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In PbSnMnTe crystals with the concentration of conducting holes of
the order of 10°' cm™3, the magnetic anisotropy constant K measured in
ferromagnetic resonance experiments is nearly one order of magnitude larger
than expected. In the present paper we investigate a contribution AK to the
anisotropy constant, origin of which is the s—d interaction and the spin-orbit
coupling. '

PACS numbers: 75.30.Gw

The free energy of a magnetic ion in a cubic crystal, as the function of the
magnetization M has the following form:

F{M} = Fy + K(n2n2 + n2n2 + nin2). (1)
In Eq. (1) the term Fp does not depend on no = My /M (o = z,y, 2), i. e. on the
direction of the magnetization. The anisotropic part is described by the second
term and the strength of the anisotropy is given by the anisotropy constant K.

Usually K is of the order of 10~7-10~% eV [1]. However, in crystals
Snj_;Mn;Te and Pbg 2z Sng 72Mn;Te (0.01 < z < 0.04) with very large concen-
tration of conducting holes (of the order of 10%! cm~3) the value of K measured in
ferromagnetic resonance experiments is nearly one order of magnitude larger [2].

In this paper we investigate a contribution to the magnetic free energy, origin
of which is the interaction between the magnetic ion and the conduction band holes
(the s—d interaction). It turns out that if the concentration of the free carriers
is large, the presence of the s—d interaction may result in the increase in the
anisotropy constant K.

The plan of our approach to the problem is following. We consider a perfect
crystal containing one magnetic ion placed at the origin of the coordinate system.
We calculate the free energy of such a system as the function of the magnetic ion
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spin § = (5%, .5Y, 5%), which is treated as the classical Heisenberg vector. The term
of fourth order in the Taylor expansion of the free energy in powers of S should
give us the information about the contribution AK to the anisotropy constant
caused by the s—d interaction.

The Hamiltonian of our system has the following form:

H=Ho+Hy_q=Ho+§ / Br(r)s(r). @)

Hy is the Hamiltonian of the translationally invariant perfect crystal. The second
term in Eq. (2) describes the s—d interaction with s(#) being the spin density
operator of the conducting holes and J(r) the coupling between the magnetic ion
and the valence band holes.

In the language of the second quantization the Hamiltonian reads

H= Zenkankank + Z Z S-Q.; n,k,ankan,k, (3)

nk n'k’

The operator a;flk creates a particle in an eigenstatestate (¢+nkE"'§> of Hy with

G—nr(r

the energy enx. The quantities @, 1 are defined as follows:

Quiis = [ @rIE G810 ), @

where o = (¢%,0Y,07) are the Pauli matrices. Because the Hamiltonian H is a
bilinear form in a,; and a:f1 B it is very easy to write the formal expression for the
magnetic free energy F{S} = — % In(Tre=##) = —LIn detA [3], where the matrix
A is defined in the following way

0
Arnkrmi(S) = (87+€nk—#) 8(r—7')bnni bkt +S - Quypips6(m—7"). (5)

7 is the continuous variable from the interval (0,8 = 1/kT) and p is the chemical
potential.

The above formulation provides a convenient starting point for the Taylor
expansion of F{S} in powers of S. We are interested in the fourth-order term
which may be written in the form

SDF{S} = % 3 5esP 55

afyA

1
X Z Z inkx,ngkz Qruk-:,nxkl H jw_-:(—-e._.—’ (6)
; m i

m=—00 n;k; u)

where &; = €4,1;,1 = 1,...,4 and w, = (2m + 1)7/B. Let us apply the general
formula (6) to the case of PbSnTe. We know that for the samples with concentra-
tion of holes of the order of 102! the majority of the free carriers is grouped in the
second valence band X or more precisely in twelve equivalent valleys of this band.
Thus we assume that we deal only with this band and the presence of other bands
is neglected.

Secondly, we suspect that Qnk ik should be approximately constant for
small values of k—k'. Consequently, we assume that Q,, k' = Qnignikg = Quons
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if k and ¥ belong to the same X valley. We suspect also that Q. np vanish if the
distance between k and k' grows, therefore the matrix elements between different
2 valleys are neglected.

After assumption concerning the behaviour of @, k,nikts I order to perform
the summation over k; in Eq. (6) we must introduce some energy cut-off parameter
E, because the summation over k; is limited to one X' valley. In the following we
treat E as the fitting parameter. It cannot be much larger than the chemical
potential 4 ~ 200 meV. because the energy distance to other X bands is of the
order of 500 meV.

We calculate the quantities @* using the wave functions derived by Pankra-
tov and Volkov [4] in their so-called p-model. Finally, we obtain

_ n2Sa smy) 7
AK =16 (—16—#—— uF (E) , )

where

F(z)=272 '/oz dzﬁ (2+\/51n 1_ﬁ> [<2+\/Zln 1—\/5)2_'”%] , (8)

1+vz 1+z

2 is the volume of the elementary cell, & = (£2/V)a& and & is one of the ex-
change integrals between magnetic ion and the valence band holes of PbTe (that
one described by the functions of s-type) and is of the order of 300 meV [5]. siny
describes the spin—orbit coupling for the valence band of PbTe and it is approxi-
mately equal to 0.64 [4]. Taking the concentration of holes n = 102! cm~3, S = 3
and E = 350 meV, we obtain AKX = —6 x 103 meV which corresponds quite well
to the experimental value K = —2.5 x 103 meV for PbSnMnTe [2].

Although the agreement between theory and experiment seems to be very
good, one should not take Eq. (7) too quantitatively due to the assumed approxi-
mations. However, even if other factors in Eq. (7) might were over- or underesti-
mated, the n* dependence of AK should retain (we neglect here the changes of .
with n), which may be verified experimentally.
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