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The topic of state density of conduction electrons in ferromagnetic metals is consid-
ered in the limits of the model of interacting external and internal electrons of the

ferromagnetic material.

KNOWLEDGE of the density of levels of valence

electrons in metals is very important for the study
of soft emission and absorption x-ray spectra of
metals. On the other hand, from the study of the
fine structure of the edge of the absorption band
one can hope to get detailed information concerning
the higher energy levels of the electrons in the
metals.

Theoretical studies of this subject were formerly
made on the basis of the single electron zonal
theory of metals, which neglects the electron inter-
action. However, in the case of ferromagnetic met-
als, the electrons of which represent a united and
a strongly interacting quantum system, study of this
problem in the limits of the one electron model is
without meaning, since ferromagnetism itself
depends on interaction among the electrons.

For the generalization of the calculation of the
density of states® in the case of ferromagnetic
materials let us use a model of exchange interaction
of external s-electrons and internal d-electrons as
suggested by Vonsovskii2-3. This model has en-
abled us to understand the nature, and give the
quantitative explanation, of ‘‘anomalies’’ of elec-
trical, optical, galvanomagnetic and thermomagnetic
properties of ferromagnetic metals 4°11 . According
to this model we will consider the system of
s-electrons in ferromagnetic metals as a mixture of
two electron ‘‘gases’ with two corresponding pos-
sible spin orientations. The energy of s-electrons
in the approximation of effective mass is equal to
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where a, a’, Band B are the parameters depending on
the exchange integrals of the s and d-electrons and
the translation integrals of the s-electron, y is the
average relative atomic magnetic moment of the d-
electron, & is the spin vector of the s-electron and
k is the quasimomentum of the electron. It is seen
from Eq. (1) that the effective mass is equal to

my =h/2a* (B +-B'), 2
where the positive sign corresponds to right hand,
and the negative to left hand, spin orientations, and
a is the lattice constant.

According to the zonal theory of metals the ex-
pression for the density of states is as follows ! :
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where E is the energy of the electron in the metal,

E, = (52 /2m) =2 g2 is the kinetic energy of an
electron, which is moving in a direction perpendic-

ular to the reflecting lattice and undergoing Bragg
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reflection, V/
in the expansion of the lattice potential, g is the
vector of the inverse lattice and

[=E—Vy—Eg— (R*[2m)(<5 + »3);

k_ and k_ are the components of the quasimomen-
tum of the electron parallel to the zone boundary,
and the component K'l =—7ulgl|+ K, is directed
parallel to g. The positive sign in Eq. (3) should
be taken for the states of the upper band and the
negative for the states of the lower band.

In the case of ferromagnetic metals Eq.(1) is
replaced by the expressions
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Note that the limits of integration in Eq. (4) are dif-
ferent from the limits of integration in Eq. (3). Here
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where n_ (E) is the density of states corresponding
to the right hand spin orientation, and n_(E) to the
left hand spin orientation. Thus it is natural to
consider as justified the relation

n(E’ y) =1n, (E’ y) + n_(E, y)

By restricting ourselves to a temperature range
‘““close’” to the Curie point (y < 1), one can ex-
pand L in a power series in y and retain only the
terms up to second order. Then we get

(6)
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From this it follows that the integrand of Kqgs. (4)
can be represented as follows:
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Further, we have the obvious relation
2 m,dl’ 1
miXe = Ve IV, 1£E7B)Y)’ (10)
where X | is equal to Eq. (9) and m, =#* /242 B

Taking into account Eqgs. (4)-(10) we will get for the
densities of states of the electrons, n, and n_,
the expression

+

and V. are the Fourier coefficients
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and, finally, for the total density of states of con-

duction electrons in ferromagnetic materials the
relation:

n(E,y)=n.(E,y) +n_(E,y) (12)
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where A = B7/Bis not greater than unity. The
limits of integration in Eq. (12) are the same as in
Eq. (3)

Consider three different energy intervals:
) E<Vyoo+ Eg—| Vel.

All states satisfying this inequality are in the
lower band so that the negative sign is used:
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These states are also located in the lower band;
however, for the upper limit of I" here one should
use | Vg |; then we get:
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The states for which I" is less than |V | are in
the lower band; the states for which I' is greater
than | Vg | are in the upper band:

n(E,y)=(@1 + Azy 2)4 (15)
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The functions n(E,y) and n(E,O ) are plotted in the
Figure [n(E,0)isn(E,y) aty =0].

n(Ey)

1-curve of n(E,y)
2-curve of n(E,0)
3-n for free electrons

Notice that the deviation of the curves for
nf,y) and n (£,0) from that for free electrons
(shown by the dotted line) depends on only two
glanes, g and -g, while at least six planes should

e considered. Hence these deviations should be
multiplied by the number of pairs of equivalent
planes whicK bound the lower band.

From Eqgs. (12)«15) and from the Figure one can
see that the curve n(E,y) lies above the curve
n(E,0). From this it follows that if one were to
take into account several equivalent planes, the
jump in the density of states n(E,y) of the con-
duction electrons of the ferromagnetic material
close to the Curie temperature would be greater
than in the case of no magnetization. Aty =0, Eq.
(13) is the same as Eq. (3) for the density of states
in ordinary metals. It is not hard to see that Eq.
(13) can easily be put in the form:

n(E,y)=n(E0) (1 + Ay?). (16)
Notice from this expression that the density of
states of conduction electrons of ferromagnetic
materials is a quadratic function of spontaneous
magnetization. The spontaneous magnetization is
a function of temperature, as a consequence of
which the density value of electron states in the
ferromagnetic material, which depends on y , must
show anomalous temperature dependence. Since
the intensities of x-ray spectral lines (as well as
the corresponding transition probabilities) are pro-
portional to the densities of the electron states,
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these intensities for ferromagnetic metals will also
show anomalous temperature dependences.

An increase of magnetization, as KEqgs. (12)-(16)
show, increases the density of states of the con-
duction electrons in a ferromagnetic material. This
permits us to conclude that the band of s-electron
levels of a ferromagnetic material becomes narrower.
This conclusion is in agreement with the fact that
in a ferromagnetic material to a first approximation
the spins of the d-electron system are strongly
bound among each other, the orbital moments cancel
each other and a phenomenon analogous to the
Paschen-Bach effect takes place. In other words,
under the influence of a strong internal ‘‘magnetic
field’’, caused by the exchange interaction of the
s and d-electrons a simplification of the picture of
levels of the s-electron system (narrowing of the
band) occurs rather than a complication.

From Eq. (16) one can easily get an expression
for the ferromagnetic ‘‘anomaly’’ of the density of
electron states in ferromagnetic materials:

n(E,y)—n(E 0
n(E,0)

= A22, (17)
The value of the ferromagnetic ‘‘anomaly’’ of the
density of electron states in ferromagnetic material
is proportional to the square of the spontaneous
magnetization y. It is very desirable to check ex-
perimentally the theoretical conclusions represented
by Eq. an.

Hence, by using the exchange model of external
and internal electrons of ferromagnetic materials,
we have suceeded in showing that the density of
electron states in ferromagnetic materials must
depend on the spontaneous magnetization. Near
the temperature of ferromagnetic transition
this dependence is of a simple quadratic nature
[Eq. (16)]. In addition the ferromagnetic
‘“anomaly’’ of the density of electron states in
ferromagnetic metals was obtained.

In conclusion, let us point out that the calcula-
tions described above are not claimed to provide a
quantitative description of densities of states of
conduction electrons in ferromagnetic metals, since
they were carried out using a simplified model of
ferromagnetic materials. Nevertheless, apparently,
there is no reason to doubt that qualitative conclu-
sions about the dependence of the density of states
of conduction electrons on spontaneous magnetiza-
tion must be correct.

Translated by G. Filipovich
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