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(Zn,_xMn,);As,, abbreviated as ZMA, can be considered as a new member of the group of di-
luted magnetic semiconductors (DMS). Susceptibility and specific-heat measurements indicate a
spin-glass transition for concentrations 0.005 <x <0.14. The freezing temperature T, depends on
x as T;~x"> originating from a long-range interaction J between magnetic ions J(R)~R —*3.
High-field magnetization and high-temperature susceptibility measurements yield evidence for an
overall antiferromagnetic interaction, a strong antiferromagnetic coupling of nearest-neighbor Mn
pairs, and a reduced (20%) local moment of the Mn ions. Calculations of M, X, and C,, with an
extended nearest-neighbor pair-correlation approximation will be reported. A satisfactory, simul-
taneous description of the data can be obtained, providing the long-range character of the ex-
change is properly taken into account. The results will be compared with other DMS and recently
prepared quaternary alloys of (Cd,_, .Zn,Mn,);As,. Possible mechanisms for the interaction
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will be discussed.

I. INTRODUCTION

(Zn,_,Mn, );As,, abbreviated ZMA, can be con-
sidered as a solid solution of the open-gap semicon-
ductor Zn3As, and MnsAs,. Together  with
(Cd{_,Mn, );As, (CMA) (Ref. 1) this compound belongs
to the II-V group of diluted magnetic semiconductors
(DMS). The crystal structure of ZMA is isomorphic
with that of CMA (tetragonal, P4,/nmc), but the lattice
constants are somewhat smaller.?

One of the interesting problems in the study of the
magnetic properties of DMS concerns the physical
mechanism behind the interactions between the Mn ions.
In an earlier publication' we introduced and discussed
already some possible physical mechanisms in relation to
our results obtained in CMA. Tentatively we reached
the conclusion that, in CMA, two possible interaction
mechanisms were compatible with the results: the
Bloembergen-Rowland and the superexchange mecha-
nism. In the Bloembergen-Rowland mechanism the gap
between conduction and valence band determines the
range of the interaction. ZMA is an open-gap semicon-
ductor (gg~1 eV),> whereas CMA is a narrow-gap semi-
conductor (gg~ —0.1 eV). In view of this difference in
band gaps, it seemed worthwhile to study also the mag-
netic properties of ZMA, since these may yield addition-
al information on the interaction mechanism.

Data will be presented on specific heat, low- and
high-temperature susceptibility, and magnetization. The
observed spin-glass freezing as function of concentration
will be used as a probe for the long-range part of the in-
teraction, which has to be implemented to obtain a set of
interaction parameters which, in principle, can describe
all the data simultaneously.

The experiments were performed on a number of sam-
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ples with Mn?* concentrations in the range 0.005 <x
<0.14 (see Table I). The experimental methods and
equipments are identical to those applied in the study of
CMA, and we refer to that article for details.!

(Zn; _,Mn, );As, (ZMA) was grown by a modified
Bridgman method from the pure elements in a carbon-
coated ampoule (pressure 107> mbar). The ampoules
were heated up till 1100°C, which is above the melting
point of Zn;As, (1015°C).2 The pulling speed was 20
mm/day. In this way we obtained single phase crystals
up to x ~0.15, the highest concentration we tried to
grow. Often large single crystals with a typical volume
of 0.5-1 cm® were obtained. For most experiments,
such as calorimetry, susceptibility, and magnetization,
polycrystalline samples are appropriate. A single-crystal
of ZMA, x =0.15, with a volume of more than 1 cm?,
was grown especially for use in neutron scattering exper-
iments in the near future.

For the interpretation of the experimental results, the
chemical and structural definition of the samples is
sometimes of crucial importance. X-ray diffraction, elec-
tron microprobe measurements and chemical analyses
were employed to ensure a proper characterization of
the samples. A homogeneous composition without
chemical clustering has been found, within the limits of
the techniques employed (1 pum). Generally, the mea-
sured concentrations x varied slightly over the samples
and the relative accuracy of the Mn concentration was
better than 10%.

II. EXPERIMENTAL RESULTS

A. Low-temperature ac susceptibility

The low temperature ac susceptibility results for ZMA
are shown in Fig. 1. For all concentrations 0.005
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TABLE 1. Composition of the relevant samples (Zn,_,Mn, );As; used in the present experiments.

Large sample

Small sample

Sample no. x (nominal) X (specific heat) X (susceptibility + magnetization)
0.5 ZMA-1 0.005 0.0052 0.0048
0.0052
1 ZMA-1 0.01 0.0104 0.010
0.010
3 ZMA-1 0.03 0.03 0.030
0.031
5 ZMA-1 0.05 0.049 0.049
0.049
7 ZMA-1 0.07 0.066
10 ZMA-1 0.10 0.098 0.098
0.097
12 ZMA-1 0.12 0.112
15 ZMA-1 0.15 0.14
15 ZMA-1 0.15 0.14

(single crystal)

<x <0.14 cusps in X(T) are observed, whereas, as we
will see later on, no anomalies occur in the specific heat.
Interpreting these cusps as a transition to a spin-glass
state, the resulting freezing temperatures T (x) are
shown in Table II. From a plot of logT, against logx,
shown in Fig. 2, it appears that T;(x) behaves approxi-
mately as T;(x)~x>’2 over the entire concentration
range. As we observed the spin-glass transition below
the percolation limit for nearest neighbors, which
amounts to 33% in this case, one may already conclude
that the interactions are long ranged. Moreover, accord-
ing to scaling arguments>* a dependence Tf~x3/2 can
be related to a long-range exchange of the type
J ~R ~°/2, where R is the distance between the magnetic
ions. The results on T,(x) of CMA are also shown in
Fig. 2. It is obvious that the interaction in CMA
(J ~R ~77?) is of slightly longer range than that in ZMA.

B. Specific heat in zero field

The magnetic contribution C,, to the specific heat in
the range 0.4 <T <8 K (as shown in Fig. 3) was ob-
tained by subtraction of the (scaled) lattice contribution
of pure Zn;As, (Fig. 4) and the nuclear hyperfine contri-
bution of the Mn-ions® from the measured total specific
heat. As already quoted above, no anomaly was ob-
served at temperatures T,(x), which are indicated by ar-
rows in the figure. The overall contribution shows the
conventional broad maximum, typically for a nonorder-
ing ensemble of interacting spins. The location of the
maximum, which is a measure for the magnitude of the
average interaction energy, shifts systematically to
higher temperatures (from 0.5 K to above 6 K) as the
concentration increases from 1 to 10 at.%. This fact
also points to a long-range interaction. A model with
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FIG. 1. Low-temperature ac susceptibility of ZMA. The solid curves are guides to the eye.
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TABLE II. Freezing temperature of ZMA as a function of T T T T T T T
the Mn concentration. (2”1_)( M”X)B ASZ AAMA“AAMMMA} a
x T, (K) 00 M ws x=9.8 %,
0.0048 0.035 AAAA
0.03 0.7 £
0.066 1.55 £
0.098 2.85
0.112 3.6 300
0.14 43 z
)
g
only nearest- and next-nearest-neighbor interactions can- =
not account for this behavior. We will return to this E
subject in the discussion. F 200
C. Magnetization
Magnetization experiments were performed in the field
range up to 28 T and the temperature range 2 <7 <4.2 100
K. The results are shown in Fig. 5. .
From a comparison of the behavior with that of an
ideal paramagnetic gas it can be concluded that the aver- & '
age interaction must be antiferromagnetic. Further- \’\/ P .
more, an increase of concentration yields an obvious in- s 052 1.0
crease of the average interaction strength. Saturation in 0 l— = /;- —_—t = _i— e ——(I)‘— i ;

the present field range is achieved for concentrations up
to 1 at. %.

The magnetization curves can be fitted with the phe-
nomenological Brillouin function

2.5gupB

—_— 1
kB Teﬂ' ’ M

M=gupSyBs,

where the (apparent) saturation magnetization per Mn
ion, gupSy, and the effective temperature, T =T+ T,
are adjustable. These fits are also shown in Fig. 5. The
resulting values of gS, and T, are given in Table III.
The saturation magnetization per ion guzS, is plotted
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FIG. 2. Log T,-logx plot for ZMA and CMA. The dashed
curves represent T, ~x3/2 and T, ~x /5, respectively.

T(K)

FIG. 3. Magnetic specific heat of ZMA. The arrows indi-
cate the freezing temperatures T, for the corresponding con-
centrations. The solid curves represent calculations with the
ENNPA using J, /kp=—100 K, J, /kp=—20K, J3/kg=—6
K, and J /kp=—40/R*° K. The dashed curves represent cal-
culations with the ENNPA using the same values for J,, J,,
and J; as above but J/kz =0 K.
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CL(J/mole K)

...-""" 1
0 10 20
T(K)

FIG. 4. Specific heat of Zn;As,.
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TABLE III. Saturation magnetization per ion gS, of ZMA
and temperature T, obtained from a fit of the magnetization to
an effective Brillouin function.

x (at. %) 2So Ty (K)
0.52 3.9 1.8
1.0 35 3.0
3.0 2.5 9
4.9 1.9 12
9.7 1.2 18

in Fig. 6 as function of x, supplemented with the extra-
polated results based on fits of the data to a phenomeno-
logical Brillouin function for concentrations x >0.01.
These results show that, in the limit of vanishingly small
concentrations of magnetic ions, the saturation magneti-
zation per ion gupS, approaches the value of (4.1
+0.2)up instead of the value of 5up for a Mn®" ion in
the S state. Susceptibility results, which will be dis-
cussed below, support this conclusion. A similar reduc-
tion of the free-io’i moment was found in CMA.! We
will comment on this fact in the discussion.

Apart from this, the measured saturation value de-
creases when the concentration increases. In CMA this
reduction was caused by strongly coupled antiferromag-
netic pairs, which did not contribute to the magnetiza-
tion in fields up to 28 T. However, in the case of ZMA
the observed reduction of the saturation magnetization
cannot be explained with the pairing of nearest neigh-
bors alone. Therefore we calculated the theoretical satu-
ration magnetization under the assumption that the
nearest- and next-nearest-neighbor pairs do not contrib-
ute in this field range, because they are strongly coupled
antiferromagnetically. The predicted moment as func-
tion of x is shown in Fig. 6. The fractions of singles,

T T T T
(Zn1_x Mnx)3 ASZ

L~ 0.52 +% _
Qosreeeserveeeo¢-
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=
@ 3.0 %
=
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L9 %
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g 1
9.7 %
0 10 20 30

B(T)

FIG. 5. High-field magnetization of ZMA for selected con-
centrations. Open and closed symbols represent data collected
at T=2 K and T=4.2 K, respectively. The solid curves
represent fits with the phenomenological Brillouin function.
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FIG. 6. Saturation magnetization per Mn ion, gupS,, as a
function of x of ZMA. Curve a represents the contribution of
the statistical fraction of singles (no nearest and next-nearest
neighbors) to the saturation. Curve b includes also the contri-
bution of { of the statistical fraction of open triples (nearest
and next-nearest neighbors). Curve c represents the contribu-
tion of the singles with respect to only nearest neighbors.

pairs, and triples have been obtained from a random dis-
tribution of Mn ions. Comparison of the actual data
with this prediction shows a very good agreement, al-
though we have to recall that the data at high x are ex-
trapolated results.

Since we do not observe any decoupling in fields up
till 28 T, which would lead to a “steplike” increase of
the magnetization, the antiferromagnetic nearest- and
next-nearest-neighbor coupling energy in ZMA seems to
amount to at least 40 K or, alternatively, |J,/kp | and
| Jo/kp | are larger than 20 K.

D. High-temperature susceptibility

Magnetization measurements in various fields up to
1.2 T yielded a linear behavior for temperatures above
4.2 K. Susceptibility measurements were performed for
4.2 <T <300 K in a static magnetic field B=1.2 T with
a pendulum method. The data corrected for the diamag-
netic contribution of Zn;As,, which was obtained sepa-
rately as —2X 10~7 emu/g are shown in Fig. 7. (Strictly
speaking, the wunits for mass susceptibility are
erg G~ 2g~!. However, for the sake of convenience, we
use emu/g.) At sufficiently high temperatures the data
appear to follow a Curie-Weiss behavior given by

X—Xo=C/(T—0), (2)

where ® is the Curie-Weiss temperature. The slope of
the plots of 1/(X—X,) against T is determined by th
factor C=3xNg?u%S(S+1)/3kgM, where N is
Avogadro’s number and M the molar weight.

The resulting values for g[S(S +1)]'/? and gS (as-
suming g =2) are given in Table IV. As we already anti-
cipated from the high-field magnetization data, the mo-
ment appears to be reduced [(4.41+0.2)up] with respect
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FIG. 7. Inverse high-temperature susceptibility of ZMA. The solid lines represent the limiting high-temperature Curie-Weiss

behavior.

to the free-ion value (S5up). The somewhat deviating
moment obtained for the highest concentration may be
due to the fact that for this concentration the tempera-
ture region at which the experiments are performed is
not sufficiently high to observed Curie-Weiss behavior.$

For all concentrations x, the Curie-Weiss temperature
® is negative (antiferromagnetic) and is proportional to
x, as plotted in Fig. 8. It is important to note that these
high-temperature data (or more specifically ®) contain
all the interactions, in contrast to the magnetization and
specific-heat data, where the strong antiferromagnetic
nearest- and next-nearest-neighbor interactions eliminate
the contribution of the pairs and triples.

Using a high-temperature series expansion (HTSE), a
model in which the localized magnetic moments are sub-
jected to a nearest-neighbor exchange J;, a next-
nearest-neighbor exchange J,, etc., supplemented with a
long-range interaction of the type J (R)=JR ~°/? for fur-

TABLE IV. Magnetic moment (or spin) of ZMA resulting
from the high-temperature susceptibility.

x (at. %) g[S(S+1)]'? gS (g =2)
0.52 5.4 4.5
1.0 5.5 4.6
3.0 5.1 4.2
4.9 5.1 4.2
9.7 6.6 5.6

ther neighbors, yields

_25(S+1)x |2 =

o) SNJi+3NJR* |, (3)
3kp > .

where N; is the number of neighbors coupled by J; and

T T
{Znq_yMn,) 3 Asy
’
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=
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FIG. 8. Curie-Weiss temperature @ as a function of x. The
solid line represents the best fit ® = —(2000+200)x K. The
dashed line results from Eq. (9), with the interaction parame-
ters obtained from the ENNPA.
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Nj; is the number of neighbors at the distance R; (R; is
in units of the nearest-neighbor distance, R =1).

Confronting this expression with the experimentally
observed behavior ®(x)= —(2000£200)x K yields a re-
lation between the strength of the interaction parame-
ters. It is also worthwhile to note that the experimental-
ly observed linear behavior of ®(x), as well as the fact
that all fits to the high-temperature susceptibility data
intersect at T =0, are in complete agreement with Egs.
(3). This observation therefore corroborates the basic as-
sumption about the random distribution of the magnetic
ions, on which Eq. (3) is based.

III. INTERPRETATION

Inspection of the experimental zero field specific heat,
the magnetization and the susceptibility data has shown
that these results can—at least qualitatively—be under-
stood on the basis of the following assumptions:

(i) Relatively strong antiferromagnetic (AF) nearest-
and next-nearest-neighbor interactions J; and J,.

(ii) An AF long-range interaction of the type JR

(iii) A random distribution of Mn ions.

(iv) g8 ~4.3, the average between magnetization and
susceptibility results (or, since we like to use ‘“‘real” spin
values, g =2.15 and S =2).

—9/2

This physical model is quite similar to the model used
for the interpretation of the results on CMA. For the
calculations of the relevant thermodynamic properties
from this model we used an extended version of the pair
approximation model [extended nearest-neighbor pair
approximation(ENNPA)]. This approximative calcula-
tion method is particularly useful for random arrays
with long-range interactions. It has been introduced by
Matho’ for canonical metallic spin glasses and has also
been successfully applied to diluted magnetic semicon-
ductors.® The approximation basically rests on the as-
sumption that the partition function of the system can
be factorized into contributions of pairs of spins. Each
spin is considered to be coupled with an exchange J,
only to its nearest magnetic neighbor, located at a dis-
tance R, from the reference site; the population of mag-
netic ions in the shells R, is determined assuming a ran-
dom distribution of these ions. The model is extended
with respect to the original suggestion of Matho’ with
exchange coupled triples, i.e., configurations in which
two spins are located at the same distance from the
reference spin. The Hamiltonians for a pair and a triple
are given by

H{=—2J,8;S,—gup(Si+S3)B*, @)
-7{\T/‘= _2vafsv,l _2vai'sv,2
—gup(S7i+S3,+S85,)B%, (5)

where J,=f(R,). N, is the number of lattice sites in
shell v. Using n,=3YN, for v>0 and ny,=0, the prob-
ability of finding the nearest spin in the vth shell, for a
random distribution of spins is

P x)=(1—x)""—(1—x)"" . (6)

The probability of finding two neighbors in the same
shell (triple) is

PIx)=1N, (N, —Dx¥1—x)""". (7
The probability for a pair is taken as
PP(x)=P,(x)—PT(x) . (8)

The total free energy and other thermodynamic proper-
ties can be obtained by summing the respective contribu-
tions over the shells v according to the probability of the
pairs and triples in shell v. J, is determined by the
range of the magnetic interaction J,=f(R,). R, is in
units of the nearest-neighbor distance. The summation
over the shells v is carried out up to shell ¥ for which

v (PPx)+PT(x))>99.5%.

In the process of fitting the exchange parameters it
was found necessary to treat also J; (the third-nearest-
neighbor interaction) as an adjustable parameter. The
interactions are then J,;, J,, J3, and J,=JR;°/? for
v>3, where R, is in units of the nearest-neighbor dis-
tance (R;=1). The results of the calculations are shown
in Figs. 3, 9, and 10.

The parameters J,, J,, J3, and J were chosen such
that the best overall agreement for all three experimental
quantities is obtained. Although some systematic devia-
tions remain, these results, show that it is, in principle,
possible to explain the behavior of the specific heat, sus-
ceptibility, and magnetization simultaneously, on the
basis of the set of assumptions (i)—(iv) given above. Evi-
dently, a better agreement for the magnetization and
susceptibility can be obtained if we use instead of the
average magnetic moment, the slightly different magnet-
ic moments as obtained from the magnetization and sus-
ceptibility experiments.

The agreement of the prediction based on the ENNPA
with the data appears to be worse for the higher concen-
trations. A similar effect was observed for CMA! and it
confirms the conclusion that the ENNPA is probably
not a suitable approximation for higher concentrations,
because the role of large clusters is not taken into ac-
count.

In the preceding section we obtained a relation be-
tween the interaction parameters and the Curie-Weiss
temperature [Eq. (3)]. Writing J,, J,, and and J; sepa-
rately in this equation, we obtain

Inserting the interaction parameters obtained from the
ENNPA, we obtain ®= —2126x K. This result agrees
fairly well with the experimental behavior, ® = — (2000
+200)x K (see also Fig. 8).

As an additional check on the approximation we per-
formed experiments on the specific heat in an external
field. Figure 9 shows a typical result together with the
prediction from the ENNPA, assuming the same set of
interaction parameters as above. The agreement is rath-
er satisfactory and confirms the applicability of the ap-
proximation.

One may conjecture that the ENNPA could be im-
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FIG. 9. Magnetic field dependence of the magnetic specific heat of ZMA. The solid curves are obtained from the ENNPA using

the same parameters as in Fig. 3.

proved for the magnetization and susceptibility by com-
bining it with a mean field approximation, to account for
the average interaction of a spin with the other spins not
belonging to the pair or triple. The interactions of the
spins outside shell ¥ with a pair or a triple are included
in an internal magnetic field and the Hamiltonians [Egs.
(4) and (5)] now read

5 T T T T T
(Znq1-x Mny)3 Asy

%o

4 ) -
— - o052

1.0

M(ug/Mn ion)

0 ) 10 15 20 25 30
B(T)

FIG. 10. High-field magnetization M of ZMA. Open and
closed symbols represent data collected at T=2 K and T=4.2
K, respectively. The solid curves represent the calculations
with the ENNPA using the same parameters as in Fig. 3. The
dashed-dotted curves represent the calculations with the ENN-
PA extended with a mean-field approximation.

7{52‘Uvsi'sv_g:u‘BBZeff(Siz_‘_Si) ’ (10)

Hy=—20,(Si:8,,1+8:°8,) ~gup Bia(S{+551 +83,)
11

where B{g =B, + B}, and v still runs from 1 up to v.
The internal field B, is given by

Bfng—i—;ﬂsgvn S N, /RS . (12)

v=v+1

(8%, ) is the weighted average of S%) of pairs and trip-
lets:

(82,)= S [PEx){((S2)P) 724+ PT(x){((S2)T) /3] .

v=1
(13)

Equations (10)-(13) form a self-consistent set with BZ,

and (SZ,) as a solution. In Figs. 10 and 11 the results
for the magnetization and the susceptibility are given.
The zero-field specific-heat results are identical to the re-
sults of the bare ENNPA ({SZ, ) =0).

The results generally confirm the conjecture, that im-
plementation of a mean field term will improve the
theoretical description of the thermodynamic properties.
This is particularly true for the magnetization results,
since the “‘corrections” due to the mean field are small
for the specific heat and susceptibility because in those
cases (SZ,) is rather small. It should be noted that no
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FIG. 11. Inverse high-temperature susceptibility of ZMA. The solid lines are results of the calculations similar to those in Fig.
3. The dashed-dotted lines reflect the inclusion of a mean-field term, as in Fig. 9.

additional fitting parameters have been used. All calcu-
lations have been made with an identical set of exchange
parameters.

The introduction of a mean-field term representing an
antiferromagnetic exchange generally decreases the mag-
netization, as could be expected. With increasing con-
centration x, the effect of the inclusion of a mean-field
term on the theoretical prediction becomes more obvi-
ous. In the present case it results in very good descrip-
tion of the data for the highest concentration (x =9.7%).
The increasing influence of the mean-field term with x
probably reflects the increasing average interaction ener-
gy in a more condensed array of magnetic ions.

IV. CONCLUDING REMARKS AND DISCUSSION

Although the theoretical results presented in foregoing
sections seem to describe the observed behavior of C,,,
M, and X rather satisfactorily, some systematic devia-
tions are still apparent. It is hard to conclude whether
these deviations arise from the inadequacy of the model
representing the various interactions itself or result from
the simplicity of the extended nearest-neighbor pair ap-
proximation. The latter argument will certainly hold for
higher concentrations. Nevertheless we feel that the
present experiments have yielded reliable data on the
range and magnitude of the major interactions as well as
the statistical distribution and local moment of the Mn
ions. At this point we would like to emphasize once
more that our model is designed to describe the available
data simultaneously. In earlier publications we have
demonstrated that this approach, in principle also yields

consistent results for the available magnetic and thermal
data of more canonical DMS like (Cd,Mn)Te,*’
(Hg,Mn)Te,® and (Zn,Mn)Se,'° including the steps in the
magnetization. In order to describe C,, as well as X and
M, however, one has to implement the (small) interac-
tions between further neighboring Mn2* ions since
specifically the low-temperature contribution to the
zero-field C,, probes mainly that part of the interaction
range. The relative importance of these long-range
terms depends of course on the radial dependence of J.
It has been shown recently”!® that considerable
differences in that respect seem to exist between the wide
gap materials like (Cd,Mn)Te [J(R)~R ~%%] and the
present compound [J(R)~R —43]. Evidently an inter-
pretation with a model which takes into account a few
neighbors only, is expected to be more adequate in a sys-
tem with sharply decreasing interaction strength, like
(Cd,Mn)Te, than in systems with a longer interaction
range. However, even for (Cd,Mn)Te, a cluster model as
used by Larson et al.,!! for instance, to explain the steps
in the magnetization, does not reproduce the low-
temperature specific heat in that system. For
(Zn;_,Mn, );As, the influence of the long-range term is
illustrated in Fig. 3.

Let us recall that the main reason for the investigation
of ZMA was to obtain additional information on the ori-
gin of the magnetic long-range interaction in DMS. We
will therefore focus on this issue in the remainder of this
section. With respect to the spin-glass transition, we
refer to the general conclusions formulated in Ref. 1.

For ZMA, the role of the Ruderman-Kittel-Kasuya-
Yosida (RKKY) oscillatory type of exchange!? can be
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ruled out because the free carrier concentration in ZMA
is only 10'® cm—3.

As quoted in the Introduction, we have two other pos-
sible alternatives for the physical origin of the long-
range interaction; the Bloembergen-Rowland mecha-
nism,'? which was calculated by Lewiner and Bastard for
a narrow-gap semiconductor,'* and the superexchange
mechanism.!>!®  We first will comment on the
Bloembergen-Rowland mechanism. According to this
mechanism, the interaction for an wide-gap semiconduc-
tor can be written as

J(R)~f(R)exp(—koR) . (14)

ko=#"1(2m*gy)!/%, where m* is the sum of the electron
and hole masses. For a vanishingly small gap g,
(narrow-gap semiconductor) the exponential decay is no
longer present and the long-range interaction is only
determined by the radial dependence f(R). For the
wide-gap semiconductor ZMA we would expect an addi-
tional exponential decrease exp(—1.29R, ), where R, is
in units of the nearest-neighbor distance in ZMA
(£9=0.99 eV, m,=0.04m,, and m;, =0.7mgy, mg is the
electron rest mass'’). Combined with f(R), which for
an wide-gap semiconductor is theoretically estimated as
R " 4<n <5, 14 the interaction can be written as

J(R,)~R ;[ "[exp(—1.29R )], 4<n<5. (15)

In Table V the range of this interaction (n =4) is com-
pared with the range experimentally found for ZMA. It
is obvious that the predicted interaction is of much
shorter range than experimentally observed. It is there-
fore not very likely that the long-range interaction is due
to the Bloembergen-Rowland mechanism.

This conclusion is corroborated by the fact that T,
decreases with increasing Cd concentration in a series of
quaternary compounds (Cd;_,_,Zn,Mn,);As, with
x =10% as shown in Fig. 12. The substitution of Cd in
Zn;As, has been shown to decrease the gap. The de-
crease of T, therefore is in marked disagreement with
the expectation based on the Bloembergen-Rowland
mechanism. This conclusion confirms the theoretical re-
sults of Larson et al.'® who analyzes the hierarchy of ex-
change mechanisms in II-VI DMS. The Bloembergen-
Rowland mechanism was found to be of minor impor-
tance and superexchange was shown to be dominant, at
least at nearest- and next-nearest-neighbor distances.

Generally, the interaction resulting from superex-
change is based on the notion of the admixture of the p
wave function representing the completely filled anion

TABLE V. Comparison of the range of the exchange in-
teraction for two different radial dependences of J (R).

R, J(R)~(1/R*)[exp(—1.29R )] J(R)~1/R%?
1 1 1

V2 1.5x 107! 2.1x 107!
V5 8.1x 1073 2.7x1072

V10 6.1x10~* 5.6x1073

V15 1.1x10°* 2.3%x 1073

V20 2.8%x1073 1.2x103
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FIG. 12. Freezing temperature T, as a function of the Zn
concentration at constant (x =10 at. %) Mn concentration in
(Cdlvy —x ZnyMnx )3AS2.

band to the 3d° states of Mn?*.!> This interaction is an-
tiferromagnetic and becomes long range if the d states of
Mn2* are hybridized with the states close to the top of
the valence band. It is predicted that if the d states ap-
proach the top of the band the interaction becomes more
long range, but the absolute magnitude of the interaction
decreases. Comparing the results of ZMA and CMA we
observe that for ZMA the range of the interaction has
decreased, while the magnitude of the interaction has in-
creased with respect to CMA. Preliminary results of
photoelectron spectroscopy measurements'® on CMA in-
dicate strongly hybridized d states of Mn?* close to top
of the valence band. Based on the above argument we
would expect the d states of Mn2" in ZMA less close to
the top of the valence band. The investigations to check
this prediction are currently undertaken.

Also the reduction of the magnetic moment with
respect to the free electron value in both CMA and
ZMA can be understood on the basis of a strong hybrid-
ization of the d states of Mn2*. The coefficient b, usual-
ly called the covalency factor, describes the amount of
p-d mixing. From AS=5b25~0.3 we find b2~0.12,
which is larger than for other DMS, i.e., CdMnTe."®

Recently also for other DMS, belonging to the II-VI
group, evidence has been obtained that superexchange is
the dominant exchange interaction.!®!® Spalek et al.'®
related the systematic variation of the nearest-neighbor
exchange in Zn and Cd compounds of the II-VI group to
the superexchange integral, which depends on the bond-
ing angle 6 of ZMn—X —Mn (X is the anion) as*

J(0)=J(m/2)+[J(m)=J (7/2)]cos’0 , ~(16)

where J(7/2) and J () are the superexchange integrals
for 6=90° and 180°, respectively. J(7/2)~2J(m) (Ref.
21) and, as both these integrals are antiferromagnetic,
J (0) is antiferromagnetic.
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Following a similar line as Spalek et al.,' the ob-
served increase of the antiferromagnetic nearest-
neighbor interaction from J,/kz=—30 K in CMA to
J1/kp=—100 K in ZMA would be caused by a varia-
tion of the bonding angle Mn-As-Mn in ZMA compared
with CMA. Since 6 <90° in the pure compounds this
would, according to Eq. (16), lead to 6(ZMA)
>60(CMA). Although no detailed information is avail-
able on this subject, this variation in 6 is, however, not
in agreement with intuitive arguments based on the radii
of the ions.!® Also the ration between the magnitude of
the nearest-neighbor interaction of both compounds is
not in agreement with Eq. (16), as this equation predicts

5325

a maximum ratio of 2 in the entire 0 region between 0°
and 90°.
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