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Magnetism in transition metals
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By using the Hubbard tight-binding-type Hamiltonian and the cluster Bethe-lattice approxima-
tion we calculate for Fe the Curie temperature T =2250 K and the temperature dependence of
the magnetic moments and the magnetization. Moreover, we show how previous theories for
itinerant magnets may be extended to include short-range spin correlations.

I. INTRODUCTION

For many years magnetism in transition metals has
been studied intensively. Nevertheless, there remain
important problems which have not been solved sat-
isfactorily. The open problems arise from the fact
that some of the magnetic properties of transition
metals, like the non-half-integral atomic moments,
can be accounted for by band theories and other
properties, such as the Curie temperature, can be ex-
plained only by means of localized models.

Recently, several authors,!~” have used an ap-
proach to itinerant magnets in which local moments
are assumed to exist on each lattice site in both the
magnetically ordered and the paramagnetic state.
They have shown that the Stoner paramagnetic state
underestimates the entropy of the system and there-
fore overestimates the Curie temperature. The
results obtained indicate the significance of short-
range spin correlation effects and of quantum effects.
For example, Hubbard® calculated for Fe a Curie
temperature T, in a mean-field model. He obtains
T¢ of the order of 2000 K and a temperature depen-
dence of the magnetization corresponding to spins
s = oo, In the following we present a theory which al-
lows us to include spin correlations. This theory is
similar to the one described in Ref. 3. The main
difference is that this is a finite temperature calcula-
tion. We calculate for Fe the Curie temperature and
the temperature dependence of the magnetization
and of the local magnetic moments.

II. THEORY

We use the Hubbard Hamiltonian in the unrestrict-
ed Hartree-Fock (UHF) approximation

H= 2 tlycirrcjo'*' E Uhi—g) tig — EU<”:~1> (”u) ,
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where 1; denotes the hopping integral for electronic
transitions between lattice sites / and j, o is the spin
index, U is the Coulomb integral and c,t,, Cis are the
usual creation and annihilation operators for elec-
trons on site / with spin o. We assumed that the
magnetic moments exist on each lattice site and that
they point up (+) or down (—) along a specified
direction. Then the system of atoms with moments
m+ and p— can be treated like a binary alloy where
the lattice sites are occupied either with w4 or p_.

We denote by p¥(i,j =+, —) the probability of
finding two moments u; and u, as nearest neighbors.
Then, the single-site probabilites pare given in
terms of the p¥ by

pi=3p" . (2.2)
Jj

Two magnetic order parameters can be defined in
terms of the probabilities; a short-range order param-
eter

E=1-2(p* +p™) (2.3)
and a long-range order parameter
n=p*t-p~ . (2.4)

In the complete magnetically ordered state the order
parameters take the values n=1 and ¢€=1 and in the
paramagnetic state one finds n=0 and £ #0. By us-
ing Eqgs. (2.3) and (2.4) and the normalization condi-
tion, it is possible to write the probabilities p¥ and p’
in terms of ¢ and 7.
The relative average magnitude of the magnetic

moment is given by

(D prustp|u-
“___p.( ) _ Pruetr ’ 2.5)

1(0) w(0)

where the magnetic moments u4 and u— pointing
parallel and opposite to the direction of the magneti-
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zation are given by
o= ()t = (n)* po=(n)==(n)= , 2.6)

Here, (n,)'gives the average number of electrons
with spin o at an atomic site with magnetic moment
w;. The magnetization is given by
+ -
p () +p~u-(D
M(r)=2E . .7)
[.L+(0)
It is worth noticing that the symbols + and — refer to
sites with moments up and down, respectively, and {
and | refer to the spin of the electrons.
To calculate

o)=L [T dwimGho. (@ @) @9

we determine the local Green’s function G, , for o
spin electrons at a site with magnetic moment / by

(w—€7)Gho,o =1—2t(p DGy o +p Glo,,) (2.9)
and the Gy, , are given by
(0~ €D Gib,o

=—1Gh,o— (z=Dt(pDP*GH o +p PG5 ,) ,

(w—€7)Gh &
=G, o —(z =1t(pP*GH o +p P GCx,0)

(2.10)
(w—€2)Go, o

=—1Gh,o— (z =D t(p*GHh o +p T Cxn,0)

(w—€2)Gio,

=—1Ggp,o—(z =D t(p VG o +p T G,0)

Here z is the coordination number, the Wannier
Green’s function G, , refers to lattice sites n and 0
and the probabilities p (D) are defined by

pW=pi/pt . (2.11)

Equations (2.10) can be solved in the Bethe-lattice
approximation® by defining the four transfer func-
tions for each o:

y§=Gho,o/Gla-1y0,0 (ij=+,-) . (2.12)

In the general case (£ #0, n % 0) the transfer func-

tions yJ are determined by solving a fourth-order
equation. This is not the case for ¢=1, n=1 and for
£=0, n=0, where the yJ are obtained by solving a
second- and third-order equation, respectively.

Due to translational invariance’ it is necessary to
have charge neutrality at all atomic sites. This is
achieved by modifying the energy levels of the elec-
trons at sites with magnetic moment pointing in the
down direction by the amount aU/2. Thus, the en-
ergy levels of the electrons are given by

n— n+
e?= M+U, ef= M+U
and
n—p-+a n+u-+a
e,-=—’—;~———u, ef=—‘;——-——U. (2.13)

III. RESULTS

Here, we present results including only long-range
order. Thus, we take into account only site probabil-
ites. The parameters used are u_(7=0) =2.3,

U =0.98 eV, the bandwidth W =4.0eV and n =7.7
electrons, which correspond approximately to iron.

In Fig. 1 we present results for the local density of
states at sites with magnetic moments w4+ and u.. for
three different situations, corresponding to n=1,0.4,
and 0, respectively. The values for w4 and u_ are
obtained in a self-consistent manner, once the values
obtained by

F
M+=f_w(py+‘—pf)dw (3.1
and
EF _ _
u—=f_m(py —pp)dw
and those used in Egs. (2.13) do not differ. Here,

pi=——ImGly,o - (3.2)
ko

A similar self-consistent loop is carried out to guaran-
tee charge conservation; i.e.,

€F F _ o
n=f_m(p+p1++p+pf)dw=‘[_m(p"p‘ +p7p])do .

(3.3)

In Fig. 2 we show results for pu+ and p- as a func-
tion of the long-range order parameter n.. We find
that |u-| decreases always as a function of 7 in con-
trast to the results published by Hasegawa,* which
violate charge conservation.

In Fig. 3 we present resultsfor the internal energy
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(@) LDS n=I

(b) LDS M=0.4

(©) LDS =0

FIG. 1. Results for the electronic density of states p} and
pg for different values of m, w4, and u_. e is the Fermi
energy.
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FIG. 2. Results for uy(n) and u_(7).
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FIG. 3. Results for the internal energy difference AE (7).

difference AE =E(n=0) — E(n). The n depen-
dence is slightly different from the »? dependence
characteristic of phenomenological theories of
order-disorder phenomena.

To find the equilibrium value for the order param-

eter, we minimize

F=AE-TS , (3.4)
where
S=—kN(p*lnp*t+p~Inp~) , 3.5)

with respect to n. In Fig. 4 we show the results for
the relative average magnetic moment, and for the
relative magnetization defined by Eqgs. (2.5) and
(2.7), respectively. We obtain for the Curie tempera-
ture of Fe the result T~ =2250 K.
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FIG. 4. Results for the temperature dependence of the

magnetization m =M (T)/M (T =0) and the average mag-
netic moment u.
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One expects on general physical grounds that in-
cluding short-range spin correlations, e.g., £ 0, will
decrease T¢ towards the experimental value. In
phenomenological theories, for example, the Curie
temperature calculated in the Bethe approximation is
about 10% of the one calculated in a mean-field
(Bragg-Williams) theory.® Similarly, for £ # 0 better
agreement with experimental results for m (T) is ex-
pected. However, note that our results for m (T)

agree much better with experimental results than

m (T) calculated by Hubbard.® Further improvement
of our results is expected from using a more realistic
density of states p/(w).
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