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Using high-resolution superconducting quantum interference device magnetometry the dynam-
ics of a 30-A Cu-Mn spin-glass film have been investigated in the time range 10 & t & 10 sec.
It is found that the temperature dependence of the relaxation times obeys a generalized Arrhenius
law, inc ca T, in accord with predictions for t~o-dimensional systems from Monte Carlo simu-
lations and the droplet scaling theory. In comparison, results on a 104-A Cu-Mn film show typi-
cal three-dimensional dynamics with a finite spin-glass temperature. To our knowledge this is the
first experimental indication of a crossover behavior from three to two dimensions.

Today, there is a general consensus that the lower criti-
cal dimension, dt, of Ising spin glasses is between two and
three. Detailed experimental studies of the dynamic sus-
ceptibility of a model three-dimensional Ising spin glass
and results from extensive Monte Carlo (MC) simulations
on a short-range Ising spin-glass model exhibit a similar
functional form for the time-dependent susceptibility.
Results of dynamic scaling calculations imply a diver-
gence of the relaxation times at a finite temperature in ac-
cord with conventional critical slowing down. MC simula-
tions on two-dimensional Ising spin-glass models exhib-
it a distinctly different behavior for the time-dependent
susceptibility and the relaxation times diverge at T 0 K
according to a generalized Arrhenius law. Recent experi-
mental results on 2D Ising spin-glass materials have
also been interpreted in the context of a transition at T 0
K. The phenomenological droplet scaling theory for spin
glasses, recently elaborated by Fisher and Huse, predicts
a behavior of spin-glass dynamics in agreement with ex-
perimental results and MC simulations especially regard-
ing the influence of dimensionality on the dynamics.

A qualitative and quantitative comparison of the conse-
quences of dimensionality on the spin-glass dynamics be-
tween different spin-glass materials is prevented by
differences in the exchange interaction and the anisotro-
pies, which impose material-unique details in the dynam-
ics. MC simulations on identical spin-glass systems but of
different dimensions yield the possibility of singling out
the influence of dimensionality on the dynamics. Progress
in material technology has made it possible to produce
thin films a few monolayers thick and to adequately
characterize the quality of the materials. This possibility
has been adopted by Kenning and co-workers to gain fur-
ther insight into the dimensionality problem of spin
glasses. They have recently studied Cu-Mn spin-glass
films of varying thickness. Finite-size effects were ob-
served as a gradual shift towards lower temperature of the
quasistatic maximum of the zero-field-cooled susceptibili-
ty with decreasing film thickness.

In this paper, we report measurements of the dynamics

on two Cu(13.5 at. % Mn) spin-glass films with thick-
nesses 30 and 10 A. For the 30-A film the dynamics was
investigated in the time range 10 &t &10 sec, with
the result that the temperature dependence of the relaxa-
tion times follows a generalized Arrhenius form, in agree-
ment with MC simulations on 2D Ising spin-glass mod-
els. s 4 The 104-A film exhibits properties typical for bulk
Cu-Mn spin glasses. Pronounced differences between the
two spin-glass films were also found in the nonlinear field
effects and cooling rate dependence of the field-cooled sus-
ceptibility as well as the behavior of the aging
phenomenon. These results are all in favor of a dimen-
sionality crossover from three-dimensional to two-
dimensional behavior on decreasing the film thickness
from 10 to 30 A.

The Cu(13.5 at. % Mn) films were produced in a UHV
dc-sputtering system. The 30-A sample was fabricated in
the form of a multilayer sample consisting of 100 layers of
30 A Cu(13.5 at. % Mn)/300 A Cu. The interlayers are
sufficiently thick (300 A) to make the interaction between
adjacent Cu-Mn layers negligible. The 10 -A film con-
sists of a single layer of Cu(13.5 at. % Mn). The charac-
terization of the films is described elsewhere. The
volume of spin-glass material in each of the two films is
approximately 0.05 mm .

Using a high-resolution SQUID magnetometer the dy-
namic susceptibility of the Cu-Mn films was investigated
by zero-field-cooled (ZFC) and ac susceptibility measure-
ments. The ZFC measurements were performed by cool-
ing the sample in zero field ( & 10 G) from a reference
temperature (T„,t) well above the maximum of the field-
cooled (FC) susceptibility curve, to the measurement tem-
perature (T ). After a wait time t„a weak magnetic
field (H 10 G) was applied and the time evolution of the
magnetization M(t) was recorded in the time interval
3x10 ' & t & 10 sec. The sample was then heated to
T„t, where a reference value of the ZFC magnetization
was obtained. In an applied field of 10 G both films give a
magnetic moment of approximately 10 -10 ' Am,
which is 3 to 2 orders of magnitude larger than the noise
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limit of our magnetometer. The in-phase g'(ni, T) and the
out-of-phase g"(ni, T) components of the ac susceptibility
were measured in the frequency range 5X10 '(co/2x
(1.7X104 Hz using a method described elsewhere. ' A

small temperature-dependent signal originating from the
ac-coil system was superimposed to the in-phase signal
making a complete scaling analysis of g'(co, T) difficult.
However, the location in temperature of the maximum of
g'(ni, T), which coincides with the infiection point of
g"(ru, T) could be determined quite accurately.

In the regime of linear response, "both the ZFC and ac
susceptibilities reIIect the time dependence of the zero-
field susceptibility g(t) and can thus be directly compared
with the time dependence of the dynamic spin-spin corre-
lation function q(t) studied in MC simulations . g(r)
is obtained from the experimental ZFC and ac susceptibil-
ities through"

g(&) -(I/H)M(r) =g'(co), with r -co
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Figure 1(a) shows g(t) versus temperature for the 30-A
film at diA'erent observation times t. The FC susceptibili-
ty, (1/H)MFc, measured at two different cooling rates
(0.9 and 0.02 K/min) is also included in the figure. The
location of the cusp (at TI) of g(t) markedly shifts to-
wards higher temperatures and subsequently broadens
with decreasing observation time. In addition there is a
pronounced cooling rate dependence of the FC susceptibil-
ity, with the knee shifting towards lower temperatures
with decreasing cooling rate. In comparison a correspond-
ing plot for the 10 -A film is shown in Fig. 1(b). The FC
susceptibility, recorded at the cooling rate 0.02 K/min, ex-
hibits a maximum at 66.8 K and the time effects of g(t)
are only about 20% of those of the 30-A film. A further
significant difference between the two films is observed in
the nonlinear field effect on the FC susceptibility. It is
found that an increase of the field from 3 to 2S 6
suppresses the FC susceptibility of the 10 -A film by 2%,
whereas no nonlinear field effect (~0.1%) is found for
the 30-A film at the same field change. This observation
implies that the critical point for the 30-A film is remote
from the location of the maximum of the FC susceptibili-
ty.

The main message of this paper is the observation of a
dramatic change of the behavior of the dynamic suscepti-
bility on one and the same spin-glass material on decreas-
ing the thickness from 10 to 30 A. An illustrative and
model-independent evaluation of the frequency depen-
dence of the freezing temperature TI is obtained from the
quantity k (I/Ty) dT//d logiot. For the 10 -A film
k 1/200 at r =1 s. This value falls into the general
range of k values observed in earlier investigations on bulk
Cu-Mn (Ref. 13) Ag-Mn (Ref. 14) spin glasses. This and
the sharpness of the ac-susceptibility maxima do show
that the dc-sputtered "thick" film exhibits typical bulk
Cu-Mn spin-glass properties. For the 30-A film the rela-
tive shift in Ty with frequency was found to be 1/40.
These results can be compared to results from MC simu-
lations on short-range Ising spin-glass models. In a 2D
model k = 1/20 is obtained when extrapolating the time
scales of MC simulations to observation times typically
used in experiments on real spin glasses. Adopting the
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FIG. 1. Temperature dependence of the dynamic susceptibili-
ty for two Cu(13.5 at. % Mn) spin-glass films at diFerent obser-

, vation times. The dynamic susceptibility was obtained from
ZFC susceptibility data in the time range 3 X 10 '-10 sec and
from ac susceptibility data in the range 10 -3X10 ' sec. (a)
30-A film. The FC susceptibility (MFc/H), at two diFerent
cooling rates (0.9 K/min, lower curve and 0.02 K/min, upper
curve), are also included. (b) 104-A film. The FC susceptibility
(MFc/H) at the cooling rate 0.02 K/min is also included.

same extrapolation procedure on results from a 3D mod-
el k= 1/60 is achieved. Thus, there is a qualitative
agreement between the present experimental results and
MC simulations as to the time dependence of the freezing
temperature on dimensionality.

The results from various experimental studies on the
spin-glass dynamics on different systems have not led to a
unique model for the physical processes behind the dy-
namic critical behavior. In conventional critical slowing
down the relaxation times diverge, when approaching the
critical point, as

r,„-ro((TI —T~)/Tg )
~here z is the dynamic exponent, v is the four-spin
correlation-length exponent, and ro is a microscopic relax-
ation time. By defining the cusp temperature of the time-
dependent susceptibility curves as the freezing tempera-
ture TI and the corresponding observation time t (or I/co)
as r,„, ZFC data for the 10 -A film analyzed according
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to Eq. (2) give zv 9~1, and Tg 66+ 0.2 K, using
logiprp —13+ 1. The value of zv is in good agreement
with results obtained from experiments on some diff'erent
3D spin-glass materials. " The value of Tg is close to the
temperature of the FC-susceptibility maximum (66.8 K)
which is the common observation in conventional dynamic
scaling. Using data extracted from both the real part of
the ac susceptibility and the time-dependent ZFC suscep-
tibility of the 30-A film the following parameters are ob-
tained: log~pro 10, zv 19, and Tz 26 K. Despite a
reasonable quality of the fit, the extracted values of the
parameters are quite unphysical. This implies that the dy-
namics of the 30-A film is poorly described within the
framework of conventional critical slowing down.

Another scaling form is associated with thermally ac-
tivated processes. In particular there is a general belief'
that the dynamics for two-dimensional spin-glass systems
should be governed by such processes. In a theoretical ap-
proach based on the droplet scaling theory the following
form for the relaxation times at a zero-temperature transi-
tion is derived:

(3)

where y is a barrier exponent. A fit of our data (which
covers the wide time interval 10 &r &10 sec) to Eq.
(3) is shown in Fig. 2 and gives llrv-1. 6+ 0.2, using
log~p(rp) —13+ 1. The value of 1+yv is in reasonable
agreement with results from MC simulations which give a
corresponding value of approximately 2. Assuming a
finite critical temperature the relaxation times obey

ln(r, „/rp) tx: (Tf Tg) '"Tf '. — (4)
Adopting this relation a good scaling is obtained for
0& Tg & 10 K (giving 1.6& yv& 1.1) with a best fit at
Tg 4 K.

These results indicate a zero-temperature transition.
At least, the significant feature for the 30-A film is the
very low critical temperature in relation to the tempera-
ture of the FC-susceptibility cusp (30 K). In contrast, ac-
tivated dynamic scaling on a short-range 3D spin glass'
gives a critical temperature only 5% lower than the tern-
perature of the FC-susceptibility cusp. A similar result is
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FIG. 2. A fit of the relaxation times on the 30-A Cu(13.5
at. % Mn) film according to a generalized Arrhenius lavv,

loglp(r) vs T

also found on bulk Cu-Mn systems analyzed according to
a Vogel-Fulcher behavior (yv 1) of the relaxation
times. ' It is found that Tg is approximately 7% lower
than the freezing temperature at 10 Hz, independent of
Mn concentration within the range 1-10%. Assuming a
Vogel-Fulcher behavior our data on the 10 -A film gives
Tz 62.5 K (i.e., 6% lower than the FC-susceptibility
maximum). An analysis with yv as a free parameter
yields yv 0.8 and Tg 63.5 K. These distinct
diff'erences regarding the dynamics between the 30-A film
and various bulk samples indicate a dimensionality cross-
over when decreasing the film thickness. One of the
significant problems in interpreting these results as evi-
dence of crossover behavior involves the question of
whether they could arise from physical changes which
occur as the film thickness is reduced. Two such changes
are a modification in the short-range chemical order of the
Mn impurities or attenuation of the RKKY interaction
due to mean-free-path effects. Although we cannot un-
equivocally rule out the presence of either of these effects,
there are no detailed predictions of the dynamic behavior
which would result, while the predictions of the droplet
scaling model seem to fit the observed behavior very well.

Spin glasses are subject to an aging process, which is as-
sociated with a crossover between equilibrium dynamics
at short observation times (lnt « Int ) and nonequilibri-
urn dynamics at long times (Int» int„) (Ref 17) (.t„ is
the wait time at constant temperature before the dynam-
ics are probed). In ZFC measurements the effect of aging
is seen as an inffection point in the M(t) vs log~p(t) curve
at an observation time of the order of the wait time. Fig-
ure 3 shows the ZFC susceptibility versus logip(t) at wait
times t„10 and 10 sec for the two films. The figure il-
lustrates striking differences in the relaxation behavior of
the two films. The relaxation rate (I/0 BM/81nt) is
roughly five times larger in the 30-A film than in the 10-
A film whereas the infiuence of aging is more pronounced
for the 10 -A film than for the 30-A film. These types of
diff'erences of the relaxation behavior between a 3D and a
2D system are predicted by the droplet scaling theory.
However, a quantitative comparison to the theoretical
predictions demands extensive experimental investigations
of the dynamics in wide time intervals, using different
wait times and at different temperatures.

In conclusion, this investigation shows that a 30-A Cu-
Mn film exhibits a dynamical behavior very similar to re-
sults from MC simulations on 2D spin-glass models and
in agreement with the predictions of the droplet scaling
theory. Clear indication of a dimensionality crossover
from three- to two-dimensional behavior on decreasing the
film thickness from 10 to 30 A is found. Time-dependent
susceptibility measurements on films of varying thickness
represent a unique method to investigate the physical
consequences of a dimensionality crossover between 3D
and 2D. Within the droplet scaling theory the dynamics
at a given observation time is directly associated with a
corresponding length scale in the spin-glass system. By
observing the time scales for a crossover between 3D to
2D dynamics a direct measure of the connection between
time and length scales in spin glasses is obtained. Such
experiments are in progress at our laboratories.
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FIG. 3. Time dependence of the ZFC susceptibility at dilferent wait times (r„=10 sec and r 10 sec) for two Cu(13.5 at. %
Mn) spin-glass films. (a) 30-A film, 10% of the FC susceptibility value indicated, T 24.7 K. (b) 10 -A film, 2% of the FC suscepti-

bility value indicated, T 61.2 K.
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