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The cooling of a nuclear spin system is considered under conditions of optical orientation, when the spin S of
the photoelectrons and the external magnetic field oscillate at a certain frequency w. It is shown that the
singularities that arise in experiments with modulation are due to the delay of the electron-induced
nonequilibrium spin relative to S. Expressions are obtained for the temperature of a nuclear spin system in
fields on the order of the local field H, at various values of the modulation frequency, of the phase shift, and
of the angle between the electron spin and the alternating magnetic field. It is shown that experiments with
modulation yield the form of the nuclear spin correlators in the region of weak magnetic fields.

PACS numbers: 71.70.Jp

1. When the electrons of a semiconductor in a mag-
netic field are optically oriented, the nuclei of the
crystal lattice become polarized. ' This effect is a
consequence of the lowering of the nuclear spin-sys-
tem temperature on account of the contact with the non-
equilibrium spins of the photoelectrons. As shown by
D’yakonov and Perel’,? if the electron polarization is
constant in time the nuclear spin temperature is given
by
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where (; are the values of the magnetic moment and of
the spin of the nuclei, Sis the average spin of the photo-
excited electrons, H is the constant magnetic field in
which the cooling takes place, and H, is a characteris-
tic magnetic field of the order of the field produced at
the nucleus by its nearest neighbors.

Fleisher et al.® investigated experimentally the cool-
ing of a nuclear spin system with the exciting light ex-
cited at high frequency, when the nonequilibrium elec-
tron spin varied like S(t)=S coswt. It was shown that
if the external magnetic field H is constant in time,
there is no cooling. Tuning on a weak alternating field
that oscillates at the same frequency as the spin
S(H,(t)=H, cos(wt + ¢)) leads to a noticeable cooling
of the nuclear spins. The temperature © took on both
positive and negative values, depending on the phase
shift ¢.

It might seem that the experimental results are a
direct consequence of Eq. (1). It is actually seen from
(1) that if the magnetic field is constant while S oscil-
lates and wT, > 1 (T, is the nuclear longitudinal-relaxa-
tion time) then the value of 1/© averaged over the
period of the oscillations is zero. No cooling of the
nuclear spins takes place in this case. If the mag-
netic field likewise oscillates at the frequency w, then
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and the temperature of the nuclear spin is maximal in
magnitude and has different signs at ¢ =0 and ¢ =-7.

Such reasoning, however, cannot explain the entire
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aggregate of the now available experimental results.
Thus, Novikov and Fleisher®:® have shown that at con-
stant electron polarization the nuclear spins can be
cooled both in an external magnetic field and in the ef-
fective field H,=h,S produced at the nuclei by the
polarized electrons. The electron field is of the order
of several oersteds and in the case of high-frequency
modulation S oscillates in phase with the photoelectron
spin (¢ =0). On the basis of Eq. (2) it is readily found
that S should be weaker by only a factor of two in the
case of high-frequency modulation than at w=0. No
cooling of the nuclear spin system in an electric field
was observed in Ref. 4, however.

We show in the present paper that from the point of
view of the cooling process there is no significant dif-
ference between the electron field and the external
field, both when S is constant and in the case of high-
frequency modulation of S and H. The singularities
that arise in experiments with modulation are due to
the delay of the electron-induced nonequilibrium nu-
clear spin I’ relative to S. Since the energy flux into
the nuclear system is proportional to the relaxation
rate E ~(H,I') of the nonequilibrium spin, the optimal
cooling conditions are reached when H oscillates in
phase with I’ rather than with S. At small w, the vec-
tor I’ oscillates in phase with S, and consequently the
maximum cooling is reached when the oscillations of
the alternating magnetic field and of the electron spin
are in phase. At wT,2 1, however (T, is the relaxatuon
time of the nonequilibrium nuclear spin) the oscillations
of I' lag the oscillations of S, and maximum cooling
corresponds to a nonzero phase shift ¢. It is easy to
satisfy this condition experimentally in the case of an
external alternating magnetic field. At the same time,
cooling in the electron field, which is always in phase
with S, is much less effective in the case of high-fre-
quency modulation than at w=0.

We note also that a radio-frequency magnetic field
leads to additional relaxation of the nuclear polarization
as is manifest by “heating” of the nuclear spin system.

2. In semiconductors of the GaAs type, oriented
electrons polarize the lattice nuclei via contact inter-
action
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Here §,(R)=06(r, - R) is the density operator of the
electron numbered j at the point R;u,, S;,r; are re-
spectively the Bohr magneton, the spin operator, and
the radius vector of this electron, while u,,I,, R, are
the magnetic moment, the spin operator, and the ra-
dius vector of the n-th nucleus.!

For further calculations it is convenient to represent
V,, in a somewhat different form, separating exphcitly
its mean value over the electron ensemble: V,, (v
+7V. Infact,

.d>

s .
Ty =—ZL Y @R, (4)
where
167 - '
H.(R)=———p Y Bi(R.)S, (5)
i

224 f),(R,,)) is the average electron density at the nucleus
numbered 7, and S is their average spin. The operator
singled out has thus a clear-cut physical meaning—it
describes the action of the effective field H, of the
polarized electrons (the electron field) on the nuclear
spins.

The interaction of the nuclei with the fluctuations in the
electron system is described by the operator V= V,,
- (V,,) This interaction makes possible the transfer of
the angular momentum of the polarized electrons to the
nuclear system. With (3)-(5) taken into account, the
Hamiltonian of the lattice-nuclei spin system takes the
form

Hy=—PL 2 (H(R., )1,)+56., (6)

where H is the total magnetic field acting on the lattice
nuclei and is the sum of the electron and external
fields, while #, is the energy operator of the spin-spin
interactions of the nuclei, which we shall call for
brevity dipole interactions.

The dependence of H on R is due to the fact that the
density and polarization of the electrons are in general
different at different lattice nuclei. The time varia-
tion of the total magnetic field can be due either to the
application of an alternating magnetic field to the sam-
ple or to changes of the polarization of the electron
spins. We assume here that H=H, + H,(t), where H,
is the magnetic-field component that is constant in
time, and H,(¢) is the alternating component of H and
oscillates at a certain frequency w that coincides with
the electronspin modulation frequency.

The behavior of the nuclear spin system density ma-
trix & interacting with polarized electrons will be
described by the kinetic equation®

20 ~ i ~ o~
h—=[#x(0), 0 (0)]- [ desplV, W1 OO (D)
Here f(t) is the value of the density matrix at the instant

of time ¢, Sp, stands for the trace over the electron
quantum numbers, V, is given by
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V. =exp (i36,t/h) P exp(—id6.T/h), (8)
and ‘9}; is the Hamiltonian of the electron system.

Equation (7) was derived in Ref. 3 using the fact that
the values of 7 that are essential in the integral term
are limited by the correlation time of the orbital mo-
tion of the electrons, so that the changes that take
place in the nuclear subsystem can be neglected. It
was also assumed in Ref. 3 ﬂlatﬁiﬁ,,ﬁg, and f are in-
dependent of time. In the case of modulation of the
electron polarization and of the external magnetic field
this assumption is incorrect. However, the changes
of the operators &;,%,, and f during the time of the or-
bital correlations are small, so that (7) can be employed
by introducing in it the explicit dependence of these
operators on .

We rewrite the kinetic equation, separating explicitly
the average spin of the oriented electrons:

S, 00 - Qmn
tht—[%N(t).d)(t)]+Z .

mn

9)
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where fa" is the operator of the component a of the spin
of the nucleus numbered n, {I,"¢}=1I,"¢ +&I,"c 4, is a
unit antisymmetric tensor of third rank,

F @)=, Y awalir i, 01) (10)

mna

16
amem (o)’ Y j @t (<. (Ray 0) B (R, 7)) =0 (R)> (5 (Rn))),
(11
¢pu(Rs, 0)pi(Ro, 7)>=5p. (fp:(Rn, 0)pi(Ra, 7)),

and the dependence of the operators p,(R,,, 7) on 7 is
tiven by a formula similar to (8).?2

On going from (7) to (9) we assumed that the corre-
lator (Sa(0)§‘,(-r)) remains practically constant for all
values of 7 that are of importance in the evaluation of
the integral with respect to time. This assumption is
valid in magnetic fields that are not too strong, when it
is possible to neglect in the integral term of (7) the
terms of order w,7 (w, is the Larmor-precession fre-
quency of the electron spin in the magnetic field).

Equation (9) describes all the principal processes that
take place in a nuclear spin system optically oriented
in an alternating magnetic field. The interaction of the
nuclear spins with the alternating field in (9) is deter-
mined by the exphcxtly time-dependent terms of the
Hamiltonian

‘%N(t) =:%No_ Z (H,(R,., t)i,.)th/l.

The polarization of the nuclei by oriented electrons is
described by the terms that contain the time dependent
average spin S(¢). Finally, the operator F accounts for
the nuclear relaxation on electrons in the conduction
band.

If the magnetic field H, and the polarization of the
electrons oscillate with time at the frequency w, then
it is convenient to resolve the sought density matrix ¢
into components:
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each of which oscillates at a definite frequency Q,=nw.
In the case when w7, >>1 the terms of this sum decrease
with increasing » like (wT,)™, so that we confine our-

selves to the approximation =%, +&,. In this case
mﬂ—[xm,o 4Lt @) — F(oo), (12)
mﬂ_[%w,o 1+L(t, @,). (13)

Here

L(t,®)=—

(£-) Y 1R, 010,01+ Y, a0 [T, (17, 0}
" aBy
(14)
is an operator constituting the sum of all the explicitly
time-dependent operators of the kinetic equation (9).
The bar over the operator L in (12) means averaging
over the modulation period T =27/w. 3

If T,>»>T, (T,~10™ sec is the characteristic time of
the spin-spin interactions), the state of the nuclear spin
system can be described within the framework of the
spin-temperature concept.” In the high temperature
approximation

oogi—jgmﬂ. (15)

where 8=1/0 is the reciprocal spin temperature of the
lattice nuclei.* Substituting this expression in (12),
multiplying the right- and left-hand sides of the obtained
expression byéx;’,,o, and calculating the trace over the
quantum numbers of the nuclei, we obtain an equation
for B: .
dp I \? i Sp(#xL(t,®,)) g ) ,
_d;= (E ) 7 Sp I,Z(H0’+H,_2) - thN(Hoz'*'HL‘) ’Elann(Ho +Hl. )!
(16)
where N is the total of nuclei, I, is the operator of z-
projection of the total spin of the lattice nuclei, H? is
the square of the constant magnetic field,

ne= (L)

is the square of the local field produced at the nucleus
by the neighboring nuclei, and

Sp %d

Spli (17)

H=(/u)'N { Y nn Spla 22711227, a”s.‘]} / 28p12Y e (18)

The second term in the right-hand side of (16) is pro-
portional to Sp(%, F(&,)). It corresponds to heating
of the nuclear spin system via relaxation on the elec-
trons. The first term in the right-hand side of this
equation describes the rate of change of the tempera-
ture of the nuclear spin on account of interaction with
the alternating field and with the polarized electrons.

Simple estimates (see the Appendix) show that the
terms containing the electron spin can be neglected in
the operator L. Then

i ~ Wr n
L sp@haL(t0))=— () 2 2§ Y Hemunspioopa  (19)
Here
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z¢"= hi[jgm,}u"] (20)
is the operator of the rate of change of the spin projec-
tion a of the nucleus numbered 7 on account of the in-
teraction with the constant magnetic field and of the
spin-spin interactions with the surrounding nuclei.

Equation (19) has a simple physical meaning. When
a spin relaxes, its energy in the magnetic field H, goes
over into heat. The heat flux per unit time is equal to
~(H,I')u,/I, where I’ is the rate of change of the non-
equilibrium spin via interaction with the field H, and
via dipole interaction. The integral in the right-hand
side of (19) is the mean value of this expression over
the period of H,.

We assume that S(¢)=S coswt and that all the projec-
tions of the field H, oscillate at the same frequency w
with a certain phase shift ¢, (Hy,(R,,?)
=H ,(R,) cos(wt + ¢,)). Substituting (15) in (13) and
solving the equation with respect to ,, we have

,(t)=Re )" ""{H,,(R,..) ( ) pe‘-vj 17 (v)etvdr

my

2am_

S I I:"'(t)e'"d-r} (21)
where
I, (1) =exp(+idxot/h) ;™ exp (—idByot/h). (22)
Substituting this solution in (19), we get
s o= () B e
h moRAn T 1a(Ra
2amm
X{ W S; Re exp {—iga)} (Bambay—io gy (©, @)
—o* (_‘;i) BH 11 (Rn) Re exp (i (@,—9a) } gav (@, @) } . (23)
Here
nm : (ianitf"(r)) tor
Bay ((l), mo) =N—-!:-_SI')I,2—E dt (24)

is the Fourier transform of the correlator (I "I,(7))
=Sp( fa" f,"‘( 7)).and depends on the nuclear-spin Lar-
mor-precession frequency in the constant magnetic
field (w,= u Hy/kI), and I is the operator of the
square of the z projection of the total spin of the lat-
tice nuclei. In the derivation of (23) we used the re-
lation

J. ;y"‘(t)e"“‘dt=}-,"‘—imj ;,“(r)e"'d‘r.
We note that to find &, we took into account both H,

and S in the operator L(t, ,), while in the operator
L(¢, ®,) (12) the terms containing the electron spin were
left out, being small compared with the terms contain-
ing the magnetic field H,. The reason is that the terms
with H, are multiplied by B in the operator L(t, &,).
Since B8 is small, these terms can no longer be regarded
as larger than the terms that contain S.

(25)

Using (23) and (16) we obtain the final equation for the
reciprocal temperature of the lattice nuclei:
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dp 1 1
P eG———B——p,
dt Tu ﬁ TH B (26)
where
=M YR S, R iQa} (BamBar—iwgar
RN (H*+H,.?) 2 1a (Rn) @nmSy Re exp {—iga} (:nm ar—i0gar (©, ®,))
mnay

(27)
is the rate of cooling of the nuclear spin system on ac-
count of the polarization of the nuclei by oriented elec-
trons in the alternating magnetic field,

T, =20NH) [ Vanm B+A (28)
is the characteristic time that describes the rate of re-
laxation of the nuclear spins on the electrons in the con-
duction band? (T,, does not depend on the modulation
frequency w);

Ty=2N(H*+H,%)/w* ZHlu(Rn)Hw(Rm)Re exp{i (@r—@a) } £av (@, 0o)

nmay

(29)

is the time that characterize the rate of heating of the
spin system of the lattice nuclei in the alternating field
H,. (An expression for T, was obtained by D’yakonov
and Perel’®), We note that Eq. (26) can containinaddi-
tion terms that describe other relaxation mechanisms
(e.g., nuclear-spin relaxation on phonons).

Under stationary conditions we have dB/dt=0. The
temperature of the nuclear spin system is then
T.Ty

b =TT,

G=(I/us)2 2 H .o (R,) dunS;

mnat

x Re exp{~iga)} (Bunber—iogly (©,00) /{ Y ann (B +8)

+(h0)* B Hia(R) Hiy(Ra) Re expi(or—9) el (@00 ). (30)

nm
ot

It is seen that B is directly proportional to the rate of
cooling and inversely proportional to the combined rate
of the two heating processes.

We introduce certain simplifications. We assume
that the density of the electrons at the lattice nuclei and
the polarization of S are homogeneous over the entire
crystal. In this case H, and the parameter a,, that
characterizes the contact interaction are the same for
all nuclei of the lattice (H,,(R,)=Hi,, a,,=a). We as-
sume also that all the projections of H, oscillate in
phase with one another (¢, =¢). Then

1 a H02+HL2 1 ®?
T omt HitHE® T. H .’ Re gaa (0, ’
T, 28 H32+H*' Ty 2(1102+HLZ)2 1a” Re gaa (0, @)
Ia

O T 2 TS e Gurmiogu(o00), - (31)
I o L
@Y

p= (/)2 E H oSy Re 6= (8ur—i0gay (@, @0)/
ay

{H0=+H,_=+ (hw)a- ZH,: Re s (©, ©0) } .

Here

0 (Fa0) Ty (1))
o1 (@, @) = j (SI)’ II-ET)

is the Fourier transform of the correlator, normalized

e“'dr (32)
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to unity, of the components a and y of the total spin I of
the lattice nuclei. In (31) we have assumed that the z
axis is directed along H,. From symmetry considera-
tion it follows in this case that

8:=8y:=8:==8n=0, Bu=8uw, Eo=—E&m
Z Hm.ngar= Z, Hngua.
ay a

3. To investigate the dependence of the nuclear tem-
perature on the modulation frequency, on the phase
shift, and on the angle between S and H, it is necessary
to know the explicit forms of the correlators
(la(O)fy( 7)) or of their Fourier transforms g,,. In the
theory of nuclear magnetic resonance these correla-
tors are determined by using various approximations
(see, e.g., Ref. T), with all the calculations made
usually for strong fields (H,>H,), whereas Eqs. (28)-
(31) are valid at H,<H;. The analysis that follows we
assume that (fa(O)f,(T)> decreases exponentially with
increasing 7, and in the conclusion we shall discuss
the differences between the obtained answers and the
results of numerical calculations for a Gaussian ap-
proximation of the correlators.

Assume that the nonzero correlators satisfy the re-
lations
<1.(0)1.(t)>=exp(—|t|/Tz)Sp 17,
<1.(0) 1, (v)>=<1,(0)I,(t) >=Sp .2 cos ot exp(—|t|/T2y),
<1,(0) I (1) >=—<1.(0) I, (7) >=Sp I.* sin @,T exp(— | t|/T2.),

(33)

where w, is the Larmor precession frequency of the
nuclear signals in the constant magnetic field H,, while
T,, and T,, are the relaxation times of the longitudinal
and transverse components of the nuclear spin and de-
pend in the general case on Hy(T,, =T, at H=0). Then

g,,=T:|,g(m.Tzu), gxx=gvv=T2J.[g( ((1)+(\)o) TZJ.) +g( (m_("") TZJ-) ]/21

gxy=—gw=iT“_[g( ((1)+(|)o) TzL) _g( ( (x)—(l)o) TZL) ]/Zv (34)
)_ j‘ (1+ix)vdr=_—1—i‘z
gl@)=]e 1+2*

—c

Substituting (34) in (31) we find that if the alternating
field H, is directed along the magnetic field H,, then
(H2+H.?) (1+2%)

Ty=2Ty, i
1

9

G Ia (H,S) (cos g—zsin @)
oWkt (HPHHD?) (1+2)

I 2(H,S)(cos p—zsing)

T () (HOHAS) HeH

' (35)

where x=wT,,, and the parameter £=F%2(aT,)"~T,,/
T,, > 1. The same formula describes in the case H,=0
the nuclear temperature at arbitrary directions of S
and H,.

As seen from (35), there are three characteristic
ranges of the modulation frequency. At small w, when
x2£<1, Eq. (35) coincides with formula (2) obtained
from the usual expression (1) for the nuclear spin tem-
perature by substituting the oscillating S and H,, fol-
lowed by averaging over the modulation period. In this
case the delay of the nonequilibrium nuclear spin rela-
tive to S is small (the maximum cooling is reached at
¢ =0), and the heating in the alternating field H, is
negligible compared with the relaxation of the nuclear
spins on the electrons (T,, < Ty).
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If x<<1but x2£>1, then at H>x2£> H?+ H,? the
value of B can decrease noticeably on account of heat-
ing in the RF field (T,,2 T,). The delay of the non-
equilibrium spin is here likewise small and maximum
cooling corresponds to ¢ =0.

Finally, at high modulation frequencies, when wT,,
>1, the minimum temperature of the nuclear spin sys-
tem corresponds to a phase shift ¢ =-7/2 (the non-
equilibrium spin lags S by one-quarter of a period).
There is then practically no cooling in the electron
field, for which ¢ =0, whereas the cooling in the ex-
ternal field can become appreciable. A similar effect
was observed in Ref, 4.

Let now H, and S be perpendicular to H,. Then

(H01+HL2) [ (.1+xoz_xz) z+4xz]

Tu=2Ts Hiz*(1+z7+2%) ’
C= Ia HS Re @ cos a (1+z,>+iz) +izz,sin a (36)
ik Hi+H,? (1+iz)*+z,? !
I _ip €08 a(1+z,+iz) +izz, sin o
B—ZEH,S Ree (i) Tz
1+iz -t
2 Z+H 2 2 ) ,
)((11o +A, *t2* Re ———(1+ix)’+10’

where x =wT,,, x,=w,Ty,, £=73%aT,,)™?, and a is the
angle between S and H,. It is seen that in this case the
cooling of the nuclear spins can take place even if the
scalar product (S: H,)=0 (a =+7/2). Thus, at small
values of the field H,, when w,T,, > 1 and a =7/2, we
have for B:

_ L 2H,Szz,(2z cos ¢+ (1—z?)sin @)
o (142 [(1+2?) (HA+ A7) +H B2

(87

If x <1, then the maximum cooling is reached at

@ =1/2, while for x=1 the value of § is 2 minimum at
¢=0. If, however, the modulation frequency is high,
the minimum temperature corresponds to ¢ =~-m/2,

An investigation of formula (36) at w,T, >1 (the case
of strong magnetic fields) is meaningless since, as
already noted above, the nuclear spin system is de-
scribed in this case not by one but by two tempera-
tures pertaining to the Zeeman and dipole pools. As
shown for example in Ref. 7, heating in an RF field
(nuclear magnetic resonance) at H,>H, is less ef-
fective than given by formulas (26), (29), (31), and
(36).

The foregoing principal qualitative results are inde-
pendent of the concrete type of the nuclear spin corre-
lators. These results include: 1) the possibility of
cooling a nuclear spin system when all three vectors
S, H,, and H, are perpendicular to one another, 2) the
statement that at a finite modulation frequency maximum
cooling corresponds to a nonzero phase shift. How-
ever, the quantitative relations for the cooling rate (G),
for the heating rate in the alternating field (T,™), and
consequently also for the stationary value of the reci-
procal temperature (#) as functions of w, w,, ¢, and a
differ for different types of correlators (I ,(0)1,(7)).

Curves 1 and 2 of Fig. 1 are plots of T} against the
modulation frequeny w for two values of the constant
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FIG. 1. Nuclear-spin relaxation rates in an alternating field
for exponentially decreasing (solid curves) and Gaussian
(dotted) correlators: 1-w(T,=0, 2~-w(T,=2. The time Ty,
is measured in units of 2T,(H? + H, ) H;™ 2.

magnetic field Hy(w,T,=0, w,T,=2) in the case when
(1,0),(7)) ~exp{~|7|/T,} (solid curves) and
(I1,0)I,(7) ~exp(~(7/T,)?) (dotted). The alternating
field H, is assumed perpendicular to H,. It is seen that
for an exponentially decreasing correlator, at high
modulation frequencies, the time T, tends to a finite
value T, =(2T,)*H 2/(H? + H,?), whereas if the fall-
off of (I,(0)I,(7)) is Gaussian this rate tends to zero as
wT,— ., This is most clearly demonstrated by the
curves calculated at H,=0. In the case of a Gaussian
correlator curve 1 a maximum has at w7,=2. At
wT,>2 the heating rate begins to decrease with in-
creasing modulation frequency. At the same time the
curve corresponding to exponential damping increases
monotonically over the entire range of values of w.

Figure 2 shows a comparison of the nuclear-spin
cooling rates for two types of correlators for the
cases a=¢=0; a=0, ¢ =-71/2; w,T,=0, and w,T,=2.
It is seen that at low modulation frequencies and
¢ =-n/2 there is no cooling regardless of the form of
the correlator, and at ¢ =0 the cooling rate is a
maximum. At not too high values of w the cooling is
stronger in the case ¢ =~-n/2 than at ¢ =0. A sub-
stantial difference between the exponential and Gaus-
sian correlator fall-off rates sets in at high modula-
tion frequencies. The value ¢ =0 is more effective
here for the Gaussian law, and ¢ =—-/2 for the expo-
nential fall-off. We note that in both cases the sign of
G can change at high frequencies if a=¢=0.

Figure 3 shows a plot of the reciprocal temperature

I 6
. {7 A— -
1
15 AL 6.5
Z 2
1 4 - | 1 % 1
s VRN B —" 1 \‘7_—-/ P
a b .._..".
=0, |- 0.5

FIG. 2. Cooling rate of nuclear spin system vs. modulation
frequency of oriented electron and the alternating magnetic
field, for exponential (a) and Gaussian (b) correlators: 1-—-o
=¢=0, 2—¢=-1/2, a =0. The solid lines are the results of
the calculations for w=0, and the dotted for wy7T,=2. The
cooling rate G is measured in units of laH,S (u, %21 (Hy? +H )" 1.
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FIG. 3. Comparison of the stationary values of the nuclear
spin system temperature (a) for @ =¢ =0 (curves 1) and for
theopimal values of the phase shift and of the angle between

S and Hy (curves 1). The values of aoptand @opt are shown in
Fig. 3b. The solid lines correspond to exponential damping
and the dotted to a Gaussian fall-off of the spin correlators
with time, Curves 1 of Fig. 3b show the optimal phase shift
¢opttaken with a minus sign, and curves 2 show the angle ap:.
The calculations were made for the following parameter val-
ues: Hy/A;=0.1, wT,=2, £=100, H¢/H, =w(T,. The recipro-
cal temperature p is measured in units of (I/u)2H,SH," 2.

against the external magnetic field for a =¢ =0 and for
the optimal values of the phase shift and of the angle
between S and H,. It is seen that by varying ¢ and a it
is possible to make the nuclear spin system tempera-
ture lower by one order of magnitude than at a =¢ =0.

It follows from the foregoing that modulation of the
electron spin and of the magnetic field leads to quali-
tative changes in the conditions of the cooling of a nu-
clear spin system. Depending on the modulation fre-
quency and on the dc component of the magnetic field,
maximum cooling sets in at different nonzero values
of the phase shift and of the angle between the oscillat-
ing S and H,. In an electron field for which a=¢ =0
there may be practically no cooling. The oscillations
of the magnetic field cause additional relaxation of the
nuclear polarization. Experiments on the cooling of the
spin system of the lattive nuclei by photo-oriented elec-
trons whose polarization is modulated in time can help
determine the form of the nuclear-spin correlator in the
region of weak magnetic fields (H,< H,).

The author thanks B. P. Zakharchenya for interest in
the research, V.I. Perel’ for valuable discussions in
the course of the formulation of the solution of the
problem and in the analysis of the results, and V. G.
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Fle{sh_er for calling his attention to the considered
phenomenon, for stimulating discussions and for an
evaluation of the results.

APPENDIX

Assume for the sake of argument that the alternating
magnetic field is the effective field of the polarized
electrons, H,h, =S. Then those terms of the operator
L(t,®,) which contain H, are of the order of 4, k,S, and
the terms that describe the polarization of the nuclei
via contact interaction with the polarized electrons are
of the order of (i, k,)?S7'/%. Here 7' is the character-
istic lifetime of the orbital correlation. This time,
naturally, does not exceed the lifetime of the photo-
electron, i.e., 7' <107 sec. Noting that #,< 100 Oe
and 4, ~107 erg/G, we obtain uh,S{(kh,)?ST /h}™
=h/(uh,7)>10. The terms containing the alternating
magnetic field are thus larger by several orders of
magnitude than the terms that describe the polarization
of the nuclei by the electrons.

DHere and elsewhere we assume for simplicity that all lattice
nuclei are identical.

2)The coefficients a,,, can depend on ¢{. For simplicity, we
neglect this dependence hereafter.

3)A small term F(&,) is neglected in Eq. (13).

4)\We assume here tacitly that the constant external magnetic
field H, is not too large compared with the random local field
H;. In the opposite case of strong external fields, the state
of the nuclear spin-spin system must be described with the
aid of two temperatures pertaining to the Zeeman and dipole
pools.’
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