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CsMn„Br xI 1Àx…3: Crossover from an XY to an Ising chiral antiferromagnet

R. Bügel,1 J. Wosnitza,1 H. v. Löhneysen,1 T. Ono,2 and H. Tanaka2
1Physikalisches Institut, Universita¨t Karlsruhe, D-76128 Karlsruhe, Germany

2Department of Physics, Tokyo Institute of Technology, Tokyo 152, Japan
~Received 1 March 2001; published 2 August 2001!

We report on high-resolution specific-heat and magnetocaloric-effect measurements of the triangular-lattice
antiferromagnets CsMn(BrxI12x)3 with different x. The evolution of the magnetic phase diagrams from the
easy-axis system forx50 to the easy-plane system forx51 was studied in detail. The specific-heat critical
exponenta of the almost isotropicx50.19 system agrees with the value predicted for a chiral Heisenberg
scenario. In an applied magnetic field (B56 T) a crossover to a weak first-order transition is detected.
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I. INTRODUCTION

The triangular-lattice antiferromagnetsABX3 with
CsNiCl3 structure, where the magneticB21 ions form a tri-
angular lattice, exhibit frustration due to the antiferroma
netic interactions on a triangular plaquette if the magne
moments have a component in the triangularab plane. The
magnetic moments then form a 120° structure, with the e
twofold degeneracy of chirality being broken at the antif
romagnetic transition. Simply speaking, the extra degene
arises from the possibility that the 120° spin structure o
given plaquette can be arranged clockwise or counterclo
wise when moving around the plaquette. It has been s
gested that the chiral degeneracy leads to new univers
classes for three-dimensionalXY and Heisenberg models.1,2

The largest changes of the critical exponents are predicte
occur in the specific-heat exponenta, where the chiralXY
and chiral Heisenberg universality classes are predicte
showa50.34 and 0.24, compared toa520.01 and20.12
for the standardXY and Heisenberg models, respectivel2

This scenario has been confirmed very recently by a si
order field-theoretical expansion.3 However, whether this
concept of new universality classes is indeed applicable
strongly debated question. Especially within recent ye
theoretical studies have supplied growing support fo
weakly first-order scenario for both chiral phase transitio
~see Refs. 4–6 and references therein!. An experimental in-
dication for this behavior was found recently.7

In any case, the frustration enhances the degeneracy
ing rise to different physics with rich phase diagrams a
strongly modified critical behavior, which has been stud
experimentally for a large number of different triangula
lattice antiferromagnets.8 A well-studied example is the easy
plane system CsMnBr3, for which a number of
experiments9–13 revealed a critical behavior in line with th
theoretical prediction.2 For ABX3 systems with easy-axis an
isotropy like CsMnI3 ~as well as CsNiCl3), chiral behavior
can be induced by applying a spin-flop field along the easc
direction thus forcing the spins into theab planes. At the
spin-flop field BM (;6.4 T for CsMnI3 and ;2.3 T for
CsNiCl3) the magnetic energy is equal to the anisotropy
ergy, i.e., full isotropy in spin space is attained and ch
Heisenberg behavior is found.14–17For higher fields, an easy
0163-1829/2001/64~9!/094406~6!/$20.00 64 0944
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plane anisotropy is induced andXY chirality occurs.16,17

Not many triangular-lattice antiferromagnets with neg
gible anisotropy exist. Besides the above-mentioned ma
als at their spin-flop fields, only the hexagonal antiferroma
net VBr2 is known. Indeed, for VBr2 critical exponents were
found in line with the behavior predicted for a chiral Heise
berg system.18 The possibility to tune a chiral Heisenber
system is offered by the solid solution CsMn(BrxI12x)3 that
spans the range from an easy-axis system (x50) to an easy-
plane system (x51). This system, therefore, allows us
study the crossover in the magnetic phase diagrams an
influence on the critical behavior. In particular, the compo
tion with x50.19 presents an almost isotropic system a
should therefore follow chiral Heisenberg behavior.19 Mag-
netization measurements of CsMn(BrxI12x)3 that gave some
information on the magnetic phase diagrams have alre
been reported by Onoet al.19 Here we report on detailed
specific-heat and magnetocaloric-effect measurements.

The spin Hamiltonian that describes the system
given by

H52Jc (
i , j

chain

Si•Sj2Jab(
i , j

plane

Si•Sj1D(
i

~Si
z!2

2gmB(
i

B•Si . ~1!

The summation (i , j ) is over nearest neighbors, with the fir
sum along thec direction and the second sum in theab
plane, with the exchange constantsJc andJab , respectively.
D,0 corresponds to an easy-axis system,D.0 to an easy-
plane system. For CsMnBr3 , Jc520.89 meV, Jab5
21.7 meV, and D512 meV,20 for CsMnI3 , Jc5
21.5 meV, Jab527.6 meV, and D523.8 meV.21 For
both materials we are dealing with theS55/2 spins
of Mn21.

The topology of the magnetic phase diagrams forABX3
antiferromagnets depends crucially on the sign ofD and on
the ratioD/Jab . Systems with Ising anisotropy (D,0) show
two successive phase transitions atTN1 and TN2 for B50
~see, e.g., Refs. 14, 16, and 17!. In the low-temperature phas
(T,TN2) the spins order in three sublattices where one-th
of the spins align along thec axis, whereas the other two
©2001 The American Physical Society06-1
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thirds are tilted by an angleF @which depends on the rati
D/Jab ~Ref. 8!# with respect to thec axis @see Fig. 1~a!#. For
CsMnI3 this angle isF551°.21 All spins lie within a plane
that includes thec axis. At higher temperatures in the inte
mediate phase (TN2,T,TN1) the tilted spins have an add
tional degree of freedom, i.e., their components within
basalab plane are not defined. ForT.TN1 in the paramag-
netic phase only short-range ordered independent spin ch
exist along thec axis. For a magnetic field applied within th
basal plane (B'c) the two phase boundaries shift somewh
to higher temperatures~at least up to 6 T for CsMnI3 and
CsNiCl3) without changing the principal spin topology.14,22

Of much more relevance is the case whenB is applied
alongc @Fig. 1~a!#. For T,TN2, a first-order phase transitio
occurs at the spin-flop fieldBc above which the three subla
tices form a 120° umbrellalike structure. Thec-axis spin
component grows with further increasingB. For classical
spins withJc@Jab , Bc at T50 is given by

~gmBBc!
2516uJcDuS2. ~2!

At the multicritical point (TM ,BM) the three phase line
merge tangentially into the first-order spin-flop line.23,24 At
this point full isotropy in spin space is achieved that leads
a chiral Heisenberg universality as experimentally obser
for CsNiCl3 ~Refs. 16 and 17! and CsMnI3.14

For systems with easy-plane anisotropy (D.0) only one
phase transition atTN from the paramagnetic to the chira
120° structure exists atB50. The critical behavior, there
fore, is of the chiralXY type. A magnetic field applied alon
the c direction does not change the symmetry of the grou
state. Consequently, the critical behavior stays essent
constant.12 A much richer phase diagram can be observed
B'c. The phase diagram as predicted forD,3uJabu is
shown in Fig. 1~b!.25 At T,TN andB,Bc the chiral phase
exists. The competition between the Zeeman energy and
anisotropy energy leads to a spin-flop phase aboveBc that is
also given by Eq.~2!.8 Thereby, the spin triangle is oriente
perpendicularly toB. Between the chiral low-temperatur
and the paramagnetic high-temperature phase, a colli
spin structure evolves where the spins remain in theab plane

FIG. 1. ~a! Schematic phase diagram of a triangular-lattice
tiferromagnet with easy-axis anisotropy (D,0) for Bic. The phase
lines meet at the multicritical point (TM ,BM). Bc is the critical field
for the spin-flop transition.~b! The schematic phase diagram f
systems with a small easy-plane anisotropy 0,D,3uJabu for B'c.
The insets sketch the spin arrangements.
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with two spins of a triangle pointing parallel and one in t
opposite direction. With increasing field the spin compone
alongB become larger.

Experimentally, very little is known about the phase d
grams and the critical properties of easy-plane systems
such a small anisotropy (D,3uJabu).

8 On the other hand, for
materials withD.3uJabu, like CsMnBr3, the phase diagram
has been very well established.10,14,26 Due to the stronger
anisotropyD the spin-flop phase is absent for suchXY sys-
tems with only the chiral phase and the collinear struct
remaining.8

II. EXPERIMENT

Single-crystalline samples of CsMn(BrxI12x)3 were
grown by the Bridgman technique at the Tokyo Institute
Technology.19 For the measurements pieces of 24–111
were cleaved from the crystals. The specific heatC was mea-
sured by a standard semiadiabatic heat-pulse techni
Magnetic fields up to 14 T were applied either along or p
pendicular to the clearly visiblec axis of the crystals. The
magnetocaloric effect, (dT/dB)S52(T/C)(dS/dB)T , was
measured in the same calorimeter.S denotes the entropy o
the system. Upon changing the magnetic field by small st
DB, the resulting temperature variationDT was recorded.
Taking into account the small eddy-current heating the m
netocaloric effectDT/DB was extracted. For more details o
the experiment see Ref. 27.

III. RESULTS AND DISCUSSION

The specific heat of the sample with the smallest Br c
centration, CsMn(Br0.1I0.9)3, is shown in Fig. 2 for different
fields B aligned along thec direction. This easy-axis system
shows two consecutive zero-field transitions, which me
into one at the spin-flop field of about 4 T. The ste

-

FIG. 2. Specific heatC divided by temperatureT vs T for
CsMn(Br0.1I0.9)3 in a magnetic fieldB parallel to thec direction.
Data are shifted consecutively by 0.2 J/mol K2 with respect
to B50.
6-2
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anomaly found beyond this field resembles that found
pure CsMnI3 that was analyzed in terms of a chiral Heise
berg model at the spin-flop fieldBM'6.4 T.14 The substitu-
tion of 10% of the I2 ions by Br2 with the concomitant
increase of the~negative! anisotropyD towards zero reduce
considerably the spin-flop field and likewise the width of t
intermediate phase (TN258.36 K,T,TN159.80 K). This
trend continues further for a sample withx50.18 ~data not
shown! whereTN158.50 K, TN258.40 K, andBM'1 T
~see also Figs. 6 and 7 below!.

The data forx50.25, on the other hand, resemble those
the pure easy-plane system CsMnBr3,14,26 where a magnetic
field in theab plane quickly removes the chiral degenera
and leads to a splitting of the zero-field transition~Fig. 3!. In
contrast to pure CsMnBr3, however, the anomaly at lowe
temperatures changes its appearance above about 3 T
the anomaly~visualized by the arrows in Fig. 3! becomes
much more rounded and the feature inC shifts towards
higher temperatures for increasingB rather than to lowerT as
in CsMnBr3.14,26 Indeed, what is reflected by the low
temperature anomalies in Fig. 3 are two different phase t
sitions; from the chiral phase to the collinear phase at lowB
and from the spin-flop phase to the collinear phase aB
larger than about 3 T@see Fig. 1~b! and also the phase dia
gram in Fig. 6 below#. This result, therefore, reflects the fa
that the anisotropyD for x50.25 has switched from negativ
to positive, with D,3uJabu. We found a similar behavio
with a considerably reduced width of the collinear phase
the specific heat of a sample withx50.20 ~data not shown!.

Consequently, the anisotropyD should become zero
somewhere betweenx50.18 andx50.20. A good candidate
for such a chiral Heisenberg system is therefo
CsMn(Br0.19I0.81)3. For an isotropic Heisenberg system on
one phase-transition line from the paramagnetic to the ch
phase is expected, independent of the magnetic-field orie
tion. Indeed, magnetization and susceptibility data could

FIG. 3. C/T vs T for CsMn(Br0.25I0.75)3 in B'c. Data are
shifted consecutively by 0.2 J/mol K2 with respect toB50. The
arrows indicate the phase transitions between the spin-flop p
and the intermediate collinear phase. The inset shows an enl
ment of the data atB53.5 T.
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observe any spin-flop line or splitting of the zero-fie
transition.19 Our specific-heat data forBic @Fig. 4~a!# are in
line with these observations. We particularly can resolve o
a single strong anomaly atTN that becomes somewhat larg
with increasing field up to 6 T, similar to what is observe
for x50.1 aboveBM .

However, measurements of CsMn(Br0.19I0.81)3 for B'c
@Fig. 4~b!# reflect a small residual planar anisotropy, as e
denced by a slight splitting of the transition in fields betwe
1 and 3 T. The anomaly at lower temperatures is still re
tively sharp and large atB51 T, but becomes clearly re
duced at 1.2 T that indicates the junction with the spin-fl
phase line. At higher fields the phase lines merge and o
one anomaly remains at 6 T.

In order to determine the complete phase diagrams inc
ing the expected spin-flop lines~see Fig. 1! we measured the
magnetocaloric effect for all samples. Since the spin-fl
transition atBc is almost temperature independent, the s
cific heat is not sensitive to this transition, contrary
magnetocaloric-effect measurements that cross the co
sponding phase line at an approximately right angle. Fig
5~a! shows the magnetocaloric effect for the samples w
x50.18 andx50.19 atT'7 K in fields aligned parallel to
the c axis. Forx50.18, a clear step at about 0.9 T is visib
that signals the spin-flop transition in line with the data
Ono et al.19 The spin-flop field at each temperature was
timated from the position of the maximum in the derivati
of the magnetocaloric-effect data. Forx50.19, DT/DB in-
creases monotonically without any detectable step
anomaly. This confirms that CsMn(Br0.19I0.81)3 has no Ising-
like anisotropy.

Instead the anisotropyD has switched to anXY type, as
the specific-heat data@Fig. 4~b!# show. Consequently, a spin
flop line is expected for fields perpendicular toc @see Fig.
1~b!#. Indeed, magnetocaloric-effect data could verify th
phase diagram by showing a steplike feature at about 1
almost independent of temperature@Fig. 5~b!#. Therefore, the
critical concentration for whichD50 should be just below
x50.19.

se
e-

FIG. 4. C/T vs T for CsMn(Br0.19I0.81)3 in magnetic fields~a! B
parallel and~b! B perpendicular to thec direction. Data are shifted
by different amounts with respect toB50. The arrows highlight the
small anomaly indicating the transition from the intermediate ph
to the paramagnetic phase.
6-3
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Figure 6 summarizes the results in terms of (B,T) phase
diagrams for variousx. In Fig. 6~a!, the absolute magnitud
of the easy-axis anisotropy (D,0) decreases with increasin
x, getting close to zero forx50.18. From the reduced spin
flop field Bc'1 T for x50.18 one can estimate with Eq.~2!
that uJcDu has reduced to about 2.5% of the value f
CsMnI3. SinceJc should depend little onx, this means that
uDu has reduced to about 95 neV corresponding to 1.1 m
The phase diagrams forx50.10 andx50.18 fully agree with
the predicted behavior for easy-axis systems@Fig. 1~a!#.8

The phase-diagram topology changes for easy-plane
tems withD.0. In Fig. 6~b!, the absolute magnitude ofD
increases withx, with a small anisotropy present forx
50.19. As forBic, the phase diagrams forB'c (D.0) are
in full agreement with mean-field calculations and ver

FIG. 5. Magnetocaloric effect of~a! CsMn(Br0.19I0.81)3 and
CsMn(Br0.18I0.82)3 in Bic and ~b! of CsMn(Br0.19I0.81)3 for three
different temperatures inB'c. Data in~b! are shifted consecutively
by 5 mK/T with respect toT58.1 K.

FIG. 6. Phase diagrams of CsMn(BrxI12x)3 ~a! for fields along
the c direction forx<0.19 and~b! for fields perpendicular toc for
x>19.
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nicely the predictions for easy-plane systems withD
,3uJabu.

25

The phase diagram of the transition temperatures vs
concentrationx is shown in Fig. 7. The lower Ne´el tempera-
ture TN2 increases slightly withx, whereasTN1 rapidly de-
creases. The two phase lines merge at a critical concentra
xc somewhere betweenx50.18 andx50.19. The phase dia
gram is in line with that reported by Onoet al.19 With our
specific-heat and magnetocaloric-effect measurements, h
ever, we were able to resolve the spin-flop line and the
termediate collinear phase forx50.19 at fields between 1
and 3 T proving that the critical concentration withD50
must be slightly less thanx50.19.

For completeness, the inset of Fig. 7 shows a compara
B-T phase diagram for different chiralXY systems withB
aligned along thec direction. The data for CsMnBr3 are from
Ref. 28. With increasing field the phase transition from t
paramagnetic to the chiral phase shifts to higher temp
tures. This effect is less prominent for largerx indicating that
the field-inducedTN increase becomes larger for reducedD.

As a final point, we discuss the critical behavior
CsMn(BrxI12x)3. In order to describe the specific-heat da
close to the critical temperatureTc we applied the usual fit
function29

C65~A6/a!utu2a1B1Et, ~3!

wheret5(T2Tc)/Tc and the superscript1 (2) refers tot
.0 (t,0). The first term describes the leading contributi
to the singularity inC and the nonsingular contribution to th
specific heat is approximated byB1Et. After a good fit of
the data had been achieved except very close toTc , a Gauss-
ian distribution ofTc with width dTc was introduced. This
procedure is able to describe a rounding of the transiti
caused by sample inhomogeneities~see also Refs. 14
and 15!.

FIG. 7. Transition temperaturesTN1 and TN2 of
CsMn(BrxI12x)3 at B50 as a function ofx. The data for CsMnI3

are from Ref. 22. Lines are guide to the eye. The inset shows
field dependence of the normalized transition temperatures for t
concentrations inBic.
6-4



e
-

th

ct

to

lu
f

o
in

s

nt
t
r

ic

ant

the

ly

r

ly
ble

ilar

of
dia-

ll
n-
to

-
r

l
r

ible
sed

si-
ral
ei-

for

tful
tism

o
te

CsMn(BrxI12x)3: CROSSOVER FROM ANXY TO AN . . . PHYSICAL REVIEW B 64 094406
Figure 8~a! shows the specific heatC for x50.19 vs the
reduced temperatureutu at B50. The data are compatibl
with an exponenta50.23(7) of the specific heat if we in
clude a Gaussian broadening ofdTc /Tc'4.231024. The
dashed lines indicate the fit with these parameters, while
solid lines represent a fit withdTc50. The exponenta as
well as the experimental amplitude ratioA1/A250.54(13)
are in line with the chiral Heisenberg model, which predi
a50.24(8) andA1/A250.54(20).2 This is in accordance
with the small easy-plane anisotropy that obviously is
small to force the system toXY chirality. The available re-
sults of neutron-scattering experiments forx50.19 are rather
inconclusive.30 While the exponentb50.28(2) of the sub-
lattice magnetization agrees well with the theoretical va
of a chiral Heisenberg system (b50.30), the exponents o
the susceptibility,g50.75(4), and of thecorrelation length,
n50.42(3), are atvariance with the predictions (g51.17
andn50.59). Furthermore, the experimentally found exp
nents are in contradiction with the fundamental scal
laws a12b1g52 and a1dn52 (d is the dimension!,
which should be fulfilled at universal second-order pha
transitions.

Theoretically, the region around the multicritical poi
where a chiral Heisenberg scenario is expected should no
large.31 This would imply that either the increase of the B
concentration (x.xc) or the application of a large magnet
field (B.BM) should drive the system quickly to chiralXY

FIG. 8. Specific heatC of CsMn(Br0.19I0.81)3 vs lnu(T2Tc)/Tcu
for ~a! B50 and~b! B56 T. The solid lines are fits according t
Eq. ~3!, the dash-dotted lines are fits including a Gauss-distribu
smearing ofTc .
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behavior witha50.34(6), which for CsMnBr3 (x51) has
been observed.11,12 Nevertheless, forx50.20 and for x
50.25 the critical exponents remain approximately const
with a50.25(7) anda50.20(6), respectively, suggesting
that the chiral Heisenberg behavior is rather stable.

Another unexpected result becomes obvious from
analysis of the specific-heat data ofx50.19 in B56 T ap-
plied along thec direction @Fig. 8~b!#. A magnetic field of
this strength, i.e., much larger thanBM , should induceXY
chirality for a system with Ising anisotropy as previous
observed for CsNiCl3 ~Refs. 16 and 17! and, in this work,
with a50.37(10) for CsMn(Br0.1I0.9)3 at B56 T ~not
shown!. Likewise, for an easy-plane system like CsMnB3
the critical behavior remains chiralXY-like for fields applied
alongc.12 However, forx50.19~as well as forx50.18, data
not shown! in a magnetic field of 6 T,C for t>1023 still
follows a chiral Heisenberg-like behavior witha50.21(8)
@a50.23(6) forx50.18# and increases much more strong
for t→0, which can neither be described by a reasona
critical exponent nor by aTc distribution. This possibly in-
dicates a crossover to a weakly first-order transition, sim
as previously observed for CsCuCl3 close toTc at B50.7

In conclusion, we have mapped out in detail the impact
an axial vs a planar anisotropy on the magnetic phase
grams of triangular-lattice antiferromagnets by fine tuningx
of the system CsMn(BrxI12x)3. In particular, the predicted
phase diagram@Fig. 1~b!# of easy-plane systems with sma
anisotropy could by accurately verified. The critical conce
tration, for which the spin anisotropy vanishes, was found
be located betweenx50.18, a system with small axial an
isotropy (D,0), andx50.19, a system with small plana
anisotropy (D.0). The critical behavior atB50 for x
50.19, x50.20, andx50.25 can be described with critica
exponentsa as predicted from Monte Carlo simulations fo
the chiral Heisenberg universality class.2 Thereby, rounding
effects due to sample inhomogeneities prevent the poss
detection of a crossover to a first-order scenario as propo
recently.5 In a magnetic fieldB56 T, the samples withx
50.18 andx50.19 show a weakly first-order phase tran
tion. For 1023,t,0.1, the data can be described by chi
Heisenberg critical exponents. For all other samples with
ther larger planar or larger axial symmetry, no indication
a first-order phase transition was detected.
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