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Magnetic susceptibility and spin-glass transition in Znt „Mn„Te
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Magnetic susceptibility of the diluted magnetic semiconductor Znl, Mn„Te was studied between

2 and 250 K for the Mn concentration range 0. 15 &x &0.70. %'hcn x ~0.20, this zinc-blende ter-

nary system exhibits a spin-glass transition at low temperatures, as evidenced by a cusp in the sus-

ceptibility and by the presence of irreversible effects. Because Znl Mn Te is an insulator, and the
1ntcractlons bctwccn thc Mn 1ons aIc antlfcIIomagnctlc, thc obsclvcd spin-glass behavior Is attribut-

ed to frustration inherent in the fcc sublattice partially occupied by Mn. For the same value of x,
the transition temperatures for Znl „Mn Te are consistently higher than those observed in the

closely related zinc-blende compound Cdl Mn„Te. From this we infer that the value of the ex-

change integral is higher in Znl „Mn„Te.

I. INTRODUCTION

The ternary compound ZQI „Mn Te bekngs to a fami-
ly of materials known as diluted magnetic semiconductors
(DMS's), sometimes also referred to as "semimagnetic"
semiconductors. These materials have recently been the
subject of extensive studies because of their important
semiconducting as well as magnetic properties. This ter-
nary system crystallizes in the zinc-blende structure in the
composition range x & 0.80, the Mn + ions replacing
Zn at random latt1cc sltcs. Slncc MQTc 1tsclf CIystal-
lizes in the NiAs structure, the incompatibility of the
latter crystal lattice with the zinc-blende phase imposes an
upper limit on x.

Thc prcscncc of sUbstltUt1OQR1 Mn 1ons 1s rcspoQs1blc
for the magnetic properties of DMS's. These properties
are important in their own right, providing insights into
the behavior of a random magnetic system, such as the
spin-glass transition in a frustrated fcc lattice, formation
of antiferromagnetic clusters, etc. Moreover, knowledge
of the magnetization of the Mn subsystem in DMS's is
important i.n that it bears on the optical and electronic
properties of DMS's through the spin-spin exchange in-
teraction between the localized moments and band elec-
trons, ' leading to entirely novel effects, e.g. , a large,
temperature-dependent g factor, gigantic Faraday rota-
tion, etc.

In this paper we have undertaken a systematic study of
the magnetic properties of Zn1 „Mn„Te over a broad
composition range. This study has long been overdue
inasmuch as considerable effort has already been expended
on the study of the magnetic structure of Zn1 Mn„Te by
neutron diffraction, ' and measurements of dc magnetiza-
tion are needed for a better understanding of thc neutron

data. Furthermore, magnetic susceptibility studies of
ZQ~ „Mn„Te afford an opportunity to compare its sus-
ceptibility paI'ameters with those of Cd& „Mn Te, which
has an identical crystal structure, but at any given value of
x differs from the former by the Mn-Mn separation.

II. EXPERIMENT

The samples of Zn1 „Mn„Te used in this study were
pI'cpalcd either by Bridgman gIowth of by sintcring, Us-

Ing~ 111 both lnstanccs, 1ndlv1dUal clc1Tlcnts as starting ma-
terials. The composition was characterized by determin-
ing the lattice parameter aq of each specimen, and using
the known dependence of ao on x to obtain the composi-
tion. The lattice parameter was determined at room tem-
perature by x-ray powder diffraction, using a Guinier
camera and the Ea1 line of copper (A, = 1.5406 A ), with Si
as an internal standard. The powder samples were taken
from the immediate vicinity (within a millimeter or so) of
the specimen used in the susceptibility measurements to
avoid uncertainty duc to posslblc composition gladlcnts.

Thc susceptibility Rnd magnetization cxpcfimcnts wclc
performed us111g a vtbratlng-sample I11agnetoIlletel" wltll
fields ranging up to 2 T and temperatures between 2 and
300 K. Absolute values were obtained by calibration with
respect to 5X Ni.

As in other DMS's, the most striking feature in the
behavior of Zn& Mn„Te is the spin-glass transition, as
evidenced by the characteristic cusp observed in the zero-
field-cooled magnetic susceptibility. This is illustrated by
Fig. 1, showing dc susceptibility data for a sample with
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FIG. 1. ZFC dc magnetic susceptibility for' the temperature

fRQgc 4.2—200 K for ZQI „MQ~Tc (x =0.51). Thc Gleasuring
field was 500 Oe. Note the susceptibility cusp, indicating To, In
the inset we also compare ZFC and FC data in an expanded
scale near To, showing the presence of irreversible effects below
thc cusp tcmpcratu1c.

200

x =0.51. The figure shows the temperature dependence of
zero-field-cooled susceptibility over the range from 4.2 to
200 K, with a well-defined cusp at 23 K. The susceptibili-
ty was measured using a field of 500 Oe.

The identification of the cusp as a spin-glass transition
is further supported by the existence of irreversible effects
taking place below the cusp temperature To. Typical data
illustrating this feature for the x =0.51 sample are shown
in the inset of Fig. 1. Here the data labeled "ZFC" (zero-
field cooled) represent the susceptibility X measured after
first cooling the sample in zero magnetic field to 4.2 K,
and then applying the field of 500 Oe. The data marked
"FC" (field cooled) corresponds to values of X obtained
when the sample was cooled in the applied field.

Similar irreversible effects are illustrated in Fig. 2 for a
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FIG. 2. Comparison of FC Rnd ZFC magnctizations fof
Zny Mn Tc w1th x =0.37 measured 1Q 200 Oc. Thc values of
magnetization are normalized by its value at To. Irreversible ef-
fects RIc clear'ly p1cscnt below To.
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sample of Zni „Mn„Te with x =0.37, showing the tem-
perature dependence of field-cooled and zero-field-cooled
magnetization, normalized by its value at the cusp tem-
perature (TO-16.5 K).

Although 1Il thc x =0.37 sample the cusp 1S some%'hat
rounded (possibly due to small local fluctuations in the
value of x about an average value), the difference between
fiel-cooled and zero-field-cooled data shown in Figs. 1

and 2 constitutes an unmistakable signature of irreversible
behavior characteristic of spin-glasses. As in previous
low-temperature studies of other insulating DMS's, '* '

the existence of a spin-glass phase in Zn, „Mn Te is at-
tributed to lattice frustration. This is consistent with the
pi'edictioil of DeSeze, who showed tllat iii iiisiilatiilg I11a-
terials where antiferromagnetically interacting magnetic
moments occupy random sites on an fcc sublattice (as do
the Mn2+ ions in Zni „Mn„Te), the system will undergo
a spin-glass transition as a result of frustration.

Figure 3 illustrates the rather spectacular difference in
the magnetic behavior of Zni „Mn„Te samples with low
(x =0.33) and high (x =0.70) concentrations. The mag-
netizations (field-cooled) are normahzed by their values at
the respective transition temperatures, with M( T)/M(TO)
for the x =0.70 sample shifted downward (by multiplying
by 0.9) to avoid obscuring the lower-x data near To. The
x =0.70 magnetization appears rather featureless, but
sholvs a weak reproducible maximUHl about 42—43 K,
which we identify as To for that value of x. Furthermore,
the x =0.70 data showed no difference between field-
cooled and zero-field-cooled magnetizations below To.
While irreversible effects cannot be entirely ruled out in
this range of x, their presence remained below noise level
of our measurements, further emphasizing the large
difference in the character of magnetization at high and
10%' x.

Comparison of the data for x =0.33, 0.37, and 0.51
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FIG. 3. Comparison of the temperature dependence of FC
magnetization M(T) for Zn~ „Mn„Te with high and low values
of x. Values of M(T) have been normahzed by values of M ( To)
coIlcspond1ng to each sct of data, and thc data fof x =0.70 hRvc
been shifted downward for clarity. In the case of the x =0.70,
no difference between FC and ZFC data is observed.
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FIG. 4. FC g (inset) and g ' for x =0.37 for a broad tem-
perature range, observed in an applied field of 1 kOe. Note the
excellent Curie-Weiss behavior above T=50 K and a charac-
teristic downturn of g ' observed below this temperature, but

bove To ~

200

(Figs. 3, 2, and 1, respectively) reveals that the relative
sharpness of the cusp is best defined for the x =0.51 sam-
ple, while for x =0.33 the magnetic susceptibility contin-
ues to increase even below To. This is probably caused by
loose spins, which may be present below To, as suggested
by Escorne and Mauger' in their studies of Cdi „Mn„Te
in a similar range of x. The background of such loose
spins would continue to contribute an additive Curie-
Weiss —type term even below To, which will result in an
additive partial susceptibility that would increase with de-
creasing temperature. It appears logical that the relative
population of such loose spins would be greater for more
magnetically dilute samples. The argument for the ex-
istence of loose spins is further corroborated by the
behavior of field-cooled data. In classical spin-glasses,
such as CuMn, the field-cooled magnetization below To
either decreases or stays flat, whereas in our data it con-
tinues to increase below To for samples with x &0.50.
Such behavior would be expected if a fraction of the spins
remained "loose," i.e., capable of a Curie-Weiss behavior.

Figure 4 shows a typical behavior of field-cooled X (in-

set) and X ' as a function of temperature for a sample
with x =0.37, measured at 1 kOe. The inset shows 7 on
an expanded scale in the immediate vicinity of To. The
higher magnetic field leads to a rounding off of the field-
cooled "knee, " but otherwise the data is identical to the
field-cooled magnetization obtained on the same sample at
much lower fields, shown in Fig. 2.

Two features worthy of note are apparent at T & To in
Fig. 4. The high-field portion indicates clear Curie-Weiss
behavior, providing a reliable measure of the Curie-Weiss
temperature O. Below about 50 K one also observes a
characteristic downturn of the X ' curve from the
behavior predicted by extrapolating the Curie-%'eiss law
to low temperatures. Such "enhanced paramagnetism" is
observed '0' in all DMS's above To, and suggests the
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FIG. 5. Inverse susceptibility P ' vs T for two low-

concentration samples, one of which is below the percolation
limit and does not exhibit To.
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where N is the number of moments per unit volume and X
is the volume susceptibility. Hence,

possibility of random cluster formation. This behavior is
illustrated for two other samples in Fig. 5, showing that
the characteristic downturn occurs whether a spin-glass
transition is observed or not.

It should be mentioned parenthetically that in the close-
ly related compound Cd, „Mn„Te remanent effects were
reported to persist even above To (at least for samples
with x =0.3), and this has been used to further support
the inference that antiferromagnetically coordinated clus-
ters survive considerably above the freezing temperature. '

A qualitatively similar behavior should, in principle, be
expected for Zni „Mn„Te. In our experiments, however,
we have not observed explicit irreversible effects in the re-
gion T& To, as can be seen by the merging of FC and
ZFC curves in Figs. 1 and 2. This may be because the ef-
fects or remanence above To are less than our experimen-
tal error. Note also that the effects reported in Ref. 12
were observed at considerably lower temperatures than we
used. It is possible that they are particularly strong below
4 K, while we have concentrated on samples with To & 10
K. Future experiments on Zni „Mn„Te, performed on
samples with x=0.2—0.25 (where To &4 K), may thus
also reveal traces of remanence at T & To in this material.
In any event, it would be premature at this point to use
the absence of irreversible effects above To in our data as
an indication of significant differences between the mag-
netic behavior of Zn~ „Mn„Te and Cd~ „Mn„Te.

Figure 6 shows a calculation of the effective number of
Bohr magnetons P per Mn + ion as a function of T for
two concentrations, calculated using the Curie-Weiss form
for the susceptibility. Writing the effective moment p as

p =Ppz, we have
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FIG. 6. Temperature dependence of the effective moment P
obtained from (dg '/dT) ' (see text) for x =0.17 (A) and
x =0.33 (8). The curves are obtained from fits to the original
susceptibility data.
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FIG. 7. Curie-%'eiss temperature 8 as a function of x for
Zn~ „Mn„Te, obtained from extrapolating the high-temperature
linear behavior of g '(T). The solid line is merely a guide for
the eye. For comparison, the dashed line shows 8 vs x for the
sister compound Cd~ „Mn„Te, taken from Ref. 10.
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The value of N for each sample is obtained from the mea-
sured value of the mole fraction x. The results in Fig. 6
are somewhat surprising in that at high temperatures both
samples show an effective number of Bohr magnetons per
Mn ion that is considerably higher than the value of 5ps
corresponding to free Mn ions. We have no explanation
for these results at the present time, and report them only
in an empirical spirit. It would not be particularly mean-
ingful to speculate on the physical origins of the large
values of P without having a microscopic theoretical
model for the magnetic susceptibility of diluted magnetic
semiconductors such as Zn& „Mn„Te. However, the
above results should provide one more reason why
developing such a model would be important and timely,
even for the (presumably) simpler high-temperature region
corresponding to the Curie-Weiss limit.

In Fig. 7 we plot the Curie-Weiss temperature 8 for
Zn& „Mn„Te obtained by extrapolating the linear, high-
temperature behavior of X ' vs T. The values of 8 for
higher x are somewhat less reliable because there X ' is
rather flat and the extrapolation less certain. The solid
curve is merely a guide for the eye. These values of 8 are
remarkably large, as is the case for other DMS's studied
earlier.

It is interesting to compare quantitatively the constants
0 for Znt „Mn„Te with those obtained for Cdt „Mn„Te
at the same Mn concentration. We show 8 vs x for
Cd& „Mn„Te, taken from Oseroff, ' by the dashed curve.
Note that for any given x the Cdt „Mn„Te values are de-

cidedly less than those for Zn& „Mn„Te. %e recall that
the ionic radius of Cd + is 0.97 A and that of Zn + is
0.74 A. . Also, the lattice parameter of Znt „Mn„Te is
considerably smaller than that of Cdt „Mn„Te. Now
the exchange interaction between two Mn spins S; and SJ,

which is responsible for the finite value of 8, can be writ-
ten in the Heisenberg form
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FIG. 8. Magnetic phase diagram for Zn~ „Mn„Te, separat-
ing the P and SG phases. The points correspond to the observed

cusp temperature To, and the solid curve is only a guide for the
eye. Also shown are the phase diagrams reported for
Cd& „Mn„Te in Refs. 9 (dashed line) and 10 (dashed-dotted
line).
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U =—2JSg SJ,
where J is the exchange integral reflecting the overlap of
the charge distributions of the spins S; and S~. Since the
Mn-Mn distance is smaller in Zn& „Mn„Te than in
Cd& „Mn„Te, the exchange integral for the former is ex-
pected to be larger, and perhaps the relative behavior of 8
in the two compounds should not be surprising.

Finally, we show in Fig. 8 a magnetic phase diagram
for Znt „Mn„Te, i.e., a locus of Ta as a function of x,
separating the paramagnetic (P) and spin-glass (SG) re-
gions. The points are experimental, and the solid curve is
merely a guide for the eye. It is to be emphasized that the
diagram is drawn only on the basis of the observed Ta in
magnetization measurements. Uncertainties still exist as
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to the exact nature of the spin-glass phase in DMS's. '

It is again interesting to compare the magnetic phase di-

agram for Zn& „Mn„Te with that observed for
Cd& Mn Te, which crystallizes in the same zinc-blende
structure over a comparable range of x. We have plotted
in Fig. 8 the Cd& „Mn Te phase diagrams reported by
Galazka et al. (dashed line) and Oseroff' (dashed-dotted
line). The transition temperature differs somewhat be-

tween these two authors, but it is important to note that
both give To for Cd& „Mn„Te that is lower than the
value for Znt „Mn„Te for the same Mn concentration.
This observation is again consistent with a higher value of
the exchange integral which is expected for Zn& „Mn„Te
on the grounds discussed above. Because of stronger Mn-
Mn interaction in this compound, it is reasonable to ex-

pect the spin-glass freezing to occur at a higher tempera-
ture. A similar difference, consistent with qualitatively
similar arguments, has recently been observed' in the
magnetic phase diagrams of the two wurtzite DMS's,

Cd~ „Mn„S and Zn& „Mn„S.
While the value of To for any x above the percolation

threshold may depend on the details of composition of a
specific ternary alloy, the percolation threshold itself (the
lower limit on x for the onset of the spin-glass behavior) is
dictated by the topology of the fcc lattice as such, in-
dependent of the specific ionic radii, lattice parameters,
etc. It is important to note, then, that our experimental
points in Fig. 8 extrapolate to approximately the same
critical value of x at T =0 as do the Cd~ Mn Te data.

In summary, we have shown that the magnetic behavior
of the ternary DMS alloy Zn& „Mn„Te is essentially very

close to that of other DMS compounds studied so far.
For low values of x the system is paramagnetic, exhibiting
at high temperatures a strictly linear Curie-Weiss behavior
indicative of antiferromagnetic Mn-Mn interaction, and
an "enhanced paramagnetic" downturn of the X ' vs -T-
curve at low temperatures, which has been ascribed to the
formation of local spin clusters. Above x =0.20,
Zn~ „Mn„Te exhibits a low-temperature spin-glass phase
associated with frustration of the fcc lattice. Finally, the
magnitudes of the Curie-Weiss temperatures 8 and the
values of the spin-glass transition temperatures To are
higher at any given x in Zn& „Mn„Te than in the sister
compound Cd~ „Mn„Te, which is identical to the former
in every respect except in the lattice parameter and the
ionic radius of the cation. From this we infer that the ex-
change integral is higher in Zn~ Mn„Te.
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