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ferromagnet and antiferromagnet
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Susceptibility, magnetization, neutron diffraction, and electron-spin-resonance experi-
ments were performed on a random mixture of an insulating ferromagnet and an insulat-

ing antiferromagnet, Rb2Mn& „Cr„C14. These experiments have given evidence of spin-
glass behavior for the intermediate concentrations. This spin-glass is of a new type, the
origin of which is different from those found in metals and in the diluted insulating fer-
romagnet.

Since the pioneering works by Cannella and My-
dosh' and by Edwards and Anderson, many ex-
perimental and theoretical studies have been done
on spin-glasses. It seems now to be widely accept-
ed that a competition between ferromagnetic and
antiferromagnetic exchange interactions plays an
essential role in determining spin-glass properties.
As the competition occurs not only in the case of
the long-range Ruderman-Kittel-Kasuya-Yosida in-
teraction but in near-neighbor exchange interac-
tions, we expect that a spin-glass phase ' exists in
insulators where the short-range interaction dom-
inates. In fact, recent experiment has shown that
Eu„Sr& „S is an insulating spin-glass. The origin
of the spin glass in the Eu compound has exten-
sively been studied ': When ferromagnetic EuS is
diluted at random with diamagnetic SrS, an imbal-
ance between the nearest-neighbor ferromagnetic
and the next-nearest-neighbor antiferromagnetic ex-
change interactions occurs which brings about a
spin-glass. Another example of an insulating spin
glass may be found in a random mixture of a fer-

romagnet and an antiferromagnet. ' In this site
random magnet, the exchange interaction between
the ferromagnetic and antiferromagnetic ions is
essential to the existence of the spin-glass. In spite
of many theoretical eAorts, ' there has been no
experiment on this kind of insulating spin-glass.
We have found, for the first time, that a randomly
mixed insulating ferromagnet and antiferromagnet,
Rb2Mn(i „]Cr„C14exhibits spin-glass behavior.

The antiferromagnet Rb2MnC14 f T~ -55 K (Ref.
11)] and the ferromagnet RbzgrC14[Tc —57 K (Ref.
12)] have the same K2NiF4-type structure and the

lattice constants are nearly the same. Thus, we can
expect that the two compounds make a good solid
solution over the whole range of concentration.
We grew single crystals of Rb2Mn(& „iCr„C14, with
0 &x &0.6, using a similar method described by
Garton and Walker. ' The concentration x was
determined by a chemical analysis.

We have performed susceptibility, magnetization,
neutron difFraction, and ESR experiments on the
mixture to investigate magnetic properties. The
susceptibility was measured by an ac method under
zero external field. The operating frequency of the
ac field was 200 Hz. The apparatus was fully au-
tomated by use of a Hewlett-Packard System
9835A desktop computer. The measured suscepti-
bility was displayed versus the measured tempera-
ture on a Hewlett-Packard 7225A graphics plotter.
The temperature of a sample was measured in this
magnetometer by a Au(Fe)-Ag thermocouple,
which was attached directly on the sample. The
magnetization was measured by a sample extrac-
tion technique as a function of the external mag-
netic field. The magnetic fields were generated in a
Nb-Ti superconducting solenoid. The neutron dif-
fraction experiment was carried out on the triple-
axis spectrometer of the Institute for Solid State
Physics which is installed at JRR-2, Japan Atomic
Energy Research Institute (JAERI), Tokai, Japan.
The monochromator was pyrolytic graphite and
the wavelength of the neutrons was 2.44 A. The
temperature of the specimen was measured by a
Au(Fe)-Cu thermocouple attached to the aluminum
sample holder. The powdered sample used in the
neutron experiment was obtained by crushing sin-
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gle crystals. The sizes of the grains were less than
500 pm. The ESR measurements at 24 and 35
6Hz bands were performed with a conventional
transmission-type spectrometer. The ESR experi-
ment at 9 6Hz region was done with a reflection-
type spectrometer. A continuous flow system (Ox-
ford Instruments ESR 10) was employed in this ex-
periment in order to vary the temperature of only
the sample.

In Fig. 1 we show temperature dependence of
susceptibility for x =0.38 and x =0.58 single crys-
tals. A sharp cusp is observed in the x =0.38
sample as in the cases of AuFe (Ref. 1) and other
metallic and insulating spin glasses. Because of the
demagnetizing effect, the susceptibility in the
x =0.58 sample shows a broad peak rather than a
cusp.

In Fig. 2 we show the magnetic field dependence
of the magnetization in the x =0.58 sample ob-
served at 4.2 K (well below the temperature Tso at
which the susceptibility is maximum). The mag-
netization increases abruptly at low fields followed

by a rather gradual change at high fields. This
trend of field dependence is widely seen in spin-
glasses, a part of which may be explained by the
negative sign of the nonlinear susceptibility dis-
cussed theoretically by Suzuki. ' A hysteresis is
seen in an increasing and subsequently decreasing
fields.

From the susceptibility and magnetization
measurements mentioned above, we see that

1. 2 T

i. o I

:o.B I

.'o. I

mo. 4 )

H: DEC.

'V"

«s~

x= 0.58
H I I C "PLANE
T=4, 2K

p. 2 ", — H:INC.

0. 0
0 10 20 30 50

H (ROe)

FIG. 2. Magnetization vs external magnetic field for
x =0.58 disk-shaped sample.

Rb2Mn~ & „~Cr„C14 behaves like a spin-glass. In
order to examine further whether this compound is
a spin-glass or not, we have performed a neutron
diffraction experiment on powdered samples of
Rb2Mn~ ~ „~Cr„C14with several values of x. If this
compound is a spin-glass, magnetic long-range or-
derings should be absent. Figure 3(a) shows clearly

that there is no antiferromagnetic long-range order
in the x =0.58 sample at T=7 K. For comparis-
on, we have plotted in Fig. 3(b) the result for the
x =0.21 sample, which is antiferromagnetic below
about 30 K. The reflections in Fig. 3 are indexed
based on the K2NiF4-type magnetic unit cell after
Birgeneau et al. ' To check the absence of fer-
romagnetic long-range order, we also measured

temperature dependence of the intensity of the
(111)nuclear reflection in the x =0.58 sample.
The intensity was temperature independent between
8 and 50 K within the experimental scatter. Thus,
the mixture with x =0.58 exhibits neither antifer-
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FIG. 1. Temperature dependence of the susceptibility
in Rb2Mn(i „)Cr„C14. The single crystals were disk
shaped with the ac field directed in the plane of the disk
(c-plane).
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FIG. 3. Neutron diffraction patterns for powdered

Rb2Mn(l „)Cr„C14(a) in the spin-glass and (b) in the
antiferromagnetic states.
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ron1agnetic nor ferromagnetic long-range ordering
below Tsg. The neutron experiment shows also
that there is no chemical clustering of n1acroscopic
size, i.e., that the crystal is not composed of ma-
croscopic clusters of antiferromagnetic Rb2MnC14
and ferromagnetic Rb2CrC14. A conventional neu-

tron diffraction technique, however, cannot exclude
the possibility of a coexistence of the clusters of
mlcroscoplc size.

For this reason, and in order to obtain micro-
scopic information on the spin-glass, we have car-
ried out ESR experiments on R12Mn~i „~Cr„C14.
The results are summarized in Fig. 4. An intense
resonance line was observed accompanied by a
weak resonance line for both x =0.38 and x =0.58
samples below T,-G. The intensity of the weak line
is about a hundredth of that of the main line in
the case of x =0.58. The frequency versus mag-
netic field relation of the main resonance line is
similar, as a whole, to that of an antiferromagnetic
resonance line when the external field is directed
perpendicularly to the easy axis of magnetizations.
If the resonance comes from microscopic clusters
of Rb2MnC14, then we should observe ferromagnet-
ic resonance from clusters of Rb2CrC14 with simi-
lar intensity, contrary to the experiment. It is al-
ready clear that the weak resonance line does not
correspond to the ferromagnetic one because the
intensity is very weak. Thus, it can be said from
the ESR experiment that we have no evidence for
the existence of the clusters with a microscopic
size, and that the main resonance comes from a
coupled motion of Mn + and Cr + spins. The fre-
quency versus field relation of the main resonance
line is very similar to that observed in a metallic
spin-glass CuMn (Refs. 16—18). This similarity
demonstrates again that Rb2Mn~& „~Cr„C14 is a
spin-glass. From Fig. 4, it seems that an excitation
energy ( -20 GHz) exists at zero external field and
at 4.2 K. As spin-glass is very sensitive to external
magnetic fields, it is important to see whether or
not the zero field resonance really exists. For this
purpose, we have tried to observe the absorption
under a fixed frequency (-9 GHz) and in zero
magnetic field with varying temperature. The fre-
quency of the zero field resonance decreases with
increasing temperature as in the case of an antifer-
romagnet, so we can observe the resonance in the
low frequency ESR experin1ent at an elevated tem-
perature. The result is shown in the inset of Fig.

From the susceptibility, magnetization, neutron
difFraction, and ESR experiments described above,
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FIG. 4. Frequency vs external magnetic field rela-
tions for the magnetic resonances in Rb&Mn~& „)Cr„C14.
The inset shows an absorption observed in zero magnet-
ic field.
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it becomes clear that a randomly mixed insulating
ferromagnet and antiferromagnet Rb2Mn~ i „~Cr C14
exhibits spin-glass behavior. However, whether the
freezing of this spin-glass is a phase transition or a
nonequilibrium phenomenon is still controversial as
in other spin-glasses. Recently, Morgenstern and
Binder' have shown by an exact numerical calcu-
lation that the two-dimensiona1 +J spin-glass
model does not exhibit a phase transition even at
zero temperature, and that the spin-glass state is a
n1etastable one with a long relaxation tin1e, while
Anderson has pointed out that the real properties
of spin-glass are similar to those in the two-
din1ensional LY model, ' which has a phase transi-
tion. Although the compounds Rb2MnC14 and
Rb2CrC14 are predominantly two-dimensional mag-
nets, they exhibit three-dimensional orderings at re-
latively high temperatures. The former has a
uniaxial, and the latter has an XY anisotropies.
Thus, there is no reason to exclude the possibility
of a phase transition in Rb2MnII „ICr„C14spin-
glass. %e hope that the present experiment will
stimulate theoretical works. Further experin1ents
are now in progress and the results will be reported
later.
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