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A considerable number of investigations have been carried out to date on the optical orientation of electrons
in semiconductors [1–6]. In most cases, the effectiveness of the orientation was determined principally by the
spin relaxation of the electrons at the bottom of the conduction band. We show in the present paper that the
degree of stationary orientation of the non-equilibrium electrons can be determined to a considerable degree
(depending on the impurity concentration) by the spin relaxation occurring upon thermalization of the “hot”
electrons produced by the light.
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We investigated the dependence of the degree of
orientation of the electrons (P) on the quantum energy
of the exciting light (hν) in p-GaAs crystals with impu-
rity (Zn) concentration 7.8 × 1016–4 × 1019 cm–3 at
temperatures 4.2 and 77 K. Figure 1 shows the
obtained P(hν) plots for two values of the impurity
concentration. The degree of orientation P was mea-
sured, as before [3–5], by determining the degree of
circular polarization of the recombination radiation.
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Fig. 1. Dependence of the degree of orientation of the elec-
trons on the quantum energy of the exciting light in GaAs
crystals with different impurity concentrations at 4.2 K:
(1) theoretical curve (see the text), (2) impurity concentration
4 × 1019 cm–3, (3) impurity concentration 7.8 × 1016 cm–3.
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We see that the form of the P(hν) curves depends on
the impurity content, and for crystals with low impu-
rity concentration there is observed even an inversion
of the sign of P, i.e., a reversal of the direction of the
predominant orientation of the spins.

Theoretically such a possibility was predicted by
D’yakonov and Perel’ [7] and it was shown that such an
effect is due to the spin–orbit splitting of the valence
band in GaAs and the spin relaxation of the “hot” elec-
trons. According to the selection rules for the interband
transitions, the degree of orientation of the electrons
falling in the conduction band from the upper valence
subbands (light and heavy holes) is P = 0.5; for transi-
tions from the split-off band we have P = –1 [7]. Thus,
as a result of transitions from different valence sub-
bands there are produced in the conduction band elec-
trons with opposite directions of the predominant ori-
entation of the spin. The transitions from the split-off
band become manifest only at hν > Eg + Δ, where Eg is
the width of the forbidden band and Δ is the spin–orbit
splitting of the valence band. As such quantum energies
of the light, however, the electrons excited from the
split-off band fall in a region near the bottom of the
conduction band (Fig. 2) and those excited from the
upper valence subbands fall deep in the conduction
band (hot carriers are produced). Therefore, the rela-
tive contribution of the electrons excited from differ-
ent valence subbands to the orientation of the carriers
at the bottom of the conduction band (which is the
quantity measured in the experiment) will be deter-
mined also by the spin relaxation occurring during
thermalization of the hot electrons.

In the case of weak spin relaxation, the hot elec-
trons retain fully their orientation during the time of
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Fig. 2. Scheme of optical interband transitions in GaAs.
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Fig. 3. Dependence of the degree of orientation of the elec-
trons (P) in GaAs on the impurity concentration for two
fixed values of the quantum energy of the exciting light,
1.96 (1) and 2.14 eV (2). The values of P are normalized as
follows: for each impurity concentration P = 0.5 stands for
the value of the degree of orientation at hν = Eg.
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thermalization at the bottom of the conduction band,
and the degree of orientation is determined only by the
relative contribution made to the absorption by transi-
tions from different subbands. The corresponding the-
oretical P(hν) curve is shown in Fig. 1. For GaAs we
have Eg = 1.52 eV and Δ = 0.33 eV, and the sharp
decrease of P near hν = I.85 eV corresponds to the start
of the transitions from the split-off band, which give a
“negative” contribution to the orientation. The sum-
mary degree of orientation retains a positive sign since
the absorption coefficient for the transitions from the
upper subbands is much higher than for the transitions
from the split-off band. The theoretical curve, as seen
from Fig. 1, agrees with the experimental one1 corre-
sponding to a strongly doped crystal. This shows that
at a large impurity concentration in the crystal the
relaxation of the “hot” electrons at the bottom of the
band is not accompanied by relaxation of their spin.
A similar result was obtained for an impurity concen-
tration of the same order in [6].

For the crystal with the lower impurity concentra-
tion (Fig. 1, curve 3), the degree of orientation
decreases to zero even before the start of the transi-
tions from the split-off band. This means that at a
given impurity concentration there is a spin-relaxation
mechanism, the efficiency of which strongly increases

1 The difference between the experimental values of P and the
theoretical ones for hν  Eg is determined [3, 4] by the ratio of
the lifetimes to the time of spin relaxation of the non-equilib-
rium electrons at the bottom of the conduction band for the
given impurity concentration.
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with increasing electron energy. The form of the P(hν)
curve shows that the dependence of the rate of spin
relaxation on the energy of the hot electron has a
threshold character, namely, the relaxation increases
sharply for electrons having an energy higher than a
certain critical value εcr. For curve 3 of Fig. 1 we can
estimate εcr  0.28 eV, and therefore at hν > Eg + Δ the
hot electrons excited in this crystal from the upper
valence subbands make no contribution to the orienta-
tion of the electrons at the bottom of the conduction
band, and the negative sign of P at hν > 1.85 eV is due
to the contribution of the “cold” electrons excited
from the split-off band, which have “negative” orien-
tation. The decrease (in absolute magnitude) of the
degree of “negative” orientation observed in the
region of hν > 2.1 eV, is determined by the same
threshold value of εcr, but for the hot electrons excited
from the split-off band. In crystals with larger impurity
concentration there was observed an increase of the
threshold value εcr and the P(hν) curve had an interme-
diate form compared with those shown in Fig. 1.

Figure 3 shows the dependence of the degree of ori-
entation P on the impurity concentration in p-GaAs
for two fixed values of the frequency of the exciting
light, 1.96 and 2.14 eV. The obtained curves reflect the
dependence of the rate of spin relaxation of the hot
electrons on the impurity content in the crystal. Neg-
ative and positive values of P correspond respectively
to strong and weak spin relaxation of the hot electrons
excited from the upper valence subbands, with fixed
values of the energy –0.44 and 0.62 eV. We see that
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experiment yields a somewhat unusual result: an
increase of the impurity concentration leads to a
weakening of the spin relaxation of the hot electron.

This result, however, agrees fully with the mecha-
nism of spin relaxation of the hot electrons, proposed
by D’yakonov and Perel’ for crystals without an inver-
sion center [7]: the relaxation is due to the spin split-
ting (at points k ≠ 0) of the conduction band and
increases strongly with increasing electron energy. The
effectiveness of the relaxation is determined by the
ratio of the spin-relaxation time to the relaxation time
with respect to the energy and momentum of the
“hot” electron. In doped crystals, the decrease of the
relaxation time with respect to the energy and
momentum of the hot electron with increasing con-
tent of the impurity should lead to a weakening of the
spin relaxation, and accordingly to an increase of the
threshold value of εcr for the spin relaxation due to this
mechanism.

The point P = 0 on the curves of Fig. 3 corresponds
approximately to an impurity concentration at which
εcr ≈ hν – Eg. From the presented data for two values
of the frequency of the exciting light we can estimate
that, in accordance with the theory [7], the relation
εcr ~  is approximately satisfied.
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