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Magnetic phase diagram of RbMnBr; investigated by specific heat and magnetocaloric effect
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We report on high-resolution measurements of the specific heat and magnetocaloric effect of the distorted
triangular lattice antiferromagnet RbMnBr Zero-field specific-heat data show a clear anomalyT gt
=8.54 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 thexis and in the basal plane. We present a detailed magnetic
phase diagram foB_L c for fields up b 7 T which is compared with earlier neutron scattering results and
theoretical work[S0163-182628)06938-(

. INTRODUCTION CsMnBy; at zero field splits and a spin-fldSF) phase arises
between the 120° phase and the disordered paramagnetic
Many ABX; compounds, where A stands for an (PM) phase. In the SF phase the spins are aligned collinearly

alkaline-metal ion, B for a transition-metal ion, and X perpendicular to the applied field in tiado plane, two thirds
for a halogenide ion, crystallize in a hexagonal structure withof them pointing in the same direction. The transition point
the space-group6;/mmec The relevant magnetic® ions  at zero field is a tetracritical poinit.
form triangular two-dimensional lattices within tiad plane, The closely related compound RbMnBundergoes sev-
which are stacked along theaxis. The dominant magnetic eral crystallographic phase transitions from the ideal hexago-
interaction is via superexchange involving the nonmagnetigial structure to a less symmetric low-temperature structure,
X~ ions. The superexchange is much strongec direction  which has up to date not been clearly determih@tie pos-
than in the plane. Therefore, these materials behave magnesible orthorhombic crystal distortion leads to nonequivalent
cally as quasi-one-dimensional systems at high temperatureiSsond lengths in theb plane, thus increasing the nearest-
and often undergo a phase transition to athree-dimensional&yeighbor exchange along one of the three 120° directions
(3D) ordered state at a low critical temperatiig(typically  which results in a partial release of frustration. Partially frus-
around 10 K where the weak magnetic coupling in ta®  trated systems like RbMnBrshow novel physical phenom-
plane becomes important. In case of an antiferromagadétic ena that are absent in the fully frustrated systems. Glinka
exchange the spins are highly frustrated in the ordered state al.” found by neutron diffraction measurements that below
due to their triangular arrangement. Spin frustration leads tdy=(8.8+0.1) K the spins form a spiral that differs from
interesting magnetic R,T) phase diagrams with unusual the simple triangular arrangement found in CsMnBr that
spin configurationsand to an unusual critical behavior. the turn angle is about 130° instead of 120°. The corre-

An example for an ideal triangular antiferromagnet is thesponding wave vectors, for examp@':(1/3+ 0127, 1/3
well-studied compound CsMnBr This material keeps the 1 g/27 1), in this case are incommensurate with respect to
undistorted hexagonal structure down to lowest temperage underlying lattice. The spin arrangement has been theo-
tures. Because of an additional easy-plane anisotropy thetically explained by assuming two magnetic interactions
spins are confined in thab plane (XY system. Below the 3 | andJ, , in the basal plane differing in strengtfi® Ac-

Neel temperatureTy=8.37 K the nearest-neighbor spin cording to Kawamura the incommensurability resulting from
vectors form angles of 120° to each otfiéFhis 120° Spin  a lattice distortion is an irrelevant perturbation at the chiral
structure is associated with the wave vectdD critical point and the critical behavior should be the same as
=(1/3, 1/3, 1) which is commensurate with the underlyingin the undistorted system CsMnBf On the other hand, the
lattice. A discrete additional symmetry, chirality, is broken in existence of a true chiral transition fixed point is questioned
the ground state of this and related systems. Loosely speaky some theoretical woPkwhich instead suggest a crossover
ing, the chirality reflects the handedness of the 120° spiro a first-order transition very near &y .

structure around a triangular plaquette. For a ch{rél sys- Another motivation for this work comes from the com-
tem critical exponents are predicted that significantly differplex magnetic phase diagram of RbMgBrFor fields ap-
from the well established values for conventional 3Dplied within theab plane new magnetic phases have been
systemg The largest deviation is found in the critical expo- observed corresponding to spin arrangements that are not
nenta for the specific heat. An exponeat=0.40+0.05was seen in the fully frustrated system. Almost simultaneously
obtained for CsMnB*° in good agreement with the pre- Kato et al!! and Helleret al!? presented B, T) phase dia-
dicted X Y-chiral exponerfta=0.34+0.06. In fields applied grams based on neutron diffraction studies which showed
along a direction within th@b plane the single transition of besides an assumed tetracritical point at zero field another
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FIG. 2. Magnetic phase diagram of RbMnBior B||c. The
RbMnBrg dashed lines are guides to the eye.
B=0

achieved. The sweep time for the changB is kept long
10 enough to keep eddy-current heating low and short enough to
T (K) measureA T in the same adiabatic fashion as for the specific
heat. Eddy-current heating is determined by sweepiBgup
FIG. 1. Specific heaC vs temperaturd of RbMnBr; in zero  and down and averaging the ensuing temperature changes.
magnetic field. The inset shows the data n‘é@# 8.54 K, reveal- The magnetoca|oric effect results AS/AB. The demagne_
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ing & shoulderlike anomaly about 35 mK abolg. tization effect of RoMnBj is negligible in our experiment,
as estimated from its small magnetizatfdn.
multicritical point at? T,,=(7.8+0.1) K andB,.=(2.55 The combination of specific-heat and magnetocaloric-

+0.05) T. Both studies disagree about the number of phaseffect measurements allows us to map out BeT) plane in
lines merging at the latter critical point. Th&(T) phase T (specific hegtandB (magnetocaloric effegtdirection.
diagram of RbMnBg was investigated theoretically within a

Gin_zburg-Landau approach assuming an orthorhombic di_s- IIl. RESULTS AND DISCUSSION

tortion of the ideal hexagonal lattice. The present study is

aimed at exploring the phase diagram in detail. Our measure- Figure 1 shows the specific heat of RoMgEt B=0 in
ments reveal a splitting of the zero-field transition, thus thehe temperature range between 1.5 and 9.5 K. A clear
tetracritical point is “removed.” anomaly afT;;=T\=(8.540+-0.006) K can be seen. Com-
pared to our earlier CsMnBspecific-heat dataat zero field,
the divergence in RbMnBris much weaker. The expansion
of the T axis around the anomaly shown in the inset of Fig. 1

The investigated RbMnBrsingle crystal was grown from reveals a second shoulderlike anomalyf gt, about 35 mK
powder by the Bridgman technigue. The specific l@atas  aboveT.;. To our knowledge the existence of the shoulder-
measured between 1.5 K and 30 K by a standard semiadidike anomaly atT, has not been reported previously. Mea-
batic heat-pulse technique in“&le cryostat. The tempera- surements on a second sample proved the reproducibility of
ture resolution ofT/T<5x10° allows small heat pulses the obtained results. Therefore impurities or different phases
with temperature increment8 T/T=100(6T/T)<5x10 # in the samples are unlikely to cause the double feature.
at the transitions €5 mK for the RbMnBg transitiong. Apparently the intermediate magnetic phasg ,Séccur-
The absolute value of the measured temperatures may ligng between the incommensurate triangular spin structure
wrong by +1% due to a calibration error of the thermom- with chiral symmetry (¢) and the paramagneti{®M) one,
eter. The sample masses of about 40 mg yield a considerabie stabilized even at zero field. Because of its extreme nar-
sample contribution to the total heat capacityd5% in the  rowness an unambiguous extraction of the critical exponent
whole relevant temperature rangand allow the determina- « is not possible. The value for the critical expongst
tion of C with an absolute accuracy ef3%, the experimen- =0.28+0.02 given in Ref. 13, although determined using
tal resolution ofC being better than 0.5%. The crystal ori- only data for temperatureB<<T\, seems to be questionable
entation with respect to the magnetic-field direction is donen the light of this new experimental finding. Furthermore,
visually using the freshly cleaved planes of the samples. Theur experimental data are incompatible with the existence of
sample dimensions are approximatelyxi9x 2 mnt. The a tetracritical point aB=0, like the one seen in the phase
largest dimension is parallel to the cristallograpbidirec-  diagram of the fully frustrated system CsMnBt™ This fact
tion. might also explain the weaker divergence of RobMynBom-

The measurements of the magnetocaloric effecpared with the one of CsMnBrat zero field. For RoMnByr
(8TI6B)s=—(T/C)(8S/6B)+ were done in the same calo- the lattice distortion(probably orthorhombicleads toJ, ;
rimeter. By changing the magnetic field in steps oB #J, , and hence to an incommensurate spin structure at zero
~30 mT a variation ofAT in the sample temperature is field.? For a lattice distortion keeping the hexagonal symme-

Il. EXPERIMENT
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FIG. 3. Magnetic phase diagram of RbMnHor BLc with B FIG. 4. Specific hea€ vs temperaturd of RoMnBr; for mag-

<225 T plotted a8?vsT. The lines correspond to fits using Eq. petic fields 2 =B<3.2 T (BLc). For clarity, the values o€
(1) with ¢,=0.61, $,=0.73 (dashed lines and ¢1=¢,=0.66  zre shifted upward consecutively by 2 J/mol K with increasing field.
(solid lines. The arrows denote the estimated transition temperatures.
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g%tzapﬁ:?rfe?;:g'iﬁgg{ Rbo\llalsr'rsé d PLuan;:r(-IJ:] ?L‘.S Fé;es:e 1= ¢»,= ¢ is also possible within the error bars and yields

ir: ivII o) ';&J ! ty P n'z p ptiv eld ir'] ot =0.66+0.1 and w; /w,=1.1=0.2. Although RbMnBj
equivalence. 7, » acts as an etiective fie exhibits a zero-fieldl . splitting these values agree surpris-

plane OT theX Y system. To our knowledge, correspondmg ingly well with those found for CsMnByrwith a tetracritical
calculations do not exist for the presumably orthorhombic

: . point atB=0. The experimental values f@ in both cases
symr_netry of Rb_Mnt. T_herefore, the existence qf an inter a{e at variance with theoretical predictions.
mediate phase in zero field should serve as an input to trea

. . Figures 4 and 5 show our specific-heat data at intermedi-
:Egoizzgaﬁ;a general distortion of the hexagaralplanes ate and high magnetic fields. UpBo=2.6 T theT region of

With increasing field applied along thedirection of the the intermediate phase SWidens. An additional anomaly

. . betweenT.; and T, appears foB=2.8 T atT.;=(8.16
sample both transition temperaturés; and T., increase +0.08) KClHere tchze tlzlzwperature interval betv%’gé and
slightly, remaining equidistant up B8=6 T. The resulting t?1e.anoma.l at , remains roughly constant with increasin
(B, T) phase diagram is shown in Fig. 2. Beloly; the y al c2 any 9

X . : field up to 7 T. Both anomalies shift towards higher tempera-
magnetic structure is probab_ly an incommensurate umbre”%'ures and become somewhat more pronounced with field. At
like structure, the planar spins canting gradually out of th X

plane into the field direction. The phase boundary bends to1—_:3'2 T afourth anomaly can be resolved below the one at
wards higher temperatures with increasing field. el

For fields parallel to the basal plan@.c) a drastic In order to allow a better estimation of the critical tem-
change in thepphase-diagram topolo%y is obsereet Fig peratures of the weak anomalies around 3 T, we proceed as

3). The two transition points a=0 split with increasing

field and the SF phase quickly widens. The zero-field ' ' ' .
anomaly afT.; weakens while the one at., sharpens until 151 RbMnBry I
at 2 T they are of the same magnitugee Fig. 4 Blc e
In the limit B—0, the two transition boundaries emanat- I A,,.A“‘
ing from the tetracritical point of the idea{Y system are 12,51 - i
predicted to behave as o e
B2=w;|Tei(B)—Tc(0)| %, (1) g -

) L o &
where i=1 and i=2 stand for the chiral-spinflop and o 10 y000°°
spinflop-paramagnetic boundaries, respectively. Renormal-
ization group calculatiort§ predict that the crossover expo- ® B(T)
nents ¢, and ¢, should be equal ¢;=d¢,=d 7B oo o ;25 .
=1.04). ¢, and the ratiow,;/w, should be universal Sl o 45
quantities. For CSMnBr ¢,= ¢,=0.77+0.12 andw, /w, I e375 |
=1.05+0.2 was estimatédfor B<2 T. Although not deal- 5 . . ! .
ing with an idealXY system we attempt a similar fit on the 8.5 - (K)9'5
low-field dataB=<2.25 T of RbMnBg (see Fig. 3. T(0) in
Eq. (1) is substituted byT¢1(0) andT,(0). Thecrossover FIG. 5. Specific hea€ vs temperaturd of RoMnBr; for mag-

exponents are found to beé;=0.61+0.1 and ¢,=0.73 netic fieldsB=3.75 T (BLc). For clarity, the values ofC are
+0.1. A fit with the constraint of the theoretical prediction shifted upward consecutively by 2 J/mol K with increasing field.
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) FIG. 8. Magnetic phase diagram of RbMnBfor BLc. The
FIG.6.ACvs temperaturé’ of RbMnBr for fields ar_o_und 3T. points are extracted from our specific-heat and magnetocaloric-
AC results from the difference of the measured specific heat and 8ffect data. The dashed lines are guides to the eye

second order polynomial i€, to the 3.2 T datdsee text

: - Ref. 12. In the chiral phases, @nd G the order parameter is
follows. A polynomial of second ordeiCp,, is fitted to elliptically polarized. The polarization is linear in the

those data points &=3.2 T between 4.5 and 8.8 K that spinflop-like phases SFand Sk. Spin configurations C
are far enough from the critical temperatures of the anoma: . . ;
i . ' oo and Sk are incommensurate with the same incommensurate
lies belowT,. In this way we approximate the contributions

c2 ; » rdering vector? A simple thermodynamic consideratié
to the specific heat that are not related to the singularities Efqaking t%e sign of the sgecific heat rzllnd magnetocaloric gffect
and near 3.2 T. The differenc&C between the measured

specific heat and the fitted functi@,, is shown in Fig. 6. Jumps- (A« andAB, respectively at the transition line
Magnetocaloric-effect measurements &3, 4.5, 5.5 C-C, into account, shows that the positive slope

6.4, ad 7 K serve to complement our magne’tic pr’1ase ,dia—(dB/_dT)Cl"?zzAacl'czlA'Bcl'_cz_Of this b(_)unda_ry below its

gram of RbMnBg for BLc. The data collected af maximum, i.e., folT<6.5 K, is incompatible with a second-

=3, 4.5and 6.4 K are shown in Fig. 7. For all temperature"der phase line. The transition €, therefore of first or-
the overall magnetocaloric effedtT/AB increases with in- d€r, iS characterized by a maximum in the magnetocaloric
creasing field. One should observe that the rising backgroun@ffect(see Fig. 7. On the other hand the steplike anomaly in
does not depend monotonically 6 Two reproducible the magnetocalong _effelcztlglt higher f|§elds corresp_onds to a
anomalies are resolved on each curve. The anomaly at low&econd-order transitioth:***°Our specific-heat datéFig. 5
fields, i.e. the maximum, weakens with increasing temperaS€€m 10 point to second-order behavior for the remaining
ture and is barely visible at 6.4 K while the steplike anomalyPhase lines SfFSF, and Sk-PM, although for the SFSF,
at higher fields becomes more pronounced. transition .ﬂrst-%rder be_hawor h.as _been suggg%”ced.

Our phase diagram foBLc contains five different Zhitomirsky® explains qualitatively the diverse phase

phases, which we call CC,, SF,, SF, and PM(see Fig. 8 diagram of RbMnBg for B ¢ in a Landau approach using

The phase diagram is in good agreement with earlier neutroff®_“row” model. His analysis suggests that the four mag-
scattering results from Katet all! and confirms the exis- netically ordered phases should coexist at a multicritical
tence of the phase boundary-SF, which was questioned in point, which we estimate by extrapolating the phase bound-
aries G-C, and SK-SF, to T,,.=(8.0+0.1) K and B,
=(2.6=0.2) T in good agreement with previous experimen-

RbMnBr, bt tal determinationd? There is, however, a marked difference
200} Blc t of the shape of the £SF, phase boundary between
. T(K) e ’ Ginzburg-Landau predictions and experiment.
E450L +3 . _
>§150 > 4.5 * ot L aee
5100_ - 64 . 1'“ ] IV. SUMMARY
= Lt KA "‘ ) Lesenst .o We have observed an intermediate phasgiBfhe phase
50F o e e’ ' . - diagram of RbMnBs in a finite temperature region even at
PRI LY P B=0. This intermediate phase has not been detected before,
ol \ \ \ due to the extremely small stability range ef35 mkK,
25 3 BT 3.5 4 which requires the high resolution iR achieved in our ex-

periment. In fields applied parallel to the samplaxis the
FIG. 7. Magnetocaloric effecAT/AB vs magnetic field of ~ Phase SF remains narrow upot 6 T and shifts towards
RbMnBr; for selected temperatureB( c). The arrows denote the higher temperatures. In perpendicular fields a diverse phase

estimated transitions fields. THE=3 K data have an offset of diagram is found comprising a total of four magnetically
60 mK/T. ordered phases, which appear to coexist at the multicritical



9320 F. PEREZ et al. PRB 58

point [Tpme=(8.0+0.1) K, Bye=(2.6=0.2) T]. The latter W;/W,=1.1=0.2. Itis surprising that these values are close
phase diagram is in agreement with earlier experimentaio those for the ideal hexagonal-lattice system CsMnBr
resultd!?® and resembles the qualitative predictions ofwhich—in contrast to the distorted RoMnBeexhibits a tet-
Zhitomirsky® An analysis of theBLc case for fieldsB racritical point atB=0. This point deserves further experi-
<2.25 T leads to a crossover exponeft=0.66-0.1 and mental and theoretical studies.
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