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Ba3CoSb2O9 approximates the two-dimensional spin- 1
2 triangular-lattice Heisenberg antiferromagnet. This

compound displays magnetic-field-induced quantum phase transitions, including the 1
3 -magnetization plateau,

but its magnetization processes for the magnetic field H parallel and perpendicular to the c axis are different due
to the weak easy-plane anisotropy and the weak interlayer antiferromagnetic exchange interaction. To elucidate
how the quantum phase transitions change between these two field directions, we measured the field-angle
dependence of the magnetization process in Ba3CoSb2O9 using pulsed high-magnetic fields. We compared
obtained magnetic-field–field-angle phase diagram with those obtained by the large-size cluster mean-field
method combined with a scaling scheme and the semiclassical theory. We also found a narrow 1

3 -magnetization
plateau and a high-field transition with a small magnetization jump for H ‖ c, not observed in the previous
studies.

DOI: 10.1103/PhysRevB.106.104415

I. INTRODUCTION

Usual phase transitions exemplified by the solid-liquid
and ferromagnetic-paramagnetic transitions are induced by
temperature variations. The driving forces are thermal fluctu-
ations. On the other hand, quantum phase transitions (QPTs)
are transitions between different quantum ground states
caused by the continuous variation of interactions, which can
be tuned by the magnetic field, pressure, etc. QPTs are driven
by the quantum fluctuation [1,2]. The S = 1

2 triangular-lattice
Heisenberg antiferromagnet (TLHAF) exhibits typical QPTs.
The ground state of the two-dimensional (2D) S = 1

2 TLHAF
with the nearest-neighbor exchange interaction at zero mag-
netic field has been considered to be an ordered state with
the 120◦ structure [3–9]. Although the ground state is quali-
tatively the same as the classical ground state, the sublattice
moment is reduced to about 40% of the full moment due to
the quantum fluctuation [3–10].

In a magnetic field, an up-up-down (UUD) spin structure
is stabilized in a finite field range by the quantum fluctuation.
Consequently, the 2D S = 1

2 TLHAF exhibits a nonclassical
magnetization plateau at one-third of the saturation magneti-
zation Ms [11–22]. With increasing magnetic field, successive
QPTs from the Y-shaped coplanar state to the UUD state, and
to the 2 : 1 canted coplanar state, occur [12–22].

The quantum magnetization plateau characteristic of
the 2D S = 1

2 TLHAF was experimentally confirmed in
Ba3CoSb2O9 [23–25], in which magnetic Co2+ ions with
an effective spin S = 1

2 at low temperatures [26–28] form a
uniform triangular lattice [29,30]. However, the magnetization
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plateau was observed only for H ‖ ab and not for H ‖ c [24].
In addition, an unexpected high-field phase transition with
a small magnetization jump was observed above the plateau
state for H ‖ ab [24]. This anisotropic magnetization pro-
cess and the high-field phase transition were quantitatively
explained by taking into account both the weak XY-like
anisotropic exchange interaction and the weak antiferromag-
netic interlayer exchange interaction [31–34]. The exchange
anisotropy and the antiferromagnetic interlayer exchange
interaction also give rise to the different magnetic-field–
temperature phase diagrams for H ‖ ab and H ‖ c [32,35,36].
Besides Ba3CoSb2O9, 1

3 -magnetization plateaus were ob-
served in many quasi-2D quantum triangular-lattice anti-
ferromagnets such as Cs2CuBr4 [37–39], Ba2CoTeO6 [40],
Ba2La2CoTe2O12 [41], CsYbSe2 [42], and NaYbSe2 [43,44]
with the weak XY-like anisotropy; and Ba3NiSb2O9 [45],
Ba2La2NiTe2O12 [46], and Na2BaCo(PO4)2 [47] with the
weak Ising-like anisotropy. Observing a well-defined mag-
netization plateau shows that the sample has no exchange
randomness, as it is theoretically shown that the exchange
randomness makes indistinct the magnetization plateau [48].

Figure 1 shows possible spin structures of the S =
1
2 triangular-lattice antiferromagnet with the weak XY-like
anisotropy and the weak antiferromagnetic interlayer ex-
change interaction at zero and finite magnetic fields for H ‖ ab
and H ‖ c. The QPT sequence for H ‖ ab in Ba3CoSb2O9 is
(a) → (b) → (c) → (d) → (e) [31–34], which was con-
firmed by a neutron diffraction experiment in high magnetic
fields [49]. The transition from the lower high-field coplanar
state (d) to the upper high-field coplanar state (e) is caused
by the synergy between the weak antiferromagnetic interlayer
exchange interaction and quantum fluctuation [31–34]. For
H ‖ c, only a transition from the umbrella structure (f) to the
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FIG. 1. Possible spin structures of the S = 1
2 triangular-lattice

antiferromagnet with the weak XY-like anisotropy and the weak
antiferromagnetic interlayer exchange interaction for H ‖ ab and
H ‖ c. Solid and dashed arrows respectively depict three sublattice
spins (SA, SB, SC) and (S′

A, S′
B, S′

C) in neighboring triangular layers.
(a) Zero-magnetic-field structure; (b) low-field coplanar structure for
H ‖ ab; (c) up-up-down (UUD) structure; (d) and (e) lower and upper
high-field coplanar structures, respectively; (f) umbrella structure for
H ‖ c; and (g) � structure. Solid and dotted lines in panel (a) denote
the intralayer and interlayer exchange interactions, respectively.

lower-field coplanar structure (d) was observed in a previous
study [24], although the theory predicts a similar high-field
transition between the (d) and (e) structures as observed for
H ‖ ab [32]. Later the high-field transition for H ‖ c was ob-
served via specific heat measurement [50]. The high-field
transition from the (d) state to the (e) state is absent for a
ferromagnetic interlayer exchange interaction as in the case
of CsCuCl3 [33,51–58], and the 2 : 1 canted coplanar state is
stable up to the saturation.

It is not clear how the field-induced QPTs change with
varying field orientation in Ba3CoSb2O9. Using the semi-
classical theory, Koutroulakis et al. [32] investigated the
field-orientation dependence of field-induced transitions and
obtained a ground-state phase diagram for magnetic field vs
field orientation. The phase diagram appears nontrivial be-
cause the transition field related to the higher edge field of the
1
3 -magnetization plateau for H ‖ ab increases with the angle
between the magnetic field and the ab plane. However, the
transition field connected to the lower edge field is almost
independent of the field orientation, and the critical field for
the high-field transition with a small magnetization jump has
a clear maximum at an intermediate field angle. Recently,
Fortune et al. [59] have reported the field-angle dependence
of phase transitions in Ba3CoSb2O9 measured via the field
dependencies of specific heat, thermal conductivity, and mag-
netic torque. However, the anomalies of these quantities were
broad rather than sharp. Therefore, there appears to be a cer-
tain level of ambiguity in determining critical fields. It also

Quartz stage

Sample

Heat shrinkable tube

Magnetic field

FIG. 2. Sample holder used in the present high-field magneti-
zation measurements. A plate-shaped sample is held between two
quartz stages with a slope having an angle of θ to the horizontal
plane.

seems difficult to identify whether these anomalies arise from
the phase transition or crossover.

This paper presents the results of high-field magnetiza-
tion measurements on Ba3CoSb2O9 conducted by varying
the angle θ between the magnetic field and the c axis. We
found a narrow 1

3 -magnetization plateau and a high-field
transition with a small magnetization jump for H ‖ c, which
were not observed in the previous magnetization study [24].
We compare the obtained magnetic-field–field-angle (H-θ )
phase diagram with those obtained by the large-size cluster
mean-field method combined with a scaling scheme (CMF +
S) [19,33] and the semiclassical theory [32]. The obtained
H-θ phase diagram is generally in accordance with those
obtained by these theories.

II. EXPERIMENTAL DETAILS

Single crystals of Ba3CoSb2O9 were grown from the melt
using a Pt crucible or a Pt tube with one end welded.
Ba3CoSb2O9 powder prepared by a procedure described in
a previous paper [23] was packed into the Pt crucible or the
Pt tube. The temperature of the furnace was decreased from
1700 ◦C to 1650 ◦C over two days. Plate-shaped crystals were
extracted. The wide faces have already been identified to be
the ab plane by previous x-ray single-crystal diffraction and
magnetization measurements.

The field-angle dependence of magnetization M was mea-
sured at T = 1.8 K, which is sufficiently lower than the
Néel temperature TN = 3.8 K [30], in magnetic fields up to
μ0H = 7 T using a superconducting quantum interference
device (SQUID) magnetometer (MPMS-XL, Quantum De-
sign) equipped with a sample rotator. The magnetizations at
T = 0.5 K in magnetic fields up to μ0H = 7 T for H ‖ ab
and H ‖ c were also measured using a 3He device (iHelium3,
IQUANTUM). The field-angle dependence of magnetization
in pulsed high-field magnetic fields up to 52 T was mea-
sured at T = 1.3 K at the Institute for Solid State Physics,
University of Tokyo. Figure 2 illustrates the sample holder
used in the high-field measurement. A plate-shaped sample
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with a wide ab plane was held between two quartz stages
with a slope having an angle of θ to the horizontal plane in
a heat-shrinkable tube with an inside diameter of 2.5 mm. We
prepared many sets of quartz stages with different slopes to
measure the field-orientation dependence of the magnetization
process. The magnetic field was applied parallel to the cylin-
drical axis of the holder, i.e., H ‖ c when θ = 0◦. The absolute
value of the high-field magnetization was calibrated with the
magnetization measured by the SQUID magnetometer.

In the previous study [24], approximately ten single crys-
tals were stacked in a holder. In the present experiment, we
used one single crystal to prevent the dispersion of the crystal
orientation. Consequently, sharp magnetization anomalies in-
dicative of phase transitions were observed, as shown below.
However, the absolute value of magnetization has a certain
error level because the background signal, mainly due to the
sample holder, is relatively enhanced.

III. RESULTS AND DISCUSSION

Figures 3(a) and 3(b) show the magnetization processes in
Ba3CoSb2O9 measured for H ‖ ab and H ‖ c, respectively, at
T = 1.3 K using pulsed magnetic fields [60]. The magneti-
zation data were corrected for the Van Vleck paramagnetism,
which was estimated from the magnetization slope above the
saturation. The transition anomalies in dM/dH for both field
directions are much sharper than those observed in the previ-
ous study [24]. This is because the dispersion of the crystal
orientation is almost absent owing to the use of one single
crystal. Field-induced QPTs and the saturation are identified
at H (ab)

c1 = 9.8 T, H (ab)
c2 = 15.6 T, H (ab)

c3 = 23.2 T, and H (ab)
s =

32.4 T for H ‖ ab, and at H (c)
c1 = 12.0 T, H (c)

c2 = 13.6 T,
H (c)

c3 = 22.4 T, and H (c)
s = 33.3 T for H ‖ c. It is particularly

notable that a narrow 1
3 -magnetization plateau and a transition

with a small magnetization jump are clearly observed for
H ‖ c between H (c)

c1 and H (c)
c2 and at H (c)

c3 , respectively, which
were not observed in the previous magnetization study [24].
This result indicates that the QPT sequence for H ‖ c is
(a) → (f) → (c) → (d) → (e) in the spin structures shown in
Fig. 1 [19,21,32]. Note that this QPT sequence for H ‖ c was
also confirmed by a neutron diffraction experiment in high
magnetic fields [61].

Here, we analyze the magnetization processes for H ‖ ab
and H ‖ c based on a model expressed as

H =
∑

〈i, j〉

[
J
(
Sx

i Sx
j + Sy

i Sy
j

) + JzS
z
i Sz

j

]

+ J ′ ∑

〈i, j〉′
Si · S j − gμB

∑

i

H · Si, (1)

where the first and second terms are the antiferromagnetic
exchange interactions in a triangular layer and between trian-
gular layers, respectively. We describe the dominant intralayer
exchange interaction by the XXZ model. However, we express
the weak interlayer exchange interaction by the Heisenberg
model for simplification. We calculate the magnetization pro-
cess in the ground state using the CMF + S method [19,33].
Thin solid and dotted lines in Figs. 3(a) and 3(b) are the-
oretical magnetization and its field derivative, respectively,
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FIG. 3. Field dependence of the magnetization M (left) and its
field derivative dM/dH (right) of Ba3CoSb2O9 measured at T =
1.3 K for (a) H ‖ ab and for (b) H ‖ c, respectively, where the Van
Vleck paramagnetism was corrected. Thin solid and dotted lines
are theoretical magnetization curves and their field derivatives, re-
spectively, calculated by the CMF + S method with Jz/J = 0.75 and
J ′/J = 0.05, where the saturation fields and saturation magnetiza-
tions are normalized by the experimental values. The inset of panel
(b) is an enlargement around the 1

3 -magnetization plateau.

calculated with Jz/J = 0.75 and J ′/J = 0.05, where the sat-
uration fields and saturation magnetizations for both field
directions are normalized by the experimental values. For
H ‖ ab, the agreement between experimental results and the-
ory is almost perfect. However, for H ‖ c, there are some
disagreements between experimental results and theory. Due
to the finite temperature effect, the magnetization has a finite
slope in the 1

3 -magnetization plateau state, and the magneti-
zation anomaly around the higher edge field of the plateau
is not sharp compared to the theory. The theory predicts a
transition at 30.9 T between the upper high-field coplanar
state and the highly symmetric � state shown in Figs. 1(e)
and 1(g), respectively. The � state is stabilized immediately
below the saturation for H ‖ c owing to the XY-like anisotropy
and quantum fluctuation in a specific parameter range [19,33].
However, no apparent magnetization anomaly indicative of a
transition between the upper high-field coplanar state and the
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FIG. 4. Low-field magnetization process of Ba3CoSb2O9 mea-
sured at T = 0.5 K for H ‖ ab using a SQUID magnetometer.

� state was observed in the present experiment. Note that the
emergence of the � state in the theoretical prediction for H ‖ c
depends largely on the value of the interlayer interaction J ′, as
in the case of H ‖ ab [33]. For smaller J ′/J , say 0.025, the �

state below the saturation is absent, while the overall feature of
the experimental magnetization curve is still well reproduced
with the setting of a larger anisotropy, Jz/J = 0.73. Further
measurements are necessary to confirm the presence or ab-
sence of the transition.

Recently, Fortune et al. [59] have reported an additional
low-magnetic-field phase transition at H � 6 T for H ‖ a,
which emerges only below T = 1 K before reaching the 1

3 -
magnetization plateau state. To confirm this transition, we
measured the magnetization in Ba3CoSb2O9 for H ‖ ab at
T = 0.5 K in a steady magnetic field up to 7 T using a SQUID
magnetometer. We did not identify the field direction in the
ab plane, because the in-plane magnetic anisotropy should
be negligible. Figure 4 shows the magnetization M (left) and
its field derivative dM/dH (right) as a function of H at T =
0.5 K. No anomaly is observed around H = 6 T in both the
M and dM/dH data. Thus, the origin of the thermodynamical
anomalies at H � 6 T for H ‖ a [59] is unclear at present.

Figure 5 shows field derivatives of magnetization dM/dH
vs magnetic field H measured at various field angles θ . Field-
induced QPTs are clearly observed as sharp anomalies of
dM/dH . A systematic change in transition field can be seen
upon varying the field angle θ from 90◦ to 0◦. Figure 6(a)
shows the transition data. We label the emerging phase in
accordance with Ref. [32]. The low-field (LF) phase emerges
at low magnetic fields and corresponds to the low-field
coplanar state (b) and the umbrella state (f) below the 1

3 -
magnetization plateau for H ‖ ab and H ‖ c, respectively. The
lower-intermediate-field (LIF) and the upper-intermediate-
field (UIF) phases continuously connect the 1

3 -magnetization
plateau state (UUD) and the lower-high-field state (d) for
H ‖ ab, respectively. The high-field (HF) phase corresponds to
the upper-high-field state (e) for H ‖ ab and H ‖ c. In Fig. 6(a),
Hc1, Hc2, Hc3, and Hs are the critical fields for the LF–LIF,
LIF–UIF, and UIF–HF (LIF–HF) transitions and saturation,
respectively.
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FIG. 5. Field derivatives of raw magnetization dM/dH vs mag-
netic field H of Ba3CoSb2O9 measured at various field angles θ . The
data are shifted upward by multiples of 0.1 (μB/T)/Co2+. Vertical
arrows denote transition fields.

The lowest critical field Hc1, which is the lower edge field
of the 1

3 -magnetization plateau for H ‖ ab, slightly increases
with decreasing θ from 90◦. For θ � 15◦, the anomaly of
dM/dH at Hc1 is sharp but continuous, while for θ = 10◦
and 0◦, dM/dH displays a δ-function-like peak at Hc1 indica-
tive of the first-order transition with a magnetization jump.
This result shows that the LF–LIF transition changes from
the second-order to the first-order between 15◦ and 10◦. The
change in the nature of the LF–LIF transition can be con-
firmed by the microscopic calculation using the CMF + S
method, as shown in Fig. 6(b).

In the 1
3 -magnetization plateau state for H ‖ ab, dM/dH

exhibits sharp rectangular anomalies at both edge fields Hc1

and Hc2. With decreasing field angle θ from 90◦, the anomaly
of dM/dH at Hc1 remains sharp and vertical, irrespective of
θ , while the anomaly at Hc2 is smoothed down to a cusp,
as shown in Fig. 7. This indicates that the 1

3 -magnetization
plateau at θ = 90◦ changes its shape to a ski-jump ramp
with decreasing field angle θ , which is consistent with the
semiclassical theory [32], and can also be reproduced by the
microscopic calculation shown in Fig. 7.

Note that the critical field Hc2 for the LIF–UIF tran-
sition, which corresponds to the higher edge field of
the 1

3 -magnetization plateau for H ‖ ab, increases with
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FIG. 6. (a) Experimental and (b) theoretical ground-state phase
diagrams parametrized by magnetic field and field angle θ (H -θ
phase diagram) for Ba3CoSb2O9 obtained by the magnetization mea-
surements and the calculations using the CMF + S method with
Jz/J = 0.75 and J ′/J = 0.05, respectively. The saturation fields
in panel (b) are normalized by the experimental saturation fields.
Solid and dashed curves are guides to the eye, which denote the
second-order and first-order phase transitions, respectively. Phases
are labeled in accordance with Ref. [32] as the low-field phase (LF),
the lower-intermediate-field phase (LIF), the upper-intermediate field
(UIF), the high-field phase (HF), and the fully polarized phase (FP).
Hc1, Hc2, Hc3, and Hs are the critical fields for the LF–LIF, LIF–UIF,
and UIF–HF (LIF–HF) transitions and saturation, respectively. Two
1
3 -magnetization plateau (UUD) phases exist for H ‖ ab and H ‖ c,
depicted by two vertical red lines.

decreasing θ from 90◦, thus increasing the field range be-
tween Hc1 and Hc2. Figure 7 shows the experimental and
calculated field dependencies of dM/dH for θ = 60◦ and 40◦.
The experimental results are well reproduced by the CMF + S
calculations with the same exchange parameters used for the
calculations for H ‖ ab and H ‖ c shown in Figs. 3(a) and 3(b).
The transition anomaly at Hc2 becomes small with decreasing
θ . The anomaly of experimental dM/dH at Hc2 is barely
distinguishable at θ = 40◦ by comparing to the theoretical
dM/dH , which exhibits a small stepwise anomaly at Hc2. The
calculated transition fields Hc2 and Hc3 are somewhat higher
than those observed. As shown in Fig. 6(b), the calculated
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FIG. 7. Field dependence of the magnetization M (left) and its
field derivative dM/dH (right) of Ba3CoSb2O9 measured at T =
1.3 K for θ = 40◦ and 60◦. The data of M and dM/dH for θ = 60◦

are shifted by 2.0 μB/Co2+ and 0.2 (μB/T)/Co2+, respectively. Thin
dotted lines are dM/dH vs H calculated by the CMF + S method
with Jz/J = 0.75 and J ′/J = 0.05, where the saturation fields and
saturation magnetizations are normalized by the experimental values.
Vertical blue arrows and inverse orange triangles denote experimen-
tal and theoretical transition fields, respectively.

LIF–UIF boundary meets the UIF–HF boundary. However, it
is not clear whether the experimental LIF–UIF boundary has
an endpoint or whether it meets the UIF–HF boundary.

The two plateau states for H ‖ ab and H ‖ c are not the
two ends of a plateau phase. These results are somewhat
surprising because it is naively expected that a plateau phase
exists for 0◦ < θ < 90◦ that connects the two plateau states
for H ‖ ab and H ‖ c and that its field range decreases mono-
tonically with decreasing θ from 90◦ to 0◦. It is considered
that the enhanced field range of the LIF phase is attributed to
the XY-like exchange anisotropy, which breaks the rotational
symmetry around the external magnetic field [32,33]. This
U (1) symmetry is conserved only for H ‖ c.

The critical field Hc3 for the UIF–HF (LIF–HF) transi-
tion shows a shallow minimum at θ = 65–70◦ and a clear
maximum at θ = 15–20◦, as predicted by the semiclassical
theory [32]. As shown in Fig. 3(b), the CMF + S calcu-
lation for H ‖ c with Jz/J = 0.75 and J ′/J = 0.05 predicts
the emergence of the �- state between the upper high-field
coplanar state and the fully polarized state. The calcula-
tion shows that the LIF–UIF boundary connects with the
transition field between the upper high-field coplanar state
and the � state, as shown in Fig. 6(b). Further measure-
ments are necessary to verify the theory. The � state is
stabilized for H ‖ c with the help of the XY-like anisotropy
and quantum fluctuation [19,33]. Because the XY-like
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anisotropy in Ba2La2CoTe2O12 is relatively larger than that
in Ba3CoSb2O9 [41], we can expect the emergence of the �

state in Ba2La2CoTe2O12.
The high-field LIF–HF transition (Hc3) is no longer ob-

served in the dM/dH data at θ = 10◦, as shown in Fig. 5.
At θ = 10◦, the anomaly assigned to Hc2 is also absent. The
narrow 1

3 -magnetization plateau state at θ = 0◦ immediately
changes into the shape of a ski-jump ramp at θ = 10◦. The
CMF + S calculations show that the 1

3 -magnetization plateau
state emerges only for θ < 5◦, as shown in Fig. 6(b), and that
in the vicinity of θ = 0◦ the transition anomalies for Hc2 and
Hc3 become so small that they are difficult to be detected.
Thus, the phase boundaries near θ = 0◦ are sensitive to the
field angle θ . To investigate the phase boundaries near θ = 0◦
in detail, a precise magnetization measurement with the fine-
tuning of the field angle θ is necessary.

In the previous magnetization study [24], neither the nar-
row 1

3 -magnetization plateau nor the high-field transition was
observed for H ‖ c. In that experiment, about ten single crys-
tals were stacked in a cylindrical holder. Consequently, a
dispersion of crystal orientations of at most ±10◦ was in-
evitable. Thus, we deduce that the narrow 1

3 -magnetization
plateau and the high-field transition were smeared out owing
to the dispersion of crystal orientations because the fields and
the magnitude of anomalies at Hc2 and Hc3 are sensitive to the
field angle θ near θ = 0◦.

IV. CONCLUSION

The magnetic-field-orientation dependence of QPTs
in the quasi-2D S = 1

2 triangular-lattice antiferromagnet
Ba3CoSb2O9 has been investigated by magnetization mea-

surements using one single crystal. The transition anomalies
in the field derivative of the magnetization dM/dH were sharp
and clear because of the absence of the dispersion of the
crystal orientation. We observed a 1

3 -magnetization plateau
and a high-field transition with a small magnetization jump for
H ‖ c, which were not observed in the previous study [24]. We
obtained a ground-state H-θ phase diagram of Ba3CoSb2O9

as shown in Fig. 6(a). The features of the phase diagram
are summarized as follows. The LF–LIF transition changes
from the second-order to the first-order at θ = 10◦–15◦ with
decreasing field angle θ . The critical field Hc2 for the LIF–UIF
transition increases with decreasing θ ; thus, the field range
of the LIF phase is enhanced. The critical field Hc3 for the
UIF(LIF)–HF transition has a clear maximum at θ = 15◦–20◦.
The H-θ phase diagram is generally in accordance with the
theoretical phase diagram obtained by the CMF + S calcula-
tions with Jz/J = 0.75 and J ′/J = 0.05, as shown in Fig. 6(b).
Due to the small XY-like anisotropy and weak antiferromag-
netic interlayer exchange interaction, the phase boundaries
display nontrivial field-angle dependence. It will be of interest
to investigate the H-θ phase diagram by tuning the anisotropy
and the interlayer exchange interaction using hydrostatic pres-
sure as recently performed for CsCuCl3 [57,58].
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