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Magnetic phase diagram of CsCuC] for in-plane magnetic fields up to 14 T
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High-resolution specific-heat and magnetocaloric-effect measurements have been utilized to complement the
magnetic phase diagram of the hexagonal antiferromagnet Cg@uft#lds up to 14 T aligned perpendicular
to thec axis. The recently found additional incommensurate phase induced by thermal fluctuations could be
resolved completely. It appears at about 4 T in a narrow temperature range, with a maximum width of only
~70 mK and narrows towards higher fields extending up-tbl T. Within the low-temperature incommen-
surate phase, the magnetocaloric-effect data confirm another phase transition that may be explained by quan-
tum fluctuations.
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In ABX; hexagonal antiferromagnets—like CsNjCl addition, a plateau ai~0.05 occurs around 12 T indicating
CsMnBr, and CsCuGl—the magnetic B* ions form a tri-  another intermediate pha$&® Within a phenomenological
angular lattice within theab planes. The antiferromagnetic theory this transition was ascribed to quantum fluctuations.
interaction between three neighboring spins on a triangular Besides the extraordinary large effect of quantum fluctua-
placquette leads to frustration and to a chiral 120° spin structions in CsCudj, the equally important thermal fluctuations
ture with a twofold chiral degeneracy as the lowest-energyead to the above-mentioned intermediate phase between the
configuration. In many systems, the superexchange couplinil and paramagnetic phase n@gr. Neutron-scattering re-
between the planes is much stronger than the coupling withitlts unraveled the spin structure in this second incommen-
the planes, rendering these systems quasi-one-dimensionalS{ate phase(IC2) l‘(’)\/lltlh side peaks appearing afic,
intermediate temperature§ before at low T three- —0-074 =95 T). """ Based on numerical solutions of a
dimensional magnetic order is found. pher;omd%m:?glca_l Landau the(?ry_the spin _strﬁcture' r\]/vas

CsCuC} exhibits ferromagnetically coupled €u chains resolved.” The spins on two sublattices are spiraling with a

alona thee direction. The Dzvaloshinskii-Moriva interaction larger pitch than that of IC1, whereas the spins on the third
ong thec direction. yaloshinski-Vorlya inte N sublattice oscillate around the field direction with halved re-
along thec axis forces the spins to lie within theeb plane

) .~ peat length(see the illustrations in Ref. L0Consequently, in
(XY system and leads to a slow incommensurate spiralingi,o |c2 phase the sublattices have no 120° structure, i.e., no
of the spin chains with a pitch of about 3°The low spin  ¢piral degeneracy. T
(S=1/2) leads to quantum effects resulting in a first-order Here we report on measurements of the specific heat and
magnetic phase transition in a magnetic fiBldligned along  of the magnetocaloric effect of CsCuGQlp to 14 T. In pre-
c; at low B the spins form a chiral “umbrella” structure, yjous experiments up to 7 T the magnetic ordering tempera-
whereas quantum and thermal fluctuations favor a coplanatre was found to increase with field and the IC2 phase oc-
“up-up-down” structure at high fields> We have previously curred above about 4TWith our present high-field data we
reported on the anomalous critical behavior indicating acan(i) resolve the complete IC2-phase region which is stable
crossover close to the MetemperatureTy~=10.6 K, i.e., only between about 4 and 11 (i) observe a reentrant mag-
below a reduced temperatute=|Ty—T|/Ty=~10"3, from  netic phase boundary, ariiii ) detect the phase transition to
chiral XY behavior to a weakly first-order transitimnd on  the intermediate phase at lolvthat is induced by quantum
the occurrence of an intermediate phase in a naiffomin- fluctuations above about 9 T.
dow nearTy appearing in a magnetic-field range between Single crystals of CsCugwere grown from agqueous so-
~5 and 7 T for fields applied in thab plane>® lution. A freshly cut piece of 36 mg was visually aligned
Classically, a magnetic field applied within the basal planewith the ¢ axis perpendicular to the applied magnetic field.
elongates the spin spirals along thexis. AtB=0, a mag- The specific heat was measured up to 14 T ifiHe calo-
netic Bragg reflex is observed at (1/3 B3 with §=0.085>  rimeter by use of a standard semiadiabatic heat-pulse tech-
The corresponding spiral wave vectge$ in this incom-  nique which allowed a temperature resolutionoT/T<5
mensurate phas¢C1) should decrease quadratically wih  x 10 ®. The magnetocaloric effecj T/AB, was measured
leading to a commensurate phase wjth 0 atB~0.5 Bq, in the same calorimeter. Thereby the magnetic fReldias
whereB,=31 T is the paramagnetic saturation field fbr changed in small stepAB measuring simultaneously the
—0." Indeed, recent neutron-scattering results in static magresulting temperature variatiohT. Taking into account the
netic field have confirmed this; at=2 K the commensurate small eddy-current heating by applying field increments as
phase was observed &~15.6 T8 The earlier reported well as decrements\T/AB was determined. For more de-
value of 18 T T=4.2 K) has a larger error bar since it was tails, see Ref. 13.
extracted from neutron-scattering data in pulsed figltrs. Figure 1 shows the specific he@tplotted asC/T vs T in
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FIG. 1. Specific heaC Of CSCUCJ; plotted aSC/T vs T f0r FIG. 2. Magnetic phase diagram Of Cschjmr B app“ed per-

various magnetic field8 applied perpendicular to thedirection.  pendicular to thec axis. Circles indicate data from specific heat,

scale. The arrows indicate the |otvanomaly corresponding to the

phase transition between the incommensurate phases<IC2). .
Data are shifted consecutively by 1 J/mdl Mith respect toB spmewhat IO\,Net,l_z T) than the plateaus observed in high-
—0 field magnetization measuremeritsThey agree, however,

perfectly with the occurrence of theg plateau observed in

neutron-scattering experimetitand are in line with struc-

the vicinity of Ty in magnetic fields up to 14 T. The salient {,res observed in thé33Cs NMR (nuclear magnetic reso-
features are(i) the two phase transitions observed for 6 Tnance} shif!® and in ESR (electron-spin  resonange

(separated by-70 mK) merge together in higher fields un- experimentd’18 Consequently, our thermodynamic data

til they cannot be resolved unambiguously above 1(de support the earlier propose®T) phase diagram at low

the inset of Fig. L (ii) a reentrant phase boundary is seenyqq highB perpendicular te.

beyond ~8 T. The narrow incommensurate phag€2) Neutron-diffraction measurements show that the spiral
was first observed in our previous wotiStarting at about_ wave vectorg of the spins along gradually decreases until

4.5 T a weak shoulder appears about 60 mK below the firs{y .t 10 T T=4.2 K) where a plateau up to about 14 T
phase transition. Both anomalies become sharper upon injec,rs289 see Ref. 11 for data close T, . All these obser-
creasing field up to 7 T with the transition at lowBi(from  ations appear to result from a delicate balance between the
IC1 to IC2) being apparently first ordéThe present results magnetic exchange energies, the Zeeman energy, and quan-
(Fig. 1) confirm these findings and show in addition that they " fiyctuations. Within a phenomenological treatment of
intermediate IC2 phase narrows further with higher field. Aty oo quantum fluctuations the plateau dncould be

10 T the width between the anomalies is less than 30 mK. Afanroqyced. The transition from the incommensurate to the
higher fields only one, however, broadened, peak can be re-
solved. These findings are perfectly in line with neutron-

scattering results, although there broad peaks correspondin IDDDDDIDDDDDID\:\DDDID\:\D:DDIDU T '
to the IC2 phase could be resolved up to about 4 T. aac? "0,

Figure 2 shows the resultanB(T) phase diagram, to- 200 D”DDD oo™
gether with the earlier dataand a few points determined CsCuCly "oy Dnn
from the magnetocaloric effe¢Fig. 3). For 10.4 K avery BLc oo .
sharp minimum inAT/AB is observed at a field of 125 T, § ..0'”"°’n“. S
which fits nicely into the reentrantB(T) curve obtained E 150l T (k) o o o i
from C. For 4.0 and 6.6 K, the phase transition to the satu-2 o 104 seoecet®
rated paramagnetic state is close to 3t Tonsequently, no 5 e 6.6 "
such sharp features inT/AB could be detected up to 14 T T o 4.0 ]
for these temperatures. The two data points at 4.0 and 6.6 t $
in Fig. 2 mark another transition, namely the transition to a 0} (9@ -
field region where the spiral wave vectqrstays constant ©9%00004, &

(see below. These transition fields were determined from the T
inflection points between the rather broad minima and the 4 6 8 B (T) 10 12 14
maxima inAT/AB vs B (Fig. 3). In the absence of sharp

features such as the minimum for=10.4 K, we take the FIG. 3. Magnetocaloric effecd T/AB vs B of CsCuC} for three

inflection points as indicating the phase transition. The cordifferent temperatures. The data points Tor 6.6 and 10.4 K are
responding fields, 9(6) and 8.4%65) T, respectively, are shifted by 100 and 200 mK/T, respectively.
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commensurate phase was predicted to occur at somewhat In conclusion, we complemented our previous studies on
lower field (0.44Bg) than observed experimentally the magnetic phase diagram of CsCu@iith specific-heat
(0.5 By).2 and magnetocaloric-effect measurements up to 14 T. Our
Near Ty, our main findings are the reentrance of thedata nearT, exhibit a reentrant magnetic phase boundary
phase diagram, i.e., the initial increaseTgf with field up to  and allow to resolve the complete IC2 phase induced by
about 8 T, and the very narrow IC2 phase. Both effects arghermal fluctuations. The very limited existence range of this
most probably due to thermal fluctuations in this highly frus-phase agrees qualitatively with theoretical predictions. At
trated triangular antiferromagnet. Indeed, within a mean-fieldg,,, temperatures our magnetocaloric-effect data indicate a
theory that takes into account the fluctuations by means of &iner proad transition within the IC1 phase that is in line
phenomenological biquadratic term, the occurrence as Welliw, siryctures observed in previous magnetization, NMR,
as the very limited stability region nedry of the second ESR, and neutron-diffraction measurements. More work is

Incommensurate pha$rg’32)_ can be explainetf. This t_heory_ required to resolve the evolution of this phase line towards
further accounts qualitatively for the neutron-diffraction

results® It fails, however, to explain the reentrant behavior "N

of the phase diagram. Further improvements of the phenom-

enological theory are necessary for a more quantitative un- We are grateful to A. Hoser and N. Ster for supplying
derstanding. their neutron-scattering results prior to publication.
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