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With the aid of the Ising-Bethe theory it has been shown that the susceptibilities of the three polymorphic
forms of MnS can be correlated with the same indirect exchange mechanism as that required to explain the
observed magnetic structures. It has also been possible to obtain certain semiquantitative information
concerning the Mn —S—Mn indirect exchange interaction. In view of the results reported in this paper,
it is recommended that greater use be made of the Ising-Bethe or Bethe-gneiss-Li theories in the interpreta-
tion of susceptibility data obtained at temperatures not too far above the Neel temperature.

INTRODUCTION

'HE magnetic properties of the three polymorphic
forms of manganous sulfide have recently been

investigated. Banewicz and Lindsay' have measured the
susceptibility of nMnS (NaC1 structure), while Carter
and Stevens' have measured the susceptibilities of the
two p modifications (zincblende and wurtzite struc-
tures). Corliss, Elliott, and Hastings' have not only
measured the susceptibilities of all three forms, but have
also determined the magnetic ordering structures below
the Keel temperature.

The magnetic ordering structures have been ex-
plained' on the basis of an indirect exchange mechanism
which (a) in o.MnS favors magnetic coupling between
next-nearest Mn ions through six octahedrally located
180' Mn —S—Mn bonds, and (b) in the p forms favors
magnetic coupling between nearest Mn ions through
twelve tetrahedral Mn —S—Mn bonds. A discussion of
the high-temperature susceptibilities in terms of this
coupling scheme has not been given, however. It is the
purpose of this note to show that with the aid of the
Ising-Bethe theory the susceptibilities of all three forms
can be correlated with the same indirect exchange
mechanism as that required to understand the magnetic
structures. In addition, it has been possible to obtain
some semiquantitative information on the Mn —S—Mn
indirect exchange interaction.

ISING-BETHE THEORY

The principal contributions to the Ising-Bethe theory
for magnetism have been made by Peierls, 4 Firgau, '
Weiss, ' and Ziman. ~ The main features of the theory
are the use of the Ising form of Hamiltonian and the
Bethe' cluster method of solution. A given ion and the
immediate neighbors with which it interacts are con-
sidered in detail, while the interaction of this cluster

' J. J. Banewicz and R. Lindsay, Phys. Rev. 104, 318 (1956).
s W. S. Carter and K. W. H. Stevens, Proc. Phys. Soc. (London)

869, 1006 (1956).' Corliss, Elliott, and Hastings, Phys. Rev. 104, 924 (1956).
R. Peierls, Proc. Cambridge Phil. Soc. 32, 447 (1936).

5 U. Firgau, Ann. Physik 40, 295 (1941).' P. R. Weiss, Phys. Rev. 74, 1493 (1948).' J. M. Ziman, Proc. Phys. Soc. (London) 64, 1108 (1951).' H. A. Bethe, Proc. Roy. Soc. (London) A150, 552 (1935).

with the remainder of the system is treated in an ap-
proximate but self-consistent manner. The Hamiltonian
of the cluster is given by:

GCe= —2JSpeSte —gpSp~Bs gpSyeH'r, — (1)
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where C is the molar Curie constant, n is the number of
neighbors with which the central ion interacts, and
J=4S'J. T is the thermodynamic temperature, k is
Boltzmann's constant, and S is the spin per magnetic
ion. At very high temperatures Eq. (2) reduces to the
familiar Curie-Weiss law:

x= C/(T+8), ti= —stJ/2k (3)

The departure of Eq. (2) from the Curie-Weiss law at
lower temperatures is a manifestation of the persistence
of short-range magnetic ordering above the Keel
temperature.

NUMERICAL CALCULATIONS AND DISCUSSION

The high-temperature reciprocal susceptibilities re-
ported in references 1 and 3 were examined from the
point of view of Eq. (2). According to the magnetic
coupling scheme advanced by Corliss et al. ,

' n is set
equal to six for rrMnS, while re=12 for the P forms. The

e Y. Y. Li, Phys. Rev. 84, 721 (1951).

where J is the exchange interaction between neighboring
ions, and Sp, and S~, are the s components of the spins
of the central ion and combined shell of neighbors,
respectively. The external 6eld (in the s direction) is

Hp, while H~ is an effective Geld combining the inter-
action of the shell of neighbors with the external Geld
and the remainder of the crystal. Above the Neel
temperature H& is eliminated by the consistency condi-
tion, mp=m~. the moments of the central and neighbor
ions are equal in magnitude and in the direction of Hp.
The partition function can be evaluated exactly in the
Ising approximation, and unlike the quantum-mechan-
ical theory" the susceptibility above the Keel point is
obtained in closed form:
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TABLE I. Results obtained on fitting experimental data
to the Ising-Bethe susceptibility equation.

Form

J/k ('K)
C
~r~
PB
e ('K)
Temperature

range ('K)

crMnSa

—97.0
3.645
0.900
5.42

291
170—829

cxMnSb

—87.7
3.379
0.635
5.22

263
167-405

P-cubicb

—86.8
3.169
2.070
5.06

521
195-440

P-hex ag.b

—89.9
3.525
1.638
5.33

539
195-471

a Data of reference 1.
b Data of reference 3.

"R.K. Wangsness, Phys. Rev. 89, 142 (1953).

constants C and J were then determined for each set
of data by the method of least squares on an IBM-650
calculator. The results of this calculation are presented
in Table I. Included with the Curie constants C and
the effective exchange interactions fare the root-mean-
squared deviations (A, ) in x ' obtained, the number

(ps) of Bohr magnetons per Mn++ ion, the effective
Curie-Weiss 0 as given by the second of Eq. (3), and
the temperature ranges over which the data were fit
to Eq. (2).

The Ising-Bethe theory is found to be capable of
reproducing the data of reference 1 over a temperature
range of 660'K with a root-mean-squared deviation of
about rs% and a maximum deviation of only 2% using
a single set of constants C and J (a single Curie-Weiss
law Gtted to the high-temperature data gives deviations
of 10% near the Neel point). The results obtained for
the data of reference 3 are about as good, having root-
mean-square deviations of the order of 1%. The per-
sistence of short-range order mentioned by Banewicz
and Lindsay' and discussed in detail by Wangsness" is
therefore very well accounted for by this theory.

The constants C and J are found to be almost the
same for the three polymorphs as measured by Corliss
and co-workerss (the difference in J for nMnS is the
result of a basic disagreement in the data between
references 1 and 3). That the J' do have approximately
the same values for all three polymorphs, and that the
agreement between theory and experiment is so good,
indicate that our choice of interacting neighbors is a
correct one, and that the susceptibilities can indeed be
correlated with the same indirect exchange mechanism
which explains the magnetic structures.

The Ising-Bethe theory is also capable of giving some
semiquantitative results concerning the properties of
the Mn —S—Mn indirect exchange interaction. Table II
summarizes the available information on Mn —S—Mn
bond distances and angles" together with the J values
computed here. Assuming that exchange interactions
decrease with increasing separation, the J for the P
forms should be larger in magnitude than that for OMnS.
The values are found to be approximately the same
however. This suggests an angular dependence which
decreases the magnitude of the interaction upon in-
creasing the deviation of the Mn —S—Mn angle from
180'. The superexchange model proposed by Anderson"
contains such a directional property.

Also of interest are the values of 8 obtained from the
J by the use of Eq. (3). These are equivalent to those

TABLE II. Characteristics of the Mn —S—Mn bonds
in the manganous sulfides.

Form

MnS distance (A)
Mn —S—Mn angle

J/k ('K)

cxMnS

2.606
180'

—97.0a
—8/. 7b

P-cubic

2.425
109 5'

—86.8b

P-hexag.

2.427
109.5'

—89.9b

a From data of reference 1.
b From data of reference 3.

which would be obtained by 6tting the Curie-Weiss
law to eery-high-temperature susceptibility data. The
values obtained by this method are lower than those
reported in references 1 to 3 by almost a factor of two.
Thus the problem of having exceptionally large 0 values
as discussed by Carter and Stevens' does not arise when
the Ising-Bethe theory is used. Danielian and Stevens"
have recently come to an equivalent conclusion: to
obtain the correct () by linear extrapolation of (y

—' —T)
curves it is necessary to use data obtained at tempera-
tures at least ten times the Neel temperature.

In view of the results reported in this paper, it is
recommended that investigators consider interpreting
experimental data with the aid of the Ising-Bethe or
Bethe-Weiss-Li'' theories in which the concepts of
discrete near-neighbor interaction structure and short-
range order are explicitly included.
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