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Abstract. CsMnBr3 and CsMnI3 are known to be triangular antiferromagnets with planar
and axial magnetic anisotropy, respectively. Magnetic susceptibility and torque measurements
have been carried out to investigate the relationship between the magnetic anisotropy and phase
transition in the mixed triangular antiferromagnetic system, CsMn(Brx I1−x)3. The phase diagram
for the Ńeel temperatureTN versus the bromine concentrationx is obtained. With increasingx,
the intermediate ferrimagnetic phase becomes narrower and it vanishes atxc = 0.19, where the
magnetic anisotropy generally vanishes.

1. Introduction

A number of hexagonal ABX3 antiferromagnets with a crystal structure of CsNiCl3 type have
been studied in view of their phase transitions, magnetic excitations and critical phenomena
for the last two decades. The crystal structure consists of BX3 chains parallel to thec-axis,
separated by monovalent A+ ions. The magnetic B2+ ions form a triangular lattice in the
basal plane.

The magnetic interactions in the ABX3 antiferromagnets are usually represented by

H = 2J0

chain∑
〈i,j〉

Si · Sj + 2J1

plane∑
〈`,m〉

S` · Sm + 21J
∑
〈i,j〉

Szi S
z
j +D

∑
i

(Szi )
2 (1)

where the first and second terms are the exchange interactions along the chain and in the
basal plane, respectively. The third and last terms denote the pseudodipolar interaction and
the single-ion anisotropy, respectively. SinceJ0 is significantly larger thanJ1 (J0/J1 >

102), with some exceptions, the ABX3 antiferromagnets behave as one-dimensional spin
systems at high temperatures. With decreasing temperature, the interchain spin correlation
grows, with the result that three-dimensional ordering occurs. Since theJ1-interaction is
antiferromagnetic, they are described as stacked triangular antiferromagnets (TAF) in the
vicinity of and below the ordering temperature. Thus the spin frustration plays an important
role in the phase transitions. Various kinds of successive phase transitions and novel critical
behaviour have been observed in recent studies [1–8].

CsMnBr3 and CsMnI3 are typical examples of the stacked TAF with planar and axial
anisotropy respectively. Their lattice and magnetic parameters are summarized in table 1.
The origin of the anisotropy for both compounds is mainly the pseudodipolar interaction,
which is shown in section 3.
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Table 1. Lattice and magnetic parameters of CsMnBr3 and CsMnI3. The values of1J are
estimated from the anisotropy energies given in references [9] and [10].

CsMnBr3 Reference CsMnI3 Reference

J0/kB 10.3 K [11] 9.5 K [12]
J1/kB 0.020 K [11] 0.042 K [12]
1J/kB −0.070 K [9] 0.025 K [10]

TN 8.37 K [8]
TN1 = 8.2 K
TN2 = 11.2 K

[13, 14]

a (at r.t.) 7.61Å [15] 8.20 Å [16, 17]
c (at r.t.) 6.52Å [15] 6.96 Å [16, 17]

CsMnBr3 undergoes a phase transition atTN = 8.3 K. In the ordered phase, the spins
lie in the basal plane and form a 120◦ structure. CsMnI3 has two phase transitions, at
TN1 = 11.2 K andTN2 = 8.2 K. In the intermediate phase, thec-axis component of the spin
is ordered, with ferrimagnetic structure in the basal plane. In the low-temperature phase,
the perpendicular component of the spin is ordered, such that the spins form a triangular
structure in the plane including thec-axis, i.e., one-third of the spins are parallel to the

Figure 1. The temperature dependences of the perpendicular susceptibilitiesχ⊥ for the
CsMn(Brx I1−x )3 system measured atH = 6 kOe. The thick lines show experimental results
and the thin solid lines represent fits of Fisher’s theory to our data forT > 90 K.
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c-axis and the rest of the spins are canted away from thec-axis.
As observed for CsMnBr3 and CsMnI3, the phase transition and critical behaviour

of the TAF depend on the anisotropy. Therefore, it is worth studying how the phase
transition changes with the anisotropy. In this paper, we treat the magnetic anisotropy and
the phase transition in the mixed system CsMn(Brx I1−x)3. The magnitude and the sign of the
anisotropy are systematically controlled by varying the bromine concentrationx. Since the
present system contains only Mn2+ ions as the magnetic ions, the spin states are expected to
be homogeneous. We measured the susceptibility and torque to investigate the anisotropy
and phase transition in CsMn(Brx I1−x)3.

This paper is organized as follows. In section 2, experimental procedures are described.
Experimental results and a discussion are given in section 3. The final section is devoted
to the conclusions.
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Figure 2. The temperature dependence of the perpendicular susceptibilityχ⊥ for various values
of x in the phase transition region. The arrows indicate phase transition points.

2. Experimental procedures

The single crystals of CsMnBr3 and CsMnI3 were grown by the vertical Bridgman method
from a melt of equimolar mixtures of CsX and MnX2 (X = Br and I) sealed in evacuated
quartz tubes. The temperature at the centre of the furnace was set at 650◦C, and the
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lowering rate was 3 mm h−1. The source materials used were CsI and MnI2 of 99.9%
purity and MnBr2·4H2O of 99% purity (Soekawa Chemicals), and CsBr of 99.9% purity
(Wako Pure Chemical Industries). To get manganese bromide, MnBr2·4H2O was dehydrated
at around 120◦C in vacuum for three days. CsI, MnBr2 and MnI2 are very hygroscopic, so
we treated them in a glove box filled with dry nitrogen. After weighing, the materials were
packed into the quartz tubes and dehydrated in vacuum near 150◦C for three days, again.
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Figure 3. The temperature dependence of1χ defined by1χ = χ‖ − χ⊥ for the system
CsMn(Brx I1−x )3 in the phase transition region measured atH = 4 kOe. Transition points are
indicated by arrows.

Mixing single crystals of CsMnBr3 and CsMnI3 in the ratio ofx:1− x, we prepared
CsMn(Brx I1−x)3 by the Bridgman method. Single crystals of size 1–5 cm3 were obtained.
Each sample looks homogeneous, so the gradients of the bromine concentration are expected
to be very small. The crystals are easily cleaved along the (1, 0, 0) plane. The samples
were cut into pieces weighing 100–150 mg and coated with Apiezon-N grease.

The susceptibility was measured by the Faraday method using a Cahn 2000 electro-
balance and an electromagnet. Accuracies of 5% in the absolute value and 1% in the
relative value were obtained for the temperature variation. To measure the perpendicular
susceptibilityχ⊥ accurately, we defined thec-axis to be vertical so that the external field
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was always perpendicular to it. Since the value ofχ‖ − χ⊥ is obtained by the torque
measurement, we did not measure the susceptibilityχ‖ which is parallel to thec-axis.

The torque meter used (Yasunami YMT-H1) is an electric current-to-torque transducer-
type meter constructed for measuring torques as small as 10−4–10−3 dyn cm. We measured
the current which generates countertorque to keep the orientation of the sample unchanged.
The accuracy is almost the same as that of the magnetometer. The sample was set such that
the external field always lies in the (1, 1, 0) plane including thec-axis. The electromagnet
was rotated at the rate of 1.5◦ s−1 for the measurements of the torque curves. The
temperatures of the samples were measured with a Au–Fe thermocouple. The bromide
concentrationx was analysed by emission spectrochemical analysis after the measurements.
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Figure 4. The differential susceptibility1χ as a function of the bromine concentrationx at
T = 14 K. The solid line is a guide to the eye.

3. Results and discussion

3.1. Magnetic susceptibility

Figure 1 shows the temperature dependence of the susceptibilityχ⊥ perpendicular to the
c-axis for various bromine concentrationsx. The applied magnetic field is 6 kOe. All of
the susceptibility curves have the broad maxima at around 80 K, which is characteristic of
one-dimensional Heisenberg antiferromagnets. In order to check the intrachain exchange
interactionJ0, the susceptibility data above 90 K were fitted to Fisher’s theory [18] for the
classical Heisenberg linear chain. His result is expressed as

χ(T ) = 4NAg
2µ2

BS(S + 1)

12kBT

1+ u(K)
1− u(K) (2)

with

u(K) = cothK − 1

K

and

K = 1

2

J0

kBT
.
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Figure 5. Torque curves at 4.2 K for (a)x = 0.18, (b)x = 0.19 and (c)x = 0.20.

Since the spin value of the present system isS = 5/2, equation (2) gives a good
approximation to the high-temperature susceptibilities. The values ofJ0 obtained from
the fitting are shown in figure 1. Forx 6 0.3, the value ofJ0 slightly decreases with
increasingx.

Figure 2 shows the susceptibilitiesχ⊥ at low temperatures. Phase transitions are clearly
seen at the positions indicated by arrows. Sharp anomalies due to the phase transitions are
indicative of the good homogeneity of the samples. For the samples withx = 0, 0.1, 0.15
and 0.18, two phase transitions are observed. The susceptibility decreases monotonically
with increasing temperature, has bend anomalies atTN2 andTN1 and then increases in the
paramagnetic phase. This behaviour is typical of antiferromagnetically stacked TAFs for
the weak-axial-anisotropy case [19, 20]. On the other hand, a single phase transition is
observed atTN ≈ 8.3 K for the samples withx = 0.2, 0.3 and 1.0. The susceptibility
increases monotonically and changes its gradient at the Néel temperature. This behaviour
is typical of the planar-anisotropy case [21].

3.2. Magnetic torque

The magnetic torqueL(θ) is given byL(θ) = −∂F/∂θ , whereF is the free energy of the
system andθ is the angle between the external fieldH and thec-axis. In the paramagnetic
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Figure 5. (Continued)

phase,L(θ) is expressed as

L(θ) = −∂F
∂θ
= −1

2
(χ‖ − χ⊥)H 2 sin(2θ) (3)

whereχ‖ andχ⊥ are the susceptibilities forH ‖ c andH ⊥ c, respectively. Thus, we can
obtain1χ = χ‖ − χ⊥ through the torque measurement.

Nagataet al [22] demonstrated that for the one-dimensional antiferromagnet with the
isotropicg-factor,1χ does not change its sign over the entire temperature range when the
anisotropy is due to the pseudodipolar interaction, while for the single-ion anisotropy,1χ

changes its sign at

T = J0S(S + 1)/kB.

We confirmed by ESR measurements that theg-factor in CsMnBr3 and CsMnI3 is almost
equal to 2.00 irrespective of the magnetic field direction. We measured the torque on both
the compounds up to room temperature and observed that1χ does not change its sign. This
shows that the origin of the magnetic anisotropy in the present systems is the pseudodipolar
interaction, and is not the single-ion anisotropy.

Figure 3 shows the temperature dependence of1χ defined by

1χ = −2L(θ = 45◦)/H 2.
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When the torque is proportional toH 2 sin 2θ in the ordered state,1χ is equal to
χ‖ − χ⊥. Phase transitions are observed at the same temperatures as those detected by
the susceptibility measurements. Forx < 0.19, the lower-temperature phase transition (at
TN2) is less clear than that at the higher temperature (TN1).

Figure 4 shows1χ at 14 K. We see that the value of1χ increases linearly inx, and it
becomes zero atxc = 0.19. Since1χ is proportional to the magnitude of the anisotropy, this
result indicates that the pseudodipolar interaction1J generally varies as1J ∝ (xc − x),
i.e., the anisotropy changes from axial type to planar atx = xc.

In the antiferromagnetically stacked TAF, the 120◦ structure in the basal plane gives
χ‖ > χ⊥, while the triangular structure in the plane including thec-axis givesχ‖ < χ⊥.
Thus, it is concluded that the anisotropy is of axial type forx < xc = 0.19, and of planar
type for x > xc, and that the ground-state spin structures forx < xc and x > xc are the
same as those of CsMnI3 and CsMnBr3, respectively.

Figure 5 shows the torque curves at 4.2 K forx = 0.18, 0.19 and 0.20. The torque
at low fields forx = 0.18 and 0.20 is roughly described by equation (3). On increasing
the external field, the peaks shift towards theθ = 0 for x = 0.18 and towardsθ = ±90◦

for x = 0.20. This behaviour is interpreted as resulting from the fact that the plane of
the triangular spin structure (the spin plane) moves slightly so as to become perpendicular
to the external field. The anomaly nearθ = 0◦ for x = 0.18 is attributed to the ‘single-
domain–multidomain’ transition for the orientation of the spin plane, which is characteristic
of the triangular spin structure including thec-axis [20]. The torque forxc = 0.19 has a
large component with a period of 90◦. This implies that the anisotropy vanishes atx = xc,
and that the spin structure is mainly affected by the external field.
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Figure 6. The phase diagram for the transition temperature versus the bromine concentrationx.

3.3. The phase diagram

Figure 6 shows the phase diagram of the transition temperatures versus bromine
concentrationx obtained from the susceptibility and torque measurements. The experimental
results are plotted as open circles with error bars. In this figure, P denotes the paramagnetic
phase. The phase labelled III is the phase of the 120◦ structure in thec-plane. Forx < xc,



Phase transitions in CsMn(Brx I1−x)3 7217

the intermediate (IM) phase and the low-temperature (LT) phase are labelled I and II,
respectively. The magnetic structures in phases I and II are the two-sublattice ferrimagnetic
structure and the triangular structure in the plane including thec-axis, respectively. As seen
from figure 6, the intermediate phase I becomes narrower with increasingx, and vanishes
at xc = 0.19. The I–II and P–III phase boundaries are almost constant at 8.3 K. The
boundary between phases II and III may be parallel to the temperature axis, because no
phase transition was observed belowT = 8.3 K for x = 0.18, 0.19 and 0.20.

Miyashita and Kawamura studied the phase transition within the anisotropic Heisenberg
model on the triangular lattice by means of the Monte Carlo method [23]. They showed
that the temperature range of the IM phase decreases on decreasing the magnitude of the
axial anisotropy, and that the P–IM and IM–LT phase boundaries meet tangentially at the
isotropic limit. In the present system, we could not observe such a tangential confluence of
the two phase boundaries within the experimental resolution.

The phase transition and the critical behaviour of the TAF differ from those of
unfrustrated spin systems due to the new degree of freedom, namely the chirality [24].
Kawamura pointed out that the stackedXY - and Heisenberg TAFs belong to the chiral
universality classes characterized by new critical exponents [4], which are different from
those of unfrustrated spin systems, i.e.,α = 0.34, β = 0.25, γ = 1.13 andν = 0.54 for
the XY -spin andα = 0.24, β = 0.30, γ = 1.17 andν = 0.59 for the Heisenberg spin.
Kawamura’s prediction for theXY -TAF was confirmed by neutron scattering and specific
heat measurements on CsMnBr3 [5–8]. For the critical behaviour of the Heisenberg TAF,
however, no systematic study has been performed, because there is no suitable compound
available. Our system, CsMn(Brx I1−x)3 with xc = 0.19 is a candidate which belongs to
the chiral Heisenberg universality class. Therefore, it is of great interest to investigate the
critical behaviour of the present system.

4. Conclusion

Magnetic phase transitions in the triangular antiferromagnetic system CsMn(Brx I1−x)3 have
been studied by susceptibility and torque measurements. The phase diagram for the ordering
temperature and bromine concentrationx was obtained and this is shown as figure 6. With
increasingx, the higher transition temperature decreases linearly withx, and the intermediate
phase vanishes atxc = 0.19. The magnetic anisotropy changes from axial (easy-axis) type
to planar (easy-plane) type atx = xc, where the system becomes isotropic.
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