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The optical absorption coefficient for ferromagnetic semiconductors has been calculat-
ed for an indirect transition in which spin-fluctuation scattering takes the place of the
usual phonon scattering. The resulting absorption coefficient is found to be proportional
to (~SO (2), where Q is the wave-vector difference between the valence-band maximum

and the conduction-band minimum. The fact that this decreases with decreasing temper-
ature below the Curie point can lead to an apparent blue shift of the absorption edge sim-
ilar to what is observed in CdCr2S4.

In materials whose valence-band maximum does not occur at the same wave vector as the conduc-
tion-band minimum the optical absorption edge may correspond to an indirect transition in which the
momentum difference is taken up by the lattice through phonon emission or absorption. ' In magnetic
semiconductors the local moments provide another degree of freedom which can assist in producing in-
direct transitions. The purpose of this paper is to investigate the nature of the optical absorption edge
associated with indirect transitions involving such local moments.

Let us describe the electron system by a valence band of energy ~» and a conduction band of ener-
gy e» . The ferromagnetic system is characterized by ionic moments g)U~S, localized at lattice
sites 5„. When an electron-hole pair is produced by optical absorption, both particles will interact
with the local moments through the screened intra-atomic Coulomb interaction which may be expressed
as an exchange interaction. For the sake of simplicity let us assume that the interaction between the
holes and the local moments is small and can be neglected. The remaining electron-local-moment
coupling then has the form

Rm Q Jk k+q[Sq~(c2 k)c2 k+qt c2 k) c2 k+q&)+Sq+c2 1T) c2 k~qt Sq C2 k) c2 k+q)]q
k, q

where c k is the creation operator for an electron in band n with wave vector k and spin projection
0. The interaction of the electrons with the radiation field has the form

X (f)=-) X(r. f) p. =-—— ) ) (e' ""[0 p (R)Ia +e ' " "[e p (jt)]a tj
f k. a
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is the creation operator for a photon with polarization ez, and p»(k) is the interband momen-
tum matrix element involving Bloch states having the same wave vectors.

There are various ways in which the indirect process may occur. Below the Curie point the q =0
contribution from the first terms in K, produces a spin splitting of the bands. In keeping with our ear-
lier assumption concerning the magnitude of the conduction-band exchange interaction we shall assume
that the splitting of the conduction band is larger than that of the valence band. Then, since the inter-
band transition arising from Xy conserves the spin projection, the first parts of the indirect process
are the interband transitions labeled 1 and 1 in Fig. 1. These are then followed by the intraband tran-
sitions labeled 2 and 2'. Notice that the "primed" intraband processes involve spin-flip scattering
while the "unprimed" processes do not.

The probability that a photon of energy Sv is absorbed in such an indirect transition is

271, X2 2 'E X~ 0
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where o refers to the original state, i to an intermediate state, and f to a final state. Here R, is the
coefficient of the time-dependent exponential in &,(t).

I.et us &irst consider the region below the Curie point. The main contribution to the absorption edge
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will be the "unprimed" process in Fig. 1, for which

(ilx, lo& =-(e/mc/v)g„[&, p„(k)jx,'",
where N& is the number of phatons of polarization ~z. The complementary matrix element of X, is

This corresponds to elastic scattering from spatial fluctuations in the local-moment system, which is
to be distinguished from spin-flip scattering which would involve magnons. Since the intermediate-
state energy in Eq. (3) does not depend upon the local moment configuration, the sum over the inter-
mediate states of the local moments may be removed by closure, leaving us with the thermal average
of the square of Sqz Thus, the absorption coefficient is
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Notice that this absorption coefficient includes intermediate transitions to all the conduction-band
states. In practice, however, one usually assumes that the intermediate states are those in the vicini-
ty of that wave vector R, at which the valence-band maximum occurs. Similarly, the final states are
assumed to lie in the vicinity of the conduction-band minimum which, we shall assume, occurs at a
wave vector R +Q. This enables us to approximate the absorption coefficie'nt by

n =n, [z-„P,f)'P„(R„)'(lsg, l')(h(u-Eg)'I/(m-K(u)',

where ~ = ~ ~ &, ~-, &, ~ and e, contains various
numerical factors involving, among other things,
the valence- and conduction-band masses.

There are two important features of this result.
The first is its functional dependence on the pho-
ton energy. Since ~ »b~ this dependence aris-
es primarily from the density-of-states factor
(II &u-E&)'. The second feature is its tempera-
ture dependence. If we neglect, for the moment,
any temperature dependence of E&, the remaining
dependence resides in the correlation function
(lSg~l'). At very low temperatures where spin-
wave theory is applicable Sg may be expressed
in terms of magnon operators as So, =P&ap, g~

&at, . This leads to the result that (lSo l') van-
ishes as 7'", reflecting the "freezing out" of the
fluctuations. Closer to the Curie point this tem-
perature dependence is much stronger. Figure 2
shows the resulting absorption coefficient for the
conservative case in which the correlation func-
tion decreases as T"~ below the Curie point.
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Notice that if for some reason, such as a large
background absorption, the edge can only be mea-
sured at a high absorption level, the edge may
appear to shift towards the blue with decreasing
temperature. In fact, as Fig. 2 shows, this ap-
parent shift can be quite large, of the order of
the gap itself.

Of course, phonon-assisted indirect transitions
will compete with these magnetically. induced
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FIG. 1. Schematic diagram of local-moment fluctua-
tion and magnon-assisted indirect transitions.
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FIG. 2. Form of the absorption edge in a magnetic

semiconductor due to indirect transitions arising from
local-moment-fluctuation scattering.
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transitions. If the electron-phonon interaction is
small in comparison with the exchange interac-
tion of Eq. (I) we might expect the magnetic
mechanism to dominate in the vicinity of the
Curie point. However, since this mechanism
"freezes out" at lower temperatures, the phonon
mechanism will take over in this region with the
result that the absorption coefficient will be less
temper ature dependent.

Figure 2 does not tell the complete story, how-
ever, for the gap itself is also temperature de-
pendent. This temperature dependence may arise
from lattice dilatation and vibration as well as
from the exchange splitting of the spin degenera-
cy. For the situation shown in Fig. 1 the exchange
splitting will lead to a red shift of the edge with
decreasing temperature. In fact, if the optical
absorption is due to a direct transition, this ex-
change splitting will provide the dominant temper-
ature dependence. This leads to a red shift as is
observed in most magnetic semiconductors, "
e.g. , CdCr, Se4. For an indirect transition, how-
ever, the temperature dependence of the absorp-
tion coefficient may dominate giving a net appar-
ent blue shift. The only known semiconductor
with a blue shift below the Curie point is' CdCr, S4.
This would seem to indicate that indirect transi-
tions are the exception, not the rule. The reason
for this is the fact that the valence band in most
magnetic semiconductors is believed4 to be very
narrow. Thus, there is no well-defined maximum
from which transitions are most likely to origi-
nate, but they can occur from any point in the
zone. If the absorption edge in CdCr, S4 is, in
fact, due to an indirect transition, it would be of
interest to identify the direct transition at some
higher photon energy and determine whether it
does exhibit a red shift.

Above the Curie point the degeneracy of the
spin states means that all the processes shown
in Fig. 1 will contribute. The resulting absorp-
tion coefficient is then proportional to (5g ~ S &).

It can be shown' from the fluctuation-dissipation
theorem that this is proportional to Ty(Q), where
y(Q) is the generalized susceptibility. In the
random-phase approximation this is given by

x(0) =
(T-Tc)/Tc + I-Z(O)/J(0) ' (8)
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where Tc =J(0)CV/g'p, ~', C being the Curie con-
stant and J'(q) the qth Fourier component of the
local-moment exchange coefficient. If the wave
vector Q does not lie near the center of the Bril-
louin zone, then J'(Q) «J'(0) and y(Q) varies as
T ', which means that gg. f g) will be indepen-
dent of temperature. Therefore, the only re-
maining temperature dependence in the absorp-
tion coefficient is that associated with the energy
gap itself arising from lattice dilatation and vi-
bration. This generally leads to a decreasing
gap with increasing temperature.

In summary, we have shown that the absorp-
tion coefficient associated with a magnetically
induced indirect transition increases with in-
creasing temperature up to the Curie point, giv-
ing rise to an apparent narrowing of the gap.
Above the Curie point the temperature depen-
dence is that associated with the energy gap it-
self.
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