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Using magnetic, thermal, and neutron measurements on single-crystal samples, we show that
Ba3CoSb2O9 is a spin-1/2 triangular-lattice antiferromagnet with the c axis as the magnetic easy
axis and two magnetic phase transitions bracketing an intermediate up-up-down phase in magnetic
field applied along the c axis. A pronounced, extensive neutron-scattering continuum above spin-
wave excitations, observed below TN, implies that the system is in close proximity to one of two
spin-liquid states that have been predicted for a 2D triangular lattice.

PACS numbers: 75.40.Cx, 75.45.+j, 75.40.Gb, 78.70.Nx

The two-dimensional (2D) triangular-lattice antiferro-
magnet (TAF) is one of the simplest possible geometri-
cally frustrated systems. When the spin is small, espe-
cially S=1/2, strong quantum fluctuations in this mag-
net can lead to exotic quantum ground states. One ex-
ample of such states is the quantum spin liquid (QSL),
in which the spin ensemble is prevented from order-
ing by quantum fluctuations and remains in a disor-
dered, liquid-like state [1]. Although Anderson has pro-
posed in 1973 the resonating-valence-bond state, one
kind of QSL [2], it is only recently that several spin-1/2
TAFs—notably κ-(BEDT-TTF)2Cu2(CN)3 [3, 4], and
EtMe3Sb[Pd(dmit)2]2 [5, 6]—have been established as
QSL candidates. Cs2CuCl4 is another spin-1/2 TAF that
has been related to a QSL, although it orders at about 0.6
K. Inelastic-neutron-scattering continua in this material
have been attributed to the proximity of the system to
a QSL, in which spin-wave excitations are fractionalized
into spin-1/2 spinons [7, 8].

A second example of exotic magnetism in TAFs is the
novel up-up-down (uud) ground state, predicted to be
stabilized in spin-1/2 TAFs by quantum fluctuations [9–
11]. This state manifests itself as a constant magne-
tization, equal to 1/3 of the saturation magnetization
Ms, over a finite field range. Cs2CuBr4 is a rare ex-
ample of a spin-1/2 TAF in which an uud state occurs
with an Ms/3 magnetization plateau [12, 13]. Recently,
such a plateau has also been found in another spin-1/2
TAF, Ba3CoSb2O9 [14]. The crystal structure of this

6H perovskite, with lattice constants a= b=5.8562 Å and
c=14.4561 Å, can be represented as a framework consist-
ing of corner-sharing CoO6 octahedra and face-sharing
Sb2O9 bi-octahedra, as shown in Fig. 1(a). The Co2+

ions, which occupy the 2a Wyckoff sites of space group
P63/mmc, form triangular lattices parallel to the ab plane
(Fig. 1(b)), separated by double layers of non-magnetic
Sb. Weak interlayer interactions cause the system to or-
der at about 3.8 K [14, 15]. Due to the strong spin-orbit
coupling and a uniaxial crystal field, the ground state
of Co2+ ions in Ba3CoSb2O9 is a Kramers doublet with
lz+Sz =±1/2. Therefore, at low temperatures the ma-
terial can be described as a TAF with an effective spin
1/2 [14, 15].

Until now, studies of Ba3CoSb2O9 have been largely
limited to polycrystalline samples. The dearth of single-
crystal experiments has left several questions open: (i)
To what extent is the material isotropic? (ii) How does
the magnetic field influence the magnetic ordering, and
what is the magnetic phase diagram? In most antifer-
romagnetic Mott insulators, the Heisenberg coupling J
is too high (on the order of 100 K ∼ 1000 K) compared
with a magnetic field that can be achieved in the labo-
ratory, thus little of the material property is changed in
magnetic field. On the other hand, if the Heisenberg cou-
pling is too weak, then it is difficult to reach a low enough
temperature to probe the quantum ground state of the
system. One of the great advantages of Ba3CoSb2O9 is
that its J (∼ 18 K [14]) is at a very appropriate scale:
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not too large but large enough so that temperatures two
orders of magnitude lower than it can be reached in the
laboratory. Thus the phase diagram of this material in
magnetic field can be fully explored in the laboratory.
(iii) Whether the system is close to a spin-liquid phase,
although it does order at about 3.8 K.
In this letter, we report results of magnetic, specific-

heat, and neutron-scattering measurements on single
crystals of Ba3CoSb2O9, uncovering successive magnetic
phase transitions bracketing an intermediate uud phase
in magnetic fields applied along the c axis, which we find
to be the easy axis. Moreover, a broad continuum above
the spin-wave excitations, observed at 1.5 K, implies that
the system is in close proximity to a spin-liquid phase on
a 2D triangular lattice.
Single crystals of Ba3CoSb2O9 were grown by the

traveling-solvent floating-zone technique. The X-ray
Laue diffraction was used to orient the crystal. DC
susceptibility and magnetization were measured by a vi-
brating sample magnetometer, and magnetic torque was
measured by using a 13µm-thick CuBe cantilever. The
specific-heat measurements were performed in two se-
tups: a Physical Properties Measurements System for
µ0H ≤ 9 T and a home-built relaxation calorimeter for
higher fields up to 18 T. The neutron-scattering mea-
surements were performed with λ = 4.8 Å, on the Disk
Chopper Spectrometer at NIST.
Neutron-diffraction intensities at 1.5K in zero mag-

netic field, after subtracting those at 40K, show magnetic
peaks at the wave vector (1

3
, 1
3
, 1) and multiples, indica-

tive of a 120◦ spin structure, as shown in Fig. 1(c). This
is in agreement with an earlier result on a polycrystalline
sample [15]. The magnetic susceptibility, χ = M/H , at
5T exhibits a peak at about 3.6 K, corresponding to the
reported antiferromagnetic ordering [14, 15], when H//c,
but not when H//a (Fig. 1(d)). At 2 K, the magnetiza-
tion up to 9 T rises more rapidly with increasing field for
H//c than for H//a (inset of Fig. 1(d)). This anisotropy
persists even after the magnetization and field are scaled,
indicating that it does not arise from an anisotropy in the
g factor alone. These results clearly show that the c axis
is the magnetic easy axis.
With increasing field, the χ peak for H//c moves to

lower temperatures, as shown in Fig. 2(a). At 6T, an ad-
ditional feature, a slope change, appears at about 4 K and
moves to higher temperatures with increasing field. Ac-
cordingly, the derivative d(χT )/dT exhibits one anomly
at low fields and two anomalies at high fields, as shown
in Fig. 2(b) for µ0H = 3 T and 8T. We define TN1 and
TN2 by the locations of the lower- and higher-temperature
anomalies, respectively. The magnetic torque at 27 mK
(Fig. 1(e)) exhibits two clear anomalies, at µ0Hc1 =9.8T
and µ0Hc2=15.1T parallel to the c axis.
Specific heat, CP , for H//c is shown in Figs. 2(c)–

2(e). The zero-field data, at temperatures in increments
of 0.01K, show a single peak at TN1. With increasing
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FIG. 1: (Color online) (a) Schematic crystal structure of
Ba3CoSb2O9. Green octahedra represent Co sites and blue
octahedra represent Sb sites. (b) Magnetic lattice composed
of Co2+ ions. (c) Neutron-diffraction data at 1.5K, after
subtracting the 40K data. The error bars represent +/-1σ.
(d)Temperature dependences of the magnetic susceptibility,
χ, at 5T. Inset: Magnetization at 2 K. (e) Torque in mag-
netic fields H//c at 27mK.

field, this peak becomes smaller and moves to lower tem-
peratures. At 5.8T, another peak appears at a higher
temperature, which is consistent with TN2 determined
from χ. As shown in Fig. 2(b), both d(χT )/dT and
CP /T show one feature, at TN1, at 3 T and two features,
at TN1 and TN2, at 8 T. With increasing field, this sec-
ond peak grows and moves to higher temperatures, and
reaches a maximum at about 12T, above which it de-
creases in height and temperature. CP as a function of
field, measured with a fixed electric current to a heater
attached to the thermal reservoir, shows that Hc1 de-
creases, whereas Hc2 increases, with increasing tempera-
ture (Fig. 2(e)). By contrast, CP measured in H//a at
9T, exhibiting a single peak, is similar to that at zero
field except for a small shift of the peak to a lower tem-
perature (Fig. 2(f)).

All the transition features described above are used
to construct the T –H phase diagram for H//c shown in
Fig. 3. Three regions (A–C) are identified. In region
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FIG. 2: (Color online) (a) Temperature dependence of χ of
Ba3CoSb2O9 at different fieldsH//c. (b) d(χT )/dT vs. T and
CP /T vs. T at 3 T and 8 T with H//c. (c and d) Temperature
dependence of CP /T at different fields H//c. (e) Specific heat
for H//c as a function of field. (f) Specific heat at 9T applied
along the a axis, along with the zero-field data for comparison.
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FIG. 3: (Color online) Magnetic phase diagram of
Ba3CoSb2O9 for H//c. A : 120◦ structure phase, B: uud
phase, C: oblique phase. The arrows represent the spin struc-
tures in each phase.

A, a 120◦ structure with spins canting toward the c axis
due to easy-axis anisotropy is stable. With increasing H ,
the uud structure takes over in the intermediate region
B, leading to a 1/3 magnetization plateau, as has been
confirmed by magnetization measurements on a powder
sample [14]. With further increase in H , the uud struc-
ture gives way to the “oblique” structure (region C) with
two parallel spins and one canted to a different direction.

It is noteworthy that our zero-field specific heat, mea-
sured in 0.01 K increments, shows only one transition,
indicating that the uud phase is stable only at finite
fields. Near and at zero field, the phase diagram of the
triangular-lattice antiferromagnet is not yet fully under-
stood even for classical spins, let alone S=1/2. For a
Heisenberg model with an easy-axis exchange anisotropy,
the uud phase has been predicted to extend to H =0
[16, 17], and an easy-axis single-ion anisotropy has been
shown to stabilize uud-like phases at H =0 [18]. By con-
trast, the uud phase appears to be either absent or very
narrow at H =0 for the isotropic Heisenberg model [19–
21]. Relying on these predictions for classical spins, we
propose that Ba3CoSb2O9 is close to the isotropic Heisen-
berg model, despite the evidence that it has a magnetic
easy axis, the c axis. Recently reported zero-field spe-
cific heat aBa3CoSb2O9 crystal grown from a melt shows
a three-step transition over a very narrow temperature
range, about 3% of TN1 [14]. As in our case, this narrow-
ness has been interpreted to indicate that the system is
close to the isotropic Heisenberg model. The discrepanc
in the number of transition steps between our result and
that of Ref. [14] is probably attributable to the difference
in the sample-growth techniques.

The reported saturation field of Ba3CoSb2O9 is
µ0Hc3 =31.9T [14]. Therefore, the width of the uud
phase determined here at 27mK is 0.16Hc3, covering
0.31≤H/Hc3≤ 0.47. This large width near zero tem-
perature is consistent with powder-sample magnetization
data at 1.3K [14]. In a TAF with classical spins, ther-
mal fluctuations stabilize the uud phase at finite tem-
peratures. The magnetic field range of this thermally
stabilized uud phase decreases with decreasing tempera-
ture and vanishes at zero temperature. Classical theory
has predicted that both an easy-axis exchange anisotropy
and an easy-axis single-ion anisotropy can make the uud
phase survive down to zero temperature [17], as has been
observed in Rb4Mn(MoO4)3 with Mn2+ (S=5/2) [22].
However, Ba3CoSb2O9 is close to the Heisenberg model
with isotropic exchange interactions as argued above, and
single-ion anisotropy does not exist for S=1/2. There-
fore, the only other known stabilizing mechanism, quan-
tum spin fluctuations [9, 23–25], must be mainly respon-
sible for the large width of the uud phase near zero tem-
perature in Ba3CoSb2O9.

In this respect, the phase diagram of Ba3CoSb2O9 is
similar to that of Cs2CuBr4. However, in Cs2CuBr4,
the triangular lattice is distorted, resulting in spatially
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FIG. 4: (Color online) Intensity contour plots for inelastic
neutron scattering at 1.5 K (a) For the energy range of 0.6–
0.8meV. (b) For 0.8–1.1 meV. (c) For 1.1–1.3 meV. Dashed
lines in (a) indicate the three-sublattice Brillouine zones. (d)
A cut along [H,H,0] for K ranging from 0.2 to 0.5 reciprocal
lattice units.

anisotropic nearest-neighbor exchange interactions with
J2/J1 =0.74 [12, 13]. Moreover, the phase boundaries of
the uud phase in Cs2CuBr4 are first order as indicated
by steps in magnetic torque data [13], probably due to a
weak Dzyaloshinkii-Moriya interaction arising from the
low lattice symmetry. By contrast, such steps are absent
(Fig. 2(e)) in Ba3CoSb2O9, indicating that the phase
boundaries in this material are second order, as predicted
for an ideal spin-1/2 Heisenberg TAF [9].

Figure 4 shows the inelastic neutron scattering pat-
tern for Ba3CoSb2O9 at 1.5 K. At this temperature,
below TN1, magnetic excitations are clearly observed
(Fig. 4(d)). At low energy (Fig. 4(a)), spin-wave exci-
tations appear, forming a hexagonal pattern. With in-
creasing energy (Figs. 4(b) and 4(c)), these excitations
expand to form a continuum. A cut along [H,H,0] also
shows clearly a broad continuum above the spin-wave
dispersion at least up to 1.6 meV (Fig. 4(d)). The min-
ima of the spin-wave excitations at the commensurate
wave vector Q0=(1

3
, 1
3
, 0) and its multiples is also ob-

served (Fig. 4(d)). The continuum implies either strong
interactions and scattering between spin-wave modes, or
a strong fractionalization of spin-wave excitations. In
Cs2CuCl4, similar continua have been observed by inelas-
tic neutron scattering [7, 8] and have been interpreted as
the fractionalization of spin-wave excitations due to the
quasi-one-dimensional nature of this material. However,
fractionalization of spin-wave excitations in an isotropic
2D system has never been clearly observed previously.
Since the triangular lattice in Ba3CoSb2O9 is ideal, the
continuum of Fig. 4 could be the first experimental evi-
dence for fractionalization of spin-wave excitations in two

dimensions, implying that the spin order in Ba3CoSb2O9

is in close proximity to a spin-liquid phase on the trian-
gular lattice.
What type of spin-liquid state is this? Since this state

is close to a spin order in which spin wave excitations
have a clear minimum at the commensurate wave vector
Q0, it is reasonable to expect not only that the state has
gapless fractionalized spinon excitations but also that its
spin structure factor peaks at Q0. So far three types of
spin liquids have been proposed for 2D spin-1/2 TAFs
such as κ-(ET)2Cu2(CN)3 and EtMe3Sb[Pd(dmit)2]2:
(i) A spinon Fermi-surface state with a fluctuating

U(1) gauge field [26, 27]. This state has a finite density of
states for spinon excitations, but the spin structure factor
of this state does not necessarily peak at any commen-
surate wave vector. Moreover, after the system develops
a weak spin-density wave, the spinon Fermi-surface is
not immediately gapped, and the system still has a finite
density of states for gapless spinons. These predictions
are not completely consistent with our inelastic neutron
data.
(ii) A quantum critical state between Z2 spin liquid

and an ordered state with commensurate spiral spin den-
sity wave [28]. This quantum critical state has gapless
spinon excitations, and its spin structure factor indeed
peaks at momenta Q0.
(iii) A gapless spin-liquid state with both Dirac-like

fermionic spinon excitations, and spinon excitations with
a quadratic band touching. This is a stable gapless spin-
liquid state whose spin structure factor peaks at Q0. In
Ref. [29], this spin-liquid state was proposed for the spin-
1 material Ba3NiSb2O9, but the proposal is equally valid
for the spin-1/2 case after a simple generalization [30].
Based on these observations we conclude that the the-

ories (ii) and (iii) are better candidates for the spin liquid
state that is responsible for the fractionalization of spin-
wave excitations in Ba3CoSb2O9.
In summary, single crystals of Ba3CoSb2O9, a 2D S

= 1/2 triangular-lattice antiferromagnet, were synthe-
sized. In a magnetic field applied along the magnetic
easy axis, the c axis, the system undergoes successive
magnetic phase transitions with a uud phase stabilized
even at 27 mK. Although Ba3CoSb2O9 orders at about
3.7 K, we argue, based on the extended continuum ob-
served above the spin-wave excitations at 1.5 K, that it
is in close proximity to a spin-liquid phase. These re-
sults make Ba3CoSb2O9 a rare spin-1/2 triangular-lattice
magnet in which not only the uud phase is stabilized but
also spin waves may be fractionalized.
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