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Magnetization plateau in the frustrated quantum spin system Cs2CuBr4
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The magnetic phase transitions of Cs2CuBr4, which may be described as a spin-1
2 quasi-two-dimensional

frustrated antiferromagnet, were investigated by means of magnetization and specific heat measurements.
Cs2CuBr4 undergoes magnetic ordering at a Ne´el temperatureTN51.4 K at zero magnetic field. The magne-
tization curve has a plateau at approximately one-third of the saturation magnetization for a magnetic fieldH
parallel to theb andc axes, while no plateau was observed forHia. The field-induced phase transition to the
plateau state appears to be of first order. The magnetization plateau should be attributed to quantum fluctuation.
The magnetic field vs temperature diagram is presented.

DOI: 10.1103/PhysRevB.67.104431 PACS number~s!: 75.10.Jm, 75.25.1z, 75.30.Kz, 75.45.1j
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I. INTRODUCTION
In triangular antiferromagnets~TAFs!, spin frustration

produces a rich variety of phase transitions.1 For a two-
dimensional~2D! classical Heisenberg TAF or a ferroma
netically stacked classical Heisenberg TAF, the spin struc
of the ground state in a magnetic field cannot be uniqu
determined. This is because the number of parameters w
determines the spin configuration is more than the numbe
equations giving the equilibrium condition. Thus the grou
state exhibits a continuous degeneracy in the magnetic fi
and no phase transition accompanied by the anomaly of m
netization arises up to saturation, so the magnetization c
is monotonic.

For the quantum Heisenberg model on a 2D or ferrom
netically stacked triangular lattice, the quantum fluctuat
plays an important role in determining the spin structure
the ground state. The quantum fluctuation can remove
continuous degeneracy of the ground state. In the spin w
theory which represents the spin system as a harmonic o
lator, the quantum fluctuation is expressed by zero-point

cillation. Since the zero-point oscillation energy(Q
1
2 \v(Q)

depends on the spin structure, one spin structure with
lowest zero-point oscillation energy can be stabilized. T
zero-point oscillation energy varies with the magnetic fie
so phase transition can occur in magnetic fields.2,3

The magnetization process in the 2D Heisenberg TAF
been investigated theoretically by many authors.4–6 It was
demonstrated that the up-up-down~uud! spin structure illus-
trated in Fig. 1~b! is stabilized in a finite field range, so tha
0163-1829/2003/67~10!/104431~7!/$20.00 67 1044
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the magnetization curve has a plateau at one-third of
saturation magnetizationM s. The magnetization plateau a
tracts the interest as a macroscopic quantum phenome
Figure 2 shows the schematic magnetization curve for the
Heisenberg TAF.Hc1 andHc2 are the lower and upper edg
fields, respectively, andHs is the saturation field. The two
coplanar structures illustrated in Figs. 1~a! and 1~c! are sta-
bilized for H,Hc1 and Hc2,H,Hs, respectively. The
highly symmetric umbrella structure illustrated in Fig. 1~d! is
not optimal.

The field-induced phase transition caused by the quan
fluctuation was actually observed in a ferromagnetica
stacked TAF, CsCuCl3.7–9 In the ordered state belowTN
510.5K, spins lie in thec plane due to the small easy-plan
anisotropy and form the 120° structure.10 When the magnetic
field is applied along thec axis, CsCuCl3 undergoes a phas
transition atHc ; 12 T accompanied with a small magne
zation jump.7,11,12 Nikuni and Shiba2 demonstrated theoreti
cally that the field-induced transition arises due to comp
tion between the small easy-axis anisotropy and the quan
fluctuation, and that the umbrella structure stabilized by
easy-axis anisotropy changes to the high-field coplanar st
ture illustrated in Fig. 1~c!, skipping structures~a! and ~b!.
Their theory was confirmed by a neutron scattering exp
ment in pulsed high magnetic fields.8 However, the experi-
mental realization of the quantum-fluctuation-assisted p
teau at1

3 M s has not been reported to date.
Cesium tetrabromocuprate~II ! Cs2CuBr4 has an ortho-

rhombic structure with space groupPnma.13,14 Figure 3~a!
shows the perspective view of the crystal structure along
-
FIG. 1. Spin structures of a 2D triangular an
tiferromagnet in a magnetic field.~a! Low-field
coplanar structure.~b! Collinear structure.~c!
High-field coplanar structure.~d! Umbrella struc-
ture.
©2003 The American Physical Society31-1



he

d

of

s

the

d.

dg-
r
ined

ela-
was
nd

ingle

er

K
an-

as
lse
ti-
g-

-

er

ot

in

T. ONO et al. PHYSICAL REVIEW B 67, 104431 ~2003!
b axis. Thin solid lines denote the chemical unit cell. T
structure is composed of CuBr4

22 tetrahedra and Cs1 ions.
The tetrahedra are linked along theb axis. Because of the
Jahn-Teller effect, the CuBr4

22 tetrahedra are compresse
along the axes perpendicular to theb axis. Figure 3~b! shows
the arrangement of the CuBr4

22 tetrahedra in thebc plane.

FIG. 2. Schematic magnetization curve for the 2D Heisenb
triangular antiferromagnet.

FIG. 3. ~a! Perspective view of the crystal structure of Cs2CuBr4
parallel to theb axis. Shaded, closed, and open circles den
Cs1, Cu21, and Br2 ions, respectively.~b! Arrangement of the
CuBr4

22 octahedra in thebc plane. Cs1 ions are omitted.
10443
Cu21 ions with spin-12 form a distorted triangular lattice in
the bc plane. Little is known of the magnetic properties
Cs2CuBr4. Since the magnitude of spin is12 and the ex-
change interactionsJ1 andJ2 should be antiferromagnetic a
observed in the isostructural Cs2CuCl4,17 a magnetic behav-
ior caused by the interplay of the spin frustration and
quantum fluctuation is expected to occur in Cs2CuBr4. As
described below, the magnetization plateau was observe

II. EXPERIMENTAL PROCEDURES

Single crystals of Cs2CuBr4 were grown by the slow
evaporation of aqueous solution of CsBr and CuBr2 in the
mole ratio 2:1. We also prepared single crystals by the Bri
man method from the melt of a mixture of CsBr and CuB2
sealed in an evacuated quartz tube. The crystals obta
were identified to be Cs2CuBr4 by x-ray powder diffraction.
The crystal was cleaved along the (0, 0, 1) plane. The r
tionship between the crystal shape and the principal axes
checked by neutron diffraction. On the (0, 0, 1) a
(0, 1, 1) planes of crystals, many lines parallel to thea axis
were observed. The specific heat measurements for a s
crystal of Cs2CuBr4 were carried out at RIKEN down to 0.5
K in magnetic fields up to 12 T using the microcalorimet
Oxford Instruments Mag LabHC in which the relaxation
method was employed.

The magnetizations were measured at TIT down to 1.8
in magnetic fields up to 7 T using a superconducting qu
tum interference device magnetometer~Quantum Design
MPMS XL!. The high-field magnetization measurement w
performed using an induction method with a multilayer pu
magnet at the Ultra-High Magnetic Field Laboratory, Ins
tute for Solid State Physics, The University of Tokyo. Ma
netization data were collected atT50.4, 0.65, and 1.6 K in
magnetic fields up to 35 T.

III. RESULTS AND DISCUSSION

Figure 4 shows the magnetic susceptibilityM /H and the
inverse susceptibility in Cs2CuBr4 as a function of tempera
ture measured atH51.0 T for Hib. With decreasing tem-

g

e

FIG. 4. Magnetic susceptibility and inverse susceptibility
Cs2CuBr4 as a function of temperature forH parallel to theb axis.
1-2
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perature, the susceptibility increases rapidly and has a b
maximum atTmax'9K, which is characteristic of the low
dimensional antiferromagnetic spin system. However, the
verse susceptibility is a convex function of temperature a
has no linear part obeying the Curie-Weiss law. This susc
tibility behavior was also observed forHia and Hic. As
shown below, this is not due to the dominant exchange in
action being ferromagnetic.

To understand the magnetic properties of Cs2CuBr4, it is
important to consider the crystal field acting on Cu21 and its
orbital state. The electronic ground state of the Cu21 ion
with the 3d9 configuration is2D. In a cubic tetrahedral crys
tal field, the electronic ground state splits into triply dege
erateT2g and doubly degenerateEg states. TheT2g state has
a lower energy. In the presence of the additional tetrago
crystal field due to the tetragonal distortion of the CuBr4

22

tetrahedron and the spin-orbit coupling, theT2g state splits
into three states. The ground state is nondegenerate, so
the orbital moment is quenched. Consequently, the magn
moment is approximately given by spin only, i.e.,S5 1

2 ,
which can be confirmed from the value of saturation mag
tization M s'1mB , as shown below. However, in genera
splitting energy between the ground state and the two exc
states is not much greater than room temperature, in con
to the case of the octahedral crystal field for which splitti
energy is of the order of 104 K. Although we do not know
the details of splitting in the present system, we consider
the rapid decrease of the magnetic susceptibility with te
perature arises from the contribution of the excited orb
states, which suppresses the effective magnetic momen

The low-temperature susceptibilities forHia, Hib, and
Hic are shown in Fig. 5. The susceptibilities for these th
different field directions exhibit similar temperature vari
tions. No anomaly indicative of phase transition was o
served down to 1.8 K. The differences between the abso
values of the three susceptibilities are due to the anisotr
of the g factor. The value ofTmax'9 K for Cs2CuBr4 is
about three times as large asTmax;3K for isostructural
Cs2CuCl4.15 This implies that the exchange interactions
Cs2CuBr4 are larger than those in Cs2CuCl4.

FIG. 5. Low-temperature magnetic susceptibilities in Cs2CuBr4
for H parallel to thea, b, andc axes.
10443
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Figure 6 shows the total specific heatC in Cs2CuBr4 at
zero field. Thel-like anomaly indicative of phase transitio
is observed atTN51.4 K. The ordering temperatureTN for
Cs2CuBr4 is more than twice as high asTN50.62 K for
isostructural Cs2CuCl4.16 Figure 7 shows the specific hea
measured at various magnetic fields forHia, Hib, andHic.
For Hib and Hic, the transition temperatureTN decreases
monotonically with increasing magnetic field, while fo
Hia, TN decreases up to 8 T and then increases. In Fig
the phase transition temperatures determined from the
cific heat measurements are plotted.

Figure 9 shows the magnetization curves measured aT
50.4 K for Hia, b, andc. The data were taken in sweepin
up magnetic field. Due to the mechanical noise inevitable
the pulsed high magnetic field measurement, the data ta
in sweeping up and down the magnetic field do not coinc
with each other. However, intrinsic hysteresis was not
served in the magnetization curves. The magnetization s
rates atHs'30 T. The value of the saturation magnetizatio
which is slightly larger than 1mB, is consistent with the con
dition that the orbital moment is quenched, and the magn
moment is approximately given by spin only. Thus the lo
temperature magnetic properties of Cs2CuBr4 can be de-
scribed by a spin-12 Heisenberg model with small anisotrop
The differences between the absolute values of the satura
fields and the saturation magnetizations for the three dif
ent field directions should be due to the anisotropy of thg
factor.

The magnetization curve forHia is monotonic up to satu-
ration, while the magnetization curves forHib andc have a
plateau at approximately one-third of the saturation mag
tization M s. The inset in Fig. 9 showsdM/dH versusH
around the magnetization plateau forHib and Hic. The
level of the plateau is exactlyM s/3 for Hib, while it is
slightly lower thanM s/3 for Hic. The plateau region is nar
row, and its field range is about 1.5 T forHib and 1 T for
Hic. Figure 10 shows the magnetization curve anddM/dH
versusH for Hib measured in magnetic fields up to 20
Since the highest field is 20 T, mechanical noise and
increase of temperature are significantly suppressed, so

FIG. 6. The total specific heatC in Cs2CuBr4 measured at zero
field.
1-3
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FIG. 7. The total specific heatC in Cs2CuBr4 measured at various magnetic fields for~a! Hia, ~b! Hib, and~c! Hic. The values of the
specific heat are shifted upward by 2J /mol K with increasing external field.
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the plateau is clearly observed. Since the field derivative
magnetizationdM/dH exhibits sharp peaks at both edges
the plateau and has no tail in the slope region, the transi
between the slope and the plateau regions appears to b
the first order. We also measured the magnetization pro
at T51.6 K which is higher thanTN . No magnetization pla-
teau was observed, as shown in Fig. 11. Thus we can
clude that the plateau exists only in the ordered phase.

Next we discuss our present results. The magnetic p
erties of isostructural Cs2CuCl4 have been extensively inves
tigated by magnetic susceptibility and neutron scatter
experiments.15–19 Cs2CuCl4 undergoes a magnetic pha
transition atTN50.62 K.16 In the ordered phase belowTN ,
spins lie in a plane that is almost parallel to thebc plane and
form a helical incommensurate structure with ordering vec
Q05(0,0.528,0).20 The incommensurate spin structure aris
from the spin frustration on the distorted triangular latti
in thebc plane@see Fig. 3~b!#. By means of neutron inelasti
scattering,17-19 it was demonstrated that the exchange int
actionsJ1 and J2 are dominant and interlayer coupling
smaller than 10223J1. Thus Cs2CuCl4 was characterized a
a quasi-two-dimensional~2D! frustrated spin system.

Because the crystal structures of Cs2CuBr4 and Cs2CuCl4
are the same, we can expect that Cs2CuBr4 is also a quasi-2D
frustrated spin system. Quite recently, we performed neu
elastic scattering in Cs2CuBr4 for the scattering vector in the
a* b* plane.21 The magnetic Bragg reflections were observ
at Q5(h,k60.575,0), with integer values ofh andk. This
indicates that the spin structure in the ordered phase
Cs2CuBr4 is a helical incommensurate structure with ord
ing vectorQ05(0,0.575,0), similar to Cs2CuCl4.
10443
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Since the ordering vector is given by cos(pQ0)
52J2 /(2J1), we haveJ2 /J150.467 for Cs2CuBr4, which is
2.67 times as large asJ2 /J150.175 for Cs2CuCl4. This im-
plies that Cs2CuBr4 is more frustrated than Cs2CuCl4. The
magnetization curve for Cs2CuBr4 was measured by Colde
et al.,19 but the presence of the plateau has not been repo

The magnetization curves for Cs2CuCl4 and Cs2CuBr4
have convex slopes belowHs. This behavior is characteristi
of a low-dimensional antiferromagnet. However, the curv
ture of the convex slope for Cs2CuBr4 is larger than that for
Cs2CuCl4. This result suggests that the two dimensionality
better in Cs2CuBr4 than in Cs2CuCl4. Thus we deduce tha
the magnitude of the interlayer exchange interaction
smaller than 10223J1 also in Cs2CuBr4.

When the interlayer interaction and the small anisotro
energy are neglected, the saturation fieldHs is given by

gmBHs5$J~Q0!2J~0!%S

52J2$12 cos~pQ0!%1J1$12 cos~2pQ0!%,
~1!

where J(Q) is the Fourier transform of the exchang
interactions,22,23 and is given by

J~Q!524J2 cos~pQ!22J1 cos~2pQ! ~2!

for Q5(0,Q,0). Here we define the exchange constant
H5(^ i , j &Ji j (Si • Sj ). Inserting Q050.575,J2 /J150.467,
and gHs'63 T obtained in the present measurements i
Eq. ~1!, we obtainJ1 /kB527.8 K andJ2 /kB513.0 K.
1-4
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FIG. 8. Magnetic field vs temperature phase diagrams
Cs2CuBr4 for ~a! Hia, ~b! Hib, and~c! Hic. The gray lines are the
guides for the eyes.
10443
According to the classical molecular field theory,22,23 a
transition from a helical spin structure to a fan structure c
occur when an external field is applied in the easy plane.
helix-fan transition is accompanied by a jump in magnetiz
tion, and not by the plateau. Examples of this include
recently observed phase transition in RbCuCl3 for a mag-
netic field perpendicular to thec axis.24,26 At low tempera-
tures, RbCuCl3 has a monoclinic structure, which is close
related to the crystal structure of CsCuCl3.27,28The exchange
interaction along thec axis is ferromagnetic, and interaction

r

FIG. 9. Magnetization curves for Cs2CuBr4 measured atT
50.4 K for Hia, Hib, andHic. The values of the magnetizatio
are shifted by 0.4mB . The inset showsdM/dH vs H around the
magnetization plateau forHib andHic.

FIG. 10. The magnetization curve anddM/dH vs H for Hib
measured in magnetic fields up to 20 T.
1-5
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T. ONO et al. PHYSICAL REVIEW B 67, 104431 ~2003!
in thec plane are antiferromagnetic, as observed in CsCuC3.
Due to the crystal distortion which breaks the hexago
symmetry, the exchange network in thec-plane in RbCuCl3
is described by the same model as shown in Fig. 3~b!. For
this reason, RbCuCl3 has an incommensurate helical sp
structure characterized by ordering vectorQ05(0,0.5985,0)
below TN'19 K.29 The helical spin structure in thec-plane
is similar to those observed in Cs2CuBr4 and Cs2CuCl4. In
RbCuCl3, no field-induced phase transition is observed
Hic, in contrast to CsCuCl3. In RbCuCl3, the quantum fluc-
tuation appears to be less important.

In the classical Heisenberg TAF with easy axis anisotro
a magnetization plateau can exist atM s/3 when an externa
field is applied along the easy axis.30 In the plateau region
the collinearuud spin structure along the magnetic field
stabilized by the easy-axis anisotropy. However, the mag
tization curve has no plateau when an external field is p
pendicular to the easy axis. The plateaus due to this clas
mechanism have been observed in RbFe(MoO4)2 and
CsFe(SO4)2 with S5 5

2 ,31 and GdPd2Al3 with S5 7
2 .32

In the classical 2D Heisenberg orXY TAF, the thermal
fluctuation can stabilize theuud spin structure.33–35 Conse-
quently, the magnetization curve can have a plateau atM s/3.
However, the plateau is smeared and not completely flat
to the finite temperature effect. With decreasing temperat
the field range of the plateau decreases and vanishesT
50, because the thermal fluctuation is reduced.

Since the magnetization plateau in Cs2CuBr4 is clearly
observed for two different field directions atT50.4 K,
which is much lower thanTN51.4 K, the plateau cannot b
interpreted in terms of the classical model. Thus the mag
tization plateau should be attributed to the quantum eff
As mentioned in Sec. I, in theS5 1

2 Heisenberg TAF, the
quantum fluctuation removes the continuous degenerac
the ground state spin configuration in the magnetic fie
which is not possible in the classical approach, and stabil
the uud spin structure in the finite field range to produce
plateau atM s/3.2–6 In the 2D TAF, the plateau is more en
hanced, because the quantum fluctuation is more effectiv
2D TAF than in 3D TAF. Since the magnetic properties

FIG. 11. The magnetization curves forHib andHic measured
at T51.6 K. The values of magnetization are shifted by 0.1mB .
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Cs2CuBr4 may be described by theS5 1
2 quasi-2D distorted

Heisenberg TAF, similarly to Cs2CuCl4, we infer that a mag-
netization plateau is produced by the mechanism simila
that for the spin-12 Heisenberg TAF. Therefore, we sugge
that in the present system, theuud spin structure or closely
related structure is realized at the plateau with the help of
quantum fluctuation.

The magnetization processes forHib andHic are almost
the same. This result indicates that the spin configuration
magnetic fields for both the field directions are almost
same. Thus we can deduce that the magnetic anisotrop
the present system may be of the easy-plane type to con
spins in thebc plane, similarly to Cs2CuCl4. The possible
origin of the anisotropy is the anisotropic exchange inter
tion of the form DJSi

zSj
z and the dipole-dipole interaction

The magnitude ofDJ could not be evaluated within th
present measurements. ESR measurements are neede
causeDJ can be evaluated from the zero-field gap of t
ESR modes in the ordered state as has been don
CsCuCl3

25 and RbCuCl3.24

The classical magnetic susceptibility forH perpendicular
to the helical plane is somewhat larger than that forH par-
allel to the helical plane except for the 120° structure for
J15J2.23 Thus the umbrella structure illustrated in Fig. 1~d!
is stable forJ1ÞJ2. The anisotropy of the easy-plane typ
does not prefer the collinearuud structure along thea axis.
We infer that in the present system, the difference betw
the total classical energy for the umbrella structure and th
for the structures illustrated in Figs. 1~a!–~c! overcome the
difference between the quantum fluctuation energies for
latter structures and that for the umbrella structure, so
the magnetization plateau forHia is absent.

As seen in Figs. 9 and 10, the transition between the sl
region and the plateau region appears to be of the first or
This suggests that the ordering vectorQ0 varies discontinu-
ously at the transition field. As previously mentioned, t
spin structure forH,Hc1 was found to be a helical incom
mensurate structure and ordering vector is given byQ0
5(0,0.575,0) at zero field.21 We infer that in the plateau
state, the spin structure is locked into the collinearuudstruc-
ture. The spin structureHc1,H,Hs may be an incommen
surate fan structure.26 Therefore, we suggest that the succe
sivehelix-uud-fantransition occurs with increasing magnet
field for Hib andHic. Recently, Jacobs and Nikuni26 com-
mented on the possibility of this transition scenario. It is
great interest to investigate the magnetic field dependenc
the ordering vector and spin configuration by neutron sc
tering.

Coldea and co-workers17,18 obtained the magnetic field
versus temperature diagram for Cs2CuCl4. They showed that
for Hic, the ordered phase vanishes before reaching sat
tion, and that the spin state between the ordered state an
saturated state is a spin liquid, while the phase boundary
Hia is continuously connected to saturation and there is
anomaly on the phase boundary. In Cs2CuBr4, the phase
transition was clearly observed up to 12 T, irrespective of
magnetic field direction. In order to check the presence of
ordered phase forH.12 T, specific heat measurements
1-6
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MAGNETIZATION PLATEAU IN THE FRUSTRATED . . . PHYSICAL REVIEW B67, 104431 ~2003!
high magnetic fields are necessary. As shown in Fig. 8,
phase boundary forHia exhibits the bend anomaly a
(Tm, Hm)5(1.3 K,8 T). This behavior suggests that th
point (Tm,Hm) is a multicritical point at which several phas
boundaries meet. However, the anomaly indicative of
additional phase transition was not observed in the pre
measurement. Precise measurements around (Tm, Hm) are
needed.

IV. CONCLUSIONS

We have presented the results of magnetization and
cific heat measurements on the frustrated quantum spin
tem Cs2CuBr4. This compound undergoes magnetic order
at TN51.4 K at zero magnetic field. The magnetic field d
pendence of the ordering temperature was investigated u
12 T for three different field directions, and the results we
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summarized in Fig. 8. The magnetization plateau was
served at approximately one-third of the saturation magn
zation forHib andHic, while no plateau was observed fo
Hia. The plateau should be attributed to the interplay of s
frustration and quantum fluctuation. The transition to the p
teau state appears to be of the first order. We suggest tha
successivehelix-uud-fan transition occurs, with increasing
magnetic field forHib andHic.
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