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Measurement of the Spin-Glass Order Parameter in Amorphous Gdo 37Alo 63

T. Mizoguchi, T. R. Mcouire, S. Kirkpatrick, and R. J. Gambino
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(Received 80 August 1976)

Amorphous films of composition Gdo gvAlp 63 are found to exhibit a transition to a spin-
glass state below 16 K. The magnetic properties show thermal hysteresis and relaxation
below the spin-glass transition. The susceptibility maximum at 16 K, when measured in
dc fields -10 Oe, sharpens into an asymmetric cusp, consistent with the Edwards-Ander-
son picture of the transition as one into a random, but rigid, state. Using the theory of
Sherrington and Kirkpatrick, we extract the spin-glass order parameter from the ob-
served cusp, and find deviations from simple mean-field behavior.

The term "spin-glass" was coined' to describe
the metastable magnetic state observed at low
temperatures in some simple solid-solution al-
loys (e.g. , Au, „Fe„orCu, ,Mn„, with x in the
range 10 ' to 10 '). Recent interest in the phe-
nomenon has been stimulated by the observation'
that the susceptibility, when measured by ae tech-
niques in fields H ~200 Oe, has a sharp maximum
reminiscent of a conventional second-order tran-
sition to a phase with periodic long-ranged order.
However, dc measurements using' 11=1Oe on
Cu, „Mn„(x=10 ) with a susceptibility plateau
below =0.2 K and with H=160 Oe on a Au, ,Fe„
(x= 5 x10 ') with a susceptibility maximum at
T,„=5 K fail to reveal a sharp cusp in the sus-
ceptibility. Tholenee and Tournier' have pro-
posed that such cusps are artifacts of the ac tech-
nique.

In this Letter, we show that such cusps are not
artifacts of the measurement technique by report-
ing d.e. measurements of the susceptibility of a
new type of spin-glass material with a much high-
er density of magnetic constituent~morphous
films of Gd, »A1». A susceptibility maximum
with T,„=16K is observed in fields of 3 and 2
kOe which sharpens into a cusp when measured
in fields of 10.0 to 0.1 Oe. Below 16 K in low
fields, relaxation effects associated with spin-
glasses' are also observed.

Edwards and Anderson' have proposed that the
transition from paramagnet to spin-glass is a
second-order transition to a random state. To
detect the presence of such a state they introduce
a new type of order parameter, q, which has the
interpretation"

In (1), the thermally averaged local moment,
&S, )r, is squared to remove any dependence on
the local orientation before carrying out spatial
averaging, denoted by the angular brackets & )„.

The susceptibility y, provides an experimental
probe of q, since'

where both C(T) and 0(T) are temperature-inde-
pendent in the mean-fieM theory of Ref. 8, and
should be slowly varying close to the spin-glass
transition temperature, T«, in real materials.
Since q vanishes for T~TSG, (2) predicts an
asymmetry in the temperature dependence of y,

above and below Ts~.
The susceptibility data obtained from ado»Alp 63

films at fields below 10 Oe is consistent with the
second-order phase transition picture. %hen q
is extracted from the data with the use of (2),
small deviations from the mean-field-theory pre-
dictions of Refs. 6-8 are observed. It does not
seem possible to account for the details of the ob-
served cusp within "cluster-freezing" or percola-
tion models. '

The samples were prepared by sputtering, as
described in detail by Cuomo and Gambino. " Stat-
ic -magnetic -susceptibility measurements were
made on pieces of a film about 3&&10 ' cm' of the
same amorphous GdAl, sample by two methods in
applied fields of various magnitudes, with the re-
sults shown in Figs. 1 and 2. A force-balance
magnetometer" offered adequate sensitivity in
fields above 1000 Oe (Fig. 1), while the response
to fields below 100 Oe was measured (Fig. 2) with
a Superconducting Technology susceptometer. "
This is a supercondueting quantum interference
device (SQUID)-type instrument sensitive to field
changes of 10 ' G.

The measuring technique using the SQUID sus-
ceptometer involves moving the sample through
a superconducting pickup loop which is located at
the center of the superconducting coil which gen-
erates the applied magnetic field. As the sample
is inserted into the loop, a current is induced



VOLUME 38, NUMBER 2 PHYSICAL REVIEW LETTERS 10 JANUARY 1977

0.06— 0.10

0.05—

O

Eo 004

E

0.03—

CO

E
0.02

0)
0.01

00
00 00

0

o Oxj ~ a

0
0

0

0

Do 0
'h

0 00
0

0.08—
O

E

E
0.06—

V)
0.04—

O)
0.02—

0.0 I

10

I

20

I I

30 40

Temperature ( K)

I

50

I

60 70
0.0 I

10 20

Temperature ( fC}

I

30 40

FIG. 1. Magnetic susceptibility of a Gdo 3&Ala 6&
sam-

ple at fields of 2 kOe (circles), 8 kOe (triangles), and

6 kOe (squares).

proportional to the magnetic flux from the sample
linking the loop. Since the loop and its associated
circuitry is superconducting, this induced current
depends only on sample position and does not de-
cay with time. The current is then measured util-
izing the SQUID features of the instrument.

The applied field in the SQUID measurements
was provided by flux trapped inside a supercon-
ducting shield, It was measured by a Hall probe
(at room temperature) in the sample position,
and by measuring the diamagnetic susceptibility
of a quartz rod. The trapped-flux configuration
gave exceptional stability, but made it inconveni-
ent to change the magnitude of the applied field.
The temperature is controlled with a silicon di-
ode sensor in the path of the gas-flow heat-ex-
changer and measured with a platinum resistance
thermometer 4 cm above the sample, connected
to it by a high-purity Cu rod. Measurements
were made at both increasing (open data points)
and decreasing (solid data points) temperatures.
The data were reproducible to better than + 5/p.

Only a rounded maximum is seen in the high-
field magnetic susceptibility, shown in Fig. 1,
and the susceptibility decreases with increasing
field. Extrapolating X against T using high-
field data taken between 60 K and room tempera-
ture gives a paramagnetic Curie temperature of
roughly 30 K, indicating that the dominant ex-
change interactions are ferromagnetic in sign.
The Curie constant, C„, obtained from this high-
temperature extrapolation under the assumption

FIG. 2. Static magnetic susceptibility of a Gdo 3)A, 10 63

sample at fields of 9.0 Oe (triangles and circles), 2.5
Oe (diamonds and circles), and 0.12 Oe (squares and

circles). In each case tbe solid data points were taken
in decreasing temperatures, and the open points in in-
creasing temperatures. Some of the vertical separa-
tion between the three sets of data may be the result of
errors in measuring the small applied fields.

that the density of the Gda»AID„ film is the aver-
age of the metallic densities of its constituents,
is roughly 30%%uo greater than a calculated value
using J=2 and g=2 for Gd. The slope of the in-
verse susceptibility decreases steadily as the
temperature is lowered. Both of these observa-
tions are consistent with the "superparamagnetic"
behavior observed in alloy spin-glasses"~ and
usually attributed to the formation of stable clus-
ters of spins, locked together by the stronger ex-
change interactions. This causes the average val-
ue of the remaining exchange interactions to de-
crease.

Two new features appear when the measure-
ments are carried out in low fields. First, be-
low the spin-glass transition a, thermal hysteresis
and relaxation of magnetization to its equilibrium
value is observed. This relaxation is quite tem-
perature-dependent and characterized by nonex-
ponential time dependence near 8 K. Thermal
hysteresis has also been observed in alloy spin-
glasses by Borg and Kitchens. " Second, the sus-
ceptibility maximum seen in Fig. I becomes, in
Fig. 2, a sharp, asymmetric cusp at 15.8 K.
Cannella and Mydosh, ' in extrapolating their ac
susceptibility data on Cu-Mn alloys to zero field,
have argued for a discontinuous derivative in
X(T), but could not resolve any curvature in y.

90
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Tx(T) ~ I -P(P(T)),
where P(p) is the percolation
is the fraction of bonds which
perature T. This description
namic calculation, but it does
ral way for the asymmetry of
in Fig. 2, and predicts"

(3)

fraction" and p(T)
are rigid at tem-
is not a thermody-
account in a natu-
the transition, seen

ac measurements on more concentrated crystal-
line transition-metal alloys'4 do show curvature,
but dc measurements on the same alloys are dom-
inated by relaxation effects. The data of Fig. 2

are the first dc measurements, to our knowledge,
which clearly resolve an upward curvature around
the cusp. We shall argue below that measure-
ments of the shape of x(T) about its maximum
can be used to discriminate between the predic-
tions of various theories of the spin-glass transi-
tion.

Smith~ has suggested that the susceptibility
maximum in a spin-glass should be viewed as a
percolation threshold for the freezing of spins in-
to an infinite cluster, and thus a static phenome-
non. He argues that any pairs of spins joined by
exchange interactions 4 &kT will be stable against
thermal fluctuations. As the temperature is low-
ered, the fraction of rigid spins increases, until
the percolation threshold is crossed and a rigid
infinite cluster, which no longer contributes to
X, appears. The prediction, therefore, is that

tion threshold in three dimensions. " 9?e attempt-
ed to fit the data of Fig. 2 to the form (4), extrap-
olating TX(T & TsG) by eye to obtain C(TsG) and
using values of T,G from 15.8 to 16.0 K. Values
of TSG outside this range were just not plausible,
in view of the sharpness of the observed cusp.
The result, p=1.0+0.2, contradicts the percola-
tion hypothesis.

To see if the results in Fig. 2 are compatible
with the Edwards-Anderson hypothesis we first
extrapolated X '(T) for the lowest-field data,
shown in Fig. 3, to find the intercept 9(T«) and
slope C(TsG), then used (2) to obtain

q(T) =1 —Tx(T) k(TsG)+9(TsG)x(T) J
'

~e find that 9 (T sG) lies between 0 and 4.1 K (the
two lines in Fig. 3). The values of q(T) extracted
using (5) with these two choices of 9 (T«) are
shown in Fig. 4. The results are seen not to be
sensitive to the choice of 9(T«).

The measured q(T) increases slightly more rap-
idly than the mean-field theory of Ref. 8 predicts,
and is slightly concave downward. Graphical
analysis of the data in Fig. 4, using values of Ts~
from 15.8 to 16.0 K, showed that a power law,
q(T) cc (T« —T) s, with 0.8 ~P ~0.9, fits either
set of points down to T = 11 K. Thus q(T), as
shown in Fig. 4, has the qualitative appearance
predicted by mean-field theory, but its onset is
slightly steepened (p &1), just as occurs in con-

TX(T) ~C(T«)[I. —&(T« —T)sJ, (4)

where p is known to be 0.39 +0.01 for the percola- 0.60
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FIG. 8. Inverse susceptibility of Qdo &&Alo 63, rneas-
ured in a field of 0.12 Oe, the lowest field studied.

FIG. 4. Spin-glass order parameter, qtT), extracted
from the data of Fig. 3 using Eq. (2), as explained in
the text. The dots show the result of choosing 0(Ts&)
=4.1 K in extrapolating yo from above Ts&, the circles
the result of assuxning 0 = 0. The solid line is the mean-
field-theory prediction of Ref. 8 for q(T).
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ventional magnetic transitions, where p(three-
dimensional) & p(mean-field).

We should note that our results do not agree
with the calculation of p by Harris, Lubensky,
and Chen. " By expanding about six spatial dimen-
sions they obtain

p(d) —1+ (6 —d)/2

for dimension d less than 6. The disagreement
may mean only that six spatial dimensions is too
far from the real world for the analytic continua-
tion to be valid.

Further study of static and transportis proper
ties of spin-glasses like the present films will be
valuable. When the critical temperature is suf-
ficiently high that no "glassy" phenomena (i.e.,
slow relaxation and hysteresis) occur in the criti-
cal region, the susceptibility cusp can be clearly
resolved. The importance of doing such measure-
ments in the lowest possible external fields should
be apparent from Figs. 1 and 2.

*Permanent address: Department of Physics, Qaku-
shuin University, Mejiro, Tokyo, Japan.
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3'P Chemical-Shift Study of the Ferroelectric Transition in KD2POz
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The 3~P chemical-shift tensors 0 have been determined as a function of temperature
on going through the ferroelectric phase transition in a single crystal of KD2PO4, and an
abrupt change in 0 was found at T,. The results show that the transition is not driven by
an electronic instability but is a pure lattice transition of the order-disorder type, and
demonstrate the usefulness of chemical-shift studies of structural phase transitions in
solids.

In this paper we report what we believe to be
the first study of a ferroelectric phase transition
via the determination of a chemical shift tensor.
With the help of a superconducting magnet and a
pulsed NMR spectrometer we have determined
the temperature dependence of the "P chemical-
shift tensor in a single crystal of KD,PO, on go-
ing through the ferroelectric phase transition at
T, =220 K. The results show that this ferroelec-
tric transition is not driven by an electronic in-
stability but is a pure lattice transition of the

order-disorder type, and demonstrate the use-
fulness of chemical shift studies of structural
phase transitions in solids.

Chemical shifts in solids are usually masked by
much stronger nuclear magnetic dipolar interac-
tions and until recently this technique could not
be used for the study of structural phase transi-
tions. In the usual NMR spin Hamiltonian

+2 ++ ++&

the dipolar term K~ is smaller than the Zeeman


