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A model for the high-field magnetization of II-VI semimagnetic compound semiconductors at low tem-

peratures is presented.
without adjustable parameters

It applies for low Mn concentrations.
the magnetization of Cd;_,Mn,Te,

The model explains quantitatively and
Cd;_-,Mn,Se, Cd;_,Mn,S,

Zn,_,Mn,Se, and Zn;_,Mn,S near 100 kOe for 7T < 2 K. At higher magnetic fields, magnetization steps
are predicted. The first step is observed in Cd;_,Mn,Se and Zn,_,Mn,Se, and is used to determine the
nearest-neighbor exchange constant. The results support a random distribution of Mn ions.

Diluted magnetic semiconductors (or semimagnetic semi-
conductors) are of great current interest.! They are ideal for
studying the magnetic properties of dilute magnetic systems,
and the influence of the s-d exchange interaction on sem-
iconducting properties. The most extensively studied ma-
terials are II-VI semiconductor compounds in which a frac-
tion x of the cations have been replaced by manganese, e.g.,
Cd;-xMn,Se. The magnetic behavior of these materials has
been the focus of many investigations. Nevertheless,
several fundamental problems remain. Among them are
the question of whether the Mn ions are randomly distribut-
ed in the crystal, and discrepancies between results for the
Mn-Mn exchange constant.? In this paper we present a
model which describes quantitatively and without adjustable
parameters the magnetization of many II-VI compounds
with x < 0.1, in high magnetic fields (H > 10° Oe) and at

.low temperatures (7 < 2 K). This model also predicts the
existence of magnetization steps, which are observed in the
present work, and which yield directly the dominant Mn-Mn
exchange constant. The experimental results support a ran-
dom distribution of the Mn ions.

We use a cluster model similar to that which was used to
interpret low-field susceptibility data.> Specifically, we make
the following assumptions: (1) the Mn ions are distributed
randomly over the cation sites; (2) each Mn ion has spin
S =-;- and a g factor g=2; (3) the exchange constant J
between nearest-neighbor (NN) Mn ions is negative (anti-
ferromagnetic), and its magnitude is typically J/k = — 10 K,
where k is the Boltzmann constant; (4) all other exchange
constants Ji, between next-nearest neighbors (NNN’s) or
more-distant neighbors, are much smaller in magnitude,
ie, |J//k|l<0.5 K typically; (5) for magnetic fields
H >100 kOe (gupH/k > 13.4 K, where wp is the Bohr
magneton) all exchange interactions other than between
NN’s can be ignored. This last assumption is not valid
when T <4 K and H << 100 kOe,’ but is expected to hold
for H > 100 kOe because the Zeeman energy overwhelms
the weak exchange interactions with |J;//k| < 0.5 K. Some
of the justification for these assumptions will be given later,
after the consequences of the model are presented.

Assuming NN exchange interactions only, the magnetiza-
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tion for Mn concentrations x < 0.05 is well approximated by
the sum of the magnetizations of four types of NN clusters:
isolated Mn ions (singles), pairs, open triangles (OT), and
closed triangles (CT).>** The probabilities that a Mn ion
belongs to each of these clusters are®

Pi=(1—-x)? m
for singles,

Py=12x(1—x)18 2
for pairs,

P3;=18x2(1—x)3(7—5x) 3)
for OT’s,

Py=24x*(1—x)% . 4)

for CT’s, where a zinc-blende structure is assumed. For II-
VI materials with the wurtzite structure the probabilities are
the same, except for P4. The difference for P, is, however,
numerically insignificant for x < 0.1.

The energy-level scheme for the various clusters was dis-
cussed by Nagata and co-workers.* For a pair the energy is

=—JI[Sr(Sr+1)—35/2] —gupmH , (5)
where Sr is the total spin for the pair, and m = —Sr,
—-Sr+1,...,S8r. For J <0 the ground state at H =0 is

nonmagnetic, with S7=0. It remains the lowest state in
fields gupH < 2|J|. Thus, for |J/k|= 10 K the pair mag-
netization is negligible if H < 100 kOe and T <2 K. (In
some materials |J/k| might be as low as 6 or 7 K, and the
field range where the pair magnetization is negligible is
somewhat smaller.) For closed triangles the ground state at
H=0 has Sr=+ and is two-fold degenerate (m= *+).
The state with m = 5 remains the lowest for guzH < 3|J|.
Therefore, the magnetization of a CT at 100 kOe and for
T <2 K corresponds to m=-§-, or -13; of the saturation
magnetization for three singles. For open triangles the state
with Sr=m= % has the lowest energy in the range
0 < gupH < 77|, and the magnetization per triangle at 100
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kOe and for T<2 K is %— of the saturation magnetization
for three singles.

Experimental results in II-VI materials with x < 0.1 show
that the magnetization M for T <4 K and H <100 kOe
obeys the phenomenological equation®-!!

M =MBsp(SupH/k(T +To)) , (6)

where Bs; is the Brillouin function for S = -;-, and M, and
Ty are phenomenological parameters which are nearly tem-
perature independent in this range. For T < 2 K the mag-
netization near 100 kOe is nearly H independent, and is
very nearly equal to M;. This M;, which we call the techni-
cal saturation value, is lower than the true saturation value
M, for concentration x with § =-§- and g =2. Often, one

defines an effective Mn concentration X by the relation
X/x=M;/M,. Physically, X is that concentration which
would have given rise to a magnetization M, if the Mn spins
were fully aligned.

Based on our results for the magnetization of the various
NN clusters at 100 kOe and for T < 2 K we predict that

X/x=M,/Moy=[Pi+ (P3/3)+(P,4/15)] . @)

This equation is represented by the solid curve in Fig. 1.
Also shown are experimental results for Cd;_,Mn,Te,®
Cd;_,Mn,S¢,” Cd;-,Mn,S,*°  Zn;_,Mn,Se,'® and
Zn,-,Mn,S.!!' All these experimental results are fairly close
to the universal theoretical curve. The reasonably good
agreement for x as large as 0.1 may seem surprising because
Eq. (7) does not include the contribution of NN clusters of
four spins or more. The fraction of these ‘‘missing’’ spins
grows from 11% for x =0.05 to 41% for x =0.1. However,
a qualitative argument by Kreitman, Milford, Kenan, and
Daunt® suggests that the contribution of the missing spins is
relatively small because many of them are in NN quadru-
plets with small Sy. According to Kreitman et al. an upper
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FIG. 1. Comparison between experimental results for X/x in

various materials (Refs. 6-11) and theoretical predictions. The
solid line represents Eq. (7), which ignores clusters larger than tri-
angles. The dashed line represents Eq. (8), which includes a sug-
gested estimate (Ref. 3) for the maximum contribution of these
larger clusters.
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bound for the contribution of the missing spins can be es-
timated by assuming that all missing spins are in NN quin-
tets, with Sy= 75- for each quintet. If one accepts this sug-

gestion then the estimated upper bound for X/x is
X/x=[P1+(P3/3) + (P4/15)]
+[(1—=Py—P,—P;—P,)/5] . €))

Equation (8) is shown in Fig. 1 as a dashed curve. The
results for x = 0.1 are close to this curve.

We now discuss the magnetization for H > 100 kOe.
From Eq. (5) it can be shown that the magnetization of a
pair at T =0 exhibits a series of positive steps at reduced
fields h=gupH/|J1=2,4,6,8,10. The step at h=2, for
example, occurs because the energy for Sr=m =1 becomes
lower than that for Sy=m =0. The magnitude of each of
the five magnetization steps is &M/My=P,/5, or
SM/M;=(P,/5)(x/x). These steps will be broadened at
finite temperatures, but should remain observable if
kT << 2|J|. The magnetic fields at which the steps occur
give J directly. The size 8M of each step provides a test of
the assumption of a random distribution of the Mn ions.

The open and closed triangles also lead to magnetization
steps, but these are more difficult to observe. The steps for
the OT’s should occur at #=7,9,11,13,15. Thus, for
J/k = —10 K the first step is at H =521 kOe, which can be
reached only with pulsed fields. For the CT’s the steps are
at h=3,5,...,15, but 8M for each step is quite small be-
cause the probability P4 never exceeds 2.5% for any x. In
contrast, the probability P, that an ion is in a pair reaches a
maximum of 24% near x = 0.05.

The first magnetization step due to the pairs, at

gupH =2|J|, - was observed in single crystals of
Cdy-xMn,Se with x=0.049 and Zn,-,Mn,Se with
x=0.033. The CdMnSe sample was grown at Brown

University by the Bridgman method. The ZnMnSe sample
was obtained from Eagle-Picher Industries. The Mn con-
centrations were determined by atomic absorption. Magnet-
ization data were taken at 1.5 K in dc fields up to 230 kOe.
The magnetometer is described in Ref. 12. For
Cd;-,Mn,Se (Fig. 2) the magnetization step is centered at
124 £10 kOe, corresponding to J/k=—8.3+0.7 K. The
next magnetization step due to the pairs should occur near
248 kOe. This second step, as well as the first step, were
recently observed in a pulsed-field experiment.!* For
Zn,-xMn,Se (Fig. 3) the first magnetization step is near
190 kOe, corresponding to J/K = —13 K. Note that in
both materials J/k is of order —10 K, as assumed in the
model: There is also evidence that —J/k~10 K in
Cd;-,Mn,Te? and in Zn;_Mn,S,* and that —J/k >4 K
in CdMnS.}

The theoretically predicted magnitude of &M is also
shown in Figs. 2 and 3. The good agreement with experi-
ment indicates that the actual probability P, is close to that
obtained from a random Mn distribution. The results in
Fig. 1 also support a random distribution, because such a
distribution was used to obtain the theoretical curves.

Further support for the model was obtained from low-
field susceptibility measurements on the same CdMnSe and
ZnMnSe samples for 150 < T < 300 K. Corrections for the
diamagnetic susceptibility of the lattice were made.'®!! The
Curie constants for both samples were within 3% of the
values calculated from the model’s assumptions S =-§- and
g =2. The Curie-Weiss temperature ® was used to estimate
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FIG. 2. Magnetization M of Cd;_,Mn,Se as a function of mag-
netic field H. Note the broad step near 124 kOe. The theoretical
prediction for the size 8M of the step, assuming a random distribu-
tion of Mn ions, is shown.

J.15 Here, we made a correction for the difference between
the effective © in the range 150-300 K and the true (high-
T) ©.'% This gave J/k=-9 K for Cd;_,Mn,Se and
J/k = —18 K for Zn;_,Mn,Se. We regard the values of J
obtained from the magnetization steps in Figs. 2 and 3 as
more accurate. However, the rough agreement between the
values of J obtained from the two methods supports the in-
terpretation of the magnetization steps.

Finally we comment on the value J/k = —0.55 K which
was reported for Cd;_,Mn,Te.>* For such a low value of
J, all pairs and triangles at 1.5 K should be magnetically
saturated at 155 kOe. However, the experimental data for
low x strongly suggest that this is not the case.® We, there-
fore, believe that the value —0.55 K relates not to the NN
interaction but rather to an interaction between more distant

FIG. 3. Magnetization curve for Zn;_,Mn,Se with x =0.033.
The theoretically predicted size of the magnetization step is indicat-
ed.

spins, e.g., NNN’s. The NNN exchange constant is expect-
ed to be much smaller than J, ' and is probably of order 0.1
K.3 Such a NNN interaction is still important in determin-
ing the magnetic properties in the low-field and low-
temperature range where much of the data of Galazka and
co-workers* were taken.
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