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The first experiments on optical orientation of free carriers in semiconductors were performed recently [ 1— 5].
Since holes usually do not become oriented in the valence band, owing to rapid relaxation of their spins [6],
most experiments were performed on p-type materials and the oriented carriers were the electrons propelled
into the conduction band by circularly polarized light. Thus, only the spins of non-equilibrium carriers were
oriented, a phenomenon analogous to the optical orientation of excited gas atoms [7]. However, we have pre-
viously observed [3] optical orientation also in n-type material. We show in the present paper that this phe-
nomenon is due to optical orientation of equilibrium electrons, i.e., the orientation is realized in the ground

state, in analogy with “optical pumping” of atoms [7].
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The possibility of optical orientation of equilibrium
electrons in n-type semiconductors was predicted in
the theoretical paper of D’yakonov and Perel’ [8]. This
effect is determined by the following: circularly polar-
ized light propels into the conduction band predomi-
nantly electrons with one spin direction, but the rate of
electron recombination is independent of their spin.
Obviously, this should lead to accumulation of oriented
electrons in the conduction band. If the spin-relaxation
time 7T, is large compared with the life-time T of the non-
equilibrium electron, then an appreciable fraction of the
equilibrium carriers can be transferred to the oriented
state. Near the surface, the degree of stationary orienta-
tion of the electrons P (P=|(n, — n_)/(n, + n_)|, where
n. is the number of electrons with different spin orien-
tations) will be determined by the relation [8]

P = Pit,(It, + n,L,)”", (1)

where P, is the orientation of the electron during the
instant of its production by the light (£, = 0.5 for the
I'v—TI'¢ interband transitions [6]), [ is the excitation
intensity, #, the equilibrium electron density, and L, is
the diffusion length, determined by the electron diffu-
sion coefficient and by the time T,.

An essential feature of this effect, as seen from (1),
is the dependence of the degree of orientation on the
excitation intensity. In the region of small orientations
(It, <« nyL,) the dependence will be approximately lin-
ear.

We note that this should not occur when the non-
equilibrium carriers are oriented, since their number

depends on the light intensity, but the degree of orien-
tation does not depend on the intensity.

Our investigations were performed on n-GaAl,_ As
(=10'" cm~3) at 4.2 K. The electrons were oriented by
circularly polarized He—Ne laser light, which yielded
excitation intensities <5 x 10% quanta/(cm?s). The
composition of the crystals (x = 0.7) was chosen such
as to make the width of the forbidden band close to the
quantum energy of the exciting light. The degree of
electron orientation, as before [3, 4], was determined
from the degree of circular polarization of the combi-
nation luminescence S (S=|(/, — I_)/(I, + I_)|, where
L, is the intensity of emission in circularly polarized
light with right-hand and left-hand rotation). As shown
by D’yakonov and Perel’ [6], for transitions in which
shallow, impurities and excitons take place we have
S=0.5P.

Figure 1 shows a typical photoluminescence spec-

trum of the crystals at 4.2 K. It can be shown! that the
bands appearing in the spectrum are due to radiative
transitions from the donor to the acceptor (band B)
and to recombination of an exciton (free or bound,
band A). Figure 2 shows the observed dependence of
the degree of polarization of these luminescence

bands on the excitation intensity.?2 We see that these
plots are significantly different: the polarization of

! This circumstance will be considered in greater detail in an arti-
cle by Zh.1. Alferov, D.Z. Garbuzov, et al., Fiz. Tekh. Poluprov.
5 (6) (1971).

2 The degree of polarization was constant along the contour of
each luminescence band (at fixed excitation).
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Fig. 1. Photoluminescence spectrum of n-Ga,Al; _ ,As
crystal (x = 0.7, n = 1016 cm_3) at4.2 K.

band A is practically constant (S = 7%), but for band B
the polarization varies linearly with the light intensity.

The observed relations can be explained by recog-
nizing that at sufficiently low temperatures practically
all the equilibrium electrons are frozen at the donor
levels. Under these conditions, only the non-equilib-

rium carriers take part in the exciton production,® and
their degree of orientation does not depend on the
excitation intensity. This obviously determines the
constancy of the polarization of the exciton line A.

Line B is due to transitions from the donor level.
In such transitions, the equilibrium and non-equilib-
rium electrons on the donors participate to an equal
degree, and this should lead, as already mentioned, to
accumulation of oriented carriers, i.e., to orientation
of the equilibrium electrons. The observed linear
dependence of the degree of luminescence polariza-
tion on the pump light intensity shows directly that the
equilibrium carriers at the impurity levels are indeed

oriented in this case.* The slope of curve B in Fig. 2 dif-
fers somewhat for different samples, and this may be
due, in particular, to differences in #, (see formula (1)).

Measurements of luminescence polarization in a
transverse magnetic field gave the following lifetimes
of the oriented spin [2—4]: =5 x 107! s for the exciton
(band A), and 1.2 x 10~ s for the donor (band B).
Obviously, this time is determined in either case
mainly by the spin-relaxation time. One can thus con-
clude that the spin relaxation differs for an electron
bound at a donor or in an exciton.

3 This is evidenced also by the superlinear, near-quadratic depen-
dence of the brightness of band 4 on the pump-light intensity.

41n some samples, the intensity of line B (/p) had an essentially
nonlinear (sublinear) dependence on the pump intensity (/).
The dependence of § on /g, however, was always linear, for it
was precisely the electron recombination rate (and the associ-
ated luminescence brightness) which determines the rate of
accumulation of the oriented electrons at the donor level.
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Fig. 2. Degree of circular polarization § of the lumines-
cence bands A and Bvs. the intensity of circularly polarized
pump light 7 for n-Ga, ;Al 3As crystals at 4.2 K.

The maximum degree of polarization of band B was
=0.03. This corresponds to an orientation of =6% of
all electrons at the donors. From Formula (1) we can
estimate the penetration depth L, of the orientation.
In our case L, = 1.0 u, making the estimated electron
mobility at 4.2°K of the order of (or lower than)
103V cm?/s.

The experiments have shown that in n-type semi-
conductors it is possible to obtain a noticeable orien-
tation of the electrons at the donor levels even at exci-
tation intensities such that the density of the non-
equilibrium carriers is smaller than the density of the
equilibrium electrons.
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