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Magnetic phase diagram of RbMnBr3 investigated by specific heat and magnetocaloric effect

F. Pérez, T. Werner, J. Wosnitza, and H. v. Lo¨hneysen
Physikalisches Institut, Universita¨t Karlsruhe, D-76128 Karlsruhe, Germany

H. Tanaka
Department of Physics, Faculty of Science, Tokyo Institute of Technology, Tokyo 152, Japan

~Received 23 February 1998!

We report on high-resolution measurements of the specific heat and magnetocaloric effect of the distorted
triangular lattice antiferromagnet RbMnBr3 . Zero-field specific-heat data show a clear anomaly atTc1

58.54 K and a second shoulderlike anomaly about 35 mK above the first one. We study the evolution of these
anomalies in applied external fields along thec axis and in the basal plane. We present a detailed magnetic
phase diagram forB'c for fields up to 7 T which is compared with earlier neutron scattering results and
theoretical work.@S0163-1829~98!06938-0#
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I. INTRODUCTION

Many ABX3 compounds, where A1 stands for an
alkaline-metal ion, B21 for a transition-metal ion, and X2

for a halogenide ion, crystallize in a hexagonal structure w
the space-groupP63 /mmc. The relevant magnetic B21 ions
form triangular two-dimensional lattices within theab plane,
which are stacked along thec axis. The dominant magneti
interaction is via superexchange involving the nonmagn
X2 ions. The superexchange is much stronger inc direction
than in the plane. Therefore, these materials behave mag
cally as quasi-one-dimensional systems at high temperatu
and often undergo a phase transition to a three-dimension
~3D! ordered state at a low critical temperatureTc ~typically
around 10 K! where the weak magnetic coupling in theab
plane becomes important. In case of an antiferromagneticab
exchange the spins are highly frustrated in the ordered s
due to their triangular arrangement. Spin frustration lead
interesting magnetic (B,T) phase diagrams with unusu
spin configurations1 and to an unusual critical behavior.2

An example for an ideal triangular antiferromagnet is t
well-studied compound CsMnBr3 . This material keeps the
undistorted hexagonal structure down to lowest tempe
tures. Because of an additional easy-plane anisotropy
spins are confined in theab plane (XY system!. Below the
Néel temperatureTN58.37 K the nearest-neighbor sp
vectors form angles of 120° to each other.3 This 120° spin
structure is associated with the wave vectorQW
5(1/3, 1/3, 1) which is commensurate with the underlyi
lattice. A discrete additional symmetry, chirality, is broken
the ground state of this and related systems. Loosely sp
ing, the chirality reflects the handedness of the 120° s
structure around a triangular plaquette. For a chiralXY sys-
tem critical exponents are predicted that significantly dif
from the well established values for conventional 3
systems.2 The largest deviation is found in the critical exp
nenta for the specific heat. An exponenta50.4060.05 was
obtained for CsMnBr3

4,5 in good agreement with the pre
dictedXY-chiral exponent2 a50.3460.06. In fields applied
along a direction within theab plane the single transition o
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h

ic

ti-
es,
lly

te
to

a-
he

k-
in

r

CsMnBr3 at zero field splits and a spin-flop~SF! phase arises
between the 120° phase and the disordered paramag
~PM! phase. In the SF phase the spins are aligned colline
perpendicular to the applied field in theab plane, two thirds
of them pointing in the same direction. The transition po
at zero field is a tetracritical point.3

The closely related compound RbMnBr3 undergoes sev-
eral crystallographic phase transitions from the ideal hexa
nal structure to a less symmetric low-temperature struct
which has up to date not been clearly determined.6 The pos-
sible orthorhombic crystal distortion leads to nonequival
bond lengths in theab plane, thus increasing the neares
neighbor exchange along one of the three 120° directi
which results in a partial release of frustration. Partially fru
trated systems like RbMnBr3 show novel physical phenom
ena that are absent in the fully frustrated systems. Gli
et al.7 found by neutron diffraction measurements that bel
TN5(8.860.1) K the spins form a spiral that differs from
the simple triangular arrangement found in CsMnBr3 in that
the turn angle is about 130° instead of 120°. The cor
sponding wave vectors, for example,QW 5(1/31u/2p, 1/3
1u/2p, 1), in this case are incommensurate with respec
the underlying lattice. The spin arrangement has been th
retically explained by assuming two magnetic interactio
J'1 andJ'2 in the basal plane differing in strength.8,10 Ac-
cording to Kawamura the incommensurability resulting fro
a lattice distortion is an irrelevant perturbation at the chi
critical point and the critical behavior should be the same
in the undistorted system CsMnBr3 .8 On the other hand, the
existence of a true chiral transition fixed point is question
by some theoretical work9 which instead suggest a crossov
to a first-order transition very near atTN .

Another motivation for this work comes from the com
plex magnetic phase diagram of RbMnBr3 . For fields ap-
plied within theab plane new magnetic phases have be
observed corresponding to spin arrangements that are
seen in the fully frustrated system. Almost simultaneou
Kato et al.11 and Helleret al.12 presented (B,T) phase dia-
grams based on neutron diffraction studies which show
besides an assumed tetracritical point at zero field ano
9316 © 1998 The American Physical Society
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PRB 58 9317MAGNETIC PHASE DIAGRAM OF RbMnBr3 . . .
multicritical point at12 Tmc5(7.860.1) K andBmc5(2.55
60.05) T. Both studies disagree about the number of ph
lines merging at the latter critical point. The (B, T) phase
diagram of RbMnBr3 was investigated theoretically within
Ginzburg-Landau approach assuming an orthorhombic
tortion of the ideal hexagonal lattice. The present study
aimed at exploring the phase diagram in detail. Our meas
ments reveal a splitting of the zero-field transition, thus
tetracritical point is ‘‘removed.’’

II. EXPERIMENT

The investigated RbMnBr3 single crystal was grown from
powder by the Bridgman technique. The specific heatC was
measured between 1.5 K and 30 K by a standard semia
batic heat-pulse technique in a4He cryostat. The tempera
ture resolution ofdT/T,531026 allows small heat pulse
with temperature incrementsDT/T5100(dT/T),531024

at the transitions (,5 mK for the RbMnBr3 transitions!.
The absolute value of the measured temperatures ma
wrong by 61% due to a calibration error of the thermom
eter. The sample masses of about 40 mg yield a consider
sample contribution to the total heat capacity (>75% in the
whole relevant temperature range! and allow the determina
tion of C with an absolute accuracy of'3%, the experimen-
tal resolution ofC being better than 0.5%. The crystal or
entation with respect to the magnetic-field direction is do
visually using the freshly cleaved planes of the samples.
sample dimensions are approximately 103432 mm3. The
largest dimension is parallel to the cristallographicc direc-
tion.

The measurements of the magnetocaloric eff
(dT/dB)S52(T/C)(dS/dB)T were done in the same calo
rimeter. By changing the magnetic field in steps ofDB
'30 mT a variation ofDT in the sample temperature

FIG. 1. Specific heatC vs temperatureT of RbMnBr3 in zero
magnetic field. The inset shows the data nearTN58.54 K, reveal-
ing a shoulderlike anomaly about 35 mK aboveTN .
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achieved. The sweep time for the changeDB is kept long
enough to keep eddy-current heating low and short enoug
measureDT in the same adiabatic fashion as for the spec
heat. Eddy-current heating is determined by sweepingDB up
and down and averaging the ensuing temperature chan
The magnetocaloric effect results asDT/DB. The demagne-
tization effect of RbMnBr3 is negligible in our experiment
as estimated from its small magnetization.20

The combination of specific-heat and magnetocalo
effect measurements allows us to map out the (B, T) plane in
T ~specific heat! andB ~magnetocaloric effect! direction.

III. RESULTS AND DISCUSSION

Figure 1 shows the specific heat of RbMnBr3 at B50 in
the temperature range between 1.5 and 9.5 K. A cl
anomaly atTc15TN5(8.54060.006) K can be seen. Com
pared to our earlier CsMnBr3 specific-heat data5 at zero field,
the divergence in RbMnBr3 is much weaker. The expansio
of theT axis around the anomaly shown in the inset of Fig
reveals a second shoulderlike anomaly atTc2 , about 35 mK
aboveTc1 . To our knowledge the existence of the should
like anomaly atTc2 has not been reported previously. Me
surements on a second sample proved the reproducibilit
the obtained results. Therefore impurities or different pha
in the samples are unlikely to cause the double feature.

Apparently the intermediate magnetic phase SF1 , occur-
ring between the incommensurate triangular spin struc
with chiral symmetry (C1) and the paramagnetic~PM! one,
is stabilized even at zero field. Because of its extreme n
rowness an unambiguous extraction of the critical expon
a is not possible. The value for the critical exponentb
50.2860.02 given in Ref. 13, although determined usi
only data for temperaturesT,TN , seems to be questionab
in the light of this new experimental finding. Furthermor
our experimental data are incompatible with the existence
a tetracritical point atB50, like the one seen in the phas
diagram of the fully frustrated system CsMnBr3 .3–5 This fact
might also explain the weaker divergence of RbMnBr3 com-
pared with the one of CsMnBr3 at zero field. For RbMnBr3
the lattice distortion~probably orthorhombic! leads toJ'1
ÞJ'2 and hence to an incommensurate spin structure at
field.8 For a lattice distortion keeping the hexagonal symm

FIG. 2. Magnetic phase diagram of RbMnBr3 for Buuc. The
dashed lines are guides to the eye.
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9318 PRB 58F. PÉREZ et al.
try, applicable to RbFeBr3 or RbVBr3 ,15 Plumeret al.14 pre-
dict an intermediate linearly polarized phase. In this case
inequivalenceJ'1ÞJ'2 acts as an effective field in theab
plane of theXY system. To our knowledge, correspondi
calculations do not exist for the presumably orthorhom
symmetry of RbMnBr3 . Therefore, the existence of an inte
mediate phase in zero field should serve as an input to
the case of a general distortion of the hexagonalab planes
theoretically.

With increasing field applied along thec direction of the
sample both transition temperaturesTc1 and Tc2 increase
slightly, remaining equidistant up toB56 T. The resulting
(B, T) phase diagram is shown in Fig. 2. BelowTc1 the
magnetic structure is probably an incommensurate umbre
like structure, the planar spins canting gradually out of
plane into the field direction. The phase boundary bends
wards higher temperatures with increasing field.

For fields parallel to the basal plane (B'c) a drastic
change in the phase-diagram topology is observed~see Fig.
3!. The two transition points atB50 split with increasing
field and the SF1 phase quickly widens. The zero-fiel
anomaly atTc1 weakens while the one atTc2 sharpens until
at 2 T they are of the same magnitude~see Fig. 4!.

In the limit B→0, the two transition boundaries emana
ing from the tetracritical point of the idealXY system are
predicted to behave as

B25wi uTci~B!2Tc~0!uf i, ~1!

where i 51 and i 52 stand for the chiral-spinflop an
spinflop-paramagnetic boundaries, respectively. Renorm
ization group calculations16 predict that the crossover expo
nents f1 and f2 should be equal (f15f25f th
51.04). f th and the ratiow1 /w2 should be universa
quantities. For CsMnBr3 f15f250.7760.12 andw1 /w2
51.0560.2 was estimated17 for B<2 T. Although not deal-
ing with an idealXY system we attempt a similar fit on th
low-field dataB<2.25 T of RbMnBr3 ~see Fig. 3!. T(0) in
Eq. ~1! is substituted byTc1(0) andTc2(0). Thecrossover
exponents are found to bef150.6160.1 and f250.73
60.1. A fit with the constraint of the theoretical predictio

FIG. 3. Magnetic phase diagram of RbMnBr3 for B'c with B
<2.25 T plotted asB2 vs T. The lines correspond to fits using E
~1! with f150.61, f250.73 ~dashed lines!, and f15f250.66
~solid lines!.
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f15f25f is also possible within the error bars and yiel
f50.6660.1 and w1 /w251.160.2. Although RbMnBr3
exhibits a zero-fieldTc splitting these values agree surpri
ingly well with those found for CsMnBr3 with a tetracritical
point atB50. The experimental values forf in both cases
are at variance with theoretical predictions.

Figures 4 and 5 show our specific-heat data at interm
ate and high magnetic fields. Up toB52.6 T theT region of
the intermediate phase SF1 widens. An additional anomaly
betweenTc1 and Tc2 appears forB52.8 T at Tc35(8.16
60.08) K. Here, the temperature interval betweenTc3 and
the anomaly atTc2 remains roughly constant with increasin
field up to 7 T. Both anomalies shift towards higher tempe
tures and become somewhat more pronounced with field
B53.2 T a fourth anomaly can be resolved below the one
Tc1 .

In order to allow a better estimation of the critical tem
peratures of the weak anomalies around 3 T, we procee

FIG. 4. Specific heatC vs temperatureT of RbMnBr3 for mag-
netic fields 2 T<B<3.2 T (B'c). For clarity, the values ofC
are shifted upward consecutively by 2 J/mol K with increasing fie
The arrows denote the estimated transition temperatures.

FIG. 5. Specific heatC vs temperatureT of RbMnBr3 for mag-
netic fields B>3.75 T (B'c). For clarity, the values ofC are
shifted upward consecutively by 2 J/mol K with increasing field.
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PRB 58 9319MAGNETIC PHASE DIAGRAM OF RbMnBr3 . . .
follows. A polynomial of second order,Cpol , is fitted to
those data points atB53.2 T between 4.5 and 8.8 K tha
are far enough from the critical temperatures of the ano
lies belowTc2 . In this way we approximate the contribution
to the specific heat that are not related to the singularitie
and near 3.2 T. The differenceDC between the measure
specific heat and the fitted functionCpol is shown in Fig. 6.

Magnetocaloric-effect measurements atT53, 4.5, 5.5,
6.4, and 7 K serve to complement our magnetic phase d
gram of RbMnBr3 for B'c. The data collected atT
53, 4.5 and 6.4 K are shown in Fig. 7. For all temperatu
the overall magnetocaloric effectDT/DB increases with in-
creasing field. One should observe that the rising backgro
does not depend monotonically onT. Two reproducible
anomalies are resolved on each curve. The anomaly at lo
fields, i.e. the maximum, weakens with increasing tempe
ture and is barely visible at 6.4 K while the steplike anom
at higher fields becomes more pronounced.

Our phase diagram forB'c contains five different
phases, which we call C1, C2, SF1, SF2 and PM~see Fig. 8!.
The phase diagram is in good agreement with earlier neu
scattering results from Katoet al.11 and confirms the exis
tence of the phase boundary C2-SF2 which was questioned in

FIG. 6. DC vs temperatureT of RbMnBr3 for fields around 3 T.
DC results from the difference of the measured specific heat a
second order polynomial fitCpol to the 3.2 T data~see text!.

FIG. 7. Magnetocaloric effectDT/DB vs magnetic fieldB of
RbMnBr3 for selected temperatures (B'c). The arrows denote the
estimated transitions fields. TheT53 K data have an offset o
60 mK/T.
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Ref. 12. In the chiral phases C1 and C2 the order parameter is
elliptically polarized. The polarization is linear in th
spinflop-like phases SF1 and SF2 . Spin configurations C1
and SF1 are incommensurate with the same incommensu
ordering vector.12 A simple thermodynamic consideration18,
taking the sign of the specific heat and magnetocaloric ef
‘‘jumps’’ ( Da and Db, respectively! at the transition line
C1-C2 into account, shows that the positive slop
(dB/dT)C1-C2

5DaC1-C2
/DbC1-C2

of this boundary below its

maximum, i.e., forT<6.5 K, is incompatible with a second
order phase line. The transition C1-C2 , therefore of first or-
der, is characterized by a maximum in the magnetocalo
effect ~see Fig. 7!. On the other hand the steplike anomaly
the magnetocaloric effect at higher fields corresponds t
second-order transition.11,12,19Our specific-heat data~Fig. 5!
seem to point to second-order behavior for the remain
phase lines SF2-SF1 and SF1-PM, although for the SF2-SF1
transition first-order behavior has been suggested.12

Zhitomirsky19 explains qualitatively the diverse phas
diagram of RbMnBr3 for B'c in a Landau approach usin
the ‘‘row’’ model. His analysis suggests that the four ma
netically ordered phases should coexist at a multicriti
point, which we estimate by extrapolating the phase bou
aries C1-C2 and SF1-SF2 to Tmc5(8.060.1) K and Bmc
5(2.660.2) T in good agreement with previous experime
tal determinations.12 There is, however, a marked differenc
of the shape of the C2-SF2 phase boundary betwee
Ginzburg-Landau predictions and experiment.

IV. SUMMARY

We have observed an intermediate phase SF1 in the phase
diagram of RbMnBr3 in a finite temperature region even
B50. This intermediate phase has not been detected be
due to the extremely small stability range of'35 mK,
which requires the high resolution inT achieved in our ex-
periment. In fields applied parallel to the samplec axis the
phase SF1 remains narrow up to 6 T and shifts towards
higher temperatures. In perpendicular fields a diverse ph
diagram is found comprising a total of four magnetica
ordered phases, which appear to coexist at the multicrit

a

FIG. 8. Magnetic phase diagram of RbMnBr3 for B'c. The
points are extracted from our specific-heat and magnetocalo
effect data. The dashed lines are guides to the eye.
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point @Tmc5(8.060.1) K, Bmc5(2.660.2) T#. The latter
phase diagram is in agreement with earlier experime
results11,20 and resembles the qualitative predictions
Zhitomirsky.19 An analysis of theB'c case for fieldsB
<2.25 T leads to a crossover exponentf50.6660.1 and
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w1 /w251.160.2. It is surprising that these values are clo
to those for the ideal hexagonal-lattice system CsMnB3
which—in contrast to the distorted RbMnBr3—exhibits a tet-
racritical point atB50. This point deserves further exper
mental and theoretical studies.
v.

s.

B

,

, J.

a

1For a recent review on triangular antiferromagnets, see M
Collins and O. A. Petrenko, Can. J. Phys.75, 605 ~1997!.

2D. H. Lee, J. D. Joannopoulos, and J. W. Negele, Phys. Rev.
52, 433 ~1984!; H. Kawamura, J. Phys. Soc. Jpn.54, 3220
~1985!; 61, 1299~1992!.

3B. D. Gaulin, T. E. Mason, M. F. Collins, and J. Z. Larese, Ph
Rev. Lett.62, 1380~1989!.

4J. Wang, D. P. Belanger, and B. D. Gaulin, Phys. Rev. Lett.66,
3195 ~1991!.

5R. Deutschmann, H. v. Lo¨hneysen, J. Wosnitza, R. K. Kreme
and D. Visser, Europhys. Lett.17, 637 ~1992!.

6T. Kato, K. Iio, T. Hoshino, T. Mitsui, and H. Tanaka, J. Phy
Soc. Jpn.61, 275 ~1992!; T. Kato, K. Machida, T. Ishii, K. Iio,
and T. Mitsui, Phys. Rev. B50, 13 039~1994!.

7C. J. Glinka, V. J. Minkiewicz, D. E. Cox, and C. P. Khattak,
Magnetism and Magnetic Materials, Proceedings of the 19th
Annual Conference on Magnetism and Magnetic Materials,
ited by C. D. Graham and J. J. Rhyne, AIP Conf. Proc. No.18
~AIP, New York, 1973!, p. 659.

8H. Kawamura, Prog. Theor. Phys. Suppl.101, 545 ~1990!.
9M. L. Plumer and A. Mailhot, J. Phys.: Condens. Matter9, L165

~1997!.
.

tt.

.

-

10W. Zhang, W. M. Saslow, M. Gabay, and M. Benakli, Phys. Re
B 48, 10 204~1993!.

11T. Kato, T. Ishii, Y. Ajiro, T. Asano, and S. Kawano, J. Phy
Soc. Jpn.62, 3384~1993!.

12L. Heller, M. F. Collins, Y. S. Yang, and B. Collier, Phys. Rev.
49, 1104~1994!.

13T. Kato, T. Asano, Y. Ajiro, S. Kawano, T. Ishii, and K. Iio
Physica B213&214, 182 ~1995!.
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