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Spin-liquid behavior of the gadolinium gallium garnet
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Abstract

Neutron diffraction from a powder sample of Gd
3
Ga

5
O

12
(GGG) has been measured. Due to the severe degree of

magnetic frustration, GGG supports a short-range magnetic order (spin-liquid) over a wide temperature range,
140 mK—5 K. Neutron diffraction shows that at temperatures below 140 mK the magnetic system undergoes a partial
transition to a phase with a much longer correlation length. However, even at the lowest temperature (43 mK) true
long-range magnetic order is absent. ( 1998 Elsevier Science B.V. All rights reserved.
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In gadolinium gallium garnet, Gd
3
Ga

5
O

12
(space group Ia31 d), the magnetic Gd ions are situ-
ated on two interpenetrating corner-sharing tri-
angular sublattices, which results in geometrical
frustration of the exchange interactions. AC suscep-
tibility measurements [1] show that GGG is not
ordered magnetically down to 25 mK in zero mag-
netic field even though the Curie—Weiss temper-
ature is !2 K. Long range magnetic order could
be induced only by an applied magnetic field
around 1 T, which results in a unique phase dia-
gram of GGG [1,2]. From the magnetization and
susceptibility measurements [3] it has been sugges-
ted that in zero field, at temperatures below
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125 mK GGG undergoes a phase transition to
a spin-glass state.

We report the first neutron scattering measure-
ments on a powder sample of GGG. The experi-
ment has been performed on the instrument D1B at
ILL, Grenoble. The (0 0 2) reflections from PG
crystals were used to monochromatize the neutron
beam at 2.52 A_ ; momentum transfer range
Q"0.2—3.3 A_ ~1 has been covered using a 80°-
multidetector. The sample has been prepared with
99.98% of non-absorbing isotope, 160Gd, supplied
by the Oak Ridge National Laboratory.

The neutron diffraction patterns of GGG at dif-
ferent temperatures are shown on Fig. 1. Fig. 1a
demonstrates the raw neutron diffraction data at
¹"43 mK (high-Q area is heavily contaminated
by scattering from the copper sample holder).
The magnetic data (Fig. 1b) were obtained by
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Fig. 1. Low temperature neutron-diffraction data, I(Q), for
gadolinium gallium garnet. (a) row data at ¹"43 mK; (b)
difference plots for the temperature indicated and the 9 K data;
(c) difference plot for temperatures 43 and 175 mK underlying
the appearance of the “sharp” magnetic peaks.

Fig. 2. Temperature dependence of the integrated intensity of
two strongest magnetic peaks indicated by arrows on Fig. 1.
Solid lines represent fit to the formula II"A(1!(¹/¹

N
))b with

¹
N
"0.137 K and b+0.4.

subtracting the nuclear intensity measured at
¹"9 K from the intensities at 43 mK, 450 mK
and 2.9 K. At higher temperatures (1.3—5 K) two
very broad magnetic diffuse scattering peaks
centered at Q"1.05 A_ ~1 and Q"2.87 A_ ~1 can be
seen. The intensity of both these peaks increases as

the temperature decreases. At temperatures around
and below 1 K a third broad peak is observed at
Q"1.7—1.8 A_ ~1. All three peaks have a symmetric
gaussian shape at higher temperatures, while devi-
ations from this shape were seen when the temper-
ature has lowered below 0.5 K. The splitting of the
main peak at Q"1.05 A_ ~1 becomes more and
more evident with further decrease in temperature,
and finally, at ¹(140 mK a new set of much
sharper peaks appear on top of the broad peaks.
These new peaks are clearly visible at the lowest
temperature (see Fig. 1c), their positions are most
likely incommensurate with the nuclear structure.

When the temperature decreases further the
intensity of the “sharp” peaks is increased at the
expense of the intensity of the broad diffuse scatter-
ing peaks, although the decrease of the intensity of
broad peaks is relatively small and both types of
peaks coexist at all temperatures below 140 mK.
This observation contradicts to some extent the
idea of the phase transition to a spin-glass state:
there is a continuous build up of the magnetic
correlations below 140 mK, rather than their
freezing. The temperature dependence of the inten-
sity of the two strongest “sharp” peaks is shown on
Fig. 2. The width of the “sharp” peaks is much
larger than that expected, given the diffractometer’s
resolution, therefore we conclude that true long-
range magnetic ordering is absent down to the
lowest experimentally possible temperature.
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In addition to the neutron scattering experiments
we have performed Monte Carlo simulations and
calculated the neutron scattering function S(Q) for
GGG. Up to a million Monte Carlo steps per spin
were performed at the lowest temperatures. The
results of the simulations show that all three broad
diffuse scattering peaks appear due to the antifer-
romagnetic exchange interaction between nearest
Gd magnetic moments. The introduction of the
dipole—dipole interaction (up to fourth neighbor)
next to nearest exchange interactions at these tem-
peratures does not change S(Q) significantly. In
a model which includes only J

1
there is neither long

range ordering nor a spin-glass-like metastable
state down to at least ¹"1 mK. The introduction
of the dipole—dipole interaction causes a dramatic

slowing down of the relaxation processes, and also
increases the correlation length (which however
still remains smaller then the system size).
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