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V.A. Ivanov a,b,1, P.M. Krstajić a, F.M. Peeters a, V. Fleurov c, K. Kikoin d

aDepartement Natuurkunde , Universiteit Antwerpen (UIA), Universiteitsplein 1,

B-2610 Antwerpen, Belgium
bN.S. Kurnakov Institute of General and Inorganic Chemistry of the Russian Academy of Sciences, Leninskii prospekt 31, 117

907 Moscow, Russia
cSchool of Physics and Astronomy, Tel Aviv University, Ramat Aviv, 69 978 Tel Aviv, Israel

dPhysics Department, Ben-Gurion University, 84 105 Beer-Sheva, Israel

Abstract

The proposed microscopic model of ferromagnetism in GaAs:Mn, GaP:Mn is based on the interaction between the
transition metal impurities and heavy holes (hh) of host semiconductor. The kinematic exchange is derived and the
Curie temperature is calculated.
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A microscopic model of ferromagnetism with the ef-
fective kinematic DMS is presented. It takes into ac-
count the origin of localized magnetic moments and
shallow acceptor levels induced by Mn impurity and
derive the effective kinematic exchange.

The crystal field resonance (CFR, predominantly
d-type) and dangling bond hybrid (DBH, predomi-
nantly p-type) arise due to strong hybridization be-
tween the atomic t2 orbitals and p-states of the same
symmetry belonging mainly to the heavy hole band
[1,2].To describe the indirect exchange, we generalize
the single impurity resonance scattering model [3] for
the case of two impurities in DMS. The minimal two-
impurity Hamiltonian involves t2-electrons and heavy
hole states:

H =
∑
p,σ

εh
pc†phσcphσ +

∑
p,σ;i

(
Vpdc†phσdiσeipRi + h.c.

)

+
∑

σ,i=1,2

(
Edn̂σ

i +
U

2
n̂σ

i n̂σ̄
i

)
, (1)

with usual notations. It describes the resonant impu-
rity scattering induced by hybridization Vpd. The last
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term contains the localized t2 electrons with the occu-
pation operator n̂σ

i = d†
iσdiσ

The solutions of Dyson equations are
Gσ

dii =
[
giσ(ε)−1 − V 2Ljj (ε)

]
/Rσ(ε),

Gσ
dij = V 2Lσ

ij(ε)/Rσ(ε), (ij = 12; 21),

Lij(ε) =
∑

p
e−ip·(Ri−Rj)(ε − εh

p)−1 is the lattice
Green’s function for hh and

Rσ(ε) =
∏

i=1,2

[
g−1

iσ (ε) − V 2Lii(ε)
]
− V 4L12L21 (2)

with giσ(ε) = (ε − Ed − Un−σ
i )−1

The occupied CFR levels correspond to the states
(d5/d4) of the Mn ions, whereas the empty (d6/d5)
CFR levels are shifted to the conduction band by
the Anderson-Hubbard repulsion U (Fig. 1) responsi-
ble for spin-dependent inter-impurity interaction. In
GaAs:Mn and GaP:Mn the deep CFR states are com-
pletely occupied, and the DBH states in the energy gap
are empty [2]). Two competing mechanisms of mag-
netic interaction arise because the indirect exchange
between impurities involves empty states near the top
of the valence band and empty (d6/d5) CFR levels.

Due to the on-site repulsion, the structure of CFR
levels is different for FM and AFM spin orientation.
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For AFM alignment the occupation numbers are n̄↑
1 =

n̄↓
2 = 1, n̄↓

1 = n̄↑
2 = 0 . The tunneling involves U ,

and the secular equation Rσ = 0 gives the occupied
impurity levels such as Eσ

b (see Fig. 1): E↑
b ≈ E↑

1 −
JA, E↓

b ≈ E↓
2 − JA,. The indirect exchange parame-

ter JA = V 4L2/U is the AFM superexchange. In FM
case: n̄↑

1 = n̄↑
2 = 1, n̄↓

1 = n̄↓
2 = 0 and the exchange

between impurities is mediated by the empty p states
and DBH states; the role of these states for DMS is
the same as in the Zener mechanism [4]. The difference
is that in Zener’s case Mn ions are in different valence
states. Since in our case the bonding/antibonding CFR
states E↑

(b,a) = E↑
i ±JZ are occupied, the original Zener

mechanism does not work.
Then the band contribution due to two-impurity

scattering is.

Eex = −V 4

4π
· (−→σ 1 · −→σ 2 + 3){ 0∫

εF

dε
Γ12(ε)P12(ε)

[ε − Ed − V 2P11(ε)]2 + V 4

4
Γ2

11

+3x · P12(εi)P
′
12(εi)

[1 − V 2P ′
11(εi)]

2

}
, (3)

(−→σ 1,2 are the vectors of Pauli matrices). The terms in
curly brackets correspond to the contribution of mobile
and localized holes. Here P11(ε) is the Hilbert trans-
form of the hh density of states ρ, Γ11(ε) ≈ πρ(ε),
Γ12(ε) ≈ πρ(ε) sin kR12/kR12 and

P12(ε) =

∫
dω

sin kR12

kR12

ρhb(ω)

ε − ω
. (4)

Fig. 1. The scheme of energy levels in GaAs:Mn and GaP:Mn:

R1,2 stand for CFR levels. The DBH levels ε1σ,2σ (acceptor

levels) are splitted from the heavy hole band and pushed in

the energy gap due to the interaction with the CFR levels.

Fig. 2. The dependence of the kinematic exchange (left axis)

and TC (right axis) on Mn concentration. Experimental re-

sults (filled circles) are taken from Ref. [5]. The hh bandwidth

is 2.9eV (after Ref. [7]); the d-level Ed=-1.5 eV and the hy-

bridization parameter V = 1.27eV are calculated.

The Fermi level dependence εF (x) is calculated us-
ing the hole density data [5] (with error bars). The
hybridization parameter V = 1.27eV is obtained for
the acceptor level εi = 85 meV ( εexp

i = 110 meV [1])
and the CFR level Ei = −3.0eV (Eexp

i = −3.4eV [6]).
By means of Eq. (3) for GaAs:Mn the Curie temper-
ature TC(x) = Eex(x)/kB , has been computed. The
contribution of the localized holes is negligible at small
x, and for x > 5% the formation of impurity band was
not taken into account. The results are presented in
Fig. 2. Our results are in good agreement both with
experimental data, and theoretical predictions.
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