momentum transfer values q =~ 2pF (pF is the Fermi
momentum), we obtain for the functlon F at fiw <« ep;

(g, ©) = - (ha/8,)*

Thus, at low energy transfers the effective electron-
electron interaction is attraction (and not repulsion as
wlthout allowance for phonon exchange), and the inter-
action intensity is decreased by a factor (&p/fiw)? Asa
result, an additional factor (T/@p)* appears in the ’
expression for the collision integral.

Solving the kinetic equation
eEvan/6e = (dn/dt),
with the collision integral (2) (E is the electric field),
we easily obtain the electron current and calculate the

‘electric conductivity ¢ of the metal, due to the electron-
electron collisions. As a result we obtain

sl (), g

where £ is a numerical factor of the order of unity.

We see that the contribution of the electron-electron
collisions to the resistance of a normal model should
decrease in the jelllum model at low temperatures not
like T?but like T®, ‘

3. The T’ law obtained in the preceding section for
the resistance is a result of the fact that the dielectric
constant behaves In the jellium model like w2 as ’
w — 0. This behavior of the dielectric constant is in
turn the consequence of the assumption, on which the
jelllum model is based, that all three types of elemen-
tary interactions in the system (electron-electron-ion
and lon-ion) can be regarded as classical Coulomb ln-’
teractions. Actually, however, allowance for quantum
effects causes the matrix elements of the elementary
interactions to differ from one another and to- differ
from Ve(q) = 4re¥/q%(%*®!, As a result, the dielectric
constant has a pole not at w® =0 but at w® = w}(q)
where wA(q)1s a certain frequency different from ’
zero, The effective matrix element of the electron-
electron interaction is determined as before by formula
(4), in which the factor F(q, w} must be substituted in
the form.

Flg 0) = (o' — 02(9)) /(0" — 0,'(g)). - (8)

An impartant role in the calculation of the resistance
is played by the behavior of the factor F at hiq ~ 2pp
and fiw ~ T, Introducing the temperature wA
= HwA(h™'2pF), we see that two types of metals are
posslble in principle:

1) Metals with 84 <« @p. For these metals we can
disregard “’f\ in the numerator of (6) at temperatures
@A «< T « @p. The effective electron-electron colli-
sions should therefore make a contribution proportional
to T° to the resistance of the metal in this temperature
region, The main effect governing the resistance of such
metals at @5 « T <« @p (of course, for very pure
samples), is the electron scattering by phonons, which
leads to Bloch’s law ¢™' ~ T°, At T <« wa, the Landau-
Pomeranchuk law o™* ~ T? ghould hold, but even in this
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temperature region the resistance should be smalle
a factor (€p/@4) than called for by the Landau-

Pomeranchuk theory.

2) Metals with 84 ~ op. In these metals, the effsp.
tive matrix element of the electron-electron interactyoy
is of the same order as that of the Coulomb interactio:
at all temperatures, The resistance of a pure sample
should behave at low temperatures In accord with the.

Landau-Pomeranchuk law.

4. We shall show now that the inequality ® 4 <« 8n

does indeed hold for a number of metals

potential model, which (for metals with ion dimensjon
small in comparison with the lattice constant)is a mo
realistic model than the jellilum model. We use for th
purpose the following formulas for the frequencies

wg(q)and wa(q)tl:

04°(q) =QF — V. (g) [e(a) |*,

. w(g) = wu*(g) +[v(g) I*/ Va(g)e.(a, 0},
where. v(q) is the amplitude of the electron-phonon in
teraction and €e(q, 0) =1 + (aq)™® (we disregard the
influence of Umklapp processes). In the pseudopotenti;
model, in which one starts with an electron-ion intera

tion in the form
V(r) = —e2fr + BB (r),
the quantity v(q) is given by!*!
4nte'Z f Zn,\" Bg*
= @) (

v(g)=— 77

obtain

8, =2Y8,%/Z,
where @A =1 and Y = 8p

The authors thank R. N, Gurzhi and S.
skii for a discussion.

—_—
F. Bloch, Zs. Phys,, 59, 208 (1930).

L. D. Landau and I. Ya, Pomeranchuk, Zh, Eksp, Té

Fiz. 7, 379 (1937).

jJ. Ziman, Electrons and Phonons, Oxford, 1960, .-
D. Pines, Elementary Excitations in Solids, Benjamin

1963, Chap. 5.

*W. Harrison, Pseudopotentials in Metal Theory,

Benjamin, 1966,

“E. G. Brovman and Yu, Kagan, Zh. Eksp. Teor. Fiz
52, 557 (1967); 57, 1329 (1969) [Sov. Phys.-JETP 25

365 (1967); 30, 721 (1970)] .

Translated by J. G. Adashko
38

A, |. Akhiazer et al.

Optical orientation in a system of electrons and lattice
uclei in semiconductors. Experiment :

V. L. Berkovits, A. |. Ekimov, and V. |. Safarov

A. F. Ioffe Physic hnicol USSR Academy of
(Submitted February 20, 1973)
Zh. Eksp. Teor. Fiz. 65, 346-361 (July 1973)

85.10-% |10—|

Optical orientation of nonequilibrium electrons in Ga, Al,_,As crystals is investigated at 4.2°K. Spin
orientation of electrons is detected by the polarization of the donor. P binati diati

1t is shown that the spin-relaxation time and the degree of orientation of the electrons captured by
the donor significantly increase if an external longitudinal magnetic field is applied. Dynamic
polarization of the nuclei by electrons induces an effective magnetic field due to hyperfine
interaction, which acts on the eléctron spin. It is shown that the nuclear field weakens or intensifies
the effect of the external field (depending on their mutual orientation) and thus affects the electron
spin orientation and polarization of bination lumi Nuclear izati laxati
processes and the longitudinal nuclear relaxation time are determined for nonstationary conditions
on the basis of variation of luminescence polarization. Variations in luminescence polarization under
resonance conditions for nuclei of the crystal proper lattice, which are due to variation in the
magnitude and direction of the nuclear field, are investigated. The line shape of optically detected
nuclear resonance on adiabatically rapid passage, slow passage, or saturation of resonance is analyzed
in detail. The experimental data are in good agreement with the theory.

in the pseudo

" ine'Z )
Substituting (9) in (7) and assuming that fiq = 2pF, we'

2 /me*fi%, The values of Y
for a number of metals are ftsted in the table (the datd
for the parameters B and pg were taken from!®),

INTRODUCTION

The method of optical orientation of the spins of non-
‘equilibrium electrons has recently begun to be widely
ipplied in the study of semiconductors!*®!, In these
xperiments, spin-oriented electrons are excited from
he valence band to the conduction band as a result of
bsorption of circularly polarized light. Since the
riented electrons produced by the light aiso emit, polar-
7ed Ught on recombination, a study of the polarization
of the recombination luminescence makes it possible to
etermine the degree-of orientation of the nonequili-
rium electrons. The luminescence polarization meas-
ired in these experiments reflects the stationary orien-
ation of the electrons which develops in the lifetime of
i nonequilibrium electron as a consequence of the dif-
erent spin relaxation processes and spin interactions.
Therefore, the method of optical orientation can be ap-
lied successfully to the study of all these processes.

 Of interest is the case when the electrons interact
ffectively with the nuclel. In the very first paper de-
voted to optical orientatiown in semiconductors!! it was’
iscovered that, as a result of the hyperfine interaction,
he oriented electrons induce strong dynamic polariza-
tion of the nuclel of the proper crystal lattice, Experi-
#:ments have been performed on silicon and the increase

in the polarization of the 25 nuclel on optical pumping
f polarized electrons was detected by radiospectro- .
copic methods (from the increase in the nuclear mag-
netic resonance signal). :

(10)

V. Peletmin-

" Later, it was shown by two of the authors of the
resent article{®”! that the resulting nuclear magnetiza-
fon exerts, in its turn, a strong influence on the orien-
ation of the electrons. Thus, the possibility arises of
etecting the change of nuclear polarization by a purely
ptical method, by observing the orientation of the
lectrons. In particular, for crystals of GayAlj.xAs
olid solutions, it has been possible!®™) using the vari-
tion of the fuminescence polarization, to register the
change of the nuclear magnetization under conditions of
uclear magnetic resonance at all the nuclei of the
proper lattice: ™As, ®Ga, "'Ga and Al

Up to the present time thére have been two theoreti-
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cal papers, by D’yakonoy and Peret’(®®), in which elec-
tron-nuclear interaction processes during optical pump-
ing of polarized electrons are considered. In the first
of these[‘”, a particular model was considered--the in-
teraction of an oriented electron, captured by an im-
purity center (donor), with the nucleus of this center.
Within the framework of this model it was already pos-
sibie to give a qualitatively correct description of the
phenomena obgerved in experiment!®”), However, the
second model[‘”, which takes into account the interac-
tion between an oriented electron captured by a donor
and the host-lattice nuclei lying in the region of locali-
zation of the electron, corresponds more exactly to the
experimental conditions.

In this paper, an experimental study of electron-
nuclear interaction processes in semiconductors is
performed on the basis of the theoretical ideas devel-
oped by D’yakonov and Perel’ °), In particular, the ef-
fect of a longitudinal (parallel to the orientation of the
spins) external magnetic field on the electron spin re-
laxation is studied. The transition processes establish-
ing the nuclear magnetization when the nuclei are
polarized by the oriented electrons are studied by an
optical method. The line-shape of the optically detected
nuclear resonance is analyzed in detail.

2. EXPERIMENTAL METHOD

Crystals of GaxAll_xAs were used for the investiga-
tion, the composition (x < 0.3) belng chosen such that
the band gap was somewhat less than the energy of a
quantum of radiation from a He-Ne laser. To establish
a preferred orientation of the spins of the nonequili-
brium electrons, linearly polarized (7) radiation from
the laser was transformed by means of a A/4-plate into
circularly polarized radiation with right (o) or left
(¢”) rotation. Numerically, the preferred spin orienta-
tion obtained can be characterized by the average spin
S of the electrons:

1 ne—n-
RIS @)
where ¥, is the spin of one electron and ny is the num-
ber of electrons with spin orientation along or opposite
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L=

to the direction of propagation of the exciting light. The
initial orientation of the electrons produced by the light
is determined by the ratio of the probabilities of inter-
band transitions to states with m = +¥; and m = =%, in
the conduction band. For crystals with band-structure
of the GaAs type (the mixed crystals studied, with

x < 0.3, have an analogous band scheme), the selection
rules give*! § = 0 for excitation by n-poiarized light
and 8, = £0.25 for excitation by ¢* clrcuiarly polarized
light (the sign # for S; means that, on changing the
polarization of the exciting light-from ¢"to o7, the
direction of the preferred orientation of the spins is
reversed).

" During the lifetime of the electrons before recom-
bination, the orlentation of their spins can change as a
result of dlfferent spin relaxation processes. The sta-
tionary value of 8 in this case wili be determined by
the ratio of the lifetime 7 of the electron and its spin
relaxation time 7g:

So
T (2)

The luminescence polarization will reflect this station-
ary orientation of the electrons. The luminescence
polarization is characterized by the degree of polariza-
tion p, which is defined as

J, 1.

P

6]

where Ji is the luminescence intensity In the o' and

¢~ poiarizations. The selection rules for the reverse
interband transitions (in emission) give a simple rela-
tion connecting the degree of polarization of the lumines-
cence and the average spin of the electrons!!:

5= 4)

Thus, 2 measurement of the luminescence polarlzation
makes it possible to determine immediately the average
spin of the oriented electrons. Observed variations of
the degree of polarization of the luminescence refiect
changes in the lifetime and spin relaxation time of the
nonequilibrium electrons®,

Thus, the optical orientation experiment consists in
studying the polarization of the recomblnation lumines-
cence of the crystal when it is excited by circuiarly
polarized iight. To measure p we used a speciai modu-
lator--a rotating A/4 plate. In passing through the A/4
plate, the circularly polarized light is transformed into
linearly polarized light, with mutually perpendicular
d'irectl_ons for the ¢’ and ¢~ polarizations. Placed be-
hind the A/4 plate was a polaroid which, on rotation of
the plate, separated out the ¢' and o” polarized light
alternately. If the luminescence radiation is partly
polarized (J.# J.), the light that has passed through the
polaroid will be modulated in intensity with an amplitude
equal to J. - J.. The phase of the signal is reversed, in
acc<?rdance with the change of sign of S, when the polar-
l;atlon of the excitlng light changes from ¢'to ¢7; the
signal vanishes for excitation by m-polarized light.

In addition to thig modulator, working at a frequency
of 73 Hz, we also used an ordinary disk chopper with
frequency 600 Hz, which fully raodulated the light, Thus,
two alternating signals were distinguished at the photo-~
multiplier: one at frequency 73 Hz, proportional to J.
t—o' J‘;, al:]d the second at frequency 600 Hz, proportional
ool « *J-. By measuring these signals after separate

elective amplification and synchronous detection, it
was possible to determine the degree of polarlzatl'on of
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the luminescence (cf. (3)). A block diagram of the sety)
is shown in Fig. 1.

For the 1n_vest1gation under nuclear magnetic reso-~
nance (NMR) conditions the sampie was placed in a
magnetic fleld, longitudinal with respect to the directjop:
of propagation of the exciting iight'. An alternating
radio-frequency (RF) field was created by means of a
coil. To detect the resonance, scanning of both the RF.
field frequency and the static field intensity H, was
used.

:FlG. 1. Block diagram of the experimental setup. 1—Sample; 2—He-Ne

. 3_\/4-plate; 4—rotating Af4-plate; 5 ] ul
?sel’;’l-TS-lZ/ sppectrograph; 8—photomultiplier; 9,1 0—selective amplifiers,
d to 73 and 600 Hz respectively; > . ]
unteic recorder; 13—radio-frequency generator; 14—induction coil.

The crystals investigated were layers of solld solu-
tions, grown by the method of liquid epitaxy. The sam-
ples were of the p-type, with hole concentration Np
~ 10" ¢cm™ at room temperature. All the experlments
were performed at the temperature of liquid helium,

3. EXPERIMENTAL RESULTS AND DISCUSSION

In the weakly alloyed crystals studied, as in all p-
type samples, the dominant band in the luminescence
spectrum at 4.2°K is that due to transitlons to the ac-
ceptor level, The earlier investigations!*!! of the shift
in the band maximum with increasing excitation inten-
sity and temperature, and also of the temperature de-
pendence of the luminescence intensity and of the life-
time of the nonequilibrium electrons showed that, at
4.2°K, the band 1s due to emission transitions from .
donor to acceptor. In a measurement of the Hanle ef- .
fect in the given crystal!*! it was found that a nonequili-
brium electron captured by a donor has a fairly long
lifetime: ~107 sec.” However, in a study of the optical
orientatlon!®!, it was found that, in ordinary conditions
the spin orientation of the nonequilibrium electrons at
the donors is small: § = 1%. This shows that the spins .,
of the electrons captured by the donor relax very
rapidly, with 75~ 10"° sec.

20 M, kG

FIG. 2. Dependence of the spin orientation of the electrons on the

i ernal
m:l:lets);:;;ht;et,l(lte stationary state of orientation on excitation by ¢ .
d ¢~ polarized light (with a constant o_ri.ematlon of Hy). Th‘e Vflluesho
e points O are obtained from the )tn:\nlsllz;:)nlpr(:c:rs:e;;svtv:bil:‘sl;::rgrtd_e.

i ientation (see the text). e line: d
3:;0:?:')1! :;lrele:lll'mre!k(al dependence S(Ho) (formulas.(Z) and (6)) with
e choice 7/74(0) = 24 and Hy = 600 G. The dashed line cones.ponds to
e case Hy = 0. The solid lines (for the case Hy * 0) are obtained as-

-suming HN(G) = 168.

tude of the average spln of the electrons increases
rom 0.01 to 0.25 on incréase of Ho from 0 to 20 kG.
his strong increase of S up to the maximum values

For the spin relaxation of electrons captured by a
donor, D’yakonov and Perel’!® considered a mechanism
due to the action of random local magnetic fields. These'"
local fields arise as a result of the exchange interaction:':
of the eiectron with the holes surrounding it or as a '
consequence of the hyperfine interaction with the nuclea:
magnetic moments of the proper lattice that lie in the
region of localization of the electron. From the esti-
mates of D’yakonov and Perel’, these fields can attain
a magnitude of the order of several hundred gauss,
However, the local fleld acting on the electron spin does:
not remain constant in time, but varies as a result of,
€.g., the spin relaxation of the holes or electron hops
from donor to donor by tunneling®,

nism considered in :
magnetic fields, 18 the decisive mechanism in the case

hat we have investigated.
From the dependence S(H,) shown in Fig. 2, it can

stant orlentation of the external fleld Ho. The ¢* and
¢ exciting light creates in the crystal oriented elec-

direction of propagation of the exciting light), and the

A. Effect of an external logitudinal magnetic field observed asymmetry implies that the ‘magnitude of the

According to D’yakonov and Perei’!®)) the applicatlon
of a sufficiently strong external magnetic fleld directed
along the orientation of the splns (i.e., along the direc- .
tion of propagation of the exciting light) should lead to
substantiai slowing-down of the spln relaxation due to
the iocal fields. Thus, in a longitudinal field, the time
Tg should increase, and this, in its turn, according to
(2), will lead to an increase in the magnitude of the
average spin S of the nonequilibrium electrons.

against the direction of the external field.

" This explanation is also confirmed by the fact that
completely analogous differences in the values of 8

magnetic field.
" The observed asymmetry can be expla‘lned['l if we

We have traced the variation of the stationary orien
tation of the nonequilibrium eiectrons in an external
longitudinal magnetic field up to intensities H, = 20 kG-
fine interaction, the polarized nuclei!® create at the

The resulting dependence S(H,) is shown in Fig. 2. It
Y (o) 1o ¢ i electron a certain regular magnetic field Hy, the in-

can be seen that the orientation of the electrons is in-
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11—synchronous detector; 12—auto-

| longitudinal magnetic field Hy.-The points O'and

eed found to be strongly dependent on Ho, and the mag-

i i tiou mecha-
at the localized-electron spin relaxa
e 1] ‘arlsing from the action of random

e seen that, in intermediate fields 0 < H, < 20 kG, the
rientation of the electrons differs strongly for the two
(6" and o) polarizations of the exciting light, for a con-

rons with opposite spin directions (along or against the

average spin of the oriented electrons depends strongly
on whether the spin of the electrons is oriented alor.g or

were also observed using the same polarization of the
exciting light but reversing the direction of the external

interac-
take into account that, because of the hyperfine

tion, the oriented eleétrons produced by the light strongly
polarize the-nuclei. Then, as a result of the same hyper-

tensity and orlentation of which are determined by the
polarization of the nuclei:

Ho~ Y o) AL,

where y(rp) 18 the value of the electron wavefunction at
the site of the n-th nucleus, {Ip) is the average value
of the nuclear spin, due to the polarization of the nuclei,
and Ap is the hyperflne interaction constant, which is
the same for nuclel of the same type. The direction of
this fleld is determined by the dlrection of the pre-
ferred orientation of the nuclear spins and clearly coin-

(5)

_polaroid; 6—disk modulator; - cides with the orientation of the electron spins.

As a result, for one of the polarizations of the excit-
ing light, when the spln orientation of the electrons pro-
duced by the light 1s parallel to the external fleld 4
(8 ' Ho), the nuclear field adds to the external fleld an
the electron finds itself in an effective field greater than
the external field. For the other polarization of the ex-
clting light, when the electron spins are antiparallel to
the external field (S t+ Ho), the effective 'ﬂelld at the
electron is smaller than the external fleld. Since the )
electron spin relaxation rate ‘r;‘ depends on the magni-
tude of the magnetic fleld acting on the electron, accord-
ing to (2) the magnitude of the average electron spin § .
will differ for the cases described above: in Fig. 2" the

upper curve corresponds to electrons in the effective
field Heff = Ho + HN, and the lower curve to electrons
in the fleld Heff = Ho — HN.

This interpretation of the observed dept?qdence S(Ho)
is confirmed by investigations of the transition pr.o?es—
ses establishlng the stationary state after the_excit,mg
light is switched on, If the nuclei are unpo}arxzed .
then, immediately after the circularly polarized exc‘:juéng
light is switched on, the oriented electrons produce c)l(
the light are in a field Heff = Ho, since for depf)larize
nuclei {I) =0 and HN = 0. As nuclear magnetization is
gradually created as a result of polarization of the .
nuclei by the electrons, a nuclear field HN appears an
increases, and the effective field at the L.electron wili be
changed. Since the electron spin relaxation rate and,
correspondingly, the magnitude of the average elec;ro;;

spin depend on Hegy, the observed luminescence po ari-
_zation should reflect these changes of HN and Hegf.

Experimentally, these processes are ?bserved
directly from the change in time of the sxgna:1 Js = J- q
after the circularly polarized exciting light i8 switche
on. The signal was recorded directiy on the roll of an

[ —

c

(7,-3.)

TN B I i l;m'.l"

- 7 50 e 5
FIG. 3. Establishment of the stationary signal (J+ =~ 1) when u-po_lls_:‘x\-
ized light is switched on. The geometry is SNH.,,.and‘H., =_3.6e:G. a—The
nuclei are preliminarily polarized; b—before the _llght is swntc:]\ gn,k -
passage through the resonance of the "Ga nuclei v.vas effecte lnl x:; r; H
c—passage through the resonances of all the nuclei of the proper lattic
was effected in darkness.

1
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_automatlc recorder. The investigations were carrled
out 1n the antlparallel geometry 8 ! Hy, since in the
other case (the parallel geometry S '! Hy) the transition
processes developed much more rapidly and it was dif-
ficult to register them with the technique applied (the
tlme-constant of the instrument was ~0.5 sec).

Figure, 3 shows the observed variatlon of the signal
J+ — J- when g-polarized light is switched on. As can
be seen, at the Inltlal moment the electron orientation
is large [(J+ = J.)~ p ~ S, cf. (3), (4)], and then falls
fairly siowly (In the present case, with a time-constant
of 20 sec) to its stationary value. For the geometry
S t H,, this behavior of S obviously corresponds to a
decrease of the effective fleld at the electron, from the
value Heff = Ho at the inltial time to the statlonary
value Heff = Ho — HN. The tlme for the polarization to
fall characterlzes the time for establishment of the
stationary nuclear magnetlzation.

The small squares in Fig. 2 mark the electron
average-spin vaiues corresponding to the maximum

‘“lck’’ J. = J- in such transition processes, for differ-

ent values of the external fleld H,. The curve obtained
is, obvlously, the dependence of the degree of orienta-
tion of the electrons on the effective field Heff = Hy
(for depolarized nuclei, HN = 0). It can be seen that
these polnts fall between the stationary values, which
are determined by the electron orlentation in the fields
Heff = Ho * HN,st.

The statlonary nuclear magnetlzation {and, conse-
quently, the field Hy) can also be changed significantly
by applying an alternating RF field under NMR condi-
tlons. The corresponding changes of the field HN (and
of the field Heff) can also be detected by observing the
transitlon processes. The largest change of Hy s at-
tained in adlabatically fast passage through the reso-
nance“”, which reverses the nuclear magnetization
(i.e., the direction of the fleld Hy is reversed).

The experiment was set up in the following way. For
a given value of the field H,, the stationary polarization
was establlshed on excltation by circuiarly polarized
light. The exclting light was then swltched off and pas-
sage through the resonance was effected in darkness
using scanning of the RF-field frequency. The instan-
taneous vaiue of the degree of polarization of the
luminescence when the exclting light was again switched
on reflected the change of HN (and, correspondingly, of
Hegs) attained. Flgure 3 shows the observed Increase,
for the geometry 8 ' Hy, of the degree of polarizatlon
of the luminescence In the case of pagsage through the
resonance of one nucleus { "’Ga) (Fig. 3b) and through
the resonances of all four nuclei of the proper lattice:
™As, ®Ga, "'Ga and FAl (Fig. 3c). The latter case
cleariy corresponds to a change of the effective fleld
‘from Heff = Ho —~ HN to Hegf = Ho + HN. The decrease
then observed of the slgnai J. - J. to its stationary
value 1s due to the relaxatlon of the fleld HN to its
statlonary value. The experiments performed clearly
demonstrate the effect of the nuclear fleld on the orien-
tation of the electrons produced by the light.

Accordlng to D’yakonov and Perel’m, the dependence
of the electron spin relaxatlon time on the fleld (which
also determlnes the dependence S(H,)) in the presence
of nuclear polarization is determlned by the formula

(6)

()= [1+ (#)'} ‘

]
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" tlonary value pgt of the poiarization and the nuclear

Here, H,, = a(gio) 'y, where g is the g-factor of the
electron, i, is the Bohr magneton, v is the frequency:
of variation of the local field (in the simplest case, the

jump frequency of the electron from donor to donor), ‘}°

Hy is the nuclear fleld and a and 1 are coefficients
(0.1 <a,n < 1) depending on the specific mechanism of
spin relaxation of the localized electron. The curves of
Fig. 2 are obtained theoreticaliy using this formula and
substituting it into (2). The dashed curve is derived

neglecting the polarization of the nuclei, i.e., HN =0
and Heff = Ho. Good agreement with the experimental
values obtained in the study of the transition processe
was attained with the choice Hy = 600 G, which corre-
sponds to ¥™! ~ 107 sec. The solid curves are derived
with allowance for the polarization of the nuclei (Hy
# 0); it was assumed that HN 1s proportionai to S.

Agreement with the experimental points was achieved
by choosing the maximum value of the nuclear field Hy
=4000 G (for S = 0.25), i.e., a field of the same order '
as that given by the theoretical estimates!®),

B. Kinetics of the trensition processes

In the transition phenomena described above, the
duration of the process of establishing the stationary

1. Formuia (1) giv

] 8) al nuclear spin relaxation
m,:ep';:eel,c:ué ?;et;znlgx:tt:::;tlon with the electrons is
;lwen by the formula ‘

v o) ~ Tu(@ 43 R/ DD
is the precession frequency of the
‘electron spin in the external field Hoand 7 is the fre-
“quency of variation of the local field.
! es a good descrlbtit(:n of ';he e(::::;—
‘ me -
mer::ltz:}gn? ﬁzr::fvg:p:: ;:;ci ;)f)rtlh;le magniliﬁde of the
:;:ernal field H, (Fig. 5)- Fromlthet::;:;e:ien:ﬁ ':f1e(H.f)
) mine
pho;vr:ig:‘ 2gt}12,122:10;:1g?t§;10h is found to be equal to
va;: 107! gec, and the nuclear relaxation time in zero

ﬂgm e - tion time Tie can be
é'::sr:%ngllts‘;d::a;nnr::::‘l;:tlfg:laof thttai prg::):ss;s :tg
;deéfl'}' (vmlst‘;i r:lg())fo :ht: Z::ﬁz:rllr;:tg 111: clzxgngeci to'lir;e;r
1u:e5°tl::l:::xt1(:)nary gtate is establist;di,it:: ;.rl\;)lrii:;t;:
lctrons produced b e e uclear depaari-

m

(;whére e = guHo

state is determined by the time Tje of the longitudin:
nuclear relaxation due to the interaction of the nuclei
wlth the nonequilibrium electrons. The time Tpe can
be measured experimentally. If the changes of p in the-
transition processes are small compared with the sta-

fieid 1s much smaller in magnitude than the external
field (HN <« H,), then, as can be seen from formulas
(2) and (6), we can assume that the quantity p(t) — pgt -
is proportionai to Hy, i.e., the changes in the lumines-
cence polarization observed in the study of the transi-

tion processes directly reflect changes in the magnitude
of the nuclear field HN. )

Figure 4 shows the changes (obtalned from curves
analogous to Fig. 3a)in time of the quantity p(t) - Pst !
for several values of the external field Ho. In the :
chosen semilogarithmic scale the observed dependences
are close to the linear ones that should be observed in
the case of the exponential law for the variation of the
nuclear field: ' :

Hy~1—exp(—t/T.).
The slope of the straight lines in Fig. 4 characterizes
the time Tje in the given field H,.

In Fig. 4, it can be seen clearly that the nuclear re-
laxation time increases substantially with increase of
the external field intensity H,. According to D’yakonov:

Ylpitl-pyl

4 20 990 50 t, wc

FIG. 4. Variation in time of the luminescence polarization after o-ex
citing light is switched on. St {H; and Hy = 3.6 kG. The nuclei were pre-
viously depolarized. 1—H, = 2 kG, 2~4 kG, 3—-6 kG, and 4—10kG.
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follow~-

easured experimentally in the f

B e atter ¢ mablishment of the stationary or1ex.1ta-

fon, the polarization of the exciting

iight was changed to linear for a certain ;ltmet::n:a;hlzn
ht was switched on again, If notic

e on ei occurs during the period of

larization of the nuc i
?:::diauon by n-polarized light, this will induce a

change of HN
qorresponding ht lsgswitched on a second time, the de-

4 i nce at the initial

ee of polarization of the luminesce

i:‘omentpwm differ from the statlona;y v:::e g B\td ftxix:)c:l
tude of the de

11i then relax to pgt). The magni
.;vs determined by the extent of the change of HN and,
consequently, will increase W € 1
radic;.tion b;' n-polarized light, tending to a certain
\,aximum value correspon
on of the nuclel (HN — 0).

6 shows the superposition,
eof:i::; 8 14 Hy, of the resuiting transition processes
polarized light. It can be seen that the readings in-
reased monotonically,
satisfies the dependence
p—p-n~1—exp(—t/T..).
we can determine the time Tie, which in the present
is 19 sec.

he nuclear depolarization
absence of nonequilibrium ele
tead of
ly anaiogously. In this case, ins
e i sati we simply switch off-the
‘exeiting light for a certain
i p reglntigve to its stationary value when the light is
witched on again. The 1ongltuq
me T, measured in this way in
lectrons produced by the
ge and amounted to ~35 minina

ime the light is switcl
8.possible to trace
n'a small field (and ev
magnetization created during t|
eiystal by g-polarized light in

he irradiation of the
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and Hegf. Therefore, when

ith increase in the time of

ding to complete depolariza-

for the antiparailei
different periods of jrradiation by 7-

and from their envelope, which

‘time in darkness (in the
ctrons) T, can be meas-

time and record the change

inal nuclear relaxation
‘the absence of photo-
light was found to be fairly

field Ho = 3.6 kG.

1y each

: field is switched simultaneous

e s 1a hed off and then switched on again,
by an analogous method the decay

en in zero field) of the nuclear

the large field Ho. The

58

100
ni kG

57

of the longitudinal nuclear relaxation time T g

e
FIG. 5. Dependenc ongitudinal field Ho. ST4Ha. o

on the intensity of the external |

4, ek units

W e

[ 2 ) [ [
: ishi i lumines-
iti esses establishing the stationary
s 0 o t is switched on; each process
liminary irradiation of the crys-
es p(t) are spaced out along the
h the duration of the irradiation by w-polar-

FIG. 6. The tran: _
cence polarization when u-exc‘iﬁng ligh!
corresponds to a different period of pre
tal by w-polarized light. St4H, The curv!
time axis in accordance wit
ized light. Hq = 3.6 XG.

meagurements showed that the longitudinai nuc :f;alx;j ’
relaxation time T, decreases sharply 1&] ‘\:‘?z::c :‘Za:‘;x’\g
i 16 sec.
Thus, for Ho = 0 the time T, "
Ho tile time increased rapidly, ahd ina t_lellgoéia i
= 1,00 G, T, = 60 sec, while in a fleld Ho = , T
= 10 min.
C. Spin orientation of the electrons under ct‘:ndmons ; ;
of resonance at the nuclei of the propar lattica ‘
The model considered above for the effect of the ..
nuclear fleld on the spin orienta::ionto; a.r:) fet:zt;::n:; >
further confirmation in the study
z::zzcurring during NMR at the nuclei :Jt1 ]the prohper .
lattice. As aiready reported pr;vio;ﬁ)f'{ c'm; ;S:fois a.lne%1 ”
larization of the nuclel under 2
?; :odecrease of the degree o[tuf?entatt;rex z; ;:;ee:icthe
s, the optically observed tx:om
::‘xtr)xl:in’escenge polarization) NMR 11:6 ha:;?fb; ::::te}:at
tions have
structure. Further investiga e ron e
gly on the
es of the observed lines depend str >
tel:cep:::neentai conditions for detection oflthe resonar}ce : .
the scanning rate, the power of the RF ixeflf, e:?;ir:‘lg@‘:;_
7 shows one of the optically recorded ll'{M sizth : ,ld
tained in the antiparallel geometry 8 W Ho w eerIpau
scanning of the RF-field frequency. Resona?:
the magnetic nuclei of the proper 1.attice of : in the
GaxAl-xAs solid solutions invest1ga;ec:’ at;:lpe ;ecrease
" Fig. 7, both a
trum. As can be seen from
:-ggcan increase of the degree of polarizatior; l:)t tht;o_
luminescence are observed in the region o; ;a :wes
nances, and the lines have the form of the deriv
even th,ough no modulation of the external field Ho or
RF-fleld frequency was appliied in the detection.
: lained if we
erved changes of p can be exp:
n?llge:btshe behavior in NMR conditions of the eftectil\lrje
‘f:loeid Hegf, which i8 the vector sum of the external fie
Ho and ethé fields created by the different types oi au
n:cielz He, Hp, Hi and Hy. Away from resonanc P2 by
these vectérs are collinear (Fig. Ba)—thisiﬁ en]iuht
the experimental conditions, since the exc ns ‘go e
propagates along the external field and the spins
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- Hggt will give rise to an increase of the average spin.

wl-#% - qualitative expianation of ail the observed changes of
the luminescence polarization®, The nature of the
change of the nuclear field Hy in NMR conditions has -
been considered by D’yakonov and Perei’l on the basi
of the concept of the existence of a spln temperature in
the rotating coordinate frame!'*),

Il . ‘The spectrum of Fig. 7 was obtained with fairiy

’ ragjd scanning of the RF-fleld frequency w, during
which the condition for adiabatically fast passage was
fulfilled: the time of passage through the resonance
e i 4 MMz  was short compared with the longitudinal nuclear relax

FIG. 7. NMR spectrum of a crystal of Gag ;Aly 3As, detected by the ation time Tle. In this case, during the passage throug
‘change of luminescence polarization. St4Hgand Hy = 3.6 kG, The scan-
ning of w was performed from lower to higher frequencies.

. "he . %o “a "o

1 1 r 1 s

have time to change in absolute magnitude and, during

the scanning of the frequency w, the field Hy is simpl)

" . rotated together with the field H; acting in the rotating
et

the motion of the tip of the vector Hy (and, correspond

ingly, of the tip of the vector Hegf) during adjabatically
—_——— 7 fast passage through the resonance.

. ~

Here 7 Ha N The decrease of p observed in the spectra of Fig, 7
o
=15

A as the resonance frequency wo is approached is due,
L L # clearly, to the rotation of Heff and the increase of the
angle 6. In the region of exact resonance (w = wy), the
angle ¢ is a maximum, and the maximum reduction in
the degree of polarization (which is proportional to

— e ———

K Hy My Hy

FIG. 8. Diagram of the variation of the effective field Hegr in NMR
conditions. a—Away from the resonance; b—in the resonance region of
one of the nuclei. The dashed line describes the motion of the tip of the
nuclear magnetization vector during adjabaticalty fast passage through
the resonance. The dotted line shows the same for slow passage, when the
stationary state is established for each value of w.

the resonance frequency, the angle 8 decreases as we
move away from wo, and the degree of polarization in-
creases, Far from resonance, Heff again becomes
longitudinal (collinear with Hy), but its absolute magni-
tude is now greater than its original magnitude by 2Hy
as a result of the reversal of the magnetization of the
nuclei o (as a result of the passage through the reso-

electrons produced by the light (and of the nuclei poiar-
ized by these electrons) are collinear with Ho. But
under resonance conditions for any of the nuclei (e.g.,
those of type a), because of the appearance of a trans-
verse component of magnetization for these nuclei the
corresponding field will no longer be coliinear with Hy
but will be oriented at a certain angle to H,. Corre-
spondingly, the resultant field Heff will also be turned
through a certain angle € relative to its original direc-
tion (Fig. 8b). As a result, the oriented electrons will
e in a field Hegf directed at an angle § relative to
their spin orientation. In this case, it can be shown
easily(®! that for sufficiently large intensities Hesf the
magnitude of the average electron spin decreases to
the value S’ = Scos®8, Moreover, under resonance con-
ditions a change in the absolute magnitude of the fieid
Heff-also occurs, corresponding to the rotation of the
field Hy (and its possible decrease in magnitude) (Fig.
8b). This induces a corresponding change in the spin
relaxation rate and in the magnitude of the average
electron spin (cf, subsection A). For the antiparallel
geometry 5 Y H, and resonance at one of the nuclei, the
field Hegs can only increase in magnitude (Fig. 8b), and
under resonance conditions this should give rise to a
corresponding increase of S {and p).

sponding to this increase of Heff, the degree of polari-
zation increases, after passage through the resonance,
to a value greater than the original value. The field
Hq then, relaxes to the originai state, with the longitud-
inai relaxation time Tje; correspondlngly, the degree
of polarization of the iuminescence returns to the sta-
tionary vaiue pgi, with the same time T1¢®.

A completely different line shape is obtained in the
case of slow passage, when, for each value of the fre-
quency (or external field intensity) in the region of the
resonance, the stationary state has time to be estab-
lished. Experimentally, this is conveniently done point
by point: for fixed values of the frequency w (or Ho),
the change of p when the RF field is switched on and
off is investigated. Figure 9 shows the observed changes
of p at high RF power in the case of resonance at the
"Ga nuclei, A similar picture was also obtained for the '
resonances at all the other nuclei. :

The observed changes of p can also be explained by
considering the behavior of Hp and Heft in these con- .
ditions. Immediately after the RF field is switched on
(at time t,), the nuclear field is rotated through a cer-
tain angle, i.e., is oriented along the field Ht acting in
the rotating coordinate frame. Corresponding to this
are a rotation of Heff through an angle & and a de-
crease of the degree of polarization to a value p, pro-
portional to cos®8. Then, in a time approximately
equal to the longitudinal nuclear relaxation time Tie,
the absolute magnitude of Hy decreases to a vaiue de-
termined by the saturation of the resonance. Corre-
spondingly, the angle & decreases to the value 6a(cf.

Thus, for the antiparallel geometry S ' Ho under
resonance conditions, a rotation of the effective fieid
Hefi will cause a decrease of the average spin S of the
electrons, while 2 change in the absolute magnitude of

The pattern actually observed for the change of the
luminescence polarization will be determined by the
combined effect of both factors.

Using these considerations and knowing the behavior
of the field Hq in resonance conditions, we can give a
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the resonance the nuclear magnetlzation vector does not:

, B coordinate frame. The dashed line in Fig. 8b describes ,

k% when the RF power 18 switche

cos26 ) corresponds to this angle, After passage through -

nance, the vector Hq is rotated through 180°), Corre- .

s the
. 10 dirvectly reflects
e ugh the resonance: the
portional to
ine for
" above). The solid 1 ‘

| B acordance with formula (8)
£ value of &1 and of the
As can be seen, the
haracteristic discon-
d agreement

The curve for psin Fi
thro

e of | Ho | on passage
f::gsltude lof the deviation Ps ~ Pst is pro|

ange | H,
;‘:eishngg. I(l) wa;.s drawn in ac
with the approprlafte c\:,oicewo

ntity ps — pgt for W = Yoo
l1:1\‘:2101'ety1c‘;.1 curve, which has 2 c:l e
tinuity in the region of w = we, 1810
with the experlmental points. e
has a more complicated forn;.r }
e of polarization (p2< ps}tx) ol 5

. ¢ we> 0 18 obviously due to the rotation otf Hui .HO,W-

' . ot ::) ;he Dappearance of a transverse com;;(:nce;‘ beaséen :
ever, as the resonance lsd:pgircial:held&ecreases, oo
{!;l)ml (f’) (';h:: t:e—'mszuct‘;rrespond?ngly, Hor — 0, and

{3

. an increase of pz In
the angle 62 decreases, causing Fease et satura-

= Wo,
tion with the RF the reglon of exact resonance ¢ ly, Hyy = 0 and
g. 8b), and the degre? * p(:z‘\l:h“;:; time Tle, to the tion sets in: | Ho | =0. corrlessoggrl\ncgo{l,inear with Ho
eld switched on increascs, determined by the station= g, =0, and the vector Beff teg vaiue of Heff 15
lue p2~ TOS 62 of the RF power. (Fig. 8b). However, the absol\lb an amount | Ha | (the
| Hg | in the presedn::); (at time ty), the greater than its °ﬂginal'1‘{}?h;2io¥e when w = Wa, the -
: the original direction field Ho has vanished). The cases to values greater
) will take has decreased in degree of polarization Pz fne> the RF power. Inas-
o smce,‘Hg somewhat greater than pgt even in the presence o o: the nuclei occurs at
i va: nce with the decrease  ngch as compiete depolarization changed immediately
ve, ‘;{F wer 18 switched w = wo, the field He i8 1n no waf)fl In fact, in the ex-
re, after the R¥ PO s to a value ps atter the RF power 18 switched oif. nd po are almost
ton 1ncreaﬁereturns to the periment at w = Wo, the vg’&ue(s): iu‘;::er sianning of the
; haracteristic time Tie the same (Figs. 9b and. 100" s picture was observed
withac {axation of the suclear trequency a completely a.nalogot;o)l?
e re (with the RF with increasing | w = wol (Fig. 10)-

. 10 were observed ?nly
oy i?e:h;;e:oirheorz? :&::gconaidera.ble satux:;wn
o the 1gnance was attained. With decreasifng the
o the.r::o Uneshapes changed: in the curve o‘r P a_,
D astive s jke at w = Wo decreased and then ?:agurve
EZ:.lrt:;ecf)E;pietely, so that at low }':iFolf)t::eerssp ec:rum
i ecor
i (clorr:scz?:::\g ttlgdu::;erusuai bell—§ha:ped iorm
it Ov;n the curve for ps the discontinuity a st
o o disappeared, and the curve took an a -
Tor w: ?llal.:oshape (Fig. 11). In addition, a8 thebliF nl::)r_ .
};:crf:a:ed the resonance lines becan;el)no:icge‘;e y12
rower (of, curves 1,200 0 % CRL oyt yiath of the
EPOWB e e F e oztra.-mExtrapolation to zero value
Ga line on the RF pow

The curve for P2
decrease of the degre

e . N t
i olarization on switching on (ai
. Change of the Juminescence p on on switchite 00
::c);'::diwitzmng B Gat time t) of the RF field in the ree
1

= —w # Woi
nance at the auclei "Ga. St4Ho and Ho = 3.6 kG. a—@ o

R Wo.

treater than the
‘statjonary value pat, W "
: ensurately with t! !
N:idc (;{n;n:o its original stationary value

wer switched off). .
pf) the quantity Ps — Pst is determined en?;elghl;y
h Tr;ll;sn,ge in the magnitude of H, brought alt)ou Z the

e ¢ { the resonance, while the quantity P2~ st
i o the angie of rotation of Hq in

1d. As can be seen
the saturating RF fie .

Plfesel;?ie 0; these quantities vary with the resonancib_
imtml g.w - w,o. Figure 10 shows the dependentchees, o
c::lu:dnfrom the data of Fig. 9, of pz and pa :mmal %eld
v w — wp (in this case, scanning of the exte

- o

‘The observed nontrivial dependences ‘;:.;‘siej :;do,mA::h-e
nature of {he behavior oli”l-la ina str%r:lgd i

cording to the theory of™™, in thetzi cm \ o
[Ha{ = e+ o) = T BT

d Hgy are the components of t.hel ﬂelt‘i)fﬂa
endicular to Ho, Ha0 a;emt:\;e ::d“?f.
ol leirl;lgreeldﬂa.w{asytfll.eozn::;tzszogi the RF ‘f‘ie:tli. ix{:
T_F'lggugl:‘rthe dotted curve shows’ the motifort\h:ittipeof ghe

the veétor Hq (and, correspondlnglg, c:l the Up of oance.
‘vector Heff) during slow passage througl

4 e

p, reLonits

109
[ £ HE, 3ol unite

. FIG. 12
71Ga nuclei at low values of the
logous to those shown in Fig. 9).

FiG. 11 .
FIG. 11, The NMR fine shape for the

inescence
FIG. 10. Change of the lumines e Jata and
N in the region of resonance at F power (obtained from 43 show the dependence
pmﬂ?: :’:c;:n nltehisﬁl RF power. StiHo [S{flg‘lo and Hg = 3.6 kG. The curve; 1, 2(::) Curves 1, 2, and 3 ars ob-
tht:l o3 6 kG. The points ® correspond 2w}, curve 4 is py(w) and curve lsg;cnasing from } to 3). The curves
:n theoq\lﬂ!‘lt'lt)’ psand O to the quantity py tained for different RE-power vulueie RF power.
(2( Fig. 9). The solé 17e ror(f:’.}is T 24 mma Sl comespont t‘; ::e ::rll;' widtli (AH) of the nuclear resonance
i ith ,=70G. . Dependence of the hall” N = 3.6 kG.
using formuta (8) with %, u“eilg}llzmzl; NGa on the RF power (H; S1Hoand He
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(])iinihergF i;'eld gives a half-width of 7+ 2 G for the
samé og;erA;;:eﬂgélt-wigtbsoi the line was of the
. a and “As the lines we
:;x:tt:roa%er (of the order of 10-15 G), wiﬁc:eczzmeb-
e 2o v(}:zn::;li; r;oadenlng arising tlrom the fact th:t
e i £

not porfoctly cubie. nuclei in the solid solutions is

The authors are

grateful to M. I. D”

Perel . I. D’yakonov a

rel’ for communicating the results of their th::r;,t.l-l'

cal investigation befo
Co A re publication and for useful dis-

Yln thi iti
dueh(los ;;;:egha;dml?nql polarization of the luminescence appears {'°]
malization of the electro. i t
;y the magnetic field (orientation of th:I sspoi‘;nesrl:)"lil?pm iy
5 n e mi ic fi
a‘o:e::;, lllls co.rref:tlon will be the same (in magnitud:::;t;? 1-‘)ellfl).
tj(;n I th: . :;irllt:shon. It islthererore easy to distinguish the C]g:‘l‘i?)l;l
i cence polarization fro i ’
oy ° : 1n the purely opt ienta-
tio: g; m: lelec?rons. for this, for gt excilationpthe dyegtl:e“;:! ::l:n'ta
tion l’“peelutmoxl-ll:sce'ncelv:\'ras measured not with respeot to zero bt::za-
4 e signal J4— J~ forn itati
z)f:xven below were obtained by this metlf::“mon. The values of p
'or comparison, we note that, in the gi ;
For eo , in the given crystals at 77°K i
elec:g y alloyed crystals even at 4.2°K, the lifetime of a n " and"‘n i ’
e ron arpounts only to ~ 1079 sec {1}] oneauiibriom
+for the hoppi ivi ‘
) pping ivity show [12] t
::Jr:fer;trfﬂwq of uncontrolled donors (~ 10"[0113";1?:{:; bl
‘)A: v:.e" .bthe time for such a jump amounts to ~ 10710 se: o crystal
! C.
As ble ert;es‘l:ltoe;ln_l::low in subse.ction B, depolarization of the nuclei
an unpolarized;l]' ;r by exposing the crystal to linearly polarized (or
arition ig 't, o'r by keeping it in a field Hy = 0 for some tim
n o p(Hl; a;.: ?:antblta:we description can also be given, if the depen:~
e absolute values of all t is acti .
&);};ctr:fl g}{a_ o Hx ol I-[n) ues knownhe nuclear fields acting on the
e adjabatic character of the .
e 2 ) f _passage was also manifested i
quaetr,l :;::spec?lve of the direction of the scanning—from lov»\lrntct)hl:’f;ct
auencies eo;‘_r\;loe versa—, the decrease of p was always observed as]gtherre-
i thmuq;:ency wg was approached, and the increase of p after
e e :alnun. As a res'ult, the form of the spectrum recorded
ge of direction of the scanning: the minima and maxi-
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' INTRODUCTION

the electrons and, because of this, can be detected by
optical methodsm. In our previous paper'*
gidered the hyperfine interaction of optically oriented
electrons captured by impurity centers with the

uclei of these centers. Under such copdltlons the mag-
tic field created at an electron by the randomly
riented spin of the nucleus leads to the depolarization

& orlenting light beam decreases the rate of depolari-
ation by disrupting the coupling between the spins of

uclei also depends on the degree of order of the nu-
Jear spins. Such order arises because of the dynamic

on'the nuclear spins {e.g- NMR) therefore Jeads to &
change in the degree of orientation of the electrons.

sponding to the experlments of Eximov and Safarov
in which the optical orientation was effected in a
GayAlj-xAs solid solution, In which all the nuclel of the *
‘host lattice possess gpin. Under the condltions of these
xperiments electrons thrown into the conduction band
by the circularly polarized light are apparently rapidly
aptured by shallow donor centers. The reglon of local-
zation of an electron encompasses a large number

#~10°) of lattice nuclei. This gituation 18 essentlall;
di_fierent from the conditions considered previously

n which each electron interacts with only one nucleus.
Indeed, unpolarized nuclei now create only 2 weak fluc- . field is comparabie with the cor
uational magnetic field at the electron. On dynamic : T
polarization of the nuclel, however, 2 strong fleld ap-
pears, which can reach several kOe. 1t is this field

clear polarization on the electron spin.

action of the nuclear field on the electron spin is weak-’
“en‘ed or strengthened. Even A if the hyperfine interac-
on is not the main mechanism of the electron spin re-
laxation, but the spin relaxation time depends on the
magnetic field, on polarization of the nuclei this time
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Interaction between optically oriented electrons and lattice nuclei in semiconductors is considered.
Possible mechanisms of spin relaxation of electrons Jocalized on shallow donors and also the effect of
a longitudinal magnetic field on this Telaxation are considered. Pynamic polarization of nuclei by *
electrons leads to {he appearance of an effective magnetic field which acts on the electron spin and is
due to hyperfine interaction. By enhancing or weakening the effect of the external magnetic field on
the electron spin relaxation, this field affects the stationary degree of their orientation. Resonant
alteration of electron orientation under nuclear-magnetic-resonance conditions caused by variation of
the magnitude and direction .of the nuclear effective mag tic field gth is also idered. The
theory describes satisfactorily the main experimental results on optical orientation of electron and

nuclear spins-

parailel or antlparallel. For polarlzatlon of the nuclei
by the electrons the mean electron and nuclear spins
are found to be parallel. Thus, the degree of polariza-
tion of the electrons will depend on the relatlve orienta-
tion of the external magnetic fleld and the mean electron
spin. This asymmetry is in fact observedm. Under
NMR conditions the magnitude and direction of the
nuclear field change, and this leads to the resonance
change in the orlentation of the electrons that was ob-
gerved by Ekimov and Safarov["ﬂ using the degree of

. polarization of the iuminescence.

In Secs. 2 and 3 we consider the possible mechanlsms
of spin relaxation of electrons jocalized at shallow
donors, and also the effect of this relaxation of a longi-
tudinal magnetic field. An increase of the spin orienta-
tion In an external magnetic field, indlcating the exist-
ence of such an effect, has been observed (periment-
aliyt™ .

Any spin relaxation mechanism can be interpreted a8
the action of random local magnetic fields acting on the
electron spin. The nature of the effect of an external
longitudinal magnetic fleld on the relaxation depends
essentlally on the value of the correlation time charac-
terlzing the rate of change of the local flelds. 1f the
correlation time is long compared with the period of
precession of the electron spin in the local field, an ex~
ternal field will slow down the spin relaxation consid-
erably as soon a8 1t becomes greater than the local

field. In the opposite case, dynamic averaging of the
local flelds occurs and there will be 2 noticeable slow-
ing-down of the spin relaxation in the external field
only when the period of precession of the spin in this
relation time.

During the optical orientation of electrons In semi-
1,2 dynamic polarization of the lattice
(1) gccurs, which affects in turn the orientation of

¥ we con-

An external magnetic field parallel to

d nuclel. The depolarizing action of the

he nuclei by the electrons. Any action

In the present paper we consider the sltuation co[x;r?-
)5
)

The correlation time of the local field is, in any case,
not longer than the time of an electron jump from one
donor to another, Both the estimates and the experi-
mental data oft®! are evidence that dynamic averaging
of the local fields does In fact occur. Only this case 18
consldered in the present paper.

In Sec. 4 and 5, we consider the dynamic polarization
of nuclel by oriented electrons, ieading to the appear-
ance of an additional effective magnetic fleld acting on
the electron spin. The stationary orientation of the
electrons 18 calculated as 2 function of the external
magnetic field. In Sec. 6 the change in the degree of

hich is the malin reason for the influence of the nu-

In the presence dt an external magnetic ‘field, the

ill be lengthened or shortened, depending on whether
he mean spin of the nucleus and the magnetic field are
177
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