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The ac magnetic susceptibility of the spin-glass Eug4Sro6S is found to have a power-law dependence
on frequency near the freezing temperature. Extrapolating to zero frequency causes the peak in the real
component to sharpen and shift to a lower temperature T.. That 7. marks a phase transition is support-
ed by exponents describing the divergence of the relaxation time, development below T, of the order pa-

rameter gea(T), suppression of T, by a magnetic field, and scaling of the nonlinear susceptibility.

PACS numbers: 75.30.Kz

Most of the interesting and unusual properties that
characterize the spin-glass state are of a dynamic nature.
In fact “true equilibrium” measurements near 7, may
not be possible because of the appearance of very long-
relaxation-time phenomena which tend to obscure what
may otherwise be a sharp phase transition. It may be
possible, however, to infer the nature of this transition by
making dynamic measurements and then extrapolating
the time dependence to infinitely long measuring times.
We report that such measurements of the ac susceptibili-
ty X'+ x" of the spin-glass Eug4Sro¢S reveal properties
in the zero-frequency limit that indicate the system un-
dergoes a phase transition into the spin-glass state.

Early theories based on mean-field Ising models such
as those of Edwards and Anderson (EA)' and Sher-
rington and Kirkpatrick? predict the appearance of a
novel order parameter gga(7) below a well-defined tem-
perature T.. This Edwards-Anderson order parameter is
defined by the time-averaged autocorrelation function
gea=1S;(0)S;(t))7}, in the limit t— oo. Sompolinsky
and Zippelius? investigated dynamic generalizations of
the EA and the Sherrington-Kirkpatrick models, intro-
ducing time-dependent phenomena by means of the
Langevin equation. Fischer and Kinzel* extended this
analysis by including a larger range of frequencies, fields,
and temperatures. They predicted that X" =w"" near
T, and attributed the abrupt increase of X" on cooling
through T, in an applied magnetic field to a crossover
from analytic behavior X" =w at high temperatures to
2"=w"" on the de Almeida-Thouless line.> However,
the predicted frequency dependence with v(T) =% at
T =T, is in disagreement with their analysis of available
data, from which values of ==0.05 and 0.08 were de-
duced.

Motivated by this, we have adopted the empirical ex-
pression®

X' =A(T) "™ n

to describe the temperature and the frequency depen-
dence of our susceptibility measurements on the well-
characterized’ insulating spin-glass EugsSroeS in the
temperature regime where peaks in X'(w,T) are ob-
served. We shall then extrapolate Eq. (1) to the low-
frequency limit where such a power law is expected from
the Fischer-Kinzel theoretical results. Measurements of
X' and X" for a single crystal were carried out with a
high-sensitivity ac SQUID magnetometer® and lock-in
amplifiers over the frequency range 7-5000 Hz. The
sample had an approximately ellipsoidal shape, and to
minimize demagnetization corrections the ac and dc
fields were applied parallel to its long axis. For clarity
we distinguish between the susceptibility X, =M/H,
defined by the ac applied field H, and the internal sus-
ceptibility X; =M /H; defined by the ac internal field
H;=H,—4rxNM, where 42N =0.76 = 0.05 is the de-
magnetization factor. To minimize the perturbation of
the spin system, the ac field was kept below 10 mOe, and
the cryostat was well shielded from the Earth’s magnetic
field.

To determine the exponent v(T) and coefficient A (T)
in Eq. (1), we carried out a least-squares fit to the data
for X; at seven frequencies over the temperature range
1.40 < T < 1.85 K, as illustrated in Fig. 1(a) for a few
representative temperatures. Since Eq. (1) is expected
to hold only in the low-frequency limit, and a systematic
discrepancy is shown in Fig. 1(a) for data at our highest
frequency (5 kHz), we have not used these data in the
subsequent analysis. The temperature dependence of the
two parameters is shown in Fig. 1(b) (lines). The
coefficient 4(T) retains the general features of the
X"(T) curves. The exponent v(T) decreases smoothly
from v(7)>04 at T=18 K to v(T)=0.09 for
T < 1.54 K, where it levels off.

Figure 2(b) compares the observed X, (w,T) response
with that calculated from A(T) and v(T). When extra-
polating to zero frequency we find that an ultralow-
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FIG. 1. (a) Frequency dependence of X, for various temper-
atures near Ty with straight lines showing fits by Eq. (1). (b)
Temperature dependence of the amplitude 4(7) and the ex-
ponent v(T) obtained from various fits described in the text.

frequency response to an applied field at 10 ~° Hz (cor-
responding to a period of 32 yr) is predicted to display a
small, but in principle measurable, signal. For such a
measurement, there must also be a corresponding ul-
traslow cooling rate. This indicates that true equilibrium
for this spin-glass is experimentally unattainable.

We have previously shown® that the expression
X, =—1(x/2)0x,/31In(w), which was derived from the
Kramers-Kronig relation with the assumption of a broad
distribution of relaxation times, '© is well obeyed for this
spin-glass in both zero and finite magnetic fields. This
equation may be integrated to predict the behavior of X,
in terms of the coefficient A(7T) and exponent v(T) for
X

2o =14 (T) — /) AT /v(T) ¥ ™. )

To demonstrate this we first assume only the values v(T)
previously obtained from our X, data. This assumption
allows the use of a linear least-squares-fitting routine
for Eq. (2), and thus the two parameters 4(T) and
X0a(T) could be determined from a fit to the X, data (for
seven frequencies). The coefficient 4(T) obtained in

FIG. 2. (a) Measured 2/ (lines) and predicted behavior
(crosses), as described in the text. (b) Measured X, (lines)
and predictions (triangles) for a two-parameter least-squares
fit by Eq. (1).

this manner is displayed by the crosses in Fig. 1(b). The
agreement with A(T) previously obtained from X, data
is excellent.

Alternatively, all three parameters Xo,(7T), A(T), and
v(T) may be obtained from X, data alone by means of a
nonlinear least-squares-fitting procedure [triangles in
Fig. 1(b)]l. Here the agreement is quite good except
within a narrow temperature range near 7=1.54 K.
The disagreement is most likely due to the peculiarities
of the nonlinear three-parameter-fitting procedure,
along with the somewhat larger errors associated with
the determination of X;. We therefore focus our atten-
tion on the first method which has a smaller cumulative
error.

For quantitative comparison to theory, the internal
susceptibility X/ is of interest. This may be calculated
from the results of the above analysis by our defining
Xi=X,/(1 —4xN2,), where X, is given by Eq. (2).!' The
results displayed as crosses in Fig. 2(a) are in excellent
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agreement with the X; data. The extrapolation of the
predicted behavior of X; to the zero-frequency limit is
also shown in the figure. This limit is approached very
slowly, with the peak in X sharpening as it shifts toward
lower temperatures. Also shown is the conventional dc
susceptibility obtained by cooling of the sample in a con-
stant field of 0.5 Oe at a rate of approximately 200
mK/(10 min). The extrapolated zero-frequency behav-
ior suggests that a phase transition occurs at 7,=1.54
K. We emphasize that the presence of a peak in the
zero-frequency limit has been obtained from the mea-
sured frequency-dependent susceptibility in the tempera-
ture domain where no peak is directly observed.

Now we shall demonstrate how the zero-frequency ex-
trapolation provides a self-consistent picture of spin-glass
behavior. Figure 2(a) indicates that in this limit the
paramagnetic response at high temperatures is continued
to much lower temperatures than measurements at finite
frequencies suggest. Figure 3 shows that the susceptibil-
ity can be accurately described by a Curie-Weiss law
down to T, with 6.=0.25 K. The Curie constant is
larger than would be deduced from the free-Eu* *-ion
moment, indicating short-range correlations of approxi-
mately 5.3 Eut™ ions in the case of ferromagnetic align-
ment.

The order parameter gga(7) can be determined from
the real component of the magnetic susceptibility by the
Fischer relation, '? which is generalized'® to

=01 —qea(MIAT — 6.[1 —gea(D1}.

We interpret the extrapolation of the susceptibility to the
w— 0 limit as precisely the desired condition for its
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FIG. 3. Inverse of X/ measured in 0.5-Oe dc field (heavy
line) and the behavior predicted in the zero-frequency limit
(crosses). The fit of a Curie-Weiss law is also shown (straight
line). Inset: The decrease of the order parameter gea(T) on
approach to 7.
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determination. The results are depicted in the inset in
Fig. 3. From the scaling form qga(T)=(1—T/T,)",
the critical exponent is found to be f=1.02 £ 0.06, in
excellent agreement with the mean-field prediction of
g=1.

We turn now to the possibility of critical slowing down
just above T, which would produce a divergence in the
relaxation time'* as t=w "' =1[T/(0)/T, — 11 7%" [the
temperature-independent critical exponent v should not
be confused with the temperature-dependent v(T") previ-
ously discussed]. Previous fits of this divergence expres-
sion with experimental data have involved the adjust-
ment of three parameters, 1o, zv, and T.. We carry out
a more restrictive fit by assigning 7. the value of 1.54 K
predicted by the zero-frequency peak. Figure 4 shows
the measured values for T, as well as values obtained
from the peaks of the low-frequency extrapolated curves
and the corresponding best fits. The data and extrapola-
tions are in accord with the divergence expression for
values zv=10.6 £0.6 and 7o=2x10"8% s, which are in
reasonable agreement with predictions.'> Our exponents
also satisfy the relationship v(T,)=pg/zv derived by
Malozemoff and co-workers '® for a fractal cluster model.
The power-law exponent is v(7,)=0.09, and the diver-
gence exponents give 8/zv=0.094.

In addition, we briefly mention studies of the suscepti-
bility in finite dc fields A which will be reported in detail
in a future publication.!” We find that the v(T) curve
for H=0 illustrated in Fig. 1(b) is merely shifted to
lower temperatures with increasing field, while maintain-
ing essentially the same shape. We therefore associate
the temperature below which v(T,H) is independent of
T with the transition temperature T.(H). This avoids
questions as to which feature of individual X, (w,T,H)
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FIG. 4. Temperature T of the peak in x; for various relaxa-
tion times, as measured (triangles) and as obtained from the
low-frequency extrapolation (crosses). The solid line is the
best two-parameter fit to the data, and the dot-dashed line is
the best fit when the data are augmented by the extrapolated
values.



VOLUME 59, NUMBER 1

PHYSICAL REVIEW LETTERS

6 JULY 1987

curves mark the de Almeida-Thouless line,'® and in ad-
dition produces a frequency-independent result. The
suppression of the transition temperature has the form

1 —T.(H)/T.(0) =K (ugH,;/kT.)?,

where 6=0.70 = 0.09. This is in agreement with the pre-
dicted>'® mean-field exponent of  for Ising spins and is
consistent with previous measurements of this spin-
glass. '8:20

Finally, we note results for the scaling of the nonlinear
susceptibility above T,

Xo(T H)=x(T,H=0)—x'(T ,H),

using the zero-frequency extrapolations of data mea-
sured in finite dc fields. With the generalized scaling
form Xu=H°f(t/H¥?®), where (=(T—T.)/T., a
value of $=3.0+0.3 was obtained, in agreement with
the scaling relation?"?2 ¢ =2/6.

In conclusion, the power-law description of the mag-
netic susceptibility and the extrapolation to zero frequen-
cy provide an excellent fit to the experimental results. A
consistent picture emerges of a phase transition that
could be observed directly if measurements were made
with an infinitely long time scale. Nevertheless, the
essential features of this transition may be inferred from
data obtained at finite frequencies.
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