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Spin-Freezing Process in a Spin-Glass: Cdo 6Mno 4Te

M. Ayadi~'~ and J. Ferre
Laboratoire de Physique des Solides, Universite de Paris-Sud, 9j405 Orsay, France

A. Mauger
Grouse de Physique des Solides de I'Ecole Worrnale Superieure, Universite Paris?, ?5251 Paris, France

R. Triboulet
Laboratoire de Physique des Solides, Centre National de ia Recherche Scientifique, 92190Meudon, France

(Received 10 February 1986)

The time dependence of the thermoremanent magnetization has been investigated for times 10 '
s ~ t ~ 10 s in Cd06Mn04Te. The sudden appearance of a slow relaxation regime at temperature
T~=13.10+0.03 K, superimposed on a much faster regime varying continuously through Tfo,
supports the phase-transition hypothesis.

PACS numbers: 75.30.Cr, 64.70.pf, 75.60.Lr, 78.20.Ls

A full description of spin-glass freezing must take
time effects into account. ' Below the static freezing
temperature Tfo macroscopic relaxation times appear
and are related to the breakdown of the ergodicity.
The usual way to describe the slow relaxation of the
remanent magnetization Mtt (t) is to postulate a statis-
tical distribution g(~) of the relaxation times r and to
assume additive contributions:

M„(t)=„g(.)e tt d-. (I)
This approach has been widely used2 s to describe the
relaxation of Mtt in the vicinity of the spin-glass freez-
ing temperature. Within this model, the distribution
g(r) spreads suddenly to long times at Tfo on lower-
ing of the temperature. However, this distribution
does not reduce to a Dirac function just above Tfo be-
cause of the slow relaxation of the ramified spin struc-
ture6 or the finite probability of having clusters with
unfrustrated spins. s For the last case, the corre-
sponding "Griffiths" intermediate phase is less ex-
tended above Tftj in systems having long-range inter-
actions —as in metallic alloys (CuMn, AgMn, AuFe,
etc.), for which the frustration is more evenly distri-
buted on all spins —than in most insulating spin-
glasses (Eu„Sri „S, amorphous manganese alumino-
silicates, etc.).

Interesting questions arise naturally: Do all spins
couple together cooperatively at Tfo~ How is g(r)
modified at this temperature'? Lundgren, Svedlindh,
and Beekman4 proposed that the onset of ordering at
Tfo may be observed only for measuring times longer
than a critical time r„;, and suggested a simplified pic-
ture for the spin-glass state consisting of two coexist-
ing phases, one ordered and the other characterized by
a broad spectral distribution of relaxation times with a
finite maximum value. In this picture, also implicitly

used by Nordblad and Lundgren, 9 the evolution of
g(r) with temperature does not show any singularity
at Tfp. However, these proposals have never been
checked experimentally on real systems.

In this Letter we report time-dependent properties
of the remanent magnetization in the diluted semicon-
ductor spin-glass Cd06Mn04Te, '0" in the vicinity of
its freezing temperature Tf0= 13.10 K, to verify these
proposals directly. At low temperature it behaves like
an insulator with short-range antiferromagnetic in-
teractions between Mn2+ ions. Following De Seze, '2

the spin-glass state is due to frustration in such a dilut-
ed fcc antiferromagnet. We evidence two distinct re-
laxation regimes: Above Tfo the relaxation is thermal-
ly activated, while this process coexists with a much
slower relaxation regime just below. This last process
is well described by a Kohlrausch law at low enough
temperature. This new result proves unambiguously
the coexistence of two phases just below the freezing
temperature defined by the appearance of a slow relax-
ation regime, related to the spin-glass ordering.

The crystal, prepared by the Bridgman technique,
has been cut and polished as a thin plate (4x 4X 1.65
mm3). The high quality of our sample has been
checked previously. ' The time relaxation of the ther-
moremanent magnetization (TRM) has been mea-
sured by Faraday rotation (FR) at 6328 A. The light
beam propagated along the initially applied magnetic
field direction, normally to the plate. We checked that
the FR in the sample was proportional to the magneti-
zation from direct measurements with a Foner-type
magnetometer. The FR is a very convenient method
to measure small variations of the magnetization of
our sample (5M —10 s emu) even at short time.

The magnetic field was generated by a small copper
coil of seventy turns, which allowed us to switch off
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the field used, H=56 Oe, in less than 1 ms. This
value of H represents the lowest field for which the
signals are large enough to allow a quantitative analysis
with our present experimental setup. The same quali-
tative time dependence of the TRM is observed at
lower fields. The field used is small enough to stay in

the spin-glass phase, since it is 2 orders of magnitude
lower than necessary to reach the saturated magnetiza-
tion, to and because of the very weak variation of Tfo
with H. t4 To avoid any artifact associated with a possi-
ble weak overshoot of the coil, we have only reported
the data for times exceeding 10 ms. The temperature
was detected by a calibrated carbon thermometer locat-
ed against the sample, and was stabilized within 0.01
K during the experimental time (r & 1000 s). The FR
was measured by a sensitive modulation technique of
the state of polarization of the light. '5 For times 1

s & r & 103 s, the relaxation of the TRM following the
switching off of the magnetic field at t =0 was con-
tinuously recorded. For intermediate and shorter time
measurements (10 ms & r & 20 s), the magnetic field
was generated by a square-wave current in the coil,
with a period (1 s & T & 200 s) much larger than the
time required by the sample to reach the magnetized
or demagnetized state at equilibrium. The FR corre-
sponding to the relaxation of the TRM was detected
and averaged on a digital storage oscilloscope over up
to 256 times, depending on the time range investigat-
ed. In both cases, the residual signal for the demag-
netized state was deduced from a zero-field-cooled
scan.

As for other spin-glasses, the TRM of Cdo6Mn04Te
is dependent on aging effects. '6 Below 12.75 K, we
chose the waiting time t„=180 s spent during field
cooling of the sample from Tfo. However, in the close
vicinity of the freezing temperature (095 & T/Tfo
& 1.05), we checked that the FR related to the TRM

is not affected by the waiting time within the experi-
mental uncertainty.

The static freezing temperature Tftt
= 13.10 +0.03 K

is defined from the break in the slope of the
slow-field-cooled magnetization curve. Moreover, it
corresponds to the temperature of the cusp of the
zero-field-cooled magnetic dc susceptibility obtained
during a slow heating process. ' It is consistent with
that found recently from step temperature changes in

magnetization.
We found that irreversible effects still exist above

T/o [Fig. 1(a)J, in agreement with the frequency
dependence of the ac susceptibility. '3 As the tempera-
ture approaches Tfo from above, a thermally activated
relaxation process appears in the millisecond range. In
a crude approximation, the fast regime may be fitted
by a logt law, but a precise functional form cannot be
deduced, given the weakness of the Faraday rotation.
The characteristic time ~ for which the TRM van-

10~ t(sj
0

103

ishes increases rapidly when the temperature is
lowered.

A new slower relaxation regime, involving a distri-
bution at long times, appears suddenly at Tfo [Fig.
l(a)] and grows at the expense of the faster com-
ponent when the temperature decreases down to 12.5
K. It is important to point out that both regimes coex-
ist between 13.1 and 12.5 K, as evidenced by the signi-
ficant break of the slope of the H~(logr) relaxation
curves at r, still corresponding to the disappearance
of the faster regime. Within the experimental errors,
the temperature dependence of r on both sides of
Tftt may be described by the same Vogel-Fulcher law:

= ro exp[E, /kit( T —To) I. (2)

Above Tjo the value of r (T) is deduced from the
vanishing of the out-of-phase component of the mag-
netic susceptibility X"(v ) for the corresponding fre-
quency v = (27rr ) '. As found experimentallyts
for other spin-glasses, r diverges at a temperature To
which is smaller than the freezing temperature Tfo.

Assuming vo= (27rro) '=10tz Hz, we get reason-
able fitting parameters To/ Tfo =0.77„E,/ka =190 K
(Fig. 2) as compared to other data. '8 For comparison,
we have also shown in the same figure the variation of
Tf(v), defined as the cusp temperature of the ac sus-
ceptibility measured at frequency v. We have also re-
ported the point T= Tfo corresponding to r = ~, as-
suming that slow (1 mK/s) zero-field or field-cooled
scans may be considered as quasistatic measurements.
Below 12.5 K, only the slower regime is observed [Fig.

t(sI 100

FIG. 1. Relaxation of the TRM of Cd06Mno4Te measured
by Faraday rotation, corresponding to an initially applied
field of 56 Oe: (a) in the vicinity of T~ = 13.10 K, and (b)
at T=0.94Tfq. In the ordinate, we also give the value
Ma/M, of the TRM normalized by the initial value of the
magnetization under field. The experimental data may be
well fitted by the K(~hlrausch decay form with n =0.80 and
v =300 s. Each ('. t on the curves corresponds to a local
time average of th continuously recorded signal.
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1(b)], and it is fitted by the Kohlrausch stretched-
exponential decay

M, («) = M, exp[(- «/. )'-"], (3)

with long characteristic times r (r =300 s at T//Tfp
=0.96) and n not far from 1, as already found in
several spin-glasses. '9 2o

The slower regime, appearing at Tfo, is associated
with a cooperative behavior in the ordered state. Since
the faster regime coexists with this slower one, just
below Tfo all the spins do not participate in the freez-
ing. We expect that correlated magnetic regions are
still present in the sample and involve long lifetimes. 2'

It is hard to estimate the proportion of frozen spins at

Tfo from our data, since the order parameter
q(«) = (S,(0)S,(«)) increases slowly with decrease of
temperature just below Tfo. Our results demonstrate
that the ordered state grows rapidly, with lowering
temperature, at the expense of "clusters" responsible
for the faster regime. This is consistent with a diver-
gence of the magnetic correlation length at Tfo corre-
sponding to a magnetic percolation process, ' but as the
temperature is decreased, more and more fluctuating
spins are bound to the infinite cluster. Our results are
inconsistent with a progressive freezing of the spins,
and the abrupt appearance of long characteristic times
at Tfo rather point out a phase transition. Ho~ever,
the faster regime, still present above Tfo, cannot be in-

terpreted as a critical slowing down, since ~ continues
to increase even below Tfo. This makes it difficult to
demonstrate a critical behavior in the vicinity of the
freezing temperature. The increase of r is incon-
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FIG. 2. Temperature dependence of (closed circles) the
cusp of the real part of the ac susceptibility x,', (i ) measured
at the v frequency; (plusses) the inflection point of the
imaginary part of the ac susceptibility x,",(v); (crosses) the
appearance of irreversibility, i.e., x,",(v) —0; and (open cir-
cles) 7 corresponding to the vanishing of the faster relaxa-
tion regime. %'e have also reported the quasistatic point
(circled dot) at T = Tro (see text).

sistent with the development of one ordered state at
the expense only of clusters with the largest relaxation
times. It is important to note that a chemical cluster-
ing cannot explain our experimental data.

Consequently, our experimental results are in quali-
tative agreement with models based on hierarchically
constrained dynamics, and we are led to to the con-
clusion that the faster regime, present above Tfo, is re-
lated to weakly coupled magnetic unfrustrated clus-
ters, which can survive below Tfo, in its vicinity.
From the above data, it is clear that the short- and
long-time behaviors of the relaxation of the TRM have
a different origin, and that the slow dynamics of
Cdo6Mno4Te cannot be explained within a simple
model9 assuming a continuous change of the relaxa-
tion at Tfo.

While the temperature dependence of r may be fit-
ted by a Vogel-Fulcher law above and below Tfo, the
variation of Tf(v), defined as the temperature of the
cusp of the ac susceptibility, may also be described by
another Vogel-Fulcher law above T~, but tends sud-
denly towards Tfo in the static limit (Fig. 2 and as al-

ready found' for Euo4Sro6S). This behavior has been
also reported for AuFe from zero-field-cooled experi-
ments. ~ The breakdown of the Vogel-Fulcher law for
T~(v) at low frequency is directly related to the ap-
pearance of very long characteristic times for the
dynamical process at Tfo and does not assume a priori
the existence of an upper limit for the static suscepti-
bility of spin-glasses as invoked previously for CuMn. 9

As mentioned earlier, 22 23 the cusp in susceptibility has
no universal meaning concerning the dynamics, and ir-
reversible effects appear at temperatures higher than
T~(i ) at the corresponding frequency.

In spite of its insulating character, Cdo6Mno4Te
shows long-time dynamical properties similar to those
met in archetypal spin-glasses like CuMn, in the sense
that just below Tfo the involved relaxation times be-
come very long, pointing out a sudden freezing of the
spin system.

In conclusion, we have shown the existence of two
relaxation processes in Cdo6Mno4Te, which coexist
below the spin-glass quasistatic freezing temperature
Tfo. The fast relaxation regime is associated with the
existence of spin-correlated regions resulting from in-
trinsic local magnetic inhomogeneities. ' Such a clus-
tering is inherent to any spin-diluted insulating materi-
al at a microscopic scale, and results from the short-
range nature of the magnetic interactions. 6 It follows
that our conclusions should be generalized to other in-

sulating spin-glasses. Similar results should be ob-
served in other members of the family of the so-called
semimagnetic semiconductors.

In another insulating spin-glass, Eui „Sr„S, the
frustration is different in nature and results from the
competition between ferromagnetic and antiferromag-
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netic interactions, and not from the particular topology
of the lattice. This material and related compounds
then form a distinct class of spin-glasses where the
time scale of the slower regime is reduced. In such a
case, it may be more difficult to separate experimen-
tally the two regimes which have closer relaxation
rates near Tfo.

In spite of this difficulty, very refined susceptibility
measurements on a wide frequency scale have permit-
ted us to reach the critical slowing down just above the
freezing temperature of Eu04Sro6S. 24 Similar experi-
ments could be planned on Cde 6Mne 4Te.

In metallic spin-glass alloys, the local magnetic inho-
mogeneities have a less significant effect on the slow
dynamics above the freezing temperature, because of
the long-range nature of the magnetic interactions. In
such a case, the typical magnetic correlation length will
be of the order of the magnitude of the range of in-
teractions. In the vicinity of Tfo, the dynamical
behavior is consequently closer to a classical critical
slowing down. The Griffiths phases is expected to be
less extended than in insulating spin-glasses, since the
frustration is more equally distributed over spins.
Nevertheless, the investigation of spin dynamics led
Lundgren, Svedlindh, and Beckman4 to propose the
coexistence of two distinct phases in the spin-glass
state of AuFe. This is an indication that our con-
clusions may even be generalized to metallic spin-
glasses. Unfortunately, short time measurements can-
not be performed as easily in metallic alloys as in insu-
lators, especially by means of magneto-optical tech-
nlqocs.
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