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We have performed both ac susceptibility and dc magnetization measurements on the diluted magnetic
semiconductor Zn12xMnxTe. The measurements clearly indicate spin-glass behavior. For samples with con-
centrationsx50.51 andx50.41, the data for the imaginary part of the complex susceptibility (x9) were
analyzed according to conventional power-law dynamics and good scaling was obtained with the critical
exponent valueszn51062 andb51.060.2. These values ofzn andb are consistent with results obtained in
other insulating spin-glass systems with short-range interactions. Because of the presence of significant
Dzyaloshinsky-Moriya anisotropy in these materials, an attempt was also made to fit the data using an activated
dynamics model. However, the scaling of thex9 data was less satisfactory in this case. Magnetization mea-
surements on thex50.51 sample also showed a spin-glass-like transition. Scaling of the nonlinear magneti-
zation just above the transition gaveTc520.860.2 K, and the critical exponent valuesg54.061.0 andb
50.860.2. The value ofTc obtained from the static magnetization measurements is in good agreement with
the valueTc520.760.05 K obtained from the dynamic scaling analysis. Further, the value for the critical
exponentg obtained in this work is in fair agreement with values reported for other spin-glass materials. These
results represent convincing evidence that diluted magnetic semiconductors are a subset of the class of insu-
lating spin-glass materials with short-range interactions.
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I. INTRODUCTION

The low-temperature magnetic behavior of diluted ma
netic semiconductor~DMS! spin systems has been of muc
interest for several years.1–4 Recently, the prototypical DMS
Cd12xMnxTe has been the subject of continued theoret
and experimental investigations in an attempt to firmly
tablish that this material undergoes a continuous phase
sition from paramagnetism to a spin-glass state.5–12 If indeed
Cd12xMnxTe is a spin glass, then are all DMS alloys al
spin glasses with the same critical exponents despite di
ences in exchange strengths and anisotropy?

Cd12xMnxTe and other DMS alloys such as Hg12xMnxTe
and Zn12xMnxTe are randomly site-disordered, semico
ducting materials with short-range antiferromagnetic~super-
exchange! interactions between the Heisenberg spins.
these materials, both nearest-neighbor and next-nea
neighbor interactions are antiferromagnetic. The existenc
a spin-glass phase is noteworthy as the frustration me
nism in these materials is not due to competition betw
ferromagnetic and antiferromagnetic interactions.13 Rather,
the frustration is due to the geometrical properties of the
PRB 580163-1829/98/58~19!/12876~7!/$15.00
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sublattice in which the antiferromagnetically coupled M
ions reside.5,14 In this respect, DMS spin glasses are distin
from ‘‘canonical’’ spin glasses such as AuMn and insulati
spin glasses such as EuxSr12xS. Indeed, it has been sug
gested that DMS alloys are random-field antiferromagn
rather than spin glasses.6 We shall return to this suggestio
below.

Early studies of the ac susceptibilityxac in Cd12xMnxTe
and Hg12xMnxTe showed that these materials have ze
frequency transition temperaturesTc that are greater than 0
K.7–9 These data were analyzed on the basis of conventio
dynamic scaling theory, which holds that the relaxation tim
t diverges as a power law in the correlation lengthj, i.e., t
;jz. Here,z is a dynamic scaling exponent. Now, accordi
to the static scaling hypothesis,j;«2n, where «5(T
2Tc)/Tc and n is a critical exponent. One therefore find
that

t;«2zn. ~1!

This so-called critical slowing down behavior has be
found to provide an excellent description of the dynamics
the critical region aboveTc .
12 876 ©1998 The American Physical Society
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An alternative description of the dynamics near the tr
sition involving thermal activation over free-energy barrie
has also been proposed.5,7,8 In this case, for a free-energ
barrier of heightDF, the relaxation time is given byt/t0
5exp(DF/T), where t0 is the single-spin relaxation time
Further, the barrier height scales with the correlation leng
DF;ju, with u being a scaling exponent. These consid
ations lead to the logarithmic form

ln~t/t0!;~T2Tc!
2nu. ~2!

Attempts to scale the dynamic susceptibility data accord
to activated dynamics produced less convincing results t
in the case of the critical slowing down description. The
findings indicate that a continuous phase transition to a s
glass state exists at finite temperatures in Cd12xMnxTe and
Hg12xMnxTe. Further, virtually identical critical exponen
were obtained in both materials, which is expected since
DMS alloys should belong to the same spin-glass univer
ity class.

To further test this hypothesis, we have made ac and
magnetic susceptibility measurements on Zn12xMnxTe al-
loys close to the spin freezing transition. The ac suscept
ity xac was measured for two samples with differentx values.
Both power-law and activated scaling analyses were app
to the data in order to determine which theory provides
better description of the behavior in the vicinity of the tra
sition. Nonlinear dc susceptibility measurements in the
gion of the transitions were also made in order to comp
the static scaling behavior of Zn12xMnxTe with that of
Cd12xMnxTe.

The Zn12xMnxTe group of alloys was previously the on
member of the telluride series of II-VI-based DMS materi
in which the characteristics of the spin glass transition
mained uninvestigated. Of the tellurides, Zn12xMnxTe has
the largest nearest-neighbor~NN! exchange strength
J1 (J1 /kB'26.3 K for Cd12xMnxTe and 29.5 K for
Zn12xMnxTe) ~Refs. 1 and 15! and the largest
Dzyaloshinsky-Moriya NN anisotropic exchange integ
D1 . However, the ratioD1 /J1 is approximately the same fo
both Cd12xMnxTe and Zn12xMnxTe, with D1 /J1'0.054.15

~No data are available on the anisotropic exchange
Hg12xMnxTe.) Zn12xMnxTe also has the smallest lattice p
rameter. These extreme values of exchange coupling and
tice parameters make Zn12xMnxTe a prime candidate for th
investigation of the characteristics of the spin freezing tr
sition to test the hypothesis of universality.

Note that what are thought to be the key building bloc
of the spin-glass transition, frustration and random diluti
are present in all II-VI DMS materials. Thus, if identic
critical exponents are found in all the tellurides, then one
say with some confidence that all II-VI DMS alloys wi
exhibit the same critical point behavior, since other an
groups exhibit similar trends in the behavior of the exchan
~isotropic and anisotropic! parameters.1,15

This paper is organized as follows. In Sec. II, the deta
of the experiments are presented. In Sec. III, the results
presented and discussed in two parts. Section III A deals w
the ac susceptibility results, and the dc magnetization
nonlinear susceptibility are described in Sec. III B. Final
the conclusions drawn for this work are given in Sec. IV.
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II. EXPERIMENTAL DETAILS

The ac susceptibility measurements were performed
two single-crystal samples of Zn12xMnxTe grown by the
vertical Bridgman method. One sample had a mass of 9
mg and a nominal Mn concentrationx50.5. A Curie-Weiss
fit at high temperatures gave a concentration ofx50.51. The
measurements on this sample were carried out on a Quan
Design SQUID magnetometer with ac option. The in-pha
(x8) and out-of-phase (x9) components were simultaneous
measured at an ac field strength of 3.5 Oe. The measu
frequencies were 0.1, 1, 10, and 100 Hz. The stability of
temperature during each measurement ofx8 and x9 was
60.05 K.

The other sample on which ac measurements were
formed had a mass of 400 mg and a nominalx value of 0.4.
A Curie-Weiss fit yielded a concentration ofx50.41. The
measurements were carried out with a LakeShore Mo
7120 ac susceptometer, using an ac field strength of 12.5
To test for large-field nonlinearities, we also performed m
surements at 10 Oe. No difference in the behavior ofx8 or x9
was detected at the lower field. The frequencies used in th
measurements were 80, 225, 625, 1600, and 2300 Hz. In
temperature range of our measurements~11–22 K!, the ac-
curacy of the temperature calibration was60.1 K. The sta-
bility of the temperature during each measurement ofx8 and
x9 was60.05 K.

The dc magnetization measurements were made on
samex50.51 sample mentioned above. The measurem
were made with a Cryogenic Consultants Limited~CCL!
SQUID magnetometer. Measurements were made for fie
between 0 and 90 G~accounting for the remanent field of th
superconducting magnet! and for temperatures between
and 300 K. Magnetization versus temperature data w
taken at fixed fields beginning at a temperature below
cusp and ending when the nonlinear term had decaye
noise level. Temperature stability was achieved to with
0.01 K.

Finally, within the range of temperatures that the me
surements were made, it was found that the temperature
brations of the instruments agreed to within 0.3 K.

III. RESULTS AND DISCUSSION

A. ac susceptibility measurements

The dynamics of the transition are most sensitive
probed by the measurement and analysis ofx9(v,T).8 Fig-
ure 1 showsx9(v,T) for several different frequencies for th
Zn0.49Mn0.51Te sample. Admittedly, the range of frequenci
used in this study is rather limited, but is large enough
ensure the soundness of our conclusions. There is some
ter in the data because of the low level of the out-of-ph
signal. Smoothing curves were therefore drawn through
data points in order to enable us to objectively determine
position of the peaks in thex9(v,T) data. An examination of
the behavior ofx9(v,T) allows us to discern whether critica
slowing down or activated dynamics provides a better
scription of the dynamical characteristics of freezing tran
tion in DMS systems.

In the critical slowing down description,x9(v,T) be-
haves according to the scaling law8,16
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12 878 PRB 58P. M. SHAND et al.
Tx9~v,T!}«bF~vt!, ~3!

where b is the critical exponent for the order paramet
F(x) is a universal function ofx, andt behaves according to
Eq. ~1!. Equation~3! is completely general and is indepe
dent of the relaxation model used to derive it, but the form
the scaling functionF(x) is model dependent. However, a
the critical point is approached, different model-depend
scaling functions should approach constant values. In a
tion, on the basis of an analysis of the spin autocorrela
function, Bertrandet al.10 have argued that Eq.~3! is only
valid for temperaturesT.Tp , whereTp is the temperature a
which the peak inx9(v,T) occurs. We have taken this cr
terion into account in our analysis of all thex9(v,T) data,
which are shown in scaled form in Fig. 2. The data are w
described by a single scaling curve. The best scaling
obtained for the following parameter values:Tc520.760.1
K, zn51062, andb51.060.2. The determination of the

FIG. 1. Temperature dependence ofx9 near the freezing transi
tion for Zn0.49Mn0.51Te. The measuring frequencies are 0.1, 1,
and 100 Hz. Through there is significant scatter in the data,
characteristic downward shift in the temperature at which the p
occurs as the frequency is decreased is evident.

FIG. 2. Power-law scaling of thex9(v,T) data for
Zn0.49Mn0.51Te, according to Eq.~3! in the text. The frequencies ar
the same as those used in Fig. 1. The best-fit values ofTc and the
scaling exponentszn andb are also shown.
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best collapse of the data was made by first finding the b
scaling by inspecting, which defined the region of the para
eter space to be searched. The data were then fitted
fourth-order polynomial and thex-squared statistic calcu
lated for each fit for a range of values ofTc, zn, andb. For
a fixed value ofTc , the values ofzn and b were varied in
turn and the behavior ofx squared examined. The minimum
value ofx squared occurred most frequently at the values
zn andb given above. For example, for a particular value
b ~andTc), aszn is varied, the minimum inx squared will
most likely occur atzn510. Furthermore, the absolut
smallest value ofx squared was obtained for the parame
values given above. Residuals were also checked to en
that the best fits did not exhibit any pathological behavi
Fitting with a fifth-order polynomial produced no significa
departure from the results given above. The uncertaintie
the scaling exponents were obtained by ascertaining the
tremal values of the parameters for which reasonably g
scaling was still achieved. The uncertainties inzn andb are
rather large because of the relatively large uncertainties
the x9 data. However, proper collapse of the data was v
sensitive to changes inTc .

In Fig. 3, a scaling plot that includes thex9(v,T) data for
both the Zn0.49Mn0.51Te and Zn0.59Mn0.41Te ~Ref. 17!
samples is shown. The critical exponent valueszn51062
andb51.060.2 have been used for both data sets. For
x50.41 sample,T

c
513.460.2 K produced the best scaling

The two data sets overlap very well, indicating that the fo
of the scaling functionF is independent ofx, which further
buttresses the critical slowing down description of the sp
glass transition. Note that to get the two data sets to over
the data for the Zn0.59Mn0.41Te sample were normalized t
those for the Zn0.49Mn0.51Te sample in order to account fo
differences in material-dependent factors. This normalizat
amounted simply to shifting the Zn0.59Mn0.41Te data horizon-
tally and vertically in the log-log plot. In Fig. 4, a linea

,
e
k

FIG. 3. Power-law scaling of thex9(v,T) data for
Zn0.49Mn0.51Te and Zn0.59Mn0.41Te. For thex50.51 sample,Tc

520.760.1 K and for thex50.41 sample,Tc513.460.2 K. To
effect the overlap of the two data sets, the data for Zn0.59Mn0.41Te
have been shifted horizontally and vertically in the log-log plot
account for the difference in material-dependent factors~not explic-
itly shown! in the scaling expression Eq.~3!.
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scaling plot of the data for the Zn0.49Mn0.51Te sample is
shown according to the scaling form

Tx9v2b/zn;G~«v21/zn!, ~4!

which was proposed by Geschwindet al.9 and represents a
recasting of Eq.~3!. The best-fit exponents given above a
used in this plot. As expected, the linear plot fully expos
the effect of the scatter in thex9 data. However, the scalin
is still reasonably good, especially when one considers
the largest deviations are due to the 100 Hzx9 data, which is
the noisiest of all the data sets.

The values of the exponentszn and b obtained in this
work are clearly consistent with previous results obtained
Cd12xMnxTe and Hg12xMnxTe. Similar values were also
obtained in non-DMS insulating spin glasses. Table I su
marizes the results obtained for critical exponents in a nu
ber of semiconducting and insulting spin-glass systems.

FIG. 4. Linear power-law scaling plot of thex9(v,T) data for
Zn0.49Mn0.51Te, according to Eq.~4!. Scatter in the data is mor
apparent than in the log-log scaling plot, but reasonably good s
ing is seen to be achieved.

TABLE I. Critical exponents for spin-glass systems.

Material g b zn

Zn0.6Mn0.4Te 1.060.2* 1062*
Zn0.5Mn0.5Te 4.061.0* 1.060.2* 1062*
Cd0.7Mn0.3Te 0.860.1a 9.2560.5a

Cd0.6Mn0.4Te 3.360.3b 0.960.2b 9.7c

Cd0.62Mn0.38Te 0.660.1d,e 961d,e

Cd0.5Mn0.5Te 0.660.1d,e 961d,e

Hg0.7Mn0.3Te 0.860.1a 9.560.5a

Eu0.4Sr0.6S 1.1760.1f 961f,7g

SrCr8Ga4O19 2.1h

BaCO6Ti6O19 0.860.1i 9.060.5i

Fe0.5Mn0.5TiO3 4.060.3j 0.54j 10.561.0j

*This work. fReference 16.
aReference 8. gReference 30.
bReference 12. hReference 27.
cReference 7. iReference 31.
dReference 29. jReference 24.
eReference 11.
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results for zn and b along with other listed in Table I
strongly indicate that the same universal critical expone
indeed describe the spin-glass transition in all II-VI-bas
DMS materials. Further, though the consistency in the res
is less compelling, the experimental evidence neverthe
points to DMS materials being a subset of a larger univ
sality class of insulating spin glasses with short-range in
actions.

We have also attempted to interpret thex9(v,T) data
according to the activated dynamics description of the s
freezing transition. As mentioned in the Introduction, G
schwind et al. proposed that the dynamical slowing dow
indicated by thex9(v,T) data was due to an inhibited tran
sition to an ordered antiferromagnetic state.6 This proposal
was based on two factors:~i! anomalously large values o
zn('14) obtained when they fit theirx9(v,T) data for
Cd12xMnxTe according to the critical slowing down picture
and~ii ! saturation of the antiferromagnetic correlation leng
nearTc as indicated by neutron diffraction results. The po
sible role of randomly directed Dzyaloshinsky-Moriya~DM!
interactions was also discussed. As previously mentione
is now known that the strength of the NN DM interaction
about 5% of that of the NN isotropic superexchange inter
tion in both Cd12xMnxTe and Zn12xMnxTe. Also, dipolar
coupling is much weaker than the DM interaction in bo
materials.15 Because the isotropic exchange coupling is an
ferromagnetic and local DM anisotropy field is random
directed, it is tempting to compare the freezing transition
Cd12xMnxTe and Zn12xMnxTe to a random-field transition
such as that observed in FexZn12xTe.18–20 In these random-
field Ising systems, the dynamical behavior in the critic
region in the vicinity of the phase transition to the low
temperature ‘‘frozen’’ state is governed by activation ov
free-energy barriers resulting from competition between
random fields and the exchange. Hence, activated dyna
should be applicable, and is borne out by experiment.18 The
qualitative similarities between the random-field a
random-axis anisotropy systems lead one to expect sim
dynamical behavior near the transition to the frozen phas13

We have therefore analyzed ourx9(v,T) data based upon
the assumption that the growth of the relaxation time is d
tated by thermal activation, thus giving logarithmic fr
quency dependencies in the thermodynamic variables ra
than the conventional power-law behavior.

In the activated dynamics picture, the scaling relati
governing the behavior ofx9(v,T) near the transition can b
written as20,21

x9~v,T!5«PG@2«Qln~vt0!#, ~5!

whereP andQ are scaling exponents. If thermally activate
excitations do indeed govern the critical dynamical behav
then one expects the exponentsP andQ to be universal for
three-dimensional randomly disordered systems.8 Figure 5
shows the best scaling plot corresponding to Eq.~5! for
Zn0.49Mn0.51Te data. This was obtained using these valu
Tc520.760.1 K, P51.060.2,Q50.460.1, and t0
510213 s. To obtain these best fit values, a large param
space of values forP and Q was searched (0.1<P<5, 0.1
<Q<5). The scaling is apparently quite good. Howev
the highly compressed nature of the horizontal scale hi

l-



li
th

po
tic
ce
ic
en
es

p
a

-

e

a
a-

e
g.

ame
nts.

m-
ed
its

e-
e
of

ook
lar

ep-

x-
ust
as

s-

vs
t

f a

12 880 PRB 58P. M. SHAND et al.
departures from good scaling, and a comparison of thex-
squared parameters for the power-law and activated sca
fits showed that better fits are obtained in the case of
conventional power-law description. The values of the ex
nentsP and Q obtained for randomly-disordered magne
systems are shown in Table II. The exponent values are
tainly not as consistent as those shown in Table I, in wh
conventional critical dynamic scaling exponents are giv
This lack of universality militates against the appropriaten
of the activated dynamics description.

It should be noted that systems with random anisotro
are expected to exhibit induced Ising-like characteristics
criticality, which would lead one to expect a finite
temperature phase transition in three dimensions.22,23 Such a
finite-temperature transition is known to be well describ
by conventional critical slowing down.24,25 Therefore,
power-law dynamics is likely to hold in these cases. In re
ity, the Dzyaloshinsky-Moriya interaction strength is rel
tively weak in Zn12xMnxTe and Cd12xMnxTe as previously
mentioned, and there is as yet no experimental evidenc
the true role that the anisotropy in the spin-glass freezin

FIG. 5. Activated dynamic scaling of thex9(v,T) data, accord-
ing to Eq.~5! in the text. The best-fit values of theTc , t0 , and the
scaling exponentsP andQ are shown as well.

TABLE II. Activated dynamics exponents for spin-glass sy
tems.

Material P Q

Zn0.5Mn0.5Te 1.060.2* 0.460.1*
Cd0.6Mn0.4Te 0.6560.1a 0.6560.1a

Cd0.35Mn0.65Te 0.6560.1a 0.6560.1a

Cd0.7Mn0.3Te 3.65– 4.2b 0.8b

Hg0.7Mn0.3Te 3.65– 4.2b 1.2b

Eu0.4Sr0.6S 361c 0.65c

BaCo6Ti6O19 0.460.1d 0.3560.05d

*This work.
aReference 6.
bReference 8.
cReference 21.
dReference 31.
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B. Magnetization measurements

Magnetization measurements were made on the s
Zn0.49Mn0.51Te sample that was used in the ac measureme
Zero-field-cooled~ZFC! and field-cooled~FC! measurements
in a 50-G field clearly show a freezing transition at a te
perature of 20.860.2 K, as seen in Fig. 6. Since the observ
transition temperature is known to be suppressed from
asymptotic, zero-field limit,26 we made a series of measur
ments in several low fields to verify that we were in th
zero-field limit. We found that the transition temperature
20.860.2 K was independent~within experimental error! of
the applied fields between 23 and 90 G. We therefore t
this transition temperature to be the zero-field limit. Simi
behavior was exhibited by the Zn0.59Mn0.41Te sample. In a
20-G field, it showed a freezing transition at 13.660.3 K,
which is in good agreement with the independent ac susc
tibility measurements.

We have also made nonlinear magnetizationMnl on the
Zn0.49Mn0.51Te sample close to the transition in order to e
amine the static scaling properties in the critical region. J
above the transition, the magnetization can be expanded

M5a1H2a3H31a5H52a7H7•••, ~6!

where

Mnl52a3H31a5H52a7H71•••

52b3«2gH31b5«2~2g1b!H5

2b7«2~3g12b!H71••• ~7!

FIG. 6. Zero-field-cooled and field-cooled magnetization
temperatureT for Zn0.49Mn0.51Te. The cusp in the magnetization a
T520.860.2 K for the zero-field-cooled case is characteristic o
transition to the spin-glass phase.
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is the nonlinear magnetization,b is the same critical expo
nent discussed previously, andg is another critical
exponent.12,27 A key characteristic of spin-glass materials
the divergence inMnl /H as one approachesTc from above.
As pointed out by Mauger, Ferre´, and Beauvillain, the ex-
pansion in Eq.~7!, which predicts that the leading term
should diverge as«2g, is not valid for the region immedi-
ately aroundTc .12 In fact, the divergence of the nonlinea
term is expected to soften in this regime due to the increa
importance of higher order terms. Instead, in the immed
vicinity of Tc , the universal scaling expression

Mnl~«,H !5«~g13b!/2F~H/«~g1b!/2! ~8!

must be used. Note that the expansion of this scaling exp
sion yields the previous expansion forMnl @Eq. ~7!# for the
region aboveTc where the nonlinear divergence begins.12

To examine the behavior of the magnetization nearTc ,
measurements of the magnetization as a function of temp
ture were made in several fixed fields. NearTc , xnl

FIG. 7. Nonlinear susceptibilityMnl /H vs temperatureT for
Zn0.49Mn0.51Te for several fixed fields. The divergence of the no
linear term nearTc is expected near a spin-glass transition.

FIG. 8. The nonlinear magnetization data for Zn0.49Mn0.51Te
analyzed according to a universal scaling model for a spin-g
transition@Eq. ~8! in the text#. The asymptotic limits for the slope
shown by the solid lines, are in agreement with the theory.
g
te

s-

ra-

5Mnl /H increases as shown in Fig. 7, as would be expec
if this quantity does indeed diverge atTc . In Fig. 8, the data
are plotted according to the universal scaling relation of E
~8! using values for the parametersg, b, and Tc that pro-
duced the best scaling. The parameter values that prod
the best scaling wereg54.061.0,b50.860.2, and Tc

520.860.2 K. The data collapse onto the single univer
scaling curve that covers many orders of magnitude al
both axes. For temperatures significantly greater thanTc
~lower part of the curve!, the slope approaches 3, consiste
with the first-order term in Eq.~7!. The scaling plot shows
increasing scatter at higher temperatures since the nonli
magnetization approaches zero as one moves out of the
cal region. AsT closely approachesTc from above~upper
part of the curve!, the slope tends to the proper asympto
value (g13b)/(g1b).12 These asymptotic limits are
shown as solid lines in Fig. 8.

The value for the scaling exponentb obtained from the
static scaling analysis is in accord with the value obtain
from the dynamic scaling analysis discussed above, wh
reinforces the spin-glass picture. Previously reported val
for g as well as our own finding are also listed in Table
The g values range from 2.1 to 4.0. Comparing DMS sy
tems, our value ofg54.061.0 for Zn0.49Mn0.51Te is slightly
higher than the reported value ofg53.360.3 for
Cd12xMnxTe found by Mauger, Ferre´, and Beauvillain.12 We
note that the determination ofg via the scaling plot is very
sensitive to slight changes inTc , which explains the rathe
large error bars which we quote for ourg value. We com-
ment that Geschwind and co-workers,28 using linear scaling
plots, foundg54.4 in Cd12xMnxTe. This higher value ofg
was debated by Bertrandet al.,10 who suggested that th
larger value ofg obtained by Geschwindet al. was due to
the use of an incorrect value forTc in the scaling plot. This
debate notwithstanding, we conclude that within our expe
mental error, there is fair agreement between values for
critical exponent g obtained in Zn12xMnxTe and
Cd12xMnxTe.

IV. CONCLUSION

By analyzing the imaginary part of the ac susceptibil
x9(v,T) for Zn0.49Mn0.51Te and Zn0.59Mn0.41Te, we have
shown that conventional critical slowing down gives a bet
description of the dynamics of the spin freezing transition
Zn12xMnxTe than a thermal activation model. The values
the power law exponents obtained from the critical slowi
down analysis werezn51062 andb51.060.2. These val-
ues are in agreement with previous results obtained
Cd12xMnxTe and Hg12xMnxTe, and also other insulating
spin glasses with short-range interactions. Our attempt to
scribe the dynamic susceptibility data using an activa
scaling Ansatz yielded exponent valuesP51.060.2 andQ
50.460.1. When compared with values obtained for oth
similar systems, there is a marked lack of consistency, wh
militates against the idea of the universality of the activa
dynamics exponents.

The magnetization of Zn0.49Mn0.51Te shows a clear tran
sition atT520.860.2 K. Just above this transition, the no
linear susceptibilityxnl diverges, which is consistent with
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spin-glass behavior. From the scaling of the nonlinear m
netization just above the transition, we obtained the criti
exponent valuesg54.061.0 andb50.860.2, which are in
fair agreement with the values reported for other spin-gl
materials. We also note that the valueTc520.860.2 K ob-
tained from the magnetization measurement is in very g
agreement with the valueTc520.760.1 K obtained from the
ac susceptibility analysis.

We therefore conclude that Zn12xMnxTe, like
Cd12xMnxTe and Hg12xMnxTe, undergoes an equilibrium
phase transition to a spin-glass state. This strengthens
evidence that all II-VI-based DMS materials are true s
r

J

g-
l

s

d

the

glasses characterized by the same critical exponents, an
probably a subset of a larger universality class of insulat
spin glasses with short-range interactions.
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