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Indirect exchange interaction in lead salts
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The indirect exchange interaction between magnetic ions embedded in a lead salt host lattice,
mediated by the spin-dependent polarization effects, is theoretically studied. It is found that the
interaction is ferromagnetic in sign and greatly enhanced in strength because of the multivalley

band structure of the host material. The interaction decays exponentially with the interspin dis-

tance, and the decay constant is determined by the energy gap and the effective masses of the
electron and the hole. A recent experiment in Pb~ „Mn„Te is also briefly discussed.

Recently there has been some interest in the in-
teraction between magnetic ions dilutely embedded in
a nonmagnetic semiconductor host. In such a sys-
tem, the magnetic interaction mediated by the spin-
dependent polarization of the valence-band electrons
may become important with a proper set of band
parameters. This so called indirect exchange interac-
tion has been theoretically studied by several au-
thors. ' For a finite-gap semiconductor with isotro-
pic energy bands, the interaction was found to decay
exponentially with the interspin distance like e "".
The decay constant ) is determined by the energy gap
and the effective masses of the electron and the hole.
For narrow-gap semiconductors with small electron
and hole masses, the interaction range can be rela-
tively long, extending over several lattice spacings.
For zero-gap semiconductors" like Hg~ „Mn„Te, the
interaction drops off like R with 5 ~ v ~4. Since
the spin-dependent polarization process in a semicon-
ductor involves interband electron-hole excitations,
one may expect that the indirect exchange interaction
should be greatly enhanced in a semiconductor host
with a multivalley band structure which provides for
more electron-hole excitation channels. The family
of lead salts like PbTe, in addition to having a narrow
energy gap and small electron and hole effective
masses, has precisely such a multielectron valley and
multi-hole-valley structure, and hence should show
strong polarization effects. We thus decided to make
a model calculation of the indirect exchange interac-
tion in lead salts with a band structure similar to that
of PbTe in this paper. Apart from the complications
arising from the anisotropy of the energy bands, the
calculation is very similar to that of Ref. 5. The in-
teraction is shown to be ferromagnetic and decay ex-
ponentially with the interspin distance. We shall also
give a brief discussion on the recent susceptibility
data in Pb~ „Mn„Te obtained by Andrianov et al. 6

The semiconductor PbTe crystallizes in the NaC1
structure. Both the conduction- and the valence-
band edges occur at the L point of the Brillouin zone.

In the immediate vicinity of the L points, the energy
bands are described by
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where the energy is measured from the top of the
valence band, and the wave vector from the p, th L
point (L„,p, = 1,2,3,4). The z direction is chosen to
be along the I -L„axis.

If we neglect the spin-orbit coupling, the indirect
exchange interaction between two spins S; and S~ lo-
calized at the magnetic ion sites is of the Heisenberg
type':

and
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where f„-„ is the Fermi distribution function for the
k state in the nth band, and R is the lattice vector
joining S; and S&. The exchange integral J, as usual,
involves the localized magnetic orbitals and the Bloch
orbitals. ' In this calculation J is taken to be a con-
stant. The summation over k and k is confined
within the first Brillouin zone.

To calculate H& in Eq. (3), we assume two bands, a
conduction band which is completely empty and a
valence band which is fully occupied at T =0. We
break the k summation over the Brillouin zone into
that over different electron and hole valleys. As we
shall neglect the band nonparabolicity, we simply use
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Eq. (1) for the energy denominator. We further ex-
tend the integration limit for each valley to infinity.
Due to the nature of the integrand, the dominating
contribution comes only from a small region centered
at the band-edge point. The final result is given by

with

HJ = QHPcos(kp —kp) ' R,
Pp V

(4)
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In Eq. (4) the summation p, runs over the four hole
valleys and the summation v over the four electron
valleys. The wave vectors ko and ko specify the po-
sition of the valence- and the conduction-band edges,
respectively. The crystal volume 0 appears in Eq.
(5) as J~„, the exchange integral between the (M,th and
the vth valley, is to be evaluated with the Bloch wave
functions normalized to unity over the whole crystal.
The function E2 is the modified Bessel function of
the second order. p In Eq. (6), where h.zr 2„ is defined,
8,"denotes the projection of R onto the I —L„axis,
and R~ its projection on the plane perpendicular to
this axis.

For PbTe, ko —ko, the vector connecting two L
points, is always a reciprocal-lattice vector. Therefore
contributions from electron-hole excitations involving
different pairs of valleys always add to each other and
the resulting positive sign of H~~ in Eq. (4) corre-
sponds to a ferromagnetic interaction. This would
not be the case if the band extrema were occurring,
say, inside the Brillouin zone. Then Hj would con-
tain an oscillating factor and thus undergo sign rever-
sals.

Using the asymptotic expansion for Jtz(z), ' we
obtain the following behavior for HI" at large and at
small interspin separations:

%e see that for small interspin distances, the magnet-
ic interaction drops off like 8 . For large distance,
it decreases exponentially with a decay constant A,

determined by Eq. (6). For small energy gap and ef-
fective masses, the range of the interaction, i.e., A.

can be relatively long. The qualitative behavior cor-
responds exactly to what has been found for semi-
conductor hosts with isotropic bands. "

Our calculation was performed for an idealized case
where the conduction band is completely empty. But
usually PbTe is a degenerate n-type semiconductor
with a Fermi wave vector k~ & 3 x 10 cm '. Due to
this sharp cutoff in wave vectors, an extra oscillating
factor will occur in H»"". However, this oscillation is

0
not important with a wavelength of around 30 A or
more. We may also remark that at this carrier con-
centration, the intraband indirect exchange interac-
tion, i.e., the Ruderman-Kittel-Kasuya- Yosida
(RKKY) interaction, is negligible as compared with
the interband term discussed here.

Andrianov et al. 6 measured the magnetic suscepti-
bility in Pb( „Mn„Te (x & 6p/o) and found from the
sign of the Curie-gneiss temperature 8 that the in-
teraction between Mn ions is antiferromagnetic. It
seems then that although the magnetic ion concentra-
tion is low, the superexchange mechanism still dom-
inates the ferromagnetic indirect exchange interac-
tion. This is perhaps partly due to some clustering of
magnetic ions in their samples. They also observed a
nonmonotonic dependence of 8 on the manganese
concentration x such that its magnitude first in-
creases, reaching a maximum of about 100 K at
x =0.6% and then decreases to almost zero at
x —-6%. This anomalous behavior may be a result of
the competition between the superexchange and the
indirect exchange, which, as mentioned, carry dif-
ferent signs. There are 12 secondary valence-band
maxima along the X axis (i.e., [110]) in PbTe which
are separated from the principal maxima by 0.3 eV in
energy. In addition, secondary conduction-band
minima also exist along the X axis according to the
calculated band structure. It is then conceivable that
the gap between the L and the X extrema will be nar-
rowed with the addition of Mn ions. Then, a
tremendous increase in the strength of the indirect
exchange interaction is expected as many new chan-
nels are opening up for electron-hole excitations.
The strong ferromagnetic indirect exchange will can-
cel the antiferromagnetic superexchange and gives
rise to a nearly vanishing 8 at x =6%. Unfor'tunate-
ly, a quantitative confirmation of this interpretation
cannot be made at this stage when there is a com-
plete lack of knowledge as to how the band structure
of PbTe is modified by the addition of Mn ions.
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