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Abstract

We have investigated the ferromagnetic transition of an Ising spins-fermions model, where Ising spins are located
randomly and tight-binding fermions interact with the Ising spins via the exchange interaction. We extended the
inhomogeneous mean field theory to include the local dynamics of localized spins and applied to this model. We have
found that the ferromagnetic moment is not saturated because of localization of fermions due to the randomness.
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Diluted magnetic semiconductors (DMSs) have long
been of great interest. Especially, III-V based materi-
als show rather high ferromagnetic transition tempera-
ture [1–3]. About this ferromagnetic transition several
theories appeared recently [4–6].

Among these theories, we use following Ising spins-
fermions model [6] as a model of DMS’s;

H = −t
∑

〈ij〉σ

(
C†

iσCjσ + h.c.
)

+ J

imp.∑

j,σ

SjσC
†
jσCjσ , (1)

where Sj is an Ising spin on a impurity atom,
∑imp.

j

is a summation over the impurity atoms and J is an
exchange interaction constant between localized spins
and carriers.

We have solved this Hamiltonian in real space and
incorporated spatial distribution of the magnetic order
and dynamics of the localized spins. We consider i-th
impurity site, and take thermal average of spins on the
other sites j as,

〈Sj〉 = Mj (j �= i). (2)

However, the spin on the i-th site may become up or
down. Then the local mean field (MF) Hamiltonian for
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the case when the spin on the i-th site is S(= ±1) is
written as,

HLMF (i, S) = −t
∑

〈ij〉σ

(
C†

iσCjσ + h.c.
)

+J
∑

j �=i

MjσC
†
jσCjσ + JS

∑

σ

σC†
iσCiσ. (3)

We write the energy eigenvalues and eigenvectors of
this Hamiltonian as,

HLMF (i, S) |ψnσ (i, S)〉 = Enσ (i, S) |ψnσ (i, S)〉 , (4)

|ψnσ (i, S)〉 =
∑

j

ψnσj (i, S)C†
jσ |0〉 . (5)

Solving Eq.(4), we get the local eigenvalues Enσ (i, S)
and eigenfunctions ψnσi (i, S). Then we can calculate
the local partition function for the i-th site with S spin,

Ξ (i, S) =
∏

nσ

{1 + exp [−β (Enσ (i, S) − µ)]} , (6)

where β = 1/kBT and µ is a chemical potential. Then
thermal average of the localized spin on the i-th site is
given by,

Mi =
Ξ(i, ↑) − Ξ(i, ↓)
Ξ (i, ↑) + Ξ (i, ↓) . (7)
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Fig. 1. Temperature dependences of ferromagnetic localized

and carrier moments from LDMF and MF calculations.

For each impurity site, we solve eigenvalue equations
and calculate the thermal average of the localized mo-
ment. The chemical potential µ is determined using
each local partition functions as,

Ne =
∑

iσ

∑
S
nσ (i, S) Ξ (i, S)∑

S
Ξ(i, S)

. (8)

Here Ne is a total number of carriers and nσ (i, S) is
the average number of the carrier with σ spin on the
i-th site for localized spin S, which is given as,

niσ (i, S) =
∑

n

|ψnσi (i, S)|2 f (Enσ (i, S) − µ) , (9)

where f is the Fermi distribution function.
We start from an initial configuration of the aver-

aged localized spins, then solve these equations self-
consistently. We call this approximation as locally dy-
namical MF (LDMF).

First we have considered a case where localized spins
are located every site in a two dimensional square lat-
tice. We have taken 8 × 8 square lattice and set J/t =
1. In Fig.1, we show temperature dependence of the
ferromagnetic moment for Ne = 1 from LDMF ap-
proximation and also a result from MF approximation.
The result of LDMF shows lower transition tempera-
ture because of the local fluctuation of the localized
spins. In Fig.2, we show the stable state for Ne = 26
and T/t = 0.01. In Ref.[6], around this carrier filling,
the ferromagnetic state becomes unstable in their CPA
approach, which cannot treat the spatial modulation
of the magnetization. This state looks like the stripe
state of the strongly correlated electron systems [7].

Second we have considered a three dimensional cu-
bic lattice with a few randomly located magnetic im-
purity sites. In Fig. 3, we show typical distribution of
localized moment for 10 impurity spins and Ne = 6,
where the system size is 8×8×8. In this configuration,
only less than half of the spins are ferromagnetically or-
dered. Also carrier spins are concentrated around fer-
romagnetic moments as shown in Fig. 4. Such incom-
plete ferromagnetism may come from the randomness
of the localized spins.

Fig. 2. Distribution of localized moments for J/t = 1, Ne = 26

and T/t = 0.01. The magnitude of the localized moment is

|Mi| = 0.98.

Fig. 3. Distribution of localized moments for J/t = 7, Ne = 6

and T/t = 0.01.

Fig. 4. Distribution of spins of carriers for J/t = 7, Ne = 6

and T/t = 0.01.

In summary, we have developed locally dynamical
mean field approximation and we have obtained the
spatial distribution of the localized ferromagnetic mo-
ments in DMS. Comparison with the experiment is a
future problem.
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