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Cooling of the spin system of semiconductor lattice nuclei in the field of electrons oriented by circularly
polarized light is considered. As a result of cooling application of an external magnetic field induces a
considerable nuclear polarization and an aditional nuclear field Hy acts on the electron spins. An equation
is derived for the behavior of the z-component of the mean electron spin <S,> in a transverse field H,
when cooling depends only on the oriented electron field. Characteristic features of the dependence of (S
on H, are a narrow line near H, =0 and an additional peak in strong fields. Instability and hysteresis may
arise in the case of a positive electron g-factor (g,*). Experimental results for a Pp-Aly,6Gegyq4As crystal
(g.*>0) with an acceptor (Zn) concentration ~10'® cm~> confirm the model under consideration. The
effect of variable magnetic fields which alter the nuclear spin system temperature and hence the values of
Hy and <S8, is demonstrated. A reduction of the nuclear spin temperature down to values lying in the
107°~107*°K range occurs in experiments carried out at 77°K. The local nuclear field and electron field

at the nuclei are found from the experimental data to be (4.2+0.6) Oe and (5.4=1.7) (S Oe,

respectively.

PACS numbers: 75.25.+z, 78.20.Ls

1. INTRODUCTION

The absorption of circularly polarized light under
conditions of optical orientations of the electrons is ac-
companied by dynamic polarization of the nuclei, ©*~%

In the presence of an external magnetic field H > H,,
where H; is the local field of the nuclei, the dynamic
polarization is well described within the framework of
the Overhauser effect. The average spin (I,) of the nu-
clei along the propagation direction of the exciting light
is determined by the deviation of the average spin (S,)
of the photoexcited electrons from the thermodynamic-
equilibrium value {S;). It was observed recently that
optical orientation is accompanied by an appreciable
nuclear polarization also in the case H<H;.™5! In this
range of fields, the Zeeman energy of a nucleus is com-
mensurate with the energy of its spin-spin interaction
with the neighboring nuclei. The change in the energy
of the nuclear Zeeman pool (ZP) due to the hyperfine in-
teraction with the electrons oriented by the light is ac-
companied by a change of the energy of the nuclear spin-
spin pool (SP). The change of the energy of the ZP is
proportional to (S) H. Depending on the sign of this
product, the energy of the SP increases or decreases
as a result of its “thermal” contact with the ZP. With
increasing energy of the SP, one can speak of cooling in
the region of negative temperatures, since the energy
spectrum of the SP is bounded from above. With de-
creasing energy of the SP, cooling takes place in the
region of positive temperatures. Thus, under condi-
tions of optical orientation in weak fields H $H;, it is
possible to cool the spin system of the nuclei, in analogy
with dynamic cooling in strong field (H> H;) following
radio-frequency saturation of the transitions near the
resonance frequency. ¢

The theory of the cooling of the spin system of lattice
nuclei of a semiconductor in the case of optical orienta-
tion was developed by D’yakonov and Perel’. ! An in-
teresting possibility of dynamic polarization of nuclei
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under conditions of optical orientation is cooling at a
zero external magnetic field, when the change of the
Zeeman energy of the nuclei can be obtained as a result
of the field of optically-oriented electrons. Allowance
for this field leads to a number of interesting features
that manifest themselves in experiments on optical
orientation in weak fields.

2. CHANGE OF ELECTRON-SPIN ORIENTATION IN A
TRANSVERSE MAGNETIC FIELD (HANLE EFFECT)
UPON COOLING OF THE SPIN SYSTEM OF THE
LATTICE NUCLEI

The lowering of the spin temperature © of nuclei
leads to an increase of the nuclear polarization along
the external field H. If the polarization is much less
than the limiting value and if the lattice consists of nu-
clei of one sort, then

D=(I+1)p,H/30, (1)

where I is the spin of the nucleus, p, is its magnetic
moment and (I) is the average value of the projection

of the nuclear spin on the direction of the magnetic
field, while © is expressed in energy units. The in-
crease of the nuclear polarization is accompanied by an
increase of the effective magnetic field Hy = 2,(I) acting
on the electron spins. The value of #y determines the
maximum field Hy ,,, at 100% polarization of the nuclei
(hN =HN max/I)'

If the light orients the electron spins along z, then
the average value (S,) of the projection of the electron
spins along z will change as a result of the action of the
combined field H; =H+ H,. In this case the field Hy can
manifest itself by a change in the relaxation time 74
(see'®) (in the presence of a component H,, along z), or
else in a change in the transverse component of the
magnetic field on account of Hy, under conditions of the
Hanle effect in an oblique field.'®! In a pure transverse
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external field ((S). H) it might seem that H, cannot ap-
pear. Indeed, the nonequilibrium nuclear polarization
produced as a result of the hyperfine interaction with
the electrons oriented by the light is very small (see'®’)
and vanishes within a time 7,~10™ sec. Nor can cool-
ing occur in a purely transverse field, since © is de-
termined by the scalar product (S)+ H!"":

1 4I<S>H

® WP T3H) @
(The vanishing of 1/6 denotes that the temperature of

the nuclear spin system does not differ from the lattice
temperature, taken to be «.) Nonetheless, strong
manifestations of Hy are observed in experiments in a
purely transverse geometry (see'**%), To explain the
observed effect it is necessary to assume that the light
produces a longitudinal magnetic-field component.
D’yakonov and Perel’ pointed out the role of the effective
field H, of the electrons oriented by the light. The in-
fluence of this field in oblique geometry is considered
" in a paper by Paget. "%’ Assume that H,= £, S, ) (k,/2 is
the field of the fully oriented electrons) is appreciable
and let us calculate the function S, (H) under conditions
when the spin system of the lattice nuclei is cooled in
the field H,. The experimental results presented below
confirmed the presence of cooling and justifies the
choice of the considered model.

The change of the average electron spin with time is
described by the Bloch equation

(S =

S"_T<S) —<—S>—+1.[<S>XH,], (3)

Ts
where v, is the gyromagnetic ratio for the electrons, 7
is the lifetime of the photoexcited electrons, and 8 is
the maximum attainable average spin (|Sgl =0. 25 in
crystals of the GaAs type). Under stationary conditions
we have

(S = ls,. + 1. T[<SYXH,], (4)
T

where T is the total lifetime of the spin orientation and
is determined by the equation 7' =711+ 7.

Using (1) and (2), we express Hj in the form

4I(I+1)hy (H+ 5 (S) (S H+ A AS)) (5)

=H+
H=H 3 (H+h,{S)*+3H,

H in (2) has been replaced here by H+ k(S) to allow for
the field of the oriented electrons at the nuclei. At H=0
we have (S) =(S,)o=TS,/7. The additional field, defined
by the second term of (5), is oriented along the resultant
of the fields H and &S ), and the inclination of the field
H; varies in a complicated manner in space when the
value of H, varies. This notwithstanding, the preces-
sion of the vector (S) is determined only by the field
component H, directed along the external field, as much
as [SxH,] ~[S xH] (see (5)). At H=H,, the field Hy in-
fluences only the precession of (S) about the x axis.
Taking the vector product of (5) and (S), we obtain

: By’
KS)XH,] =[(S)XH] (1+ (8 )

H*+ R <S>+ 3H,?

(6)
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Here hjy =4I(I+ 1)hy/3.

At H=H,, the cooling of the spin system of the nuclei
in the field of the electrons oriented by the light leads
to the appearance of an additional transverse field,
equal to

H.AS>?h.hy'/ (H RS> +3H . ?).

This field is either added to the external field H, or sub-
tracted from it, depending on the sign of the product
h.hy.

The hyperfine interaction energy e, s can be ex-
pressed both in terms of the field H, and in terms of the
field Hy, with

sign e;s=sign[g. up(S>Hy] =sign[—y,A<I>H.]. 4

Here g is the g factor of the electrons in the crystal,

Wk p is the Bohr magneton, y,; isthe gyromagnetic ratio for
nuclei, and 7 is Planck’s constant. Substitutingthe val-
ues of H,=2,S and Hy =1,(I) we seethat at y; >0 we have
h.hy <0 if g¥ >0, If the g-factor is negative, then h k)
>0. In the case of a positive g-factor, cooling takes
place in the region of negative temperatures, and the
additional field connected with the polarization of the
nuclei is directed opposite to the external field. At g*
<0 these fields are in the same direction.

Let us find an equation connecting (S,) and H,. Taking
the scalar product of (4) and (S) and using (6), we find
that

Sol8)/<8»=T/t
S8 /(8 =HY T [1+{(S>*h.hy"/ (H*+h{S)*+3H.Y) ].

Introducing the dimensionless parameters «
=3T2%2H2 and B=(S,)3h.hy/3H%, we obtain an equation
that relates the dimensionless variables X =(S,)/(S,)o
and b=H2/3H%:

(1=x) (1+b) 2=aby (1+b+By)*. (8)

This equation describes the behavior of the z compo-
nent in a transverse field H, under conditions of optical
cooling of the spin system of the nuclei in the field of
electrons oriented by light. It is easily seen that in the
absence of an electron field (8=0) Eq. (8) goes over into
the equation X =1/(1+ ab), which corresponds to the usu-
al Lorentz curve that describes the Hanle effect, (S,)
= S,T/7(1+y2T2H?), with half-width H,,, equal to 1/v,T.

We see thus that the effect of cooling of the spin sys-
tem of the nuclei in the field of the electrons is taken in-
to account in (8) by the single parameter 8. An impor-
tant role is played by the spin of 8. Figure la shows
plots of x(b'/2) for positive g at @=0.01. A charac-
teristic feature of these plots is the presence of a nar-
row line in the region of weak fields (H £ H;) and of an
additional maximum in the region of strong fields. The
depth of the minimum of x increases with increasing B,
and its position depends little on 3. At the same time,
the additional maximum shifts towards stronger fields
with increasing B. The entire x(»'/2) curve lies under
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FIG. 1. Calculated plots of (S,) against the transverse mag-
netic field H, (the Hanle effect) in the dimensionless coordinates
X =(S¢)/ (Sg) and b1/2=H,/3/2H . The influence of the cooling
of the lattice-nuclei spin system in the field of electrons or-
iented by light is characterized by the parameter 8. At =0
there is no nuclear field at the electrons and the half-width of
the x (51/2) curve is determined by the parametera. a) 830,

@ =0,01, b) $<0. The solid lines correspond to @ =0.1 and the
dashed lines to f=-40, @ =0.25 and 0.05.

the corresponding Lorentz curve. Interesting singulari-
ties are possessed also by the x(b!/2) at 3<0. Thus, at
the characteristic point b, =g—1 we have x=1. The
field Hy corresponding to the maximum at the point b,
+1 is determined by the geometric mean (k.k})/2.

At definite parameter ratios, Eq. (8) has three real
roots. It is easy to verify that at ol gl —1) >4, at the
point b,, it is possible to have besides the solution x=1
also values of (S,) determined by the equation x=3% [}
-1/a(l Bl =1)]*/2, This means that there are S-shaped
sections that include instability regions. Experiments
should then reveal jumplike changes of the polarization.
The instability regions can arise in fields for which ab
>3. Figure 1b shows plots of x(b/2) at fixed values 8
=0, =10, —20 and @=0.1. Curves for different values
of a have been plotted for 8=-40. As seen from the
figures, with increasing the slope of the curve past the
additional maxima increases first, after which the in-
stability region appears. In experiment, the presence
of this region should lead to jumplike changes of (S,) at
the boundaries of the regions, and of the dependence of
(S.) on the direction of variation of the external field H,
(hysteresis). The width of the hysteresis loop increases
with increasing a. We note that the relatively weak
electron field %,(S) influences strongly the form of the
dependence of (S,) at external fields H, > h,, if k), is
large. At <0, the x(b*/2) curve crosses the Lorentz
curve at one point in the region of small 5, and with in-
creasing b it subsequently approaches this curve but re-
mains above it.
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In the experiment, the value of the field 2}y can be de-
termined if the field H is inclined to the x axis at a
small angle ¢ <1, Equation (8) then goes over into

(1—x) (1+b) 2=aby (1+b+px£6b")?, (9)

which differs from (8) in the additional term 5'/2, where
6=h}(S,)o/V3H,. Different signs correspond to opposite
directions of the external field H and are a reflection of
the appearance of asymmetry in the dependence of ¢S, )
on H. The relative shift | Hy, | = | Hy,| of the positions
of the additional maxima and the dependence of (S,) on
H for opposite directions of H determines the value of
the field aj:

thy'=(|He,| — | Hu:|)/<8:D00. (10)
At ), of the order of 10*~10° Oe, an appreciable asym-
metry should appear already at very small angles ¢.

The narrow line near H=0 under the condition 5«1

is described by the equation

b=(1—%) ey, (1—Bx)* (11)
In the case of large B, when Bx> 1, this line can be con-
veniently used to determine the values of the local
fields, by measuring Hy and H, ,,

3H ~(He/Hy) (GH/OY), n=[(1—x)/x]" (12)
This formula is valid if 9H/9n=const for an appreciable
fraction of the lines, starting with H=0.

We present below experimental results that confirm
the reality of the considered process of cooling of the
spin system of lattice nuclei in the field of electrons
oriented by light., A preliminary report of these results
was published earlier, %!

3. EXPERIMENT

The simplest way to investigate the dependence of
(S;) on H, is to measure the degree of the circular po-
larization p of the recombination radiation with partici-
pation of optically oriented electrons. For GaAs crys-
tals and for solid solutions on its basis, the numerical
value of p is equal to that of (S,) if the investigated radi-
ation is in the direction of the z axis, Figure 2 shows
a simplified diagram of the experiment. A linearly po-
larized He—Ne laser beam passes through a quarter-
wave plate A/4 and produces optical orientation in the
sample. The crystal is oriented in such a way that the
incident and reflected rays are superimposed. The lu-
minescence is registered in a “reflection” geometry in
a direction making a small angle with the z axis. The
value of p is measured with a circular-polarization
analyzer (PA), which comprises a quartz phase modu-
lator and a linear polarizer. The necessary spectral
range is chosen with the aid of a spectral instrument
(SI). The radiation is registered with a cooled photo-
multiplier operating in the photon-counting regime.

The quartz modulator is analogous to that described by
Jasperson and Schnatterly. ! The piezoelectric quartz,
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FIG. 2. Simplified diagram of experiment. M, ,—operating
coils, Mj 4, s—Helmholtz coils to cancel the earth’s magnetic
field, L, ,—focusing lenses, PA— polarization analyzer, A/4—
quarter-wave plate, He-Ne—helium-neon laser, SI—spectral
instrument, PM— photomultiplier, QO—quartz-modulator os-
cillator, SS—switching system, SU—scaler unit, DPU—print-
out unit.

exciting the longitudinal oscillations in a bar of fused
quartz is connected in the negative-feedback circuit of
the oscillator Q0. The oscillator operates at a fre-
quency 30.265 kHz. Adjacent half-cycles of the fused-
quartz bar correspond to predominant transmission of
photons having opposite signs of the circular polariza-
tion (¢* and ¢") through the polarization analyzer sys-
tem, If the number of these photons is N* and N~, re-
spectively, then p=(7/2.36)(N*=N")/(N*+N"). The
coefficient 7/2. 36 is determined by the form of the
transmission function of the PA. The switching system
(SS) ensures sequential switching, in synchronism with
the quartz operation, of the counting channels of a two-
channel scaler unit (SU) to the photomultiplier output.
The digital printout unit (DPU) records the ratios N*/
N~. A more detailed description of the system for mea-
suring p in the photon-count regime was published
earlier, 12

sn

The earth’s magnetic field is cancelled out by three
pairs of Helmholtz coils (M;, M, M;). The axis of the
coil pair M, is aligned with the x axis or is turned
through an angle ¢ around the y axis. The coils M, are
used to investigate the effect of an alternating magnetic
field of low frequency on the spin system of the nuclei.
Most measurements were performed at 77 °K.

The investigations were performed on p-Al,Ga,_,As

L L ! i

W 60 60 H,0e

L 1 1 1 i L L 1 —

R R
FIG. 3. Hanle effect in transverse (curve 1) and inclined mag-
netic field (2—¢=5°, 3—¢=15°, 4—¢=25°), at a fixed sign of
the circular polarization of the exciting light (5,).
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l FIG. 4. Frequency dependences
of the variation of the lumines-
5k cence polarization following
application of an additional al-
ternating magnetic field H,.
at H,=12.5 Oe and 40 Oe. Ex-
citation o,. The arrows show
the direction of the variation
of p.
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crystals with constant composition gradient (+ 0.01 p"?)
with x=0. 26 on the surface. The crystals were not
compensated and the Zn acceptor concentration was
~10'"® em™,

Figure 3 shows plots of Xx=p/p’ against H for the an-
gles ¢ =0° (curve 1), 5°(2), 15°(8) and 25° (4) (p, is the
value of p at H=0Oe), As seen from the figure, even
at small values of ¢ the p(H) curve becomes strongly
asymmetrical. A narrow line is observed near H=Q,
as well as additional maxima followed by steep drops.
However, the heights of the additional maxima do not
reach x =1, probably because of the inhomogeneity of
the field %, (see below). The presented curves corre-
spond to the case $<0, which should be expected for a
crystal with a positive g-factor. In accordance with the
model developed above, elimination of the effective field
of the nuclei at the electrons should be accompanied by
an increase of p in the region of weak fields and by a
decrease of p in the region of the additional maximum
and directly beyond it. This is observed in experiment.
The saturating low-frequency field acting along the y
axis, produces in p changes of opposite signs for dif-
ferent sections of the p(H) curve. The fact that p de-
creases in the fall-out region past the additional maxi-
mum demonstrates that the field Hy decreases the de-
polarizing action of the external field, i.e., that these
fields are oppositely directed.

Figure 4 shows the frequency dependence of the varia-
tion of following application of H,. for two values of the
field H,.

The next fact that confirms the cooling of the nuclear
spin system is the possibility of changing p in the case
of synchronous modulation of the circular polarization
of the exciting beam and a field H, parallel to this beam.
Turning to (2), we note that if the time-averaged value
of ((S+ H)) is not equal to zero, then © decreases. De-
pending on the phase difference between the oscillations
of S and H, the cooling takes place in the region of posi-
tive or negative temperatures. The polarization of the
nuclei cooled in the oscillating magnetic field is deter-
mined by the thermodynamic-equilibrium value in the
constant electric field H (see (1)). A more detailed
analysis of the cooling in an oscillating magnetic field
is given elsewhere. ['*7 The lifetime of the photoexcited

electrons is <107 sec and if the polarization of the ex-
cited light is modulated at a frequency ~ 30 kHz the val-
ue of (S,) changes in phase with the variation of this po-
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FIG. 5. Variations of p in the case of synchronous modulation
of the circular polarization of the exciting light (6J and of the
longitudinal magnetic field H, at a frequency ~ 30 kHz, as func-
tions of the phase shift 3 between o. and H,..

larization. To perform the experiment, the positions

of the quartz modulator and of the A/4 plate were inter-
changed (see Fig. 2), and the reference voltage from
the quartz oscillator was applied through a phase shifter
and an amplifier to the coils M,. Figure 5 shows the
variation of p with changing phase difference ¥ between
the oscillations of (S,). and H,., corresponding to varia-
tion of © (see (2) and!**?),

A nuclear spin system can be cooled not only in an os-
cillating magnetic field but also in the oscillating field
of optically-oriented electrons. This effect decreases
with increasing modulation frequency of the exciting-
light polarization, but at a frequency ~ 30 kHz it is still
distinctly observed. Figure 6 shows a plot of p(H)
(curve 1) in the case of a sharply-focused laser beam
with modulated polarization. The additional maximum
is distinctly observable. It is obvious that this curve
corresponds to smaller values of g than in the case of
the curves shown in Fig. 3. With decreasing intensity
of the exciting light, when the effective field of the elec-
tron decreases, the p(H) curve becomes smoother.
Smoothing is observed also when a low-frequency al-
ternating field (not in synchronism with the polarization
modulation) is turned on. This field heats the spin sys-
tem of the nuclei. Curve 2 corresponds to turning on an
additional magnetic field H, with amplitude 1 Oe and

L

f,, Oe

; L : . !
0 40 80 120

FIG. 6. Hanle effect in a transverse magnetic field (H,) in the
case of modulation of the polarization of the exciting light (1).
Curve 2 corresponds to superposition of an additional alternat-
ing (5 kHz) field H,.. In the upper corner is shown the fre-
quency dependence of p following application of H,. and H,

=37 Oe.
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FIG. 7. Hanle effect in a transverse magnetic field at a fixed
sign of the polarization of the exciting light. 1—7 =77°K, 2—
T=100°K. The arrows show the direction of the variation of

p following application of the additional field Hy.. The points
towards which the arrows are directed determine the limits of
the variation of p in the absence of influence of the nuclei. The
Lorentz curve (3) corresponds to averaging within these limits.

frequency 5 kHz. The frequency dependence of the heat-
ing effect is shown in the upper part of curve 6 for a
field H,=37 Oe. The results shown in Figs. 5 and 6 of-
fer evidence of cooling of the spin system of the lattice
nuclei'in the oscillating field at relatively high modula-
tion frequency, when the period of the variation of (S)

is comparable with the time T, of the transverse nuclear
relaxation (10™-10" sec).

To exclude the influence of the nuclei and to realize
the case =0 in the case of excitation by light of fixed
circular polarization, it is possible to apply along y an
alternating field H,. that saturates the nuclear transi-
tions. It is impossible to eliminate the influence of the
nuclei completely. As a result, p is overestimated
in the region of the additional maximum and under-
estimated in the region of the minimum. We can
thus obtain the upper and lower bounds of the half-width
H,,, of the pure “electronic” (8=0) luminescence-de~
polarization curve in a transverse magnetic field.
Curve 3 of Fig. 7 was obtained by averaging the mea-
sured values of p(H,) for the points marked by the ar-
rows under conditions of saturation of the nuclear tran-
sitions. Curve 1 corresponds to H, =0. The same
figure shows a plot of p(H,) at ~ 100 K (curve 2). It is
seen that raising the temperature also smoothes out the
p(H,) curve, i.e., eliminates the influence of the nu-
clei.

4, DISCUSSION OF RESULTS

All the obtained experimental aependences confirm
the considered model. The characteristic form of the
depolarization curves in a transverse field, including
the narrow line near H=0, the additional maximum and
the fall-off that follows it, the strong asymmetry in the
case of small rotation of the field H, the opposite signs
of p when an alternating field H,. is turned on at dif-
ferent H,—all these follow from the model with cooling
of the nuclear spin system in the field of optically-
oriented electrons with positive g-factor. In the ex-
periment, the ratio p/py=x=1 is not reached in the ad-
ditional maximum (see Fig. 1b). This is probably due
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FIG. 8. Narrow line (near H,=0) of the
Hanle curve, plotted in coordinates H,
and ((1-x/x9"2
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to the spatial inhomogeneity of the spin density in the
excitation volume inasmuch as, first, the intensity in
the laser beam is not uniformly distributed, and sec-
ond, the diffusion of the oriented electrons leads to the
appearance of a gradient of (S,) directed normal to the
surface of the crystal. This results in a spatial in-
homogeneity of the parameter g, and the experimentally
observed relations correspond to averaging of g over
the luminescent body. In the calculation presented
above we considered a lattice consisting of nuclei of one
sort. Inthe experiments, we investigated a crystal con-
taining four isotopes. Exact expressions for (I), © and
H, for this case are given in the paper of D’yakonov

and Perel’. "' The parameters H;, hy, and h, given be-
low and characterizing the influence of the nuclear spin
system correspond to averaging over the volume and
over the nuclei of the isotopes Ga%, Ga™, Al*?, and
As™,

Figure 8 shows a section of the narrow line near H,
=0, plotted in the coordinates H, and n=[(1-X)/x3]!/2.
The fact that the plot is almost linear confirms the pos-
sibility of describing the narrow line by Eq. (11). Sub-
stituting in (12) the values of Hy, H,;,, and 8H/an, de-
termined from the data of Figs. 7 and 8, we get H,
=(4.2+0.6) Oe. In this case a=(4.9+0.9)+ 107 and
B=15+2. By varying the degree of polarization of the
exciting beam, its intensity, etc., we can vary the ef-
fective field of the electrons at the nuclei and conse-
quently change 8. Experiment reveals a shift of the ad-
ditional maxima with changing intensity. A correlation
between Hy and (S, ), is also observed.

Figure 9 shows plots of p(H) at ¢ =2° for two values
of (S,)y, demonstrating this correlation. The quantity
(n4),, determined from the asymmetry of the additional
maxima (see (12)), amounted to (1.5+0. 3)x10% Oe.

So far we have disregarded the influence of the addi-
tional relaxation channels of the nuclear spins, which
leads to the appearance of a leakage factor'” and to a
lowering of the maximum attainable value of 1/6. The
leakage can be taken into account by introducing the pa-
rameters g and § a factor £<1. This is equivalentto re-
placing k) by khy. The experimentally determined val-
ue of (k}), agrees with khj. In this case khjy~ 3x10°
Oe. A comparison with the calculated maximum nu-
clear field in the GaAs crystal™?? shows that % is of the
order of 0.1. The field &, of the optically-oriented
electrons can be determined from the relation h,=3H28/
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khj(S,)s. Using the obtained values of Hy, B, and khj,
we obtain k,=(5.4+1.7) Oe. The additional field of the
nuclei Hy=hy(l,) is directed opposite to the external
field H,. At H_<Hy we have |Hy| >|H_| and at H, > Hy
we have | Hyl <|H,|. The spin temperature of the nu-
clei can be determined from the experimental values of
the field Hy:

O=0.H./Hy, Ou=hy(I+1)u./3.

The quantity ©y corresponds to the spin temperature at
H,=Hy=Hy and its value is (1-2)x1073°K. We have as-
sumed hy equal to 3x10* Oe. © decreases by almost
one order of magnitude at H~ H;. In z zero external
field we can estimate © =@, from the formula

O3, H 2 4Tkh (S, 2,

which describes cooling in a field k(S,)<< 3'/2H,. The
order of magnitude of @, is 10" °K. The average spin
of the nuclei at H=0 is

I o=4Tk (I+1) k<S> 9H 2~3-10~,

Thus, the spin system of the lattice nuclei becomes
cooled by light in a zero external magnetic field, and an
appreciable nuclear polarization is produced.

We note that the small value of the electron field H,
= h,(S) <1 Oe influences substantially the function p(H)
in strong external fields H > 1 Oe. The ratio of fields
H, and H, depends on the ratio of the concentrations 7,
and n,,. of the oriented electrons and of the nuclei, with
B/ Ehy = (n./ny.) (g*ug/fy,). This ratio can be obtained
by expressing the energy of the hyperfine interaction in
terms of the field H,=k, S and in terms of the field Hy
=khy(I). Substituting the experimentally obtained values
of k, and khy, we obtain n,,./n,~2x10°. For g* we as-
sumed a value +0. 5. **! Under stationary conditions
we have n,=GT, where G is the number of electrons
generated per unit time and T'=7/g*ugH;/,~ 0.7+ 107
sec. If the power of the sharply-focused laser beam is
40 mW and the absorption coefficient is large (10* cm™),
n, reaches a value 10'® cm™. The concentration n,,, of
the oriented nuclei that contribute to the effective field
Hy amounts to 2xX10% ¢cm™, which is smaller by one
order of magnitude than the number of nuclei per unit

p,%

[

1 1
80 Hy, Oc

1 L L 1 {
=40 0 40

1
80
FIG. 9. Hanle effect (0.) at a small inclination of the magnetic
field (¢ =2°) for two values of (S,),.
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volume. This result may be due to the spatial inhomo-
geneity of the spin density, due both to the distribution
of the intensity of the exciting light in the semiconductor

volume and to the possible localization of the oriented
electrons.

We note the strong temperature dependence of the ob-
served effect when the temperature 7 is raised from
77°K to ~ 100 °K. In this range, the electron spin-re-
laxation time is 75 ~ T}", where n=2=3,/"151 If (5, ),
is small, so that (S,) =0.257/7~0.2575/7, then B8
~(S, %3~ T*~Ty’. The experimentally observed (Fig.

7) vanishing of the structure of the o(H,) curve when T,
changes from 77K to ~ 100 °K can be attributed to the

abrupt decrease of 8. At Ty=4.2°K, the plots of p(H,)
do not differ qualitatively from those observed at 77 °K.

We have not considered here transient processes or
a number of dynamic effects (excitation by intermittent
light, application of a pulsed magnetic field, etc.) which
indicate that the stationary values of the polarization
take a long time to reach the steady state. A quantita-
tive interpretation of these results calls for an addi-
tional analysis. In particular, it is necessary to ex-
plain the difference between the half-widths of the p(H,)
curves when the semiconductor is excited with light with
constant and alternating-sign circular polarization.

The authors thank B. P. Zakharchenya for constant
interest and a discussion, M. I. D’yakonov and V. I.
Perel’ for numerous discussions, and A. V. Lomakin
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Magnetization precession in superfluid phases of He®
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(Submitted March 5, 1976)
Zh. Eksp. Teor. Fiz. 71, 791-801 (August 1976)

Solutions of the Leggett equations are obtained which describe the motion of magnetization in both
superfluid phases of He® located in a strong dc magnetic field. Rotation of magnetization by an ac magnetic
field is described. The results are compared with available experimental .data.

PACS numbers: 67.50.Fi

1. INTRODUCTION

Progress in the understanding of the nature of the
superfluid phases of He® is due to a considerable degree
to the study of the properties of these phases by the
NMR method. The corresponding experiments lend
themselves to a quantitative interpretation with the aid
of the system of equations for spin dynamics in triplet
pairing, obtained by Leggett:

S=y[S X HI+R,(d), (1)

416 Sov. Phys. JETP, Vol. 44, No. 2, August 1976

d=[d(n) x Y(H=1S/x) ]. 2)

Here H is the external magnetic field, S is the total
spin of the considered amount of helium, x is its mag-
netic susceptibility, ¥ is the gyromagnetic ratio for the
He® nuclei, and d is a vector in spin space and charac-
terizes the spin structure of the wave function of the
condensate. Its exact determination (seem, p. 367),
will not be needed here. When the pairing is in the p
state, as is the case in He®, d depends linearly on the
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