phase transitions. For example, at
similar temperatures, the field positions (from low to high
field) for the first peak, the valley, and the second peak shown
by the ε′(H ) curves are consistent with the field positions (from
low to high field) for the first, second, and fourth valley shown
by the χ ′(H ) curves. The small features indicated as asterisks
are originated from the same phenomena observed from the
temperature sweeps (asterisks in Figs. 7 and 8), which are
more clearly seen after the smoothly varying backgrounds are
removed (see the inset of Fig. 9).

In general, dielectric constant anomalies can be observed
from phase transitions associated with different order parame-
ters, i.e., lattice (structural phase transition), polarization [para-
(anti)ferroelectric transition] and magnetization (magnetic
phase transition via magnetoelectric effect). It is possible
that more than one order parameter (e.g., polarization and
magnetization) are involved in the transition as in magnetic
multiferroics. To investigate such possibilities, we performed
polarization measurements.

Figures 10(a) and 10(b) show pyroelectric current (Ip) and
corresponding polarization (P ) data taken at 0, 2, and 3 T.
The polarization can be only observed when the sample is

FIG. 7. (Color online) Temperature dependence of the dielectric
constant (ε′) at different fields of H = 3.75, 3.5, 3.25, 3.0, 2.75,
2.5, 2.0, 1.0, and 0 T from top to bottom. Data are offset by 0.001
incrementally from 0 T data. The solid lines are examples of the
empirical background (third-order polynomial fitting) curves for
H = 1 and 3.75 T data. The arrows and asterisks indicate the
transitions explained in the text.

cooled under electric field (poling) and its sign depends on
the sign of the electric field, thus indicating spontaneous and
reversible characteristics. On the other hand, the polarization is
independent of the presence of magnetic field during the cool
down process, i.e., independent of magnetoelectric annealing.
The magnetoelectric annealing could make a difference if the
transition were purely magnetic in origin as observed in some
magnetoelectric materials [27].

The reversible and spontaneous polarization suggests the
ferroelectric (FE) ground state at low temperatures, hence
multiferroicity in Ba3CoNb2O9. At zero field, P is observed to
increase in two-step processes, a small increase at 1.4 K and a
rapid increase at 1.1 K, which are consistent with the values of
TN2 and TN1. The polarization appears up to 3 T with increasing
field but the transition becomes weaker and broadened. The
magnitude of the polarization is three times smaller than its
sister compound Ba3NiNb2O9, which made it difficult to study
the ferroelectric order parameter (P ) in more detail.

IV. DISCUSSION

An H -T phase diagram [Fig. 11(a)] is constructed by
combining all the data shown above. Each symbol represents
different experimental techniques, whose position corresponds
to the arrows and the asterisks in Figs. 1–10. The positions are
obtained either by estimating the deviation temperature from
the high-temperature extrapolation [e.g., inset of Fig. 6(b)] or
by fitting with the Gaussian function (e.g., Figs. 7 and 8). The
former method was used for χ ′(T ), NPD, and Ip(T ) data, and
the latter for the others. A simplified version without individual
data points is shown in Fig. 11(b). In addition to the high-
temperature paramagnetic (PM) and paraelectric (PE) state,
we consistently identified six different phases from different
measurements. They are labeled as A, A′, B, B′, C, and C′.
We have assigned the A′-B, B-B′, B′-C phase boundaries by
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FIG. 8. (Color online) (a) Temperature dependence of the dielectric constant at different fields after the background is removed.
(b) Expansion of H= 1 and 3.25 T data. The solid lines are Gaussian fitting curves. The arrows and asterisks indicate the transitions
shown in Fig. 7.

referencing the magnetization values of Fig. 3(b) at fields and
temperatures of the phase boundaries, which are 1/3, 1/2,
and 2/3 (or

√
3/3) of Ms , respectively. In most cases, both

magnetic (M , χ , χ ′) and electric (ε′, P ) probes result in the
same phase boundaries due to the multiferroicity. Exceptions
can be found in C-C′ and B-B′ phase boundaries where only
electric or magnetic probes revealed phase transitions. The
two-step process of the polarization and its appearance under
fields indicate that the FE state survives for all magnetic
ordered phases. Therefore, the PE-FE phase boundary follows
the PM/PE-C boundary.

At zero field, all different measurements consistently show
that Ba3CoNb2O9 goes through a two-step transition at TN2 =
1.36 K and TN1 = 1.10 K. The temperature dependence of
the order parameter [Fig. 2(b)] suggests that TN1 is the
temperature below which the system enters a 120◦ AFM phase

FIG. 9. (Color online) Field dependence of ε′ at different tem-
peratures of T = 1.5, 1.32, 1.15, 1.05, 0.94, 0.77, 0.58, 0.48, and
0.4 K from top to bottom. Data are offset by 0.001 incrementally
from the 0.4 K data. Inset: Expansion around H = 3.25 T data at
T = 0.48 K and 0.58 K after the background is removed. The arrows
and asterisks indicate the transitions explained in the text.

(A phase). For a Heisenberg model with an easy-axis exchange
anisotropy, the uud phase has been predicted to extend to
H = 0 [28,29], and an easy-axis single-ion anisotropy has
been shown to stabilize uud-like phases at H = 0 [30], as

FIG. 10. (Color online) (a) Pyroelectric current (Ip) measured
under different poling fields and magnetic fields. (b) Polarization
data obtained from integration of Ip shown in (a). The arrows and
asterisks indicate the transitions explained in the text.
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(b)(a)

FIG. 11. (Color online) The H -T phase diagram (a) with individual data points obtained from the experimental techniques shown in the
legend and (b) in a simplified form without the data points. The lines are guides to eyes. The color of each line matches the color of the arrows
used in Figs. 1–10, whose field or temperature positions were used to build the phase diagram. The solid (dashed) lines represent the phase
boundaries determined by both (either) magnetic and (or) electric probes. The error bars are determined from the procedures of extracting
peak or valley positions (standard deviation of the Gaussian distribution) or estimating the deviation temperature (the uncertainty of the the
high-temperature extrapolation fitting).

observed for Rb4Mn(MoO4)3 (S-5/2) [10]. By contrast, the
uud phase appears to be either absent or very narrow at H = 0
for the isotropic Heisenberg model [31–33]. The two-step
transition for Ba3CoNb2O9 indicates the possible existence
of easy-axis anisotropy in the system. Due to the crystal
field and spin-orbital coupling, it is actually normal for the
Co2+ ions on octahedral sites to show easy-axis anisotropy.
For example, the neutron diffraction results on Ba3CoSb2O9

suggested a 120◦ structure with one spin along the c axis [24].
For ACoB3, they are Ising antiferromagnets with spins lying
parallel or antiparallel to the c axis due to strong easy-axis
anisotropy [25]. Here, one thing that has to be emphasized is
that although the spin structure between TN1 and TN2 was not
clearly resolved by our neutron diffraction measurements, the
phase boundary reference indicates that the C phase between
TN1 and TN2 at zero field is the phase with 2/3 (or

√
3/3) Ms .

Therefore, Ba3CoNb2O9 enters the C phase and then the 120◦
(A) phase upon cooling at zero field; this is different from the
theoretical prediction that the TLAFs will first enter the uud

phase (or the B phase for Ba3CoNb2O9) and then enter the 120◦
phase. This discrepancy needs further studies to be clarified.

Theoretical studies have predicted that for TLAFs with
quantum spins, the quantum spin fluctuations can stabilize the
uud phase over a certain range of magnetic field showing
a magnetization plateau with a value of 1/3 Ms at zero
temperatures [6,34–36], as observed in Cs2CuBr4 (S-1/2)
[13,14], Ba3CoSb2O9 (S-1/2) [3,4,5], Ba3NiSb2O9 (S-1) [11],
and Ba3NiNb2O9 (S-1) [12]. For TLAFs with classical spins,
both an easy-axis exchange anisotropy and an easy-axis
single-ion anisotropy can make the uud phase survive down
to zero temperature [29], as observed in Rb4Mn(MoO4)3 [10].
More interestingly, the recent studies on TLAFs (e.g., 1/2,
5/9, 2/3 Ms in Cs2CuBr4 [14], 3/5 Ms in Ba3CoSb2O9

[4]) revealed that there are more spin states with higher M

values than 1/3 Ms under magnetic fields. Although there is
no full understanding of these spin states yet, one common

agreement is that the strong quantum fluctuations play an
important role for stabilizing the series of quantum spin states,
considering that all the experimental observations of these
extra spin states were made from TLAFs with S-1/2. Here,
our studies on Ba3CoNb2O9 show that it is a rare example
of a TLAF exhibiting a series of spin states with fractional
magnetization as 1/3Ms (B phase), 1/2 Ms (B′ phase), and 2/3
Ms (or

√
3/3 Ms , C phase). These spin states are very similar

to those observed in Cs2CuBr4. Our experimental resolution
cannot make a difference between 2/3 Ms and

√
3/3 Ms . For

Ba3CoNb2O9, the possible easy-axis anisotropy could play
a role for the stabilization of the uud phase, but the strong
quantum spin fluctuations for S-1/2 should be the main factor
leading to the series of quantum spin states.

Here we want to point out that to observe the magnetization
plateau, the external magnetic field should be applied along
a certain direction of single-crystalline samples [4,10,19].
The magnetization plateau can be also observed in powder
samples due to the random orientation of the crystal orientation
in the polycrystalline sample. But due to the averaging
effect, the dM/dH can be smaller in polycrystalline samples
and the magnetization plateau can be not as obvious as in
single-crystal samples [3,11]. The typical dM/dH curve near
the magnetization plateau region shows a U-shaped broad
valley with two sharp peaks at entering and exiting the
plateau region [3,9,10]. In Ba3CoNb2O9, the magnetization
plateau was not clearly observed, which is probably due to the
polycrystalline nature of the sample in our work. Nevertheless,
the peak-valley-peak feature of dM/dH at the magnetic field
where the magnetization is close to 1/3 Ms is suggestive of
the 1/3 Ms magnetization plateau. Similar situations occur for
the 1/2 Ms and 2/3 Ms (or

√
3/3 Ms) cases.

Another two noteworthy features for the phase diagram are
that (i) there is an A′ phase between the A (120◦ structure)
and B (uud) phases. Normally, with increasing field the 120◦
phase directly enters the uud phase, as shown by all other
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TLAFs mentioned above. The A′ phase observed here could
be a new spin flop phase with spins canted from the 120◦
structure but without the up-up-down configuration. This also
suggests that the 120◦ is not stable up to the uud phase in
Ba3CoNb2O9. (ii) The C′ phase boundary is just observed from
the dielectric constant measurements; whether it represents a
true phase transition needs further studies to be clarified.

At the end, we compare Ba3CoNb2O9 to Ba3NiNb2O9,
both of which are rare TLAFs showing coexistence of
successive magnetic phase transitions and multiferroicity. The
comparisons show that (i) the multiferroicity in Ba3CoNb2O9

is similar to what was found in Ba3NiNb2O9; i.e., the FE phase
exists both in collinear and noncollinear spin states. Therefore,
the symmetry argument and the speculation for the FE origin
can be applied to both compounds as stated in Ref. [13]. This
is somewhat expected since the two compounds are exactly
of same structure and share similar magnetic phases. Here
we provide one more rare example of a TLAF with S-1/2 to
confirm the prediction that multiferroicity can be found in a
wide range of trigonal materials with 120◦ spin structure [20].
(ii) Apparently, Ba3CoNb2O9 has a more complicated H -T
phase diagram with the existence of the additional primed
phase. Ba3NiNb2O9 shows a one-step transition at zero field
and simpler 1/3Ms and

√
3/3 Ms phase boundaries under

fields. The complex magnetic phases of the Co sample should
originate from the possible easy-axis anisotropy and the
stronger quantum fluctuations with smaller spin S-1/2. Pre-
sumably, easy-axis anisotropy does not exist in the Ni sample.

In summary, although more work is needed to confirm the
magnetic structures of all phases, the detailed magnetic and
electric studies on Ba3CoNb2O9 reveal that (i) It is a rare quasi-
two-dimensional TLAF with effective S-1/2 showing complex
magnetic phase transitions among phases with fractional
magnetization as 1/3, 1/2, and 2/3 (or

√
3/3) Ms . It provides

another rare example showing that strong quantum fluctuations
on a triangular lattice possibly lead to more quantum spin
states than the theoretically predicted uud state. (ii) It is
multiferroic for all the ordered magnetic phases regardless
of the spin chirality, which is similar to the multiferroicity in
the isostructural Ba3NiNb2O9. The results show the robustness
of the multiferroicity in this class of material.
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