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Abstract. The magnetization and magnetic torque of the triangular antiferromagnetic system
CsCuy_,Co,Cl3 with x < 0.032 have been measured in magnetic fields up to 7 T. CsdsCl

a spin% triangular antiferromagnet with planar anisotropy, and has a $gh structure in the
c-plane belowIy = 10.5 K. It is observed that the macroscopic anisotropy changes from the
planar type to the axial one with increasing®ooncentratiorx. Itis found that the small amount

of Co?* doping produces a new ordered phase in the low-temperature and low-field region, i.e., the
present system can undergo two phase transitions at zero field. The transition field at which the
new phase becomes unstable is minimum#bi| ¢ and maximum fotH L c. With increasing

Cc?* concentratiorx, the area of the new phase is enlarged in the phase diagram for temperature
versus magnetic field. The new phase has a weak spontaneous magnetizatiendimeébgon.

1. Introduction

Many hexagonal ABX compounds crystallize in the CsNitructure or ones closely related

to it. When B ions are magnetic, they behave as triangular antiferromagnets (TAF) at low
temperatures, and exhibit a wide variety of magnetic phases due to the bonding frustration in
thec-plane and magnetic anisotropy [1]. CsCufiSlone of the hexagonal AB¥compounds.

Over the last few decades, CsCu@hs attracted considerable attention on the basis of the
structural phase transition and the magnetic properties.

Since the C#i* ion is Jahn—Teller active, CsCu@indergoes a structural phase transition
atT; = 423 K. BelowT;, all CuCk octahedra are elongated along one of the principal axes,
and the longest axes form a helix along thaxis with a repeat length of six [2—7]. The low-
symmetric crystal structure can lead to the antisymmetric interaction of the Dzyaloshinsky—
Moriya (D—M) type between the neighbouring spins in the Guelain with the D-vector
parallel to thec-axis. The exchange interactions in the chain and between the chains are
ferromagnetic and antiferromagnetic, respectively [8, 9], and their valuefatg = 28 K
andJ;/ kg = —4.9 K[10]. The magnetic anisotropy is of the planar type due to the pseudo-
dipole interaction [10]. CsCuglindergoes a magnetic phase transitiofia& 10.5 K at zero
field [8,11-13]. In the ordered phase, spins lie indtpane and form the 12Gtructure, while
along thec-axis, a long-period, i.e., about 72 layers of thplane, helical incommensurate
structure is realized, due to the competition between the ferromagnetic interaction and the
D—M interaction in the chain [8].

When the external field is applied parallel to the-axis, the spins tilt toward theaxis to
form an umbrella-type structure, as shown in figure 1(a). Withinthe mean-field theory, no phase
transition is expected before saturation. However, Motokawa and co-workers [14] observed the
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Figure 1. Various spin structures in magnetic fields for the ferromagnetically stacked and two-
dimensional triangular Heisenberg antiferromagnet. (a) Umbrella-type structure, (b) low-field
coplanar structure, (c) collinear structure and (d) high-field coplanar structure.

small magnetization jump &, = 125 T and7T = 1.1 K for H | ¢. Nikuni and Shiba [15]
argued that the coplanar structure, as shown in figure 1(d), is stabilized in high magnetic
fields due to the quantum fluctuation, so the transition from the umbrella-type structure to the
coplanar structure shown in figure 1(d) can occuHat The competition between the small
planar anisotropy and the quantum fluctuation gives rise to the phase transifign @ihe
coplanar spin structure predicted for the high-field phase was confirmed by means of neutron
scattering [16, 17] and ESR measurements [18] in pulsed high magnetic fields, and NMR
measurements [19].

Using spin-wave approximation, Chubukov and Golosov [20] investigated the quantum
effects on the spin ordering of the two-dimensional isotropic TAF in magnetic fields. They
argued that with increasing magnetic field, the Heisenberg TAF undergoes a successive phase
transition as shown in figures 1(b), 1(c) and 1(d) in that order. The intermediate collinear spin
structure is stabilized in a finite field rangk, < H < H.,, where the critical field¢i.; and
H., are a little smaller and greater than one-third of the saturationflgltespectively. Thus,
the magnetization plateau is expected to be in the field range. However, such a successive phase
transition is not observed in CsCyCMWe infer that the planar anisotropy which stabilizes the
umbrella-type structure prevents the presence of the low-field coplanar and the intermediate
collinear spin structures. If the planar anisotropy were reduced, the successive phase transition
predicted by Chubukov and Golosov or an unexpected new phase might be observed. This is
the motivation of our present study.

CsCoC} is well known as a pseudosp%ﬂsing TAF [21,22]. Thus, we assume that, on
average, C% ions substituting for Cti ions in CsCuy_, Co, Cl; reduce the planar anisotropy.
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In order to investigate the phase transitions in GsQGo, Cls, we measured the temperature

and field dependence of magnetizations for the samples witthG< x < 0.032. We also
measured the magnetic torque to investigate the sign and the magnitude of the anisotropy. In
this paper, we report the results.

2. Sample preparation and equipment

The crystals of CsGu,Co,Cl; were prepared as follows: the source materials used were
CsCl of 99% purity, CuGl-2H,0 of 99% purity and CoGI6H,0 of 99% purity (Wako Pure
Chemical Industries, Limited). In preparing CsCu@uCh-2H,0 and CsClwere dehydrated
separately by heating in vacuum for three day% at 80°C andT ~ 150°C, respectively.

After weighing, the samples were put into a quartz tube and dehydrated by heating in vacuum
atT ~ 80°C for three days. In preparing CsCaClWe first dissolved equimolar CsCl and
CoCh-6H,0 in water and then vaporized the water by heating. The Cs{Ju®der obtained

was put into a quartz tube and dehydrated by heating in vacuufn-at200 °C for three

days. Single crystals of CsCuGind CsCoG were grown by the Bridgman technique from

the melt. The temperature at the centre of the furnace was set a5t CsCuC and

650°C for CsCoC}. Mixing single crystals of CsCughnd CsCodin the ratio 1— x:x, we
prepared CsGu,Co,Clz by the Bridgman technique. Single crystals of sizé cn? were
obtained. The crystals are easily cleaved along 1h8, 0) plane. The crystals were cut into
pieces weighing 50-100 mg for magnetic measurements. The concentration of the cobalt ions
x was analysed by emission spectrochemical analysis after the measurements were carried out.
Since the resolution of the chemical analysis is higher than1D-2 ppm, the reliability of

the cobalt-ion concentrationis +0.0001.

The magnetization was measured down to 1.8 K in magnetic fields WpTt using a
SQUID magnetometer (Quantum Design MPMS XL). The accuracy of the absolute value is
approximately 5 10-° emu. A horizontal sample rotator was used to obtain the magnetization
for various field directions.

The magnetic torque was measured using a torque meter (Yasunami YMT-H1) and an
electromagnet. The torque meter used is an electric current-to-torque transducer-type one
constructed for measuring torque values as small ad-2l@2 dyn cm. We measure the
current which generates counter-torque for keeping the orientation of the sample unchanged.
The accuracy of the absolute value is approximately 10~ emu and that of the relative
value is 1%. The sample was placed such that the external field always lies(ih h®)
plane containing the-axis. The electromagnet was rotated at the rate of £.5 for the
measurements of torque curves.

3. Results and discussion

Figure 2 shows the magnetization process for the sampleawith0.032 at various temp-
eratures. The external field is applied parallel todtexis. ForT = 1.8 K, the magnetization
jumps atH. = 3.6 T. The field at which there is an inflection point in the magnetization is
assigned to the transition field. The transition figlddecreases with increasing temperature.
We observe the presence of a small spontaneous magnetizatiéh forH, which is also
confirmed by the torque measurements, as discussed below. The magnitude of the spontaneous
magnetizationMs at T = 1.8 K is estimated by extrapolating the magnetization curve in the
field region of 15 T < H < 3.3 T to zero (dotted line) a&f/s ~ 2.5 x 10~3 ug/atom.

The temperature dependence of the magnetizatidi féyrc for the sample withh = 0.032
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Figure 2. Field dependences of the magnetization for the sample with 0.032 at various
temperatures. The external field is applied parallel toctlagis. Transition fields are indicated
by arrows. The dotted line through the data for= 1.8 K denotes the extrapolation of the
magnetization curve in the regioblT < H < 3.3 T to zero.

is shown in figure 3. The small anomaly At= 12 K is due to an instrumental problem.
When the applied field is higher than 4 T, a single phase transition occlkg at 9.5 K,
and the transition temperature is almost independent of the external field. On the other hand,
for H < 3 T, we can see another anomaly on the low-temperature side, which is indicative
of the second phase transition. In figure 3, the temperature at wiMghiT gives the local
maximum is assigned to the transition temperafiyze The transition temperatuf®,, shifts
rapidly to the high-temperature side with decreasing external field. Sharp anomalies due to
the phase transitions indicate good homogeneity of the sample.

The phase transition data for the samples with 0.015, 0.023 and 0.032 are summarized
in figure 4. In this figure, open circles, triangles and closed circles indicate the transition points
forthe samples with = 0.015, 0.023 and 0.032, respectively. We label each phase as shownin
figure 4. With increasing, the phase boundary between the paramagnetic phase and phase |
shifts toward the low-temperature side. On the other hand, the area of phase Il becomes
enlarged with increasing. For the sample withc = 0.005, we could not observe phase
Il. Thus, we infer that there exists a critical concentratigrfor producing phase Il. In the
area of phase |, we could not detect any anomalies indicative of the phase transition in the
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Figure 3. Temperature variations of the magnetizationifes 0.032 at the various external fields
parallel to thec-axis. Transition temperatures are indicated by arrows.
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Figure 4. The magnetic phase diagram of C3CuCo, Cl3 for the magnetic field parallel to the
c-axis. Open circles, triangles and closed circles correspond to the transition points f@015,
0.023 and 0.032, respectively.
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magnetization data.

We measured magnetization curves at various field directions for the samplewih03.
The dM/dH versusH curves obtained af = 1.8 K are shown in figure 5, whefedenotes
the angle between the external field anddfexis. The value of 8/ /dH at around zero field is
maximum at) = 0°, and decreases with increasiig. This indicates that the steep increase
of the magnetization near zero field fBF || cis attributable not to the paramagnetic impurity,
but to the small spontaneous magnetization along:taris. The transition from phase Il to
phase | can be observed at the peak positioméfdH . Figure 6 shows the transition fiekd,
as a function of the angke The solid line is a visual guide. We can observe that the transition
field H. changes continuously with and has a minimum &= 0° (H || ¢) and a maximum
ate = +£90° (H L ¢). If the transition fieldH; is determined by the-axis component of
the external field H. is proportional to 1cosf. However, the transition field obtained for
H 1 cisfinite. This finding indicates that the field components parallel and perpendicular to
the c-axis are both responsible for the phase transition.
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Figure 5. dM/dH versusH measured in various field directions and at 1.8 K foe= 0.03.
6 denotes the angle between the external field and-tinds.

The magnetic torqué () is given byL (6) = —d F /20, whereF is the free energy of the
system and is the angle between the external figfdand thec-axis. When the torqué ()
is proportional taH 2 sin 29, which is satisfied in the paramagnetic phds@)) is expressed as

oF 1 .
L®) =—55 =500~ x)H?sin 2 (1)

wherey; andy, are the susceptibilities faf || c andH L c, respectively. Thus, we can
obtain the difference of the susceptibilitigs — x, through the torque measurement.
Figure 7 shows the torque curves for CsCi@hd CsCuy_,Co,Cl3 with x = 0.015,
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Figure 6. The angular dependence of the transition fidldmeasured at 1.8 K for = 0.03. The
solid line is a visual guide.
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Figure 7. Torque curves for CsCughnd CsCuy._, Co, Cl3 with x = 0.015, 0.023 and 0.032. The
external field of 0.9 T is rotated in thec-plane. In (b) and (c), solid and dashed lines denote the
torque curves in phase Il and phase I, respectively.
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0.023 and 0.032. The external field Bf = 0.9 T is applied. The dashed and solid curves
for CsCy_,Co,Cl3 are the torque curves in phase | and phase Il, respectively. The magnetic
torques for CsCuGland those in phase | far= 0.015 and 0.023 are proportional & sin 2.
From the torque curve, we sgg < x, in the ordered phase of CsC4CDn the other hand,
for x = 0.015 and 0.023y; > x, in phase I. In phase Il, the peak of the torque curve shifts
towardé = +90°, and the curve resembles the letter ‘N’. The torque curve can be understood
in terms of the small spontaneous magnetization parallel te-vds, which produces the
torque proportional te- H sind for —90° < 6 < 90°. The spontaneous magnetization does
not exist in phase |, because the torque is described by equation (1).

Figure 8 shows the temperature dependence pflefined by

Ay = —2L(0 = 45°)/H?. 2)

The data were collected &t = 0.5 Tand 0.3 T for CsCu, Co, Clz and CsCuGJ, respectively.

In the paramagnetic phase in which the torque is proportionai4ein 29, Ay is equal to

Xx) — x1. Phase transitions are detected at almost the same temperatures as those observed in
the magnetization measurements. In the paramagnetic phaseghanges its sign from minus
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12\
10 \ CsCu,_,Co,Cl,
\ H=0.5T
8
©
£
= 6 x=0.032
£ ‘
(0]}
®
\3, 4 x=0.023
>~ =
3 x=0.015
2 /
e S
%mduxmm@
0
> f CsCuCl, |
H=0.3T
-4

4 6 8 10 12 14 16
T(K)
Figure 8. Temperature dependences Afy defined by equation (2), for CsCuhnd for

CsCuy_,Co,Cl3 with x = 0.015, 0.023 and 0.032 in the phase transition region. Transition
points are indicated by arrows.
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to plus with increasing, and its magnitude increases. It is considered thatin the para-
magnetic phase is almost proportional to the anisotropy, because the difference betvween the
factors parallel and perpendicular to thexis is small in CsCuGli.e.,g, —g; ~ 0.02[18,23].
Therefore, the present result indicates that, on average, with increasihg anisotropy
changes from a planar type to an axial one and that phase Il appears when the anisotropy is of
the axial type.

The spin structure of phase Il is stabilized with the help of the axial anisotropy. With
decreasing Cd concentrationy, the area of phase Il is reduced and then disappears. Thus,
it is logical to deduce that phase | which surrounds phase Il is essentially identical to the
ordered phase of CsCugl Since the quantity of G ions is small, we assume that the
exchange interactions in the chain and between the chains are not greatly modified. Since
the intrachain interaction is ferromagnetic, the spin-flop transition cannot be expected. If the
coplanar structure shown in figure 1(b) is realized in phase I, the transitiipfatr H || ¢
is not understandable, because both the anisotropy and the quantum fluctuation in high fields
favour the coplanar structure over the umbrella-type one [15]. At present, the spin structure of
phase Il is unknown. Neutron scattering experiments are needed to elucidate the spin structures
of phase | and Il and the mechanisms which lead to the phase transitions in the present system.

4. Conclusions

We measured the magnetization and magnetic torque of the triangular antiferromagnetic system
CsCu_,Co,Cl3 with x < 0.032, in which C8* ions were described as having pseudospin

% substitute for C& ions. With increasing Cd concentrationt, the magnetic anisotropy
changes from planar type to axial in the regior:Oc < 0.015, and its magnitude increases.

For the sample withh = 0.005, which seems to be closely isotropic, any field-induced phase
transition was observed below 7 T. It was found that f@16 < x < 0.032, a new ordered
phase (II) appears in the low-temperature and low-field region of an ordered phase (I) which is
assumed to be identical to the ordered phase of Cs{Jg€é the schematic phase diagram in
figure 7). With increasing G6 concentration, the area of the new phase becomes enlarged in
the phase diagram. The transition field at which the new phase becomes unstable is minimum
for H || ¢ and maximum forH L ¢. The new phase has weak spontaneous magnetization
along thec-direction. The spin structure of the new phase is unknown.
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