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Abstract. We report on the magnetic phase diagram of the distorted triangular-lattice antiferromagnet
RbCuCl; for a magnetic field applied parallel to the basal plane (B L c). High-resolution measurements
of the specific heat and of the magnetocaloric effect have been performed in magnetic fields up to 14 T.
The high-field specific-heat data reveal the existence of an intermediate phase between the paramagnetic

and the frustrated antiferromagnetic phase.

PACS. 75.40.Cx Static properties (order parameter, static susceptibility, heat capacities, critical
exponents, etc.) — 75.50.Ee Antiferromagnetics — 64.60.Fr Equilibrium properties near critical

points, critical exponents

1 Introduction

ABXj3 compounds, where AT stands for an alkaline-
metal ion, B2t for a transition-metal ion, and X~ for
a halogenide ion have been studied extensively in re-
cent years [1]. These materials usually crystallize in a
hexagonal P63/mmc structure, where the magnetic B?*
ions form two-dimensional triangular sublattices which are
stacked along the crystallographic ¢ direction. ABXg3 sys-
tems behave as quasi-one-dimensional magnets because
of the strong nearest-neighbor coupling J. perpendicular
to the triangular sublattices. The much weaker antifer-
romagnetic superexchange coupling J,;, between nearest
B2 neighbors in the triangular planes causes frustration
of the in-plane neighboring magnetic moments below the
three-dimensional (3D) ordering temperature Ty of typi-
cally 10 K. The magnetic moments order in a 120° spin
structure with a two-fold degeneracy of the ground state.

The spin system of an ideal triangular-lattice antifer-
romagnet can be described by the Hamiltonian

H=-J.Y SiSj—Ju »_SiS,
%) @]
+DY (57)° —gusB)_S:. (1)

The first two sums describe the spin coupling between
nearest neighbors along the c-direction and in the tri-
angular basal plane, respectively. D is the anisotropy
constant, where D > 0 corresponds to an easy-plane
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anisotropy (XY system), while D < 0 describes an easy-
axis anisotropy. The last term takes into account the Zee-
man energy of the spins in an external field B.

Some intensively studied examples of ideal stacked
triangular-lattice antiferromagnets are CsMnBrz (XY
system), CsNiCls, and CsMnls (both easy-axis sys-
tems) [2]. They all keep the crystallographic P63/mmc
structure down to lowest temperatures. Common to these
systems are their rich magnetic (B, T') phase diagrams
and a critical behavior that strongly deviates from the
universality classes of unfrustrated systems [1].

The Hamiltonian (1) must be extended with additional
terms when dealing with “non-ideal” ABX3 systems that
undergo structural phase transitions from the ideal hexag-
onal high-temperature P63/mmc phase to less symmetric
phases with decreasing temperature. The loss in struc-
tural symmetry leads to modified magnetic interactions
between the B2*-ion spins resulting in a partial release of
magnetic frustration.

One example for a “non-ideal” triangular-lattice an-
tiferromagnet is CsCuCls which undergoes a first-order
structural phase-transition at 423 K into a P6,22 struc-
ture [3]. This transition is due to the cooperative Jahn-
Teller effect, which is extraordinarily large for Cu®*-ions
in an octahedral environment of anions [4]. The lack of
inversion symmetry in the low-temperature structure in-
troduces an additional Dzyaloshinskii-Moriya (DM) term

Hpym = ZDij . (Sz X S]) (2)

inj
in the Hamiltonian (1). The DM interaction and the dom-
inating ferromagnetic interaction along the ¢ axis result
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in an incommensurate winding of the Cu*t S = 1/2
spins with a pitch angle of about 5° [5]. Furthermore,
the DM interaction acts as an easy-plane anisotropy forc-
ing the Cu?" spins to lie almost flat in the ab plane.
Hence, within a good approximation the spin system of
CsCuCls is an XY system although the anisotropy con-
stant is very small. Therefore in zero magnetic field one
would expect the critical behavior of a 3D chiral XY sys-
tem whereas our specific-heat results [6] show a crossover
to a weak first-order transition below a reduced tempera-
ture t = |(Txy — T)/Tx| = 1073 in agreement with recent
numerical simulations [7].

The small value S = 1/2 of Cu?* spins enhances the
role of quantum fluctuations which lead to (B, T) phase
diagrams of CsCuCls with multiple phases for both B || ¢
and B L ¢ [8]. We have studied the phase diagrams of
CsCuCl; for B ¢, B L ¢, and oblique field orientation by
means of specific heat, magnetization and neutron scat-
tering experiments [6,9].

The closely related compound RbCuCls is less exten-
sively investigated, with focus on the structural phase
transitions which — as in CsCuCls — are the result of
a cooperative Jahn-Teller effect. At T7 = 339 K, RbCuCls
transforms from the hexagonal high-temperature struc-
ture to an orthorhombic structure (space group Pbcn)
doubling its unit cell along the b direction. A further tran-
sition at 75 = 260 K doubles the lattice parameter along
the ¢ axis reducing the symmetry to a monoclinic structure
(space group C2) [10]. Both structural phase transitions
seem to be of first order [11].

Tazuke et al. [12] observed an antiferromagnetic phase
transition in the magnetic susceptibility of RbCuCls at
19 K and estimated the values of J. and J,, to be of
the same magnitude as those of CsCuCls, but of oppo-
site sign, i.e. antiferromagnetic coupling along the ¢ di-
rection and ferromagnetic coupling in the ab plane, there-
fore, excluding the possibility of a frustrated triangular
antiferromagnet. On the other hand, very recent neutron-
diffraction measurements [13] show Bragg peaks below
Tn =~ 19 K which correspond to a chiral arrangement
of the spins in the basal plane. The measured vector
Q = (0.2993,0.2993,0) is incommensurate to the under-
lying lattice leading only to partial frustration. It differs
from the wave vector Q = (1/3,1/3,0) of an ideal tri-
angular arrangement of the spins (found for example in
CsMnBrs) in that the in-plane turn angle is about 108°
instead of 120°. The exchange constants are estimated in
this experiment to J. = 25 K (ferromagnetic coupling)
and Jgp = —9.6 K (antiferromagnetic coupling) contrary
to the estimates of Tazuke et al.

Another partially frustrated compound showing an in-
commensurate spiraling of the spins in the ab plane is
RbMnBrs [14]. Here, the turn angle is about 130°. For
a theoretical description of the spin structure two differ-
ent magnetic interactions J,31 and Jgp2 in the basal plane
have been introduced [15] because the orthorhombic crys-
tal distortion in the low-temperature phase of RbMnBrs
leads to nonequivalent bond lengths within the ab plane.
Based on the structural distortions in RbCuCl3 a simi-
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lar assumption seems to be highly plausible in order to
explain the incommensurate magnetic structure.

The present investigation was aimed at studying the
magnetic phase diagram of RbCuCls for the magnetic field
direction B | cin order to compare qualitatively its topol-
ogy with the well-known phase diagrams of CsCuClz and
RbMnBrs. RbCuCls shares with CsCuCls the same B2+
and X~ ions, and with RbMnBrj; the incommensurate spin
structure at low temperatures [13,14]. To our knowledge,
no specific-heat data have been reported on RbCuCls
before.

2 Experiment

The RbCuCls sample was cleaved from a single crystal
grown by the Bridgman technique. The specific heat C
of the sample was measured between 4.2 K and 30 K
by a standard semiadiabatic heat-pulse technique in ap-
plied magnetic fields up to 14 T. The same experimental
setup was also used to measure the magnetocaloric effect
(%)s = —% (g—}g)T of the sample.

The temperature resolution 07'/T of our experiment is
given by the temperature sensitivity of the Allen-Bradley
resistor used as sample thermometer. At 20 K, 67/T <
1 x 10~° allows small heat pulses with temperature incre-
ments AT/T < 1 x 1072 at the transitions. The absolute
value of the measured temperatures have error bars of
+2% due to calibration errors of the thermometer. Fur-
ther experimental details can be found in reference [16].

3 Results and discussion

The specific heat of RbCuCls between 4.2 K and 30 K
at zero magnetic field and at the highest field of 14 T
is shown in Figure 1 in a double-logarithmic plot. The
magnetic field was applied parallel to the sample’s basal
plane (B L ¢). Both curves overlap over almost the
whole temperature range. At low temperatures the spe-
cific heat is approximately proportional to T2, composed
of a phononic Debye T3 contribution and a magnetic T
contribution from antiferromagnetic magnons.

Both specific-heat curves in Figure 1 reveal anomalies
in a small temperature window around 18.5 K (see in-
set of Fig. 1). At first glance (we will come back to this
point later) only one sharp anomaly is seen for B = 0
at a critical temperature T, = (18.88 &+ 0.01) K which
is in good agreement with the value deduced from sus-
ceptibility measurements of Tazuke et al. [12]. Below Tg,
the Cu?* spins order antiferromagnetically in the ab plane
and form the mentioned incommensurate chiral spin struc-
ture with a turn angle [13] of about 108° (C phase). At
B = 14 T two anomalies at T¢; = (18.31 £ 0.02) K and
Teo = (18.69 £ 0.09) K can be clearly resolved indicating
an intermediate magnetic phase (I phase).

A compilation of our specific-heat data on RbCuClg for
several magnetic fields B in the interesting temperature
range around 18.5 K is presented in Figure 2. The temper-
ature range where the intermediate phase exists becomes
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Fig. 1. Specific heat C' vs. temperature T" of RbCuCl;s for
B =0and B=14T (B L ¢) in a double-logarithmic plot.
The inset shows the data between 17 and 20 K in a linear plot.
At B =14 T two anomalies are clearly resolved.

narrower with decreasing magnetic field. For B = 3 T the
anomaly at T.s can hardly be resolved and appears only
as a weak shoulder on the high-temperature side of the
main T.; peak. The evolution of C' in magnetic field sug-
gests that the more pronounced peaks measured at T for
B # 0 belong to the same phase boundary as the zero-field
anomaly (see also Fig. 4). The height of the T,; anomaly
weakens with increasing field while that at T, remains
roughly constant.

Figure 3 shows the magnetocaloric effect AT/AB of
RbCuClz measured at 5.0 K and 18.6 K. Because of
the small size of the effect large magnetic field steps of
200 mT were utilized in order to keep the scatter of the
data acceptable. The 5.0-K curve shows a smooth field
dependence of AT/AB with a broad maximum around
2.5 T and no indication for an anomaly. A second field
run at 18.55 K attempted to cross the boundary between
the phases C and I already determined by means of the
specific-heat experiment. Indeed, a step-like anomaly can
be seen at B, = (11.6£0.5) T consistent with the specific-
heat data.

The (B, T) phase diagram of RbCuCl; for B L ¢
extracted from our specific-heat data (filled circles) and
magnetocaloric-effect data is shown in Figure 4. The
dashed lines drawn as guides to the eye show the phase
boundaries. From neutron-diffraction experiments [13] it
is known that below T.; an incommensurate chiral spin
configuration is stabilized. Above Tcq, only short-range
one-dimensional ordered magnetic chains but no three-
dimensional order is present (PM phase). Between these
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Fig. 2. Specific heat C ws. temperature 7" of RbCuCls for
selected magnetic fields perpendicular to the sample’s ¢ axis.
For clarity, the values of C are shifted upward consecutively
by 4 J/molK with increasing field. The arrows denote the es-
timated transition temperatures Tco.
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Fig. 3. Magnetocaloric effect AT/AB vs. magnetic field B
of RbMnBr3 for T'= 5.0 K and 7' = 18.55 K (B L ¢). The
T = 18.55 K data have an offset of 10 mK/T. The dashed line
through the data points at 18.55 K is a guide to the eye.

two phases a third magnetically ordered intermediate one
evolves. Further work, in particular high-field neutron-
scattering experiments, is planned to elucidate the mag-
netic structure of this new phase of RbCuCls.

RbCuCl3 and RbMnBrj share a similar spin structure
with an incommensurate spiraling of the spins within the
ab plane [13,14]. For RbMnBrs a total of five different
phases were found [16] in the phase diagram (B L ¢), two
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Fig. 4. Magnetic phase diagram of RbCuCls for B L ¢ as
found from specific-heat (circles) and magnetocaloric-effect
(square) data. The dashed lines are guides to the eye. The
open circle at B = 0 is motivated by a weak anomaly seen in
Figure 5 (see text).

chiral phases C; and C,, two spinflop-like phases SF; and
SF2, and a short-range one-dimensional phase PM up to
7 T. The two chiral phases as well as the two spinflop-
like phases order with slightly different incommensurate
ordering vectors [17]. In the present case, for RbCuCls we
have only detected three phases up to 14 T. This difference
might be caused by the small S = 1/2 spin of the Cu?*
ions in RbCuCls, which due to quantum fluctuations may
prohibit the different incommensurate ordering vectors in
the chiral and spin-flop phase.

The behavior of the PM-I phase boundary at low fields
(B < 3 T) remains unclear. An open question is whether
the intermediate phase is already present at B = 0 or
not. In the following we will try to justify why we think
that the first possibility is the correct one. Figure 5 shows
the C data for B = 0 in a semilogarithmic plot wvs. the
reduced temperature t = (T — T,)/T. with Te = Ty =
18.88 + 0.01 K. We apply the usual fit function

+ Ai —a

where the superscript + (—) refers to ¢ > 0 (¢ < 0). The
regular contribution to C' is approximated by the linear
dependence (B + E't) close to T, and the power law rep-
resents the leading contribution to the singularity in C.
When a good fit is achieved except very close to T, a
Gaussian distribution of T, with width 67 is introduced,
simulating the rounding of the transition. For further de-
tails on the fitting procedure see reference [2]. The best
fit is achieved for T, = 18.88 K, a = 0.24 £+ 0.05 and
8T./T. = 7.4 x 10~%. Although the data points for T < T,
are well described by this fit, there are strong deviations
from the fit for T > T, in the region 1073 < t < 5 x 1073,
In fact, no fit parameters could be found to describe simul-
taneously the data for T' < T, and T" > T, including this
region. This observation may be explained by assuming a
second transition at Tey ~ T, x (1+1.5x 107%) = 18.91 K
which would account for an additional contribution to C'
not taken into account in equation (3). The open cir-
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Fig. 5. Specific heat C of RbCuCls vs. log |(T—T¢)/Tc| for B =
0. The solid lines are fits according to equation (3), the dashed-
dotted lines are fits including a Gauss-distributed smearing of
T. with 6T./Te = 7.4 x 107%,

cle in Figure 4 shows the position where T2 at B = 0
might be located. This would be in line with the behav-
ior found for RbMnBr3 where the intermediate spin-flop
line was also present for B = 0. We finally note that
the exponent o = 0.24 + 0.05 and the amplitude ratio
AT /A~ =0.48 £ 0.1 which correspond to those predicted
for a Heisenberg chiral system [1] are probably the result
of an averaging over the two neighboring transitions at
B=0.

4 Summary

We have presented the magnetic phase diagram up to
14 T of RbCuClg for a magnetic field applied parallel to
the basal plane (B L ¢) as obtained from high-resolution
specific-heat and magnetocaloric-effect measurements. A
new intermediate phase has been detected at high mag-
netic fields which may be stabilized in a finite temperature
region even at B = 0.
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