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The key problem in using the dynamical mean-eld theory is nding the appropriate solution to the single
impurity Anderson model. We use the modied equation of motion method based on dierentiation over two
time variables. In such approach we obtain correct description of the Kondo eect not only for systems symmetrical with respect to the half-lled point but also for the systems without symmetry in a half lled point and
for broad range of electron concentrations like e.g. the ferromagnetic systems. For the reason of these advantages we investigate in this report dependence of the system magnetic moment on carrier concentration using our
modied equation of motion method. We also analyze inuence of asymmetric densities of states on ferromagnetic alignment. Our results are compared with dynamical mean-eld theoryquantum Monte Carlo calculations
and with Hubbard I and III approximations.
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1. Introduction
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The Hubbard model was introduced to describe corre-
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lation eects in transition metals and particularly metallic ferromagnetism. Despite its simplicity there is no ex-
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act solution in 3D except for some specic cases (e.g. the

where

Nagaoka solution). One of the well justied solving meth-

electron with spin

ods is the dynamical mean-eld theory. The key problem

nearest-neighbors hopping integral,

in this method is to solve properly the impurity problem.

tential and

For the ferromagnetic systems this problem was solved

The potential part of the Hamiltonian (1) contains the

B

is the operator creating (destroying) an

σ

on the

i-th

t is the
µ is the chemical po-

lattice site,

is a homogeneous external magnetic eld.

U = (i, i |1/r| i, i).

by the numerical methods (e.g. quantum Monte Carlo

on-site Coulomb repulsion

(QMC) [1]) and also analytically (e.g. iterative pertur-

tion to the Hubbard model is the on-site Green function

bation theory (IPT) [2] and modied iterative perturbation theory (MPT) [3]).

All these methods have some

limitations. The modied iterative perturbation theory
relies on tting the self-energy calculated in the second
order perturbation theory to the atomic limit at arbitrary
band-llings.
In this paper we present the DMFT solutions for
ferromagnetic

system

with

single-impurity

Anderson

model (SIAM) solver obtained from modied equation
of motion.

Our results are similar to those given by

the MPT method, but the expression for the self energy
is derived from equations of motion. It is not given by
interpolation scheme which is used in the MPT method.

Giiσ (ε) = hhciσ ; c+
iσ iiε given by
Z∞
ρ0 (ε0 ) dε0
,
Giiσ (ε) =
ε + µσ − ε0 − Σσ (ε)

The solu-

(2)

−∞

Σσ (ε) is the local self-energy, µσ = µ + σB
ρ0 (ε0 ) denotes the unperturbed density of states.

where
and

Now the problem is reduced to calculating the quantity

Σσ (ε).

At present the widely used method of calculating

the local self-energy is the dynamical mean-eld theory.
The DMFT is based on replacing the Hubbard model (1)
by SIAM. The solution of SIAM problem is the impurity
Green function

We calculate dependence of the Curie temperature on

Gdσ (ε) =

electron concentration and we investigate inuence of

Gdσ (ε)

given by

1
,
ε + µσ − ∆σ (ε) − Σdσ

∆σ (ε) is the hybridization function.

(3)

DOS asymmetry on the range of existence of ferromag-

where

netism.

sumption of the DMFT is the condition that the Green

The results are compared with those obtained

function of SIAM problem has to be the same as that of

by Ulmke [1] in the QMC method.

the extended medium:
2. The model

Gdσ (ε) = Giiσ (ε).

This allows to

write the hybridization function in a form

∆σ (ε) = ε + µσ − Σdσ −

The Hamiltonian for the single band Hubbard model
in a pure itinerant system can be written in the form

Next basic as-

1
Giiσ (ε)

.

(4)

For calculating the self-energy we will use the equation
of motion approach.

This method was widely used in

analysis of the SIAM problem, but until now the dier-
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entiation was performed over one time variable only what
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led to the following equation:

εhhA; Biiε = h[A, B]+ i + hh[A, H]− ; Biiε .

(5)

In this report we will dierentiate also over the second time variable

(t0 ),

which gives the following form

of EOM [4]:

−εhhA; Biiε = −h[A, B]+ i + hhA; [B, H]− iiε .

(6)

Using both these equations we arrive at the self-energy
in the form (for details see [5, 6]):

Σdσ (ε) = U nd−σ +

U 2 Γdσ (ε)
,
1 + ασ U 2 Γdσ (ε)

(7)

where
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+
ε + x − y − z + i0
×[f (x)f (−y)f (−z) + f (−x)f (y)f (z)] dx dy dz,

Z Z Z

Γσ (ε, T ) =

(8)

and

ασ =

(9)

µHF
σ −µσ +U/2(1−2nd−σ )
.
HF
HF
(µσ −µσ )(µσ −µσ +U −2U nd−σ )−U 2 nd−σ (1−nd−σ )
In Eq.

Fig. 1. Curie temperature as a function of carrier concentration n for Coulomb interaction U = 4 and DOS
asymmetry parameter a1 = 0.5.

(8) we use the HF spectral density

− π1 ImGHF
dσ (ε),
GHF
dσ (ε) =

HF
Sdσ
(ε) =

with

For comparison with the QMC [1] and MPT [8] methods we present in Fig. 2 the dependence of the Curie
temperature on carrier concentration for the

d=∞

fcc

lattice with DOS given in [1]. The results presented by
Ulmke [1] show smaller values of the Curie temperature
but the smaller range of existence of ferromagnetic or-

1
.
ε + µHF
−
∆σ − U n−σ
σ

(10)

dering as compared to our predictions. Our results are
close to those obtained by the IPT method. In the classic version of this method [2] the values of the Coulomb

3. Numerical results and discussion

repulsion critical for transition to ferromagnetic phase

In our numerical analysis we will concentrate on cor-

are higher than in our approach and in QMC method.

relation between DOS asymmetry and the range of ex-

Nolting et al. [8], who have used the MPT method [8],

istence of ferromagnetism. As the non-interacting DOS

obtained magnetism at smaller values of

we will use the following formula [7]:

the band-shift correlation function. Their results points

√
1 − a21 D2 − ε2
,
(11)
πD
D + a1 ε
with the asymmetry parameter a1 varying continuously
from a1 = 0, which is the case corresponding to a symmetric semi-elliptic band (or the Bethe lattice) to a1 ≈ 1
corresponding to a fcc lattice. Parameter D is a half
1+

ρ0 (ε) =

p

U

by including

towards ferromagnetism in the broader range of concentrations and with smaller Curie temperatures than ours.

bandwidth of the symmetric semi-elliptic band and will
be assumed as the unit of energy

(D = 1).

In Fig. 1 we present dependence of the Curie temperature on carrier concentration for moderately asymmetric
DOS with

a1 = 0.5.

The Curie temperature is obtained

based on the temperature dependence of the spontaneous

m = n↑ − n↓ in the limit of an innitesiB . For the Curie temperature
we use the condition m(TC ) → 0. We assume that the
Coulomb interaction U = 4. The U /D ratio is the same
as used by Wahle et al. [7] (U/D ≈ 2−4) and is similar
to the one used by Ulmke [1]. Similar ratios U/D are
observed also in the 3d transition metals.
magnetization

mally small applied eld

Fig. 2. Curie temperature as a function of carrier concentration n for the d = ∞ fcc lattice [1] and Coulomb
interaction U = 2.

Increase of the Coulomb interaction and particularly

The Hubbard I and Hubbard III approximations were

increase of asymmetry parameter enhance the ferromag-

based on the EOM method in the form given by Eq. (5).

netism.

At

a1 = 0.7, U = 4

and

T = 0.01

we obtain

The ferromagnetic state was obtained by including the

n<

inter-site correlations which led to the bandwidth and

The strong

band-shift eects (see [8, 9]). The present approach does

DOS asymmetry decreases the re-entering eect of fer-

not need the inter-site correlations to acquire ferromag-

romagnetism, which is the poor feature of at DOS.

netism, but use of these correlations in the MPT method

the ferromagnetic ordering at electron concentration

0.74

, and for

a1 = 0.97

already at

n < 0.83.

Modied Equation of Motion Approach for Ferromagnetic Systems
(see [3, 8]) enhances ferromagnetic state in comparison
to the classic IPT results.
In summary, using alternative EOM approach we obtained DOS with the three peaks structure composed
of the quasiparticle resonance peak at the Fermi energy
(Kondo peak). This method was used to describe metallic
ferromagnetism in the single band Hubbard model within
the dynamical mean-eld theory. It was shown that the
increase of DOS asymmetry strongly increases the concentration range of ferromagnetism and the values of the
Curie temperature. Our results resemble those predicted
by other methods (e.g. MPT, QMC) but as opposed to
the MPT method our self-energy comes directly from the
equation of motion for Green functions and not from the
interpolation scheme.
The EOM approach used here to solve the SIAM problem can be easily applied to describe ferromagnetism in

R2 Fe14 B (R

= Nd, Y) [10] compounds which are rela-

tively novel permanent magnet materials. In these compounds there is a strong interaction between localized

R(4f )

states and itinerant Fe(3d) states.

into account the hybridization between

After taking

R(4f ) and Fe(3d)

states we obtain the periodic Anderson model (PAM)
which can be treated by EOM approach developed here.
Further work in this direction is in progress.
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