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%e present results of an investigation of the static magnetic susceptibility of Zni-„Mn„Se for
x 0.05, 0.15, 0.30, and 0.45. From the Curie-%eiss behavior of the susceptibility at high tem-

peratures, ~e determine the effective Mn-Mn exchange constant J& to be —13.5+0.95 K. By
using the results of our study in conjunction with direct measurements of the nearest-neighbor ex-
change integral JNN from inelastic neutron scattering by nearest-neighbor pairs, we obtain an es-
timate of the next-nearest-neighbor exchange constant J2 -2.4 K.

I. IM'RODUtmiON

The classification and analysis of the static magnetic
susceptibility of alloys belonging to the A(II)t „Mn„-
8(VI) family of diluted magnetic semiconductors'
(DMS) is critical for the understanding of magnetism in
these systems. Fortunately, the behavior of the magnetic
susceptibility in these materials is very systematic and has
recently been placed on a sound theoretical footing, z at
least in the high-temperature limit. Static susceptibility
measurements are a useful source of information on the
Mn-Mn exchange interaction in DMS, which has been the
focus of extensive experimental and theoretical investiga-
tions. ' Since the magnetic properties of DMS are
largely determined by this interaction, the characteriza-
tion of the Mn-Mn exchange is clearly of fundamental im-
portance. In this report, we present the results of an in-
vestigation of the low-field static magnetic susceptibility
of Zn~-, Mn„Se, and examine the Mn-Mn exchange in-
teraction using its high-temperature behavior.

As shown in Ref. 2, the static magnetic susceptibility X
can be analytically derived in the high-temperature limit
by assuming that the Mn + ions constitute a randomly di-
luted magnetic system interacting via antiferromagnetic
Heisenberg exchange:

0 —2g JJS; SJ .

The calculation of X in the high-temperature limit then
yields the Curie-Weiss behavior:

C(x)
T —e(x)

(2)
T+e(pc

In Eq. (2), the Curie constant per unit mass C(x) is given

(glttt)'S($+1) ~
3ktt m

Cox,

where N is the total number of cation sites in a sample of
mass m. The Curie-Weiss temperature 8(x ) is given by

e(x)- -', S(S+1)QJ,z,/k, x,
p

(4)

where J~ is the exchange integral between pth neighbors
and z~ is the number of cations in the pth coordination
sphere. (Note that our definition of ec differs from that in
Ref. 2 by a sign change. ) If only nearest-neighbor in-
teractions are considered, the summation g~ J~z~ can be
approximated by z tJt. The quantity J t can then be calcu-
lated from the experimental value of the Curie-Weiss
temperature

3 eo
2 S(S+I)z, '

where z~ 12 for wurtzite and zinc-blende DMS. (We
shall refer to the value of Jt obtained in this approxima-
tion as the "effective exchange constant, " as opposed to
the true nearest-neighbor exchange constant JNN. ) Simi-
larly, the value of S can be obtained from C(x). Typical-
ly, S turns out to be close to —', , as would be expected for
the Mn + ions.

II. EXPERIMENTAL METHOD

The static susceptibility measurements ~ere carried out
in the temperature range 8-300 K using a S.H.E. VTS-
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905 SQUID magnetometer with the samples suspended
by thin cotton threads. The temperature dependence of
the magnetization M of each sample was measured at
constant magnetic field H and the susceptibility was ob-
tained from X(T) M(T)/H. The applied fields were
H 10 kOe for the x ~0.05 sample and H 1 kOe for the
samples with x 0.15, 0.3, and 0.45. (Note that these
values of x are nominal concentrations; however, electron
microprobe analysis of adjacent sections of the ingot
showed that the variation in the actual composition was
within + 59o of the nominal value of x. ) The field depen-
dence of the magnetization of each sample was measured
at 100 and 300 K to check the linearity of M(H). This
ensured that there were no ferromagnetic inclusions in the
samples. Note also that all the quantitatiue analysis in
this paper is restricted to temperatures above 100 K, i.e.,
the Curie-Weiss regime. The diamagnetic susceptibility
of ZnSe was measured at high temperatures (Xd—0.303x10 s emu/g) and was subtracted from the
data as the diamagnetic contribution of the lattice.

uI. WXWI, VSaS WWD D&SCIJSSION

The temperature dependence of 1 ' for the various
samples is shown in Figs. 1 and 2. At high temperatures,
the susceptibility shows a good fit to the Curie-Weiss form
in Eq. (2), while there is a systematic deviation from the
Curie-Weiss law at low temperatures. This behavior is
common to all DMS. For the highest concentration
x 0.45, we observe a very clear cusp at T 20 K, which
is characteristic of the spin-glass transition.

The Curie constant C(x) and the Curie-Weiss temper-
ature 8(x) can be determined from the linear high-
temperature part of the data shown in Figs. 1 and 2. They
are given in Table I. Note that it is important to subtract
the diamagnetic contribution of the ZnSe lattice, particu-

0.033x
T+944x

where X is in units of emu/gK. The effective exchange
constant Ji can be determined from 8o, as described in

Eq. (5). We find an average of Ji —13.5+ 0.95 K.
The values of 5 have also been calculated, yielding an
average S 2.59+'0.15.

The value of Ji obtained above is higher than the value
of the nearest-neighbor exchange constant JNN as mea-
sured by more direct methods involving inelastic neutron
scattering by nearest-neighbor Mn + pairs (JNg—12.3 K) and high-field magnetization steps" (JNN

—12.6 K). This is to be expected, since our calcula-
tions have ignored the next-nearest-neighbor integral J2,
as well as higher-order terms, in the summation g~ J~z~.
It is reasonable to assume that the p 2 contribution is
the leading term after p l. We can then obtain an esti-
mate of J2 by assuming the neutron scattering value of
J~N to be correct. Using Eq. (4), and neglecting terms in
the sum for p & 2, we then have

J2
kit Z2.

3 eo
2 S(S+1) kit

where z2 6 for the wurtzite Zni, Mn, Se. This yields a
value of J2 —2.4 K, or J2/JNN =0.2 which is compara-
ble to the situation in Cdi-, Mn„Te (Ref. 5) (J2/JNN
=0.2), and Cdi „Mn,Se (Ref. 5) (Jz/JNN=0. 3).

larly for the lowest Mn concentrations, to avoid erroneous
values of C(x) and 8(x). This is illustrated in Fig. l.
Note also that the validity of the Curie-Weiss law goes far
beyond the asymptotic regime T)) ~8(x) ( for which it
has been derived. Using the results given in Table I in

conjunction with Eq. (2), the high-temperature value of X
for Zni „Mn,Se can be expressed as
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FIG. 1. Inverse susceptibility vs temperature for Zno. 9q-

Mno. o5Se. The best 6t of the high-temperature data to the
Curie-Weiss law is shown, and the fitting parameters C(x) and
e(x) are given in Table I. We also show the data uncorrected
for the diamagnetic contribution of ZnSe to indicate the degree
of error which can result when the diamagnetic contribution is
not taken into account.
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FIG. 2. Inverse susceptibility vs temperature for Zn~ -„Mn-
Se with x 0.15, 0.3, 0.45. The diamagnetic contribution of
ZnSe has already been subtracted. The best nt of the high-

temperature data to the Curie-%eiss law is shown, and the
6tting parameters C(x) and e(x) are given in Table I.
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TABLE I. Parameters used in 6tting high-temperature susceptibility data to the Curie-%eiss la~.

C(x)
(10' emu/g K) (10' emu/g K)

e(x)
(K)

0.05
0.1S
0.30
0.45

1.37
4.96

10.11
16.90

27.40
33.20
33.70
37.55

2.35
2.61
2.63
2.78

—42.0
—1S2.1

—280.3
—444.4

840.0
1014.0
934.3
987.5

—12.0
—14.5
—13.3
—14.1

Average 32.96+ 3.6 2.59 +' 0.15 944+' 66 -13.5 +' 0.95
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