PHYSICAL REVIEW B

VOLUME 37, NUMBER 1

Phase transitions in a quasi-two-dimensional XY random magnetic system

K. Katsumata
The Institute of Physical and Chemical Research (RIKEN), Wako, Saitama 351-01, Japan
and Research Institute of Applied Electricity, Hokkaido University, Sapporo 060, Japan

J. Tuchendler

Laboratoire de Dispositifs Infrarouge, Universite Paris VI, 4, Place Jussieu, 75230 Paris Cedex 05, France

Y. J. Uemura
Brookhaven National Laboratory, Upton, New York 11973

H. Yoshizawa
Institute for Solid State Physics, University of Tokyo, Roppongi, Minato-ku, Tokyo 106, Japan
(Received 8 June 1987)

The phase transitions of a randomly mixed quasi-two-dimensional antiferromagnet and fer-
romagnet Rb,Mn, _, Cr, Cl, have been studied experimentally using ac susceptibility (Y), magneti-
zation, and neutron scattering techniques. A characterization of the single crystals of
Rb,Mn, _,Cr,Cl, grown for this study is made with ac X and electron-spin-resonance measure-
ments. It turns out that the mixed system is a typical example of an XY magnet in the concentra-
tion range 0.1S5x < 1.0. The concentration versus transition-temperature (x-7) phase diagram of
this alloy under zero external magnetic field is constructed. The transition temperature from the
paramagnetic (PM) to the antiferromagnetic phase decreases rapidly with increasing Cr concentra-
tion. A transition from the PM phase to the spin-glass (SG) phase is observed in the concentration
region 0.34 <x <0.5. The mixed crystals with the concentrations 0.50 <x < 1.0 show a reentrant
spin-glass (RSG) transition; a sequence of transitions from the PM to ferromagnetic (FM) phase
and from the FM phase to SG at a lower temperature. Qualitatively, the x-7 phase diagram of
Rb,Mn, _,Cr,Cl, is explained by the theories on competing exchange interactions. The RSG
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transition is discussed in the context of recent theories on the two-dimensional XY spin glass.

I. INTRODUCTION

Extensive studies have been done on spin glasses (SG)
in the last decade. One of the most interesting problems
in this field has been whether an equilibrium phase tran-
sition does exist in SG or not. Various kinds of SG ma-
terials have been reported that are characterized with ac
susceptibility (appearance of a cusp at the freezing tem-
perature, Ts;) and/or magnetization (presence of a
remanence below Tg;) measurements. Among them are,
dilute alloys where the long-ranged Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction dominates, and in-
sulators in which the interactions are predominantly
short ranged. In recent years a considerable progress
has been achieved in the theory of SG. Bray et al.'
showed a possibility of a marginal transition at a
nonzero temperature in the RKKY SG. For three-
dimensional (3D) short-ranged Ising SG the Monte Car-
lo simulations®? strongly suggest that a phase transition
takes place. In two dimensions, Morgenstern and
Binder* had already shown that there is no phase transi-
tion in the short-ranged Ising SG. In the case of short-
ranged Heisenberg SG systems, the theories® seem to be
unfavorable to the existence of a phase transition at a
finite temperature. Whether a phase transition does ex-
ist or not in short-ranged XY SG systems is still contro-
versial. Let us consider what happens when a frustra-
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tion® in introduced into a two-dimensional 2D) XY sys-
tem. As shown in Fig. 1(a), if there is an even number of
antiferromagnetic bonds in the plaquette no frustration
occurs. On the other hand, if there is an odd number of
antiferromagnetic bonds the spins are canted’ due to the
frustration effect [Figs. 1(b) and 1(c)]. The ground states
of the two canted spin configurations have the same en-
ergy and thus are degenerated. Villain’ introduced the
concept of chirality (k) to characterize the spin states in
Figs. 1(b) and 1(c) in such a way that the former has
k= +1 and the latter k= —1. Kawamura and Tanemu-
ra® have made a Monte Carlo study on a 2D XY SG and
showed a possibility of a phase transition from the
paramagnetic to chiral SG phase in the case when the
numbers of ferromagnetic and antiferromagnetic bonds
are equal. They also made a Monte Carlo study’ on the
same system in the region rich in ferromagnetic bonds
and found reentrance phenomena; with lowering temper-
ature a transition from the paramagnetic (PM) to fer-
romagnetic (FM) phase takes -place followed by an FM
to SG transition. Experimentally, reentrant spin-glass
(RSG) transition is signaled by a sudden decrease of
magnetization around the RSG transition temperature.
According to the study by Kawamura and Tanemura,
the RSG state with low net magnetization in the 2D XY
random magnet is a metastable one. A true equilibrium
state in the system is very similar to the one seen in fer-
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FIG. 1. The classical ground-state spin configuration of a
set of four spins. The solid lines represent ferromagnetic ex-
change interaction and the dotted lines antiferromagnetic in-
teraction. (a) Nonfrustrated plaquette; (b) frustrated plaquette
with chirality (k)= +1; (c) frustrated plaquette with k= —1.

romagnets. Physically, this is explained as follows:
when the sample is quenched from high temperature to
RSG state, there are regions in which pairs of chiralities
with the same sign (+ + or — —) are formed. These
pairs disturb the surrounding spins seriously and make a
vortex. This results in a state with low net magnetiza-
tion. The metastable state has a higher energy than the
ferroma%net like state. On the other hand, Jain and
Young,'® who also performed Monte Carlo simulations
on 2D and 3D XY SG, suggest that there is no phase
transition in the 2D XY SG without taking into account
the chiralities. In these circumstances experimental
studies on XY random magnetic systems are clearly
needed.

There has been little experiment on short-ranged XY
SG. Katsumata et al.!' have found that a random mix-
ture of the quasi-2D antiferromagnet (Rb,MnCl,) and
ferromagnet (Rb,CrCl,) exhibits SG behavior in the in-
termediate concentration region. Independently, Kohles
et al.'? have observed SG behavior in the same system.
It turned out that the mixed crystal Rb,Mn,_,Cr,Cl, is
a typical example of a 2D XY SG as described below. In
this paper we report full details of magnetic, as
well as neutron scattering studies, made on the
Rb,Mn,_,Cr,Cl, system and discuss the experimental
results in the light of current theories.

The format of this paper is as follows. In Sec. II we
present the relevant background information and details.
The experimental results are given in Sec. III. A discus-
sion and conclusions are given in Sec. IV.

TABLE 1. The lattice parameters, transition temperatures,
and parameters of the spin Hamiltonians of Rb,MnCl, and
szchh.

Rb,MnCl, Rb,CrCl,
Lattice parameters (A) a=5.05 a=5.14
c=16.18 c=15.77
Transition temperature (K) Ty=55 Tc=524
Spin direction ¢ axis ¢ plane
([110p
Effective spin 3 2
g value 2.00 2.1
Parameters of the J=—4.7 J=5.25
Hamiltonian (cm™') gugH =0.14 D=0.737
P=0.0855

II. PRELIMINARY DETAILS

A. Crystal and magnetic properties
of szMnCh and RbICrCh

The compound Rb,MnCl, (Ref. 13) has the K,NiF,
crystal structure shown in Fig. 2. The crystal has a lay-
ered structure. Each successive MCl, (where M stands
for magnetic atom) layer is separated by two RbCl
planes. The crystal structure of Rb,CrCl, is predom-
inantly of the K,NiF, type.!* There is a small antiferro-
distortive displacement of the Cl~ ions within the (001)
plane to give two CrCl, units with their principal axes of
elongation, respectively, along the [100] and [010] axes.'’
The lattice parameters of Rb,MnCl, (Ref. 13) and
Rb,CrCl, (Refs. 14 and 15) are shown in Table I. They
differ from each other only slightly. Thus, we expect
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FIG. 2. Crystal structure of Rb,MCl, (M=Mn>* or Cr’*).
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that Rb,MnCl, and Rb,CrCl, make a good solid solution
over the whole range of concentration.

Manganese(II) ion has a (3d)° electron configuration,
and the ground state is ®S. Since the ground orbital
state of Mn?* is a singlet, it is not affected by mixing
with Rb,CrCl,. The main origin of the anisotropy ener-
gy in Rb,MnCl, comes from the magnetic dipole-dipole
interaction between the Mn?* spins. Chromium(II) ion
has a (3d)* electron configuration and the ground state is
D. The ground-state orbital wave function of Cr** in a
tetragonal field is either £2—n? or 3r2—¢? type. Since
the C1~ octahedron in Rb,CrCl, elongates alternatively
along the [100] and [010] directions, the £2—? state has
the lowest energy, where the { axis is parallel to the
direction of the elongation and the 7 axis to the ¢ axis of
the crystal. Because the Cr’** orbital ground state in
Rb,CrCl, is a singlet, it is not affected by mixing with
Rb,MnCl,. The anisotropy energy of the Cr’* in
Rb,CrCl, comes from the single-ion type, due to the
crystal field levels.

From the neutron scattering study,'® Rb,MnCl, is a
2D antiferromagnet in the temperature range 55
K <T <180 K. Below 55 K(Ty), this compound exhib-
its a long-range antiferromagnetic ordering. The Mn**
spins in the ¢ plane point antiparallel to their neighbor-
ing spins and parallel to the spins on the next-nearest-
neighbor planes. The spin easy axis in the antiferromag-
netic phase is parallel to the ¢ axis. Since the net ex-
change field acting on the spins in a plane from the spins
on the nearest planes is zero in the ordered phase, a very
weak exchange interaction between planes is invoked to
determine the relative orientation of the spins on neigh-
boring planes. The spin Hamiltonian in Rb,MnCl, may
be written as

ﬂz_z‘lzsi'sj—g#BHA PO (1)
ij i

where J is the in-plane isotropic exchange interaction
constant, g the g value along the z axis, uz the Bohr
magneton, H , the anisotropy field, and z is parallel to
the c axis of the crystal. The parameters of the Hamil-
tonian have been determined from the antiferromagnetic
resonance experiments'’ and are given in Table 1.

The neutron experiments'®~2° show that Rb,CrCl, is a
typical example of a 2D easy-plane ferromagnet. The ra-
tio of the in plane and between planes exchange con-
stants is ~0.0003. The compound Rb,CrCl, exhibits 3D
ferromagnetic ordering below 52.4 K(T.). As is de-
scribed above, the CrClg units elongate alternatively
along the [100] and [010] axes, which correspond to the
easy axes in the (001) plane of the sublattices 1 and 2.
Due to the strong ferromagnetic exchange interaction
spins on the sublattices 1 and 2 point almost parallel to
the [110] direction. Hutchings et al.!® used the follow-
ing spin Hamiltonian to analyze the spin-wave spectra of
Rb,CrCl,:

H=-T3 Si1'S;,—P 3 (S, +Shs)
ij i

+D 3 (Si.+55.) 2)

where J is the isotropic ferromagnetic exchange constant
in the ¢ plane, P and D are single ion anisotropy con-
stants, suffixes 1 and 2 refer to the two sublattices, and
a, b, and ¢ to the crystal axes. If we neglect the small
canting of the spins on the sublattices 1 and 2, the Ham-
iltonian (2) reduces to'®

H'=-J38;8;+D 3 (S)*—P 3 (5})?, (2)
iJj i i

where x is along the ¢ axis and z is parallel to the [110]
direction. The values of the parameters of the Hamil-
tonian [Eq. (2')] obtained from the neutron experiment'®
are given in Table I. Dang et al.?! estimated the aniso-
tropy field in the a-b plane to be about 1.5 kOe from
their nuclear-magnetic-resonance (NMR) study. Using
g=2.1, 2 the in plane anisotropy energy is 0.15 cm~},
which is larger than that obtained in the neutron experi-
ment.!?

B. Experimental details

Several papers have been published?>~2?* about the
best way to grow single crystals of Rb,MnCl,, Rb,CrCl,,
and their solid solutions. We have grown the single
crystals of Rb,Mn,_,Cr,Cl, used in the present study
by the following method. The starting materials were
Mn(Cl,, CrCl,, and RbCl. Powders of MnCl, were ob-
tained by a direct reaction of Mn metal (Johnson
Matthey, Specpure) with HCl gas (Seitetsu Chemicals,
EG grade). Powders of CrCl, and RbCl (Suprapur) were
supplied from Merck. The single crystals of Rb,MnCl,
were grown from a melt of RbCl and MnCl,, the start-
ing ratio of which was slightly offset from the
stoichiometric one. The single crystals of Rb,CrCl, were
grown similarly. The single crystals of Rb,MnCl, and
Rb,CrCl, so obtained were crushed into powders and
packed into a quartz ampoule with 1 —x and x molar ra-
tio. Because these materials are very hygroscopic, all
handling was carried out in a glove box filled with dry
N, gas. The material was purified several times under
HCI gas and sealed at the vacuum of 10~° Torr. Then it
was set in a vertical furnace, the bottom of which was
placed 10 cm below the center of the furnace where the
temperature gradient is maximum. The temperature of
the furnace was kept above the melting point of
Rb,Mn, _,Cr,Cl, for one day and then lowered slowly.
Neither the furnace nor the ampoule was moved. We
found that this method is better than the others for
obtaining single crystals of the mixture with small con-
centration  gradient. Good single crystals of
Rb,Mn,_,Cr,Cl, as large as 10X 1020 mm? could be
cleaved from the boule. X-ray and neutron diffraction
measurements showed that the single crystals were of
reasonable quality. The concentrations (x) of the mixed
crystals used in most of the susceptibility and magnetiza-
tion measurements were determined by means of rf in-
ductively coupled plasma atomic emission spectroscopy.
The x values given with only one figure in some of the
susceptibility, electron spin resonance (ESR), and neu-
tron scattering results are the starting compositions.

The ac susceptibility (X) was measured with the fully



37 PHASE TRANSITIONS IN A QUASI-TWO-DIMENSIONAL XY ... 359

computerized apparatus reported earlier.”® The sample
was cooled from room temperature to 4.2 K under zero
external magnetic field and the ac X was measured under
zero field by slowly increasing the temperature. The
magnetization measurements were made with the mag-
netometer described earlier.?® In order to avoid
remanence fields which could be present in a supercon-
ducting magnet, we have used a solenoid coil wound
with Cu wire. No attempt was made to reduce the
Earth’s magnetic field in the ac X and magnetization
measurements.

The ESR experiments at millimeter and submillimeter
wavelengths were performed with the spectrometer de-
scribed earlier.”’” The microwave sources consist of
several Carcinotrons?® made by Thomson-CSF.

The neutron scattering experiments were carried out
using a triple-axis spectrometer at the Brookhaven high
flux beam reactor. The spectrometer was operated with
an incident neutron energy of 14.7 meV obtained from
the (002) reflection of a pyrolytic graphite monochroma-
tor. The sample was mounted in a helium cryostat with
the ¢ axis either vertical or horizontal.

C. Characterization of Rb,Mn,_, Cr,Cl,

We have characterized some of the Rb,Mn,_,Cr,Cl,
single crystals grown for this study from ac X and ESR
measurements. In Fig. 3 we show temperature depen-
dencies of X along the c axis (X|) and c plane (X,) of
Rb,CrCl,. Upon lowering the temperature, X, increases
dramatically around 55 K and shows a plateau below
about 53 K. On the other hand, X, is sharply peaked at
52.8 K. The magnitude of X, is about 100 times larger
than that of X|. The anisotropy of X in the ¢ plane is
very small. The susceptibility (X,) of a ferromagnet
observed in an experiment in the presence of a demag-

. (emu/mole)
100 7 X (emu/mole) < 1.00
T
75 .0.75
50 Rb,CrCl, 0.50
V=20Hz s
+ ¢ plane
25 e C axis * 0.25
T (K) *
(0]

o 10 20 30 40 650 60 70

FIG. 3. Temperature dependencies of the ac susceptibilities
along the c axis and in the ¢ plane of Rb,CrCl, single crystal.

netizing field is related to the intrinsic susceptibility
(Xint) by’

Xobs=1/(N+1/Xi,) 3)

where N is the demagnetizing factor. Below T, X,
diverges and consequently X, is given by 1/N. We es-
timated the value of 1/N of our sample using the demag-
netizing factor given by Osborn,” and obtained a
reasonable agreement with the observation. Thus, the
susceptibility measurement confirms that Rb,CrCl, is a
good example of a planar ferromagnet. The temperature
at which X, is sharply peaked corresponds to the Curie
temperature (7). This value of T (52.8 K) agrees well
with that'® reported. The behavior of X below T is ex-
plained as follows. Since Rb,CrCl, is a planar magnet,
we introduce an effective anisotropy field (H,) which
confines the spins into the ¢ plane. From the balance of
torque we have,

MH sin6=MH _cos6 , (4)

where M is the magnetization, H the external magnetic
field along the ¢ axis, and 6 is the angle that M makes
with H. By definition X is given by

X, = lim M(cos6)/H . (5)
H—0

Using anisotropy constant (K), H, is expressed as
H,=K /M. The temperature dependence of K is given
by K ~[M(T)]" with n =~3.3° Hence, from Egs. (4) and
(5),

X (D) ~[M(D)P~"~[M(T)]". 6)

The temperature dependence of M (T) is such that M (T)
is zero at T and increases with decreasing temperature
slightly slower than the S=2 Brillouin curve.’! Thus,
X,(T) diverges at T and then decreases with lowering
temperature below T.

We have made ESR measurements on Mn-rich sam-
ples of Rb,Mn,_, Cr,Cl, to characterize their magnetic
anisotropy. As is described in Sec. II A, Rb,MnCl, is an
antiferromagnet with uniaxial anisotropy parallel to the
c axis and Rb,CrCl, is a planar ferromagnet with the
easy plane perpendicular to the ¢ axis. Therefore, there
is a competition?®*?~37 between the uniaxial and planar
anisotropies together with the competition between the
antiferromagnetic and ferromagnetic exchange interac-
tions in the mixed system. Since the anisotropy energy
of Mn** spin is much weaker than that of Cr?* spin, we
expect that even a small amount of Cr’* atoms changes
the uniaxial anisotropy to a planar one. ESR is one of
the best methods to characterize spin anisotropy at a mi-
croscopic level. Figure 4 shows the result of ESR mea-
surements made on Rb,MnCl,. The frequency (v)
versus external magnetic field (H) relation of the reso-
nance points is well described by the following equation
for the antiferromagnetic resonance (AFMR) with uniax-
ial anisotropy,*®3°

w/y=Q2HH )"*—H, , 7
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FIG. 4. Frequency vs external magnetic field relation for the
antiferromagnetic resonance in Rb,MnCl, obtained at T=4.2
K. The external field is applied along the c axis.

where w=27v, y=gug /#, and Hy is the antiferromag-
netic exchange field. In Fig. 5 we show the result of
ESR experiments on Rb,Mn, ¢Cr, ,Cl, sample. We have
two resonance branches, the intensities of which are very
different from each other. The stronger one corresponds
to the AFMR as discussed below. The v versus H rela-
tion of the weaker resonance is expressed by the follow-
ing equation of a paramagnetic resonance (PMR):

The v versus H, relation of the AFMR in the x=0.1
sample is qualitatively different from that of pure
Rb,MnCl,. The v versus H relation of Fig. 5 is well de-
scribed by the equation

w/y=(C,+H})"?* . 9

Equation (9) gives the AFMR frequency in the case
when the sublattice magnetizations point along the easy
axis and H, is applied perpendicular both to the easy
and hard axes.’®*® Thus, the present result shows clear-
ly that the spins in the x=0.1 sample lie already in the ¢

Cl RbaMng,9Cro, Cls

C200+

>

(8]

z T=4.2K -

§ Hol C (/f,g.of

@100} g

w o7 o

z T —o— AFMR

S .7 --@-- PMR

o] //'

E o 1 ] | 1 1 1
) 20 40 60

MAGNETIC FIELD (kOe)

FIG. 5. Frequency vs magnetic field relations for the reso-
nance points in x=0.1 sample obtained at T=4.2 K. The
external field is applied in the ¢ plane. The solid curve is the
theoretical one for the antiferromagnetic resonance (AFMR)
discussed in the text. The dashed line is for the paramagnetic
resonance (PMR).

plane. We present in Fig. 6 ESR data obtained in
Rb,Mn, ;Cr, ;Cl;. In this sample we have also two reso-
nance branches as in the x=0.1 sample. The behavior
of the AFMR branch in the x=0.3 sample differs from
that of the x=0.1 sample in that the former deviates
from the PMR branch, while the latter tends to it as H
increases. Due to frustration effects, the antiferromag-
netic exchange field H; becomes small with increasing x,
while the out of plane anisotropy field (H ,,) becomes
large with x because the planar anisotropy of the Cr spin
has already overcome the uniaxial anisotropy of the Mn
spin. In the case when H ,,~H;, we have to retain
many terms*>*! in the AFMR theory which can be
neglected in a usual antiferromagnet. The AFMR fre-
quency is given by

w/y={H 4(2Hg +H 4,)+H}
+[(—H H  ,+2HgH ,,—6H | Hg

—HY)/QHg+H )Y HEY?2,  (10)

where H 4, is the in plane anisotropy field. Experimen-
tally, the resonance frequency extrapolated to H,=0 is
very small. Therefore, we may neglect H ,, in Eq. (10).
Then, Eq. (10) reduces to

o/y ~Hy1+H ,/2H;)"? . (11)

By comparing Eq. (11) with the experiment, we have
H ,,/2H; ~0.7. From the ESR experiments we can
conclude that the magnetic anisotropy in the mixed crys-
tal Rb,Mn,_, Cr,Cl, is of planar type in the concentra-
tion region 0.15x <1, and that the antiferromagnetic
exchange field becomes small with increasing x due to
frustration effects. The latter conclusion does not neces-
sarily mean a decrease of the Mn?*-Mn?* antiferromag-
netic exchange interaction at each site, since we are
measuring only the uniform mode in the ESR experi-
ments. Thus, Rb,Mn,_, Cr, Cl, is a typical example of a
2D XY random magnet with competing exchange in-
teractions.

RbaMng 7Cro.3Cly

=
5
=200}
g T=4.2K, 1.5K
H c -
g O‘L <aﬂ/ <55,\‘.»’
l.cu, //Q -7
a:. 100 )@/ e
8 e —®— AFMR
5 e -.®-- PMR
I o
a 0 | | | ] i |
0 20 40 60

MAGNETIC FIELD (kOe)

FIG. 6. Magnetic field dependencies of the resonance fre-
quencies in x=0.3 sample obtained at T=4.2 and 1.5 K. The
external field is applied in the ¢ plane. The solid curve is the
theoretical one for the antiferromagnetic resonance (AFMR)
discussed in the text. The dashed line is for the paramagnetic
resonance (PMR).
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III. EXPERIMENTAL RESULTS

A. Magnetic measurements

Figures 7(a)-7(d) show the temperature dependencies
of X, and X, of Rb,Mn,_,Cr,Cl, obtained in the Mn-
rich concentration region. The result on the x=0.03
sample [Fig. 7(a)] is reminiscent of the susceptibility in a
uniaxial antiferromagnet; the parallel susceptibility de-
creases below Ty, while the perpendicular susceptibility
is less temperature dependent. Thus, the x=0.03 sample
is predominantly a uniaxial antiferromagnet. The sus-
ceptibility measurement on x=0.05 crystal [Fig. 7(b)]
shows that the sample is no longer a uniaxial antifer-
romagnet. There is an indication of a phase transition in
X, around 28 K. This transition may be related to the

(a)

0.04. X (emu/mole)
X=0.03
0.03
vV = 200Hz
0.02}
. Y .
e, LC K M 3
‘!Nf!‘”o’** i+ H *"( “’M
ooy We
T(K
0.00

0 20 40 60 80 100 120

(c)

0.04, X ({emu/mole)
X =0.1
0.03 v =200 Hz
+.‘
* .
0.02} % -,
" *,004
'“mwmn'f "*HH N ’e.b ;. 4 "“*
0.0l
e lic
+ l1c
0.00 TK

O 20 40 60 80 100 120

competition of the anisotropies described in Sec. IIC.
When we increased the Cr concentration further, no in-
dication of phase transition was observed in the suscepti-
bility measurements [Figs. 7(c) and 7(d)].

We show in Fig. 8(a) the temperature dependencies of
X, and X, obtained in the x=0.34 sample. In this con-
centration, X, shows a cusp at 5.6 K (Tsg). Also, X
shows a cusp at the temperature slightly lower than Tg;.
The susceptibility is anisotropic; X, is about 10 times
larger than X. Figure 8(b) shows the frequency depen-
dence of X, obtained in the x=0.34 sample. The tem-
perature at which X, shows the cusp increases with in-
creasing frequency of the ac field. The magnitude of X
also depends on the frequency. These behaviors of the
ac susceptibility are generally observed in metallic as

(b)
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V=200Hz
o0z, - @ i
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FIG. 7. Temperature dependencies of the ac susceptibilities along the ¢ axis (parallel to ¢) and in the ¢ plane (perpendicular to c)

of Rb,Mn, _, Cr, Cl, in the Mn-rich concentrations.
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FIG. 8. (a) Temperature dependencies of the ac susceptibili-
ties along the ¢ axis and in the ¢ plane of x=0.34 sample. (b)
Frequency dependence of the ac susceptibility in the ¢ plane of
the x=0.34 crystal.

well as insulating spin glasses.*” In most cases ac X does
not depend on the measuring frequency above Tgs. In
our case, X depends on the frequency in the tempera-
tures T S4T; at the high-frequency region. We show
in Fig. 9 the results of magnetization measurements
made on the x=0.4 crystal under field-cooled (FC) and
zero-field-cooled (ZFC) conditions. In the ZFC case, the
sample was cooled from room temperature down to 1.5
K in zero external field and a magnetic field of 60 Oe
was switched on at 1.5 K. Then, the magnetization was
measured in the presence of the magnetic field by slowly
increasing the temperature. In the FC case the sample
was cooled from room temperature to 1.5 K in the pres-
ence of the external field and the magnetization was
measured with increasing temperature. The magnetiza-

2.00; M/H (emu/mole)
X=0.4
¢ plane
1.50 Ho= 60 Oe
1.00
0.50 i,
ZFC
7
T(K)
.00
° o 2 4 6 8 10 12

FIG. 9. Temperature dependencies of the zero-field cooled
(ZFC) and field cooled (FC) magnetizations in x=0.4 sample.
The external field is applied in the ¢ plane.

tion is history dependent. This irreversibility of magne-
tization is commonly seen in SG. From the ac X and
magnetization measurements, we find that
Rb,Mn,_,Cr,Cl, undergoes a PM to SG transition in
the intermediate concentration region.

Figures 10(a)-10(d) show the temperature dependen-
cies of ac X obtained in the Cr-rich concentration region.
In these concentrations we see an indication of an RSG
transition in X ; on decreasing temperature X, increases
abruptly around T and then reaches a plateau. When
the temperature is lowered further, X, shows a sharp de-
crease. The height of the plateau becomes small with
decreasing x. As we have used in the susceptibility mea-
surements samples with similar shapes and dimensions,
N in Eq. (3) does not differ much from sample to sample.
This means that X;,, does not diverge below T in the
ferromagnetic samples rich in Mn atoms. The value of
X, is much larger than that of X, thus demonstrating
that the mixed crystals in these concentrations have a
planar anisotropy. The PM-FM transition becomes
broad and the value of T becomes small as x is de-
creased from 1. On the other hand, the RSG transition
observed at the lower temperature is sharp in the
x=0.50 sample and becomes broad with increasing x.
The disordering transition temperature (Tsg ~ 10 K) es-
timated from the inflection point of the X versus T curve
is almost independent of the concentration. In Fig. 11
we show frequency dependencies of X and X, obtained
in the x=0.50 crystal. The susceptibility in the ¢ plane
does not depend on the frequency above T, while it
does depend on the frequency below T-. The RSG tran-
sition becomes broad as the frequency is increased. The
susceptibility along the ¢ axis depends on the frequency
even above Tc. An indication of the RSG transition is
seen in X, at the same temperature where X, shows a
dropoff. Temperature dependencies of ZFC magnetiza-
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tions observed in the x=0.50 and 0.64 samples are
shown, respectively, in Figs. 12(a) and 12(b). The data
exhibit a general tendency that the magnetization in-
creases steeply as the temperature is increased from 1.5
K and becomes less temperature dependent above about
4.5 K. This value of Tgg is lower than that determined
from the ac X measurements. A careful inspection of
Fig. 12(a) shows that Tg; estimated from the inflection
point of the magnetization versus temperature curve
shifts to the low-temperature side with increasing mag-
netic field and that the magnetization decreases with in-
creasing temperature above Tsg at high fields. The FC
magnetizations in these samples are almost temperature
independent. The behavior of the frequency-dependent
X and the history-dependent magnetization observed at
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the FM-SG transition are similar to the ones observed at
the PM-SG transition.

B. Neutron scattering

All the reflections reported in this paper are indexed
according to the magnetic unit cell'®*® of the K,NiF,
structure. Figure 13 shows the results of neutron
scattering measurements on x=0.1 sample. The intensi-
ty of the (100) antiferromagnetic reflection begins to in-
crease at 45 K. The critical scattering at (100.385) is
peaked at 45 K. Thus, the x=0.1 sample shows a long-
range antiferromagnetic ordering below this tempera-
ture. The intensities of the (100) and (10 —0.25)
reflections in x=0.2 sample were measured. The intensi-
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FIG. 10. Temperature dependencies of the ac susceptibilities along the ¢ axis (parallel to ¢) and in the ¢ plane (perpendicular to

¢) of Rb,Mn, _, Cr,Cl, with 0.50 < x.
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FIG. 11. Frequency dependencies of the ac susceptibilities
along the c axis and in the ¢ plane of the x=0.50 sample.

ty at the (100) point begins to increase around 30 K and
the critical scattering at (10 —0.25) is maximum at this
temperature. The critical scattering in the x=0.2 sam-
ple is less pronounced compared to that of the x=0.1
sample. Therefore, the antiferromagnetic ordering in the
x=0.2 sample is smeared.

We now proceed to the Cr-rich concentrations. In
this concentration region we have observed scatterings
from the ferromagnetic Bragg points and from the anti-
ferromagnetic ones. In the following we discuss only the
ferromagnetic scattering. We show in Fig. 14 the tem-
perature dependencies of the (004) and (003.88)
reflections obtained in x=0.6 sample. The intensity of
the (004) reflection begins to increase at 40 K. The
critical scattering at (00 3.88), slightly offset from the
Bragg position, shows a peak at 40 K. We see that the
ferromagnetic long-range order sets in below 40 K, or at
least the ferromagnetic correlation develops considerably
below this temperature in the x=0.6 sample. Surpris-
ingly, we have no indication of the RSG transition down
to 4.7 K. The neutron scattering experiments*~*¢ on
other RSG systems clearly showed a decrease of the in-
verse correlation length at the RSG transitions. Also,
the Bragg intensity exhibited an anomaly there. It is
noted that previous neutron observation on Eu,Sr,_,S,
where Bragg intensity decreased upon the RSG ordering
was made at a subtle concentration region in which the
phase boundaries approach to one another. Figure 15
shows the temperature dependences of the intensities at
the (004) and (003.9) points observed in x=0.8 sam-
ple. The Curie temperature of this crystal was deter-
mined to be 47 K. We have also no indication of RSG
transition in the x=0.8 sample down to 1.7 K as in the
x=0.6 crystal. We have measured the width of the
Bragg reflections with a triple-axis configuration. In this
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FIG. 12. Temperature dependencies of the zero-field cooled
magnetization obtained in the (a) x=0.50 and (b) x=0.64 crys-
tals. The samples were cooled from room temperature to 1.5
K under zero field and the magnetic fields shown in the figures
were switched on at 1.5 K. The measurements were done with
slowly increasing the temperature.

case the collimators were changed to all 10’. The longi-
tudinal momentum resolution thus obtained was 0.01
A~ ! [full width at half maximum (FWHM)]. The (004)
Bragg reflection in the x=0.8 sample was limited by the
instrumental resolution below T. This means that the
correlation length is longer than 400 A.

In order to find evidence for the RSG transition from
neutron scattering experiments, we carried out a very-
high-statistics measurement on the x=0.5 crystal with a
triple-axis configuration; the results are shown in Fig.
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16. When the sample is cooled from a high temperature
(>>T¢) to 4.7 K in zero external magnetic field, and the
temperature is increased from there, the intensity at the
(003.88) point shows a minimum at about 10 K. The
peak in the temperature dependence of the (00 3.88) in-
tensity at about 33 K represents the critical scattering at
the PM-FM transition. When the sample is cooled from
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a high temperature to 4.7 K in the presence of the exter-
nal magnetic field applied in the c plane, the intensity of
the (003.88) reflection at 4.7 K is considerably smaller
than that of the ZFC case. These results show that the
spin system in this concentration becomes less ordered
below 10 K in the ZFC condition, and that the fer-
romagnetic ordering persists down to the lowest temper-
ature in the FC case. The temperature at which the
(003.88) intensity is minimum, agrees well with the
RSG transition temperature determined from the suscep-
tibility measurement.

C. Phase diagram

The concentration (x) versus transition temperature
(T) phase diagram of Rb,Mn, _, Cr, Cl, determined from
the ac X and neutron scattering experiments is shown in
Fig. 17. The transition temperatures obtained in the two
measurements agree well with each other. While the
transition temperature from the PM to FM phase varies
only slightly with x for 0.8 <x < 1.0, it decreases sharply
as the Mn concentration is increased further; the RSG
transition temperature does not go to zero. Instead the
transition becomes broad and disappears with decreasing
Mn concentration. In the intermediate concentration re-
gion, we see a transition from the PM to SG. The mixed
system with the Mn-rich concentrations exhibit antifer-
romagnetism. The transition temperature from the PM
to antiferromagnetic (AF) phase rapidly decreases with
increasing Cr concentration. This variation with the Cr
concentration takes place much faster than the corre-
sponding decrease of the PM to FM transition tempera-
ture. The boundary between the PM and AF phase
seems to be smeared when the Cr concentration is in-
creased above ~0.2. The x-T phase diagram of
Rb,Mn,_,Cr,Cl, has been reported by Miinninghoff
et al. Qualitatively, the phase diagram obtained by
Miinninghoff et al. agrees with ours. However, the two
phase diagrams differ with each other in the following
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FIG. 17. Concentration versus transition temperature phase
diagram of Rb,Mn,_,Cr,Cl, in zero magnetic field obtained
from the ac susceptibility (A) and neutron scattering (O) mea-
surements. P, paramagnetic phase; AF, antiferromagnetic
phase; SG, spin-glass; F, ferromagnetic phase.

points: firstly, the PM to FM transition temperature in
Ref. 47 decreases with x much faster than ours; second-
ly, no phase boundary is given for the PM-SG and FM-
SG transitions in the diagram of Miinninghoff et al.;
thirdly, the shape of the PM-AF phase boundary in the
two diagrams are different from each other.

IV. DISCUSSION AND CONCLUSIONS

First, we discuss the general features of the x-T phase
diagram obtained in this study (Fig. 17). As is described
in Sec. III C, the transition temperature from the PM to
FM phase varies only slightly with x for 0.8 <x < 1.0,
and it decreases sharply as the Mn concentration is in-
creased further in agreement with the theories.**~%* The
physical explanation for this behavior is the following.
In this site random magnet, we should take at least three
kinds of exchange interactions into account: Jc o, be-
tween the ferromagnetic atoms, Jy, M, between the anti-
ferromagnetic atoms, and Jy, ¢, between the Mn and Cr
atoms. When a small number of Mn atoms is embedded
into the ferromagnetic matrix, there is little probability
of finding pairs of Mn atoms. In this case, we can find a
spin configuration for which each spin points in a direc-
tion such that the exchange energy is minimized. As the
number of antiferromagnetic atoms increases, the proba-
bility of finding pairs of these atoms increases. A frus-
tration then occurs when Jy,.c,5#0. Therefore, the Cu-
rie temperature changes very little when the concentra-
tion of Mn atoms is small, but decreases with the con-
centration in the region for which the frustration effect
is appreciable. The transition temperature from the PM
to AF phase rapidly decreases with increasing Cr con-
centration. This variation with Cr concentration takes
place much faster than the corresponding decrease of the
PM to FM transition temperature. This is interpreted as
a result of the competition’>~37 of the uniaxial anisotro-
py of Rb,MnCl, with the planar anisotropy of Rb,CrCl,
which lowers the Néel temperature together with the
frustration effect. As explained in Sec. III C, our phase
diagram is quantitatively different from that reported by
Miinninghoff et al.*’ We believe that the difference is
due to the different ways of determining the concentra-
tions. We have chemically analyzed the crystals used in
the present experiments. In some cases we have not
chemically checked the crystals and used the starting
compositions (given with only one figure in this paper).
It turned out that in most cases, the starting composi-
tions were close to the chemically analyzed concentra-
tions. On the other hand, Miinninghoff et al.*’ deter-
mined the concentrations by structural analysis. The
magnetic phase diagram of a similar system
K,Cu,Mn, __F, has been reported by Kimishima er al.’
The concentration regions for which the AF and F
phases exist in K,Cu,Mn,__F, are largely different from
those in Rb,Mn,_,Cr,Cl,. Kimishima et al.’® suggest
that the Cu’* atoms in K,Cu.Mn,__F, behave as non-
magnetic impurities in the AF region. This behavior
may be related to the fact®® that the cooperative Jahn-
Teller distortion disappears below x ~0.4 in isomor-
phous K,Cu,Zn, _,F,. A theoretical x-T phase diagram
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which takes into account the effects of a cooperative
Jahn-Teller distortion has been reported.’

Next, we discuss the PM to SG transition observed
in the intermediate concentration region of
Rb,Mn;_,Cr,Cl,. Experimentally, we have observed
clearly the SG behavior; the appearance of a cusp in the
temperature dependence of the ac X [Fig. 8(a)], the
frequency-dependent ac X [Fig. 8(b)], and the irreversi-
bility of the magnetization (Fig. 9). Kawamura and
Tanemura® suggest that the uniform X in the 2D XY SG
system does not show any anomaly at Tsg in the ther-
modynamic limit, and that the chiral SG order parame-

ter (g(¥)) given by

= [(1/NY) 3 (kxp)?] (12)
a,B J

becomes finite below Tgg. In Eq. (12) () means a
thermal average for a given bond distribution {J;;} and
[ ], means a configurational average. The value of Tsg
of our sample determined from the ac X measurement
becomes small with lowering frequency. This is con-
sistent with the result of Kawamura and Tanemura. It
would be very interesting if we could measure the chiral
SG order parameter experimentally.

Finally, we discuss the RSG transition observed in the
Cr-rich concentration region. Several papers®*®~¢! have
been published concerning the theory and model on
RSG transitions. Sherrington and Kirkpatrick®® dis-
cussed the infinite-ranged Ising SG model and Gabay
and Toulouse® extended the theory to vector spin sys-
tems. Although they have found RSG behaviors, the
theories are not directly applicable to our insulating SG
system where the interaction is short ranged. The model
for the RSG transition proposed by Aeppli et al.% is
based on the random-field effect.®> The random-field
effect is realized in a random Ising antiferromagnet in
the presence of an external magnetic field.*® A number
of experiments concerning the random field effect has
been published.®* These results show that when the sam-
ples are cooled in a magnetic field, long-range order is
not established at low temperatures, but that long-range
order is retained when the crystals are cooled in zero
field. It is not immediately clear how the random field
in Aeppli’s model is affected by the external field. How-
ever, it seems to be unlikely in the random-field model of
RSG that the long-range order is established in the FC
case as found in the present neutron scattering experi-
ment and the neutron depolarization study.®® Kawamu-
ra and Tanemura’® and Saslow and Parker®' discussed the
RSG transition in the same 2D XY random system.
Since the mixed crystal Rb,Mn,_,Cr,Cl, is close to an
ideal 2D XY random magnet, we discuss the RSG transi-
tion in the context of the theories. Essentially, the re-
sults of the two papers seem to be very similar to each
other. The important difference between the two
theories lies in the nature of the RSG state. Kawamura
and Tanemura’® claim that the RSG state with low net
magnetization is a metastable one, and that a phase close
to the ferromagnetic one is realized in thermal equilibri-

um. On the other hand, Saslow and Parker®' showed
that the RSG transition signaled by a sudden change in
magnetization takes place in both of the heating and
cooling conditions. This suggests that the RSG state
with the low magnetization is an equilibrium one.
Katsumata et al.®® have reported the result of the neu-
tron depolarization experiment on Rb,Mng 4Cr 5,Cl,.
When the sample is cooled from a high temperature to 2
K in zero magnetic field and the temperature is in-
creased, the polarization (P) of the polarized neutron
beam transmitted through the sample decreases up to 10
K. In the temperatures between 10 K and T, P is al-
most temperature independent. Then, P begins to in-
crease around T:. When the sample is cooled to 2 K
under a weak magnetic field, P is much smaller than the
corresponding value of the ZFC case. The result of the
neutron depolarization experiment was interpreted by a
domain model.® In the ZFC case the system is decom-
posed into domains at low temperatures. In the FC case
the long-range order is retained. Kubo et al.% per-
formed NMR experiments in the Cr-rich concentration
region of RbMn,_,Cr, Cl,. A satellite line was ob-
served together with the main lines in x=0.8 sample
when it is cooled to 1.7 K in zero field. From the
analysis of the satellite line, it is shown that about 80%
of the moments are ferromagnetically aligned and the
directions of the rest of the moments distribute in the ¢
plane at low temperature. These experimental results
are consistent with the Monte Carlo study by Kawamura
and Tanemura.” They generated a Monte Carlo
snapshot of the spin pattern in the RSG state obtained
by quenching the sample from a high temperature in
zero field. The spin pattern consists of ferromagnetically
aligned regions, which may be called domains and vor-
tices. The vortices are formed around the frustrated pla-
quette pairs with (4 + ) or (— —) chiralities. When the
sample is cooled from a high temperature in the pres-
ence of a magnetic field, the regions of ferromagnetically
aligned spins are much larger than those of the ZFC
case. Since there is a small anisotropy in the ¢ plane,
and a weak exchange interaction between planes in
Rb,Mn,_,Cr,Cl,, the actual spin configuration in the
RSG state may be slightly different from that obtained
in the Monte Carlo study.

More detailed studies of the RSG transition in
Rb,Mn,_,Cr,Cl, would be quite valuable. Specifically,
whether the RSG state with the low net magnetization is
a metastable one or not should be explored. We hope
that these results will stimulate further theory on the 2D
XY SG system.
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