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A theory of superexchange, the dominant ion-ion spin interaction, for
Mn-, Fe- and Co-based DMS is presented. The theory takes into account
the band structure of A”BY! compounds, the orbital dependence of the
hybridization and the intra shell correlations of the d-electrons, which are
essential in the case of the non-S-state ions. The general formulae relating
the superexchange to the band structure and the ionic energy spectrum were
obtained — the dominant part of the superexchange turns out to be inversely
proportional to the square of the ionic spin. This explains the observed in-
crease in the average values of d—d exchange constants, when passing from
Mn via Fe to Co ions in DMS.

PACS numbers: 75.50.Pp, 75.30.—m

The ion-ion (d-d) spin interactions in diluted magnetic semiconductors
(DMS) have been theoretically investigated by many authors (for a review on
this subject and a list of references see K.C. Hass in Ref. [1]). The indirect ex-
change [2-4], as well as the superexchange [5, 6] were invoked to account for the
observed isotropic (Heisenberg) and anisotropic (Dzyaloshinski-Moriya) exchange .
constants. Using a perturbative k-space approach Larson et al. [5] have shown
that the superexchange, resulting from sp-d hybridization, is by far the domi-
nant spin-spin interaction mechanism in A"BV! DMS. In papers [5] and [6] the
authors, considering the case of the S-like Mn?* magnetic ion, have used the sim-
plest Anderson model to approximate the ionic energy spectrum. Furthermore,
in the calculations of isotropic exchange {5] the ionic orbital dependence of the
hybridization Hamiltonian was neglected. In the case of Mn-based DMS the above
approximations are justified and the results obtairied account well for both the
isotropic and anisotropic spin-spin interactions experimentally observed in these
materials.
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One of the trends in the current DMS research is to study systems containing
magnetic ions other than Mn?t. A considerable number of experimental data is
already accumulated for DMS with Fe?+ and Co?* ions [7-10]. The experimentally
determined d-d exchange constants in Fe-based DMS turned out to be significantly
larger than in the corresponding Mn-based DMS and a still further increase has
been observed in DMS with Co ions. In the absence of the theoretical model
of d-d spin interactions for non-S-state ions, the observed results are tentatively
interpreted by modifying the energy denominators [1] and/or hybridization matrix
elements [11] in the existing theory for Mn-DMS.

The purpose of the present paper is to derive general formulae describing the
superexchange interactions, both isotropic and anisotropic, for Fe and Co based
AUBVI DMS. For comparison, in the same framework we derive the formulae for
Mn based DMS. Following Larson et al. [5], we employ the perturbative k-space
approach. We observe, however, that the two aforementioned approximations used
in Ref. [5] may lead to erroneous results in the case of non-S-state ions. Thus,
for DMS with such ions we use a model similar to that in Ref. [12]. The ionic
energy spectrum E¥, is described by the rotationally invariant Parmenter Hamil-
tonian whereas the one-electron d-orbitals are chosen in the form of eg-doublet
and ¢y -triplet. On the other hand, the band states are constructed in the spirit
of empirical tight-binding method from s and p orbitals of anions and cations.
The hybridization ,of ionic and band states results primarily from the mixing of
d-orbitals with p-orbitals of nearest-neighbour anions, depending on the two Har-
rison integrals V,4, and Vpqr [13]. Even though all d-orbitals do hybridize with all
p-orbitals of a given neighbour, in the vicinity of the centre of the Brillouin zone
the contributions from ey orbitals of all neighbours mutually cancel whereas each
£, orbital does hybridize with a single tight-binding p-like basis function.

To calculate the superexchange one has to go to the fourth-order pertur-
bation theory with respect to the hybridization Hamiltonian Hj, applied to the
system of two ions and the crystal with the completely filled valence bands. In
the subspace of degenerate states |m) with the energy Ep a general fourth-order
Hamiltonian matrix reads

- (m| Hy|n')(n'| Hi [1) (1] Hi|n) (n| Hp|m) (1)
it (Bn = Eo)(Bu — Eo)(Ey — Eo)

The derivation of the spin-spin superexchange Hamiltonian starts with the
proper selection of the intermediate states in (1). In states |n) and |n’) one of
the valence band electrons was transferred into a d-orbital of one of the magnetic
ions. In the next step, to reach the intermediate state |I), either another band
electron is transferred into the other ion (the state |I) is then a state of two holes
in the valence band and an extra electron on each of the two magnetic ions) or an
electron from the d-orbital of the second ion is transferred into the band (no holes
in the valence band, N + 1 and N — 1 electrons on the ions in the state |I)). The
resulting matrix can be expressed in an operator form

Z Jij(Ry — R1)51: 855, (2)

i)j =w!y)z




Superezchange in AUBY! Diluted Magnetic Semiconductors . . . 541

where S; and S, are the spin operators of the ion 1 and 2, respectively. For the
components of the tensor we obtain

d3k a3k
Jij(Ry — By) = Z/Z (‘2?)3‘/32 ene

x{(2s>-2Wm,,z' T+ (25)7HS + 1) s [Ki B+ K312}
expli(k' — k)(Ry — Ry)]

X
[B5 + en(h) = BRY?] [BS + e () - ES7Y

) (3)
] |
where

5 -1 - -
W = [ B33~ B —ea®)] + [BR5Y? - BS — en ()]

+2 [Eyyy - BN - 285]
and
» i
Unnr = (B - BRHY? - 28] - [R5 - BRY? - 287

From the components of the tensor the isotropic (Heisenberg), the pseudo-dipolar
and the anisotropic (Dzyaloshinski-Moriya) exchange constants can be directly
determined. The k, k- dependent functions I%,, and K, describe the hybridiza-
tion of the many—electron ionic states with the Bloch functions of the bands n and
n’. The former represent the contribution from all singly occupied ionic orbitals,
whereas the latter the contribution from the doubly occupied eg orbitals. After
. putting S = 5/2 and noting that in Mn2* ions all 5d-orbitals are singly occupied,
one gets from (3) the results compatible with those of Larson and Ehrenreich [6].
For Fe?t+ and Co?t ions all terms in Eq. (3) should be taken into account.
The detailed, numerical calculations of J;;(R2 — R1) are in progress. Here we note
that even when weaker hybridization of ionic ez orbitals with the p-like valence
bands is completely disregarded (and the expressions for the tensor J;j(R2 — R;)
become the same for Mn2t, Fe?t and Co?* ions) one should still expect the
exchange integrals to vary from ion to ion and from compound to compound,
owing to differences in Harrison’s hybridization matrix elements, ionic and crystal
energy spectra and the ionic spin S. Surprisingly enough, it is the factor (2.5')“
alone which seems to be decisive for the explanation of the observed increase in
the average isotropic exchange constants, when passing from Mn?* (S = 5/2) ions
via Fe?t (S = 2) to Co%* (S = 3/2) ions.
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