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In a semiconductor, absorption of circularly polarized light (optical pumping) leads to spin-oriented

photoelectrons. In this situation, the nuclei of the crystal are dynamically polarized through their hyperfine

interaction with the electronic spins. Consequently the electrons experience a hyperfine magnetic field due to
the oriented nuclei which may reach several kilogauss. When this large nuclear field is driven obliquely with

respect to the direction of the exciting hght, the precession of the electronic spins around the nuclear field

leads to a decrease of the electronic polarization along the light excitation: it is a nuclear Hanle effect. This

work is an experimental and theoretical study of these effects in weak external magnetic fields, of the order of
the local Geld which characterizes the nuclear spin-spin interactions (a few gauss). Large nuclear fields are

obtained at 77'K in strongly doped and compensated p-type GaAs samples. We present a model which

includes the different effects of the hyperfine coupling when there is a nuclear spin temperature among all the
nuclei of the sample: Dynamic polarization, nuclear field, but also, existence of an electronic field acting on

the nuclei. We show that a small external field is able to drive the large nuclear field acting on the electrons;

consequently the electronic polarization is very sensitive to external fields which are too small to have a direct
effect on the electronic spin motion. We study experimentally the variation of the electronic polarization with

the direction and magnitude of a small external magnetic field, by measuring the circular polarization of the
luminescence light. The experimental results are in quantitative agreement with the theoretical predictions.
The usual Hanle Lorentzian depolarization curve is strongly modified in low fields and 8'-like singularities

appear around zero field. The experimental values of the average electronic and nuclear fields are in

reasonable agreement with theoretical evaluations. These nuclear effects may strongly alter the measurement of
the Hanle linewidth in standard optical pumping experiments.

I. INTRODUCTION

Interband optical pumping in semiconductors by
absorption of circularly polarized light through the
gap can lead to polarized photoelectrons. In the
first experiment in silicon, the Overhauser dy-
namic polarization of the nuclear spins of the
crystal was used as a probe of the electronic
polarization. In subsequent studies, the electronic
polarization was measured from the degree of
circular polarization of the luminescence light and
the effect of the nuclei was not considered. "
More recently it has been shown that in several
cases, due to the hyperfine interaction, the po-
larized nuclei create an internal magnetic field
B„, acting on the electronic spins, which can be
as high as several kilogauss. The effect of such
a large field, which adds vectorially to the exter-
nal field, can be observed when the electronic
polarization is sensitive to the total field. This
has permitted for instance the optical detection
of nuclear magnetic resonance. "' Furthermore,
the oblique Hanle effect, that is the application of
a static magnetic field oblique with respect to the
incident light, has yielded a direct measurement

of the nuclear field B„.' On the other hand, a
wealth of unexplained effects in low magnetic fields
(of the order ot a few gauss) has been reported:
The Hanle curve no longer has the cia.ssical
Lorentzian shape but it is narrowed' or exhibits
8'-like shapes. ' In some conditions, there ap-
pears hysteretic behavior' or oscillations in time
of the electronic polarization. " All these effects
are thought to be of nuclear origin. Let us also
mention an experimental study of the nuclear ef-
fects when the external field and the exciting light
polarization are modulated at the same frequency. "

In this paper, we present a theoretical and ex-
perimental study of low-field nuclear effects in
doped gallium arsenide. We show that very
small oblique fields (0.5 G) can modify the elec-
tronic polarization. To understand the system,
it is necessary to consider simultaneously
the existence of: (i) very large nuclear fields,
(ii) nuclear spin temperature, (iii) electronic
hyperfine magnetic fields acting on the nuclei,
and (iv) feedback action between electronic and
nuclear spins.

The reason why the electrons are extremely
sensitive to small oblique external fields is that
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I

II. HYPERFINE COUPLING BETWEEN ELECTRONS AND

NUCLEI

To understand the nature of the described ef-
fects, we first discuss the consequences of the
hyperfine coupling between electronic and nuclear
spins. The interaction of a single s electron of
spin S with a nucleus of spin I is given by the
Fermi contact Hamiltonian':

z= go~a'4 (2.1)

where r is the coordinate of the electron relative
to the nucleus, p. ~ is the Bohr magneton taken as
positive, go the free-electron g factor, "and y„
the nuclear-gyromagnetic ratio. Taking the av-
erage over the orbital coordinates of the electron,
we obtain a spin Hamiltonian

these small fields, together with the electronic
field, assign the direction of the large internal
nuclear field. This is the consequence of the rapid
establishment of an internal equilibrium among the
nuclear spins characterized by a spin tempera-
ture. '" The nuclear field is then oblique with
respect to light excitation, and causes Hanle de-
polarization of the electrons. The decrease of the
electronic polarization in turn modifies the nuclear
field causing a feedback action of the electrons on
the nuclei.

We have been able to achieve quantitative agree-
ment between the observed singularities of the
Hanle effect and a theoretical model which com-
bines the ideas mentioned above. This yields ex-
perimental determinations of the nuclear and elec-
tronic fields. We show theoretically and experi-
mentally that W-like lines also appear in longi-
tudinal fields whenever there exists a small trans-
verse field. This study points out the possible
importance in optical-pumping experiments of
small parasitic fields such as the earth field.

An experimentally favorable situation is achieved
when the hyperfine interaction is large, which
leads to strong nuclear fields. This is the case
when the electrons are localized. We work with
P-type compensated GaAs samples (N„-2 && 10"
cm; N~/Ã„-0. 3) in which electrons are localized
in potential wells, and where it has previously
been shown that large nuclear polarizations occur
under optical pumping conditions at liquid-nitrogen
temperature. '

In Sec. II, we examirie the relevant aspects of
the hyperfine interaction. The theory is given in
Sec. III, where the coupled equations governing
the motion of the nuclear and electronic spins are
derived. In Sec. IV, we present the experiments
results which are discussed in Sec. V.

Xz—- —', p. ogo p, sy„K I' f~ $(0) ~, (2.2)

where
~
g(0) ~' is the value of the electronic wave

function P(r) at the position of the nucleus. The
existence of this interaction has several well-
known consequences in nuclear magnetism: Dy-
namic effects such as Korringa relaxation and dy-
namic polarization (Overhauser effect) and static
effects such as the Knight shift of the nuclear reso-
nance. " There are also the symmetrical effects
of the nuclei on the electrons, namely the Over-
hauser shift of the conduction electron spin reso-
nance, "'"and the effects of nuclear field on trans-
port" and optical pumping.

A. Dynamic effects of the hyperfine coupling

Dynamic nuclear polarization can appear when
a system of nuclei relaxes at least partially,
through the modulation of their hyperfine interac-
tion with electronic spins which are out of thermal
equilibrium. This is the case in optical pumping
conditions. It can be shown that in the case where
the only relaxation mechanism is the fluctuating
part of the hyperfine interaction the nuclear polari-
zation is':

( )
I(I+1) (~)

S(S + 1)
(2.2)

where (S) is the static electronic spin.
Here, the electronic and nuclear thermal polari-

zations have been neglected, which is a correct
approximation in low-field experiments. If one
includes the other causes of nuclear relaxation
(relaxation by unpolarized holes, "paramagnetic
impurities, "quadrupolar relaxation" ) the nuclear
polarization is decreased by a leakage factor"

f=T~/(T„+T~); (2.4)

T„and T,& being, respectively, the relaxation
times due to the coupling with the electrons and
due to the other mechanisms. Let us mention that
in principle there also exists a dynamic polariza-
tion of the electrons. by the nuclei but this is very
ineffective compared with the other mechanisms
of electron spin relaxation.

(2.5)

B. Static effects

The interaction of one nucleus in the crystal with
the electrons is obtained by summing the spin
Hamiltonian defined in Eq. (2.2) over the occupied
electronic states q. For a nucleus i at position
r, this interaction is equivalent to a Zeeman in-
teraction in a magnetic field B,' of electronic
origin:
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In the same way, the spin of an electron in an
orbital state (, of effective g-factor g* feels an
internal field of nuclear origin which is equivalent
to an external field of value

(2.8)

In the case of a donor state we have'4:

F,(r) = (n/ma, *')'~' e xp(-r/a, *),
where a,* is the effective radius of the shallow
donor state (ao* =100 A in GaAs). The norm of
these envelope functions is

(2.8)

q (r) =F (r)uo(r) =F (r)u, (~)(V/n)'~' (2.7)

where u, (r) is the k =0 Bloch state, V is the volume
of the sample, and 0 the volume of the unit cell.
The function uo(r) is the conveniently renormalized
function which is directly comparable to the wave
function of the atom. This function takes a differ-
ent value oncationandanion sites. The values of
the electronic density d = ~uo(x„) ~' on the nuclei
o.'are evaluated in Appendix A. These values are

&=9.8 &10" cm ',
As (2.8)d«»-—d&» &=5.8X10" cm ',
GR Ga

The localization or delocalization of the electrons
is described by the envelope part F,(r) of the
wave function. In the case of an electron at the
bottom of the conduction band, the value of F,(r)
is (0/V)' ~' inside the crystal and zero outside.

where g* is the effective g factor of the electron.
We now examine the characteristics of the cou-

pling in the case of gallium arsenide under condi-
tions of optical pumping, i.e., we discuss the
nature of the electronic states and of the nuclei
involved and we give an order of magnitude of the
corresponding electronic and nuclear fields.
There are three types of nuclei, all of spin 2..
"Ga, "Ga, and "As. (In the following the nuclea, r
species are referred to by the subscript n )The.
electrons occupy different types of orbital states,
either localized or delocalized. They can also
form excitons or excitonic complexes but these
last cases are more complicated due to the hyper-
fine interaction of the holes with the nuclei and
will not be examined here. The localized states
can be of different nature according to the sam-
ples used: In pure samples the electrons can be
trapped on donors. ' The case of strongly doped
samples is more complicated due to the presence
of more than one impurity within an electronic
Bohr radius. Although the experiments were per-
formed in the latter case we shall give an evalua-
tion of the parameters of the coupling in the case
of electrons trapped on donors which is simpler
and constitutes a simplified picture for our case.
Since we are considering states near the bottom
of the conduction band, we write the orbital func-
tion of the qth electron as a product of an envelope
wave function F,(x) by the rapidly varying periodic
function uo(r)

(2.10)

b, (0) = --', p, ,g, p, ~(Q/ma, "')d (2.12)

The numerical estimate of b, (0) for the three
nuclear species gives

b "' (0) = —220 G,

b, o~ (0)=b, o& (0) =-130 G.
(2.18)

The static part of this electronic field is given
by Eg. (2.11) where the instantaneous electronic
spin S is replaced by its static average (S). If
the donor is occupied a fraction l, of the total
time the static electronic field (B, (x)) is reduced

(B (r)) = I', b (0)(S)exp( 2x/a,*) (2.14)

It is the fluctuating part of the electronic field
which is responsible for the dynamic polarization
of the nuclei (the relaxation by conduction elec-
trons is negligible in our case"). An order of
magnitude of the polarization time of the nuclei
o.'at distance x from an impurity is given by"

)
-—I', [y„b, (0)] v, exp( 4r/a*), -1

Y
(2.15)

where 7, is the correlation time of the relaxing
interaction. Here, we can take v, of the same
order of magnitude as the lifetime T of the trapped
electron because it is the capture and recombina-
tion of the electrons which modulate the hyperfine

It is now possible to calculate the electronic
field seen by a nucleus due to free or localized
electrons. For free electrons this field which is
independent of the position of the nucleus is very
small. For example, it has been measured to be
1 G for 10"totally polarized electrons in InSb,
where hyperfine interactions are strong" and will
be neglected here. For localized electrons the
only nuclei which experience a nonvanishing hyper-
fine interaction are those situated in the vicinity
of an occupied center. They feel the electronic
field of only one electron at a time, the electron
trapped on the donor. In this case, the electronic
field B, (r) seen by a nucleus o,'at distance r from
the donor is obtained from Eqs. (2.5), (2.8), and
(2.9):

B, (r) = b, (r)S = b, (0)S exp(-2r/ao*) (2.11)

with
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interaction. One finds T„(0) in the range 10 '-10 '
sec with v, ranging between 10 ' and 10 ' sec and
I", equal to unity. The relaxation time of the total
system of nuclear spins may be influenced by spin .

diffusion" but when the interimpurity distance is
small this should not play a significanf role. Thfs
is the case of our highly doped samples and a value
of the nuclear relaxation time can be estimated
from Eq. (2.15) with r=af.

The nuclear magnetic field experienced by an
electron in an orbital state P, is the sum of the
contributions B' of the three nuclear species,
which are given by equations of the form of Eq.
(2.6) where the sum is restricted to the nuclei of
species n of the crystal. If all the nuclei of the
same species have the same polarization through-
out the sample, the quantity (I «) = (I ) is inde-
pendent of the position of the nucleus i and can be
factorized. The nuclear field B' due to the nuclear
species n is given by

B:= "'~—;ay.(l.) g ~g, (r,)~',
ice

(2.16)

Due to the slowly varying character of the en-
velope function E,(r) and using Eq. (2.10), one
sees that the nuclear field created by a uniform
nuclear polarization is independent of the elec-
tronic state,

B =3v, (g,/g*)@r x, d,(l,)=b,(l,). (2.17)

Here, x is the concentration of the nuclear
species

x(75 )
= 1, x(,g )

= 0.60, x(„)= 0.40. (2.18)

The numerical values of b are (using g*
= —0.44)"

b (75 )
——18,4 kG& b ~69 ) 9, 1 kG&

As Ga

b(7~ )= —7.8 kG.
Ga

(2.19)

When the polarization of the nq.clei is not uniform
(because only the nuclei near donors are rapidly
polarized) a, conduction electron sees a weak nu-
clear field because only a small fraction of
the nuclear spins J, contributes to the sum of Eq.
(2.6). However, in this same case the electron
localized on a donor sees a strong nuclear field
because in Eq. (2.6) the values of

~ g, (r,) ~' near
the donor are large due to the localization. If
one supposes that the nuclear polarization is uni-
form near the donor center up to a distance of the

order of a few Bohr radii Eq. (2.6) gives the same
value for the nuclear field as inthe case of complete-
ly uniform polarization. The nuclear field is
again given by Eq. (2.17). Taking together Eqs.
(2.3), (2.17), and (2.19) we see that with a mean
electronic spin (S)=0.1 one expects nuclear fields
of the order of a few teslas if there is no leak.
These giant nuclear fields can produce spectacu-
lar effects on optical pumping as we show in Sec.
III.

III. THEORY

In this section, we obtain the equations governing
the motion of the electronic magnetization under
conditions of optical pumping, including the effects
of the hyperfine coupling. Our experiments are
made under steady-state regime: the characteris-
tic time of the experiment is much larger than the
three times which are relevant to our system;
The electronic relaxation time (10 ' sec), the
nuclear spin-spin relaxation time (=10 4 sec), and
the nuclear spin-lattice relaxation time (=10 '
sec). For this reason we calculate the steady-state
valqe of the electronic spin in a given total static
field which is the sum of the external fieM and of
the steady-state nuclear field. The nuclear field
itself is obtained by calc/ating the steady-state
nuclear magnetization due to dynamic polariza-
tion, taking correctly into account the nuclear
spin- spin interactions.

As we have seen, the physical system under con-
sideration is very complex: (i) There are three
types of nuclei; (ii) gallium and arsenic see dif-
ferent electronic fields, which may vary with the
position of the nucleus; (iii) the nuclei under consid-
eration have quadrupolar moments and although the
quadrupolar interaction is zero in the zinc -blende
structure there could Qe quadrupolar effects re-
lated to impurities" '0; (iv) the electrons respon-
sible for the dynamic polarization are localized
in potential wells due to the random distribution
of donors and acceptors so that the electronic
wave functions are not well known. Furthermore
in our strongly doped (N„= 2 && 10"cm ') and com-
pensated samples the interimpurity distance is of
the same order as the effective Bohr radius and
the spin diffusion characteristic lengths;" Con-
sequently we do not know to what extent the nu-
clear polarization is homogeneous.

A microscopic description of the nuclear relaxa-
tion in this case is beyond the scope of this paper.
To deal with such a situation we shall consider in
the theory the following simplified picture: All
the electrons are in the same orbital states. This
means that we neglect the dispersion in the charac-
teristics of the localization centers. We also sup-
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pose that the nuclei of interest (near localization
centers) experience the same static electronic
field, which we write as

B:= r, &B:(o))= r, r, t:(0}&s&= rb;(0}&s) . (3.1)

The factor I; which is smaller than unity expresses
that this average electronic field is smaller than
the maximum static electronic field r,b, (0)&S) de-
fined in Eq. (2.14).

In first approximation, we neglect the possible
quadrupolar couplings. We suppose that all the
nuclei & of interest have the same polarization
&f ) so that they create a nuclear field given by
Eq. (2.17). The total nuclear field B„seen by an
electron is then

«S& &S&-&s.) g*u&
S xB

dt Tg (3.7)

This equation holds provided the electronic re-
laxation times T; and T, of the components of the
electronic spin parallel and perpendicular to the
magnetic field are the same. This is true in the
case of rapid motion known as the "extreme nar-
rowing case"."

In the following we always choose B in the xz
plane, z being the direction of propagation of the
incident light. In a purely transverse external
field (B,=B,=O), the steady-state solution of Eq.
(3.7) gives for &S,& the usual Lorentzian decrease
characteristic of the Hanle effect

B„=gB.= g b.&l.&. (3.2) &S,) = &S,&~a'/(~a'+a2}

with a half-width

(3.6)

In this picture, all the electrons see the same nu-
clear field B„and it is sufficient to study the mo-
tion of an individual electronic spin.

e&s& s&s&

~t f i~ ~t

The first term (S&S&/Bt)„„, expresses the trans-
fer of angular momentum from exciting light to
electrons. The second and third terms account for
the evolution of the mean electronic spin due to
recombination and spin relaxation of the photo-
excited electrons. The three first terms can be
written' '

s&s& s&s& a&s& &s) —&s,&

st „st „Bt ~ T'„
1

Here, the total electronic relaxation rate is

1/T,'*= 1/T', + 1/~, (3.6)

where 7 is the recombination time and T, the
electronic relaxation time. The steady-state spin
&S,& is directed along the direction of propagation
of the light. In III-V compounds and for cr' light
of energy close to the band gap, the value of &S,)
isa-3

&s,&= —lT;/(T;+~). (3.6)

If one adds the term which describes the Larmor
precession of the electronic spin in the external
magnetic field B one obtains a Bloch-like equation

A. Motion of the electronic spin

We can write the evolution of the electronic spin
&s) as

d(s) s&s& s&s&
'

s&s&

» = ~( lg* I t s 7",+}
' . (3.9)

This is the fundamental equation of.the system.
.The nuclear field is calculated in the following
subsection: It is shown that B„ is of the form

B„=B„'+A.&S} .
The term A &S& plays no role in Eq. (3.11) so that
the steady-state equation can be written

(g*/ g*l)»(&s&- &S.&)+ &S& && (B+B„')=0,
where 8„' plays the role of an "effective nuclear
field. "

(3.12)

(3.13)

B. Calculation of the nuclear field

In the small external fields where we work, the
Zeeman interaction of one given nuclear spin in

Equations (3.6) and (3.8) are the usual equations
of optical pumping when nuclear effects are ab-
sent.

The possible actions of the nuclei have been
described in Sec. II. %'e recall that the nuclei do
not dynamically polarize the electrons. Their only
effect is to create a static nuclear field B„ the ex-
istence of which has two consequences; firstly,
the electronic spin precesses q,round the nuclear
field According to

(3.1,o)

Secondly, B„can modify the electronic spin re-
laxation time' and consequently the value of &S,).
In our experimental case, this last effect is weak
and will be neglected in first approximation.
Finally, the total evolution of the electronic spin
can be written from Eqs. (3.7) and (3.10)

) ~ & ) &SQ& a lug
&S& )( (B B ) (3 11 )dt T;*
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o=(1 X,lu, e)(Trl) '. (3.14)

Quite generally, the static Hamiltonian X0 is the
sum of the Zeeman energies Z, of all the spins in
the external field B and in the static part (B,') of
the hyperfine field B,' defined by Eq. (2.5), of the
spin-spin interaction X„and of the possible quad-
rupolar couplings which we neglect. The expres-
sion of Ko is given by

the solid is not greater than the magnetic interac-
tions of this nucleus with its neighbors. In this
case, it is well-known that the effect of the nuclear
spin-spin interactions is the establishment of a
thermal equilibrium among the nuclear spins in a
time of the order of the inverse width of the NMR

line, -100 p, sec. The nuclear system is then
characterized by a spin temperature" 8 (of course
this is true only if the driving forces on the sys-
tem, light and magnetic field, can be considered
as static during this time interval22124). It is no
longer possible to speak of one individual nuclear
spin, and the density matrix which describes the
total nuclear system is of the form (in the high-
temperature approximation)

The static Hamjltonian 3.'0 becomes

x, = gz. +x,. (s.21)

with

Z = —y IBr ~ Qi,.
lion

(3.22)

The expectatipn value of any operator is then
obtained by the standard formula

(A) = TroA .

Thj.s gives

(3.23)

(1.) =ay. ." „[B+I'5;(0)(s)].
B

I

(Zly) ( 22) (X ) B2 ~c (~tx )2
(gn)2 ~2 0

Cn T L n

(s.24)

, g —I.(I.+I)(y.@)2,
n

(3.25)

where n is the number of spins of species and

X0= QZ)+X, =- Qy)8'(B+(B,)) I+X„. (3.15)

The spin-spin interaction X„is the sum over all
spins of dipolar, pseudodipolar and exchange in-
teractions. "'

e, =, l2y1)y',+(I, h,,I(l ))y,') y. , „

The local field BL is defined by

BL=TrX„3Tr n 5 I

(s.28)

(3.27)

X g (Xg g +X~~ g +X@ ~g) (3.18)

The expression of the dipolar interaction is

y,.yP' - - S(I,~ r„.)(I, r, .)

fj
(3.17)

where r,&
is the vector. joining i and j. The pseudo-

dipolar and exchange interactions are

XQD f) So Xg) Q

Xs „=a„(y,y, ri'/r4„)I, I, ,

(3.18)

(s.19)

Br = B+ I'5, (0)(S), (s.2o)

where , .
&

and aq& are scalar quantities.
The fact that (B,') depends on nuclear species

and position does not preclude the establishment
of a unique spin temperature as long as the differ-
ence betweeri the Zeeman energies of two neighbor-
ing spins is not larger than the spin-spin energies.
This is the case here. As said before, we consid-
er for simplicity the case where all the riuclei &

experience the same electronic field which is given
by Eq. (3.1). The total field seen by a nucleus of
species p is

It is a measure of the strength of the spin-spin
interactions. Detailed studies of NMH and nuclear
acoustic resonance (NAR) have been performed
in GaAs.""They yield the values of the different
spin-spin interactions so that it is possible to
compute BL for GaAs. This is done in Appendix B
and gives

B =2.1+0.1 G'. (3.28)

Equations (3.24) and (3.25) state that: (i) the nuclear
magnetizations n y h(I ) are directed along the
total field seen by the nuclei of species o.'; (ii)
there is no nuclear magnetization when this field
is zero; (iii) the partition of the internal energy
(X,) between the Zeeman energies (Z ) and the
spin-spin energy (X„)depends on the relative
values of the magnetic fields B~ and of the local
field B~.

The calculation of the steady-state nuclea, r
magnetization must take two processes into account
simultaneously: The thermalization of the nuclear
spin system along the magnetic field that they see
and the dynamic polarization by the spin-oriented
electrons which tends to polarize equally all the
nuclei parallel to the mean electronic spin
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[Eq. (2.3)]. The values of the steady-state nuclear
magnetizations are determined by the balance of
the polarization and of the relaxation mechanisms
of the Zeeman and spin-spin energies. We calcu-
late the spin temperature in the general frame-
work of the evolution of the nuclear density ma-
trix o: The relaxing interaction 3C'(t) is the sum
of the interaction with the electrons R,'(t) which
tends to polarize the nuclei and of the other relax-
ing mechanisms Kt(t) which have a depolarizing
effect (leak):

sc'(t) =x,'(t)+x,'(t) = g x'„(t), (s.29)

where p, is e or f.
The time evolution of the density matrix 0 is in

the extreme narrowing case"'"
do'

dt
—=- —t [3C o]

dr([K' (t), [X' (t —T), o' —o ]]& .

(s.so)

(s.sl)

The density matrix af is simply proportional to
the unity matrix:

oz I/'Tr I . —— (3.32)

Because the magnetic fields and temperature used
in our experiments are such that the usual thermal
nuclear polarization is vhnishingly small.

With Eqs. (3.14)-(3.20) and (3.30) it is possible
to express that the total energy of the system is
static. This yields the steady-state spin tempera-
ture, from which we obtain the nuclear magnetiza-
tions by Eq. (3.24), and finally, the nuclear fields
acting on the electrons by Eq. (2.17). From Eq.
(3.24) one sees that the nuclear field is the sum
of two terms which are, respectively, along the
external field and along the electronic field. We
know from Eq. (2.12) and (2.13) that this last
term can be dropped so that the effective nuclear

The angular brackets symbolize an average over
a statistical ensemble. This equation expresses
that the system tends to evolute towards two dif-
ferent states 0 under the influences of the
polarized electrons (o, ) and of the other relaxing
interactions (o&). It is natural to assume that o,
is diagonal in the representation which diagonalizes
the component of the nuclear spins along the elec-
tronic spins (S) and has the following form which
gives the value (2.3) for the dynamic nuclear po-
larization:

field is of the form

8„'=KB . (3.33)

The calculation is somewhat complicated be-
cause there are three different types of nuclei
which see different magnetic fields. It is done in
Appendix B, where we consider for 3C' (t) the case
of scalar interactions with complete correlation
of the fluctuating fields seen by two neighboring
nuclei. The final expresssions are cumbersome.
They can be simplified if one supposes that the
electronic field is smaller than the local field. In
this case we find (B28)

(S) (8+rb, (S))
H

n n B2+ gB2 (s.s4)

b„=-170kG,

b,~ —170 G.
(3.35)

(s.s8)

The quantity g is a measure of the relative re-
laxation rates of the spin-spin and Zeeman ener-
gies. When there is one spin species and no ex-
change interaction g =3 in the case of complete
spatial correlation of the relaxing interactions.
If .exchange interactions are present ( is reduced
because the exchange energy between like spins
is not relaxed by correlated interactions. In Ap-
pendix 8 we obtain $ = 2. 2a 0.3 for GaAs and the
theoretical spin-spin parameter $B2~ is

)Bi =4.6+0.5 G' . . (3.37)

Let us remark the simplicity of Eq. (3.34) which
shows that, although the magnetizations of
the different nuclear species are aligned along
different directions, the whole system behaves as
one unique "equivalent" nuclear-spin system
characterized by the three quantities fb„, I'b„
and $Bz

C. Coupled system

The equations of the electron nuclear system in
steady-state regime (3.13), (3.33), and (3.34) can
be written

(g*/lg* l)~B((s& —(s ))+ (I+K)(s& x B = 0, (s.s8)

„ (8 + rb, (S))~ (s&
B'+gB' (s.s9)

From Eq. (3.38), one obtains

(i+ rb, g&) ~
&s& = &s,&(B,+ rb, &s,)), (s.40)

Here, f is an equivalent leakage factor [Eq. (2.4)]
and b„and b, are suitable averages of the nuclear
and electronic fields b and b;(0) given by Eqs.
(3.1), (2.13),and (2.19). A numerical evaluation
discussed in Appendix B for the case of GaAs gives



LOW FIELD- ELECTRON-NUCLEAR SPIN COUPLING IN. . .

and finally we write the coupled system of equa-
tions which permit us to ca.lculate the electronic
polarization for any given external field

(S,) b, Bs+B',(1 yX)'
(S,) ~B'+B2(1+It)2 (3.41)

be (S&

(3.42)

Equation (3.41) is the usual equation of the ob-
lique Hanle effect but here' the external field is
multiplied by an amplification factor K of nuclear
origin. This amplification factor is of the order
of fb„I'b, (S ) . With f= 1, I = 1, (S ) = —and
the above values of b„, b„and gB~ we obtain
E -10'. Even with smaller polarizations and leak-
age factors, the factor E may be much larger
than unity and, consequently, it is possible for
small external fields to produce strong electronic
depolarization s.

We point out that the value. of K depends on the
electronic polarization via the electronic field
I'b, (S,) and the behavior of the system can be in-
fluenced by the resulting feedback action of the
nuclei on the electrons. The calculation of the
electronic polarization from Eqs. (3.41) and (3.42)
leads to a third-degree equation. When it has
three real roots the actual state of the system is
not uniquely determined. This may lead to irre-
versibilities when the external field is swept. '
In the present work, we restrict ourselves to con-
ditions where there is only one real solution, i.e.,
where the coupling is not too strong (small elec-
tronic fields).

We consider first the simplified situation where
the electronic field is zero (b, =0). In this case
Eq. (3.41) describes the oblique Hanle effect in a
total field (1+K)Bwhich is independent of the
electronic polarization (S,). For the small values
of the external field that we consider, (B «n. B)
Eqs. (3.41) and (3.42) show that (S,) is equal to
(Sc) when the external field is purely longitudinal
or purely transverse. Indeed, a longitudinal nu-
clear field has no effect besides its possible ef-
fect on the electronic relaxation time T;.' On the
other hand, in a transverse magnetic field the
assigned direction of the nuclear magnetization is
perpendicular to the electronic spin and the nuclei
cannot get polarized. On the contrary, in an
oblique external field there is a 'decrease of ($,).
Therefore, if we sweep through zero the longitu-
dinal field in a given transverse field or if, con-
versely, we sweep the transverse field in a given
longitudinal field, we should observe symmetrical
8'-shaped lines.

If we now take into account the existence of the
small electronic field the overall picture of the

FIG. 1. Geometry of the system in a purely transverse
external field: The field B is of the same order as the
electronic field b, (S); the nuclei see a total oblique
field which sets the direction of the nuclear spin (I ) and
consequently of the large nuclear field 8„. The electrons
then experience a large depolarizing oblique magnetic
field.

IV. EXPERIMENTS

In our experiments, we measure the degree of
circular polarization of the luminescence light (P.
The experimental setup is shown on Fig. 2. The
electronic spin is

(S,)=-d . (4.1)

The exciting beam from a krypton laser (A, = 7525
A; power 20 mW) is focused on the sample at
77 'K, the surface of the laser spot being 0.1 mm'.
The luminescence light is analyzed by a Spex 1700
monochromator, and the degree of circular polari-
zation of the luminescence is detected with a ro-
tating quarter-wave plate and synchronous detec-
tion. Care must be taken when performing the ex-
periments, firstly by compensating all the parasit-
ic fields, especially the earth field, secondly by

system is not changed very much in a longitudinal
sweep except that the center of the line is shifted
((S,) = (S,) when B,= —I'b, (S,)) whatever the mag-
nitude of the transverse field: For this value of
B, the nuclei see a purely transverse total field
along which they cannot get polarized. On the other
ha, nd if the transverse field is scanned, a W-
shaped line will be observed even svhen no external
longitudinal field is applied: Due to the existence
of the, electronic field the total field seen by the nu-
clei is oblique and the resulting nuclear field
causes an electronic depolarization. The geome-
try of the system-in this case is pictured on Fig. 1.

This shows that the usual optical pumping mea-
surement of electronic lifetime and spin relaxa-
tion time from the Hanle curve is only possible
when no nuclear effects are present or if they
have been cancelled out.
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FIG. 2. Experimental
setup: The parasitic fields
have to be compensated and
proper alignment of the di-
rection of optical pumping
(direction of the exciting
laser) with the direction of
the field configuration is of
primary importance, as ex-
plained in the theory.

precisely aligning the light and the magnetic fields.
Alloys such as Ga„Al, „As exhibit strong nuclear

effects in high fields' but these compounds are
known to pres ent important quadrupolar couplings
which may modify the properties of the nuclear-
spin system in low external fields. For this rea-
son, we have chosen to work in a stoichiometric
compound, gallium arsenide. Strong nuclea, r
fields appear in pure GaAs at helium tempera-
ture, 7 but we have chosen highly doped and com-
pensated samples for the following reasons: In-
tense luminescence, high degree of polarization,
and a short nuclear relaxation time at VV K which
makes possible the study of the electron-nuclear
system in steady-state regime. '3 The samples
used in these experiments are epitaxial P-type
GaAs samples doped with Zn impurities (N„=2
&& 10"cm ') and with various compensations by Te
impurities. The degree of compensation varies
from 0% to 50%. In these crystals, there are
charge fluctuations due to the random distribution
of ionized impurities and the carriers are localized
in the resulting potential wells. This determines
the transport and the optical properties (band

tailing, kinetics of the recombination, lumi-
nescence, . . . )."~' In spite of the complexity of
the system, it can be shown that the electronic lo-
calization range is of the order of the donor Bohr
radius4' so that the numerical values of the elec-
tronic and nuclear fields given in Eqs. (2.13) and

(2.19) are not too bad approximations. The lumi-
nescence spectrum of the samples is reduced to a
single broad line, around 8700 A which is described
in detail in Ref. 38.

We now present our measurements of the elec-
tronic polarization as a function of the applied

rf, (s,) =o.9+ o.l G (4.2)

for o' excitation. The quantity (S,) which has been
defined as the electronic polarization in zero total
field acting on the electrons is measured to be

magnetic field. We can either modulate the polari-
zation of the exciting light or of the luminescence.
At first sight, one could think that if the polariza-
tion of the exciting light is Inodulated faster than
the total nuclear spin-lattice relaxation time, in-
cluding the leak, the nuclear magnetization can-
not build up. In fact this is not true in all cases,
as shown in Ref. 12, where are discussed the nu-
clear effects obtained with simultaneous modula-
tion of (S,) and B faster than the nuclear spin-lat-
tice relaxation time. Nevertheless in our case
most of the nuclear effects diminish rapidly with
increasing modulation frequency and totally dis-
appear at 50 kHz. ' The nuclear effects presented
here are obtained for a stationary polarization
of the exciting light. There are two simple experi-
mental corifigurations depending on which com-
ponent (transverse or longitudinal) of the external
field is swept.

Figure 3 shows the results obtained by sweeping
the longitudinal field through zero in a given trans-
verse field: The general shape of the observed
curves is in qualitative agreement with the theo-
retical prediction. The centers of these 8'-like
curves do not correspond to zero-longitudinal
field; there is a shift which is independent of the
value of the static transverse field and which re-
verses its sign with the polarization of the ex-
citing light. This shift is a direct measurement
of the electronic field I'b, (SO)
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FIG. 3. Variation of the luminescence polarization for
0.+ and 0 exciting light with the longitudinal field Bg for
several values of the transverse magnetic field &„:
The shift of the center of the lines is equal to minus the
electronic field. We measure I'be (S()) =0.9+0.1 G. The
small variation of the electronic polarization when B„
=0 (curve a) is due to the field dependence of the elec-
tronic relaxation time.
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FIG. 4. Variation of the degree of circular polariza-
tion of the luminescence in a purely transverse magnetic
field: When the transverse field is large the field seen
by the nuclei is quasiperpendicular to the light excita-
tion, the nuclei cannot get polarized and a usual Hanle
depolarization curve is observed. In a field of the same
order as the electronic field {insert) the total field
seen by the nuclei is oblique and the electrons are de-
polarized by the transverse component of the nuclear
field which can be as strong as 250 G (points A and B).
In a zero transverse field, the nuclear field is longi-
tudinal and has no depolarizing effect on the electrons.

(S ) = —0.10+0.01. (4 3)

In a purely longitudinal field, (S,) should be con-
stant and equal to (S,). The small increase ob
served on Fig. 3(a) is attributed to the increase
of the electronic relaxation time with the magnetic
field seen by the electrons, ' which in the present
case is the nuclear field. An increase of the same
order is observed in an external longitudinal field
of 1 kG when the nuclear field is cancelled out by
modulating the excitation light.

The transverse Hanle effect is presented in Fig.
4. For high values of the transverse magnetic
field (B„&20G) the total field seen by the nuclei is
quasitransverse and the nuclei cannot get polarized:
This large transverse field region reproduces a
classical Hanle depolarization in the external
field; the linewidth b.B is found to be

pensates the electronic field by a longitudinal
external field of magnitude B,= —I'b, (so) This. is
shown on Fig. 5. In fact the compensation is not
perfect; this can be due to the previously mentioned
field dependence of the electronic relaxation time,
to spatial inhomogeneities of the electronic field
or to inhomogeneities in the nuclear-spin system
due to quadrupolar interactions.

We have observed that the nuclear field effects
increase with the intensity of light excitation.
This is probably due to the shortening of the nu-
clear relaxation time which increases the leakage
factor f. The nuclear effects also increase with
the compensation of the samples for the same rea-
son and also because of increased locali-
zation. Quantitative comparison between theory
and experiment can be made first from the trans-
verse Hanle effect data given in Fig. 4. The
quantity

aB =500~50 6 (4.4)
(4.5)

This is no longer true in transverse fields of the
order of the electronic field (see insert of Fig. 4).
In this region, the nuclei see an oblique magnetic
field and are polarized. The presence of the low-
field depolarization of the luminescence light
(W-like singularity) shows that in an external field
of 2 G (point A of Fig. 4) one can obtain a trans-
verse component of the nuclear field as high as
250 G (point B). These effects'are due to the pres-
ence of the longitudinal component of the elec-
tronic field. They should disappear if one com-

which can be obtained from the experiment is from
Eqs. (3.41) and (3.42) equal to

(4.5)

A plot of the measured value of ~ as a function
of B'„ is shown in Fig. 6. The linear dependence
on B'„ is observed and yields values of fb„rb, (sg'
and gB~ From the meas. ured electronic field
I'b, (S,) we obtain the value of the nuclear field.
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FIG. 5. Modification of the low-field singularities of the Hanle curve (Fig. 4) by addition of a small longitudinal field
B,: The singularity is strongly diminished when B, is opposite to the electronic field so that the nuclei see a purely
transverse field. It was not possible to achieve a perfect compensation. The best compensation of the electronic field
is obtained for B» =-0.9 6 for 0+ excitation in agreement with the longitudinal field results of Fig. 3.

Using these values it is possible to calculate from
Eqs. (3.41) and (3.42) the electronic polarization
for any given external field. This is shown in Fig.
V which presents the comparison between theory
and experiment in the longitudinal sweep case.
Curves (a) and (b) are the experimental measure-
ments of (S,) as a function of B, for two values of
B„:B,= 0 and B„=4G. Curve (c) is the theoretical
variation of (S,) given by Eqs. (3.41) and (3.42) for
B„=4Q. The overall experimental behavior is
reproduced. Better agreement can be. obtained if
we take into account the previously mentioned in-
crease a(S,) = (S,) —(So) of (S,) with the external
field 8, when B„=O. The corrected theoretical
curve (d) is obtained by adding to curve (c) the
small quantity (6(So))B,/B'. (This can be justified

in a first approximation by including in the Bloch-like
equation (3.11)the field variation of T', keeping T2
constant. ) There remains a, discrepancy between
theory and experiment in the vicinity of B,

&b, (S,)—This w.as already observed in our
transverse field study (Fig. 5) and was attributed
to the inhomogeneities of the system.

V. DISCUSSION AND CONCLUSION

All our experimental results are correctly in-
terpreted by a theoretical model which involves the
mean electronic spin (S,), the electronic field
Fb„ the nuclear field f5„, and the quantity $B2~

I 510x
ill

0,10z0
I-
N
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0
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0 t I I
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LONGITUDINAL MAGNETIC FIELD (GAUSS)

I

B' IGAUSS')

FIG. 6. Variation of the parameter A defined by
Eq. (4.5) obtained from the Hanle effect data, as a func-
tion of the square of the transverse magnetic field B„.
As shown by Eq. (4.5) the dependence on B„should be
linear. This is verified here. The slope gives
fb„ I 0 (So) =1500+ 200 6 the extrapolation to zero field
yields (B12 =6.2+1.0 6'.

FIG. 7. Comparison between experiment and theory:
Curves a and b are the experimental variation of the
electronic polarization when the longitudinal field is
swept through zero for two values of the transverse
field: B„=O and B„=46 [Fig. 3(a) and 3(d)]. Curve c
is the theoretical curve obtained from Eqs. (3.41) and
(3.42) with (So) = —0.1, n.B =500 G, fb„=—17 kG,
and ~~ = —9 G. Curve d is the theoretical curve
obtained from curve c after a first-order correction
which takes into account the field dependence of the elec-
tronic relaxation time.
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Their measured values are

fb„= 17—+ 2 kG,

Fb, =-9+16,
(B~ =6.2+ 1.0 G .

These quantities are complicated averages depend-
ing on (i) the nuclear-spin system which has al-
ready been extensively studied, (ii) the electronic
states which cannot be accurately described. in our
highly doped and highly compensated samples, and
(iii) the mechanisms of nuclear relaxation which
are not known in detail.

We have made theoretical estimations of these three
quantities in a simplified case: The nuclear po-
larization is taken to be homogeneous near a center
of localization for each of the three spin species
and all quadrupolar effects are neglected. The
inclusion of the quadrupolar interaction implies
the description of the local electric field gradients
which depend on the impurities and cannot simply
be approximated in highly doped samples. They
create inhomogeneities in the nuclear-spin system,
and the fluctuating recombination of electrons on
a given center constitutes for the nearby nuclei
a leak mechanism correlated with the polarizing
mechanism. This may not be negligible and further
studies are necessary to include the quadrupolar
effects. The overall agreement of our experiments
in low field with our model shows nevertheless
that they do not drastically alter our results. The
effect of the quadrupolar interactions is probably
to modify the actual values of the parameters and
we shall not try to compare them precisely with
the theoretical estimations. In the following we
discuss the experimental determinations of fb„,
Fb„and )B~2

The experimental nuclear field fb„=—17+2 kG
is one order of magnitude smaller than the theo-
retical nuclear field b„= —170 kG. This theoretical
value is calculated in the Appendix supposing that
the nuclear polarization of each spin species is
homogeneous in space. It depends on the values
d of the electronic wave functions on the nuclei.
These quantities have been estimated in Appendix
A and we are confide~:in their numerical values.
Thus we find the value of the leakage factor f 0.1.
This factor is the ratio of the. nuclear relaxation
rate due to the photoelectrons (T„)' to the total
nuclear-relaxation rate (T„) '+ (T,&)

'. This total
rate can be estimated in our experimental condi-
tions to be of the order of a fraction of a second:
No transient effects on a scale longer than 1 sec
have been observed, and ori the- other hand, the
nuclear effects are diminished when the excitation
light is modulated at 70 Hz which shows that the
total nuclear relaxation time is longer than 10 '

sec. Thus the relaxation time due to the photoelec-
trons is of the order of a fraction of a second. It
appears to be in agreement with the theoretical
estimate given by Eq. (2.16) provided that the oc-
cupation factor F, is not too small. The relaxation
time due to the other mechanisms of nuclear re-
laxation is shorter than the relaxation times due
to phonon-quadrupolar couplings which have been
measured in GaAs to be of the order of tens of
seconds at 77 K." The leak mechanism in our
strongly doped p-type samples may be due to the
hyperfine interaction of the nuclei with the holes.
Let us note, however, that from the value of the
leakage factor we cannot draw definite conclusions
on the nuclear-relaxation mechanisms because
the static quadrupolar effect could be partially re-
sponsible for the smaller values of the nuclear
magnetizations.

A comparison of the value of the electronic
field l b, = —9 6 with the theoretical estimate given
by Eq. (3.36): b, = —170 G shows that the quantity
F=F,F, is of the order of 0.05 in experimental
conditions where there exist approximately 10"
photoelectrons per cm'. If all the electrons were
trapped indifferently on the impurities (of concen-
tration 10"cm ') one would expect the proportion
of occupied centers F; to be of the order of 10 '
and I",I', should be even smaller because the
spatial average F, of the electronic wave function
is smaller than one. The very high experimental
value of the product F,F, indicates that the photo-
electrons are preferentially trapped on a small
fraction of the localization centers, probably those
of lower energy, and the observed nuclei are
situated near these centers.

We discuss now the experimental value of the
spin-spin parameter: )B~=6.24+1.0 G'. As said
before, the local field B~ can be calculated in
6aAs from NMH and NAB linewidths. The calcu-
lation is given in Appendix B: B~ = 2.1+0.1 6 .
We also show in Appendix B that the factor g is
essentially determined by the ratio of dipolar plus
pseudodipolar fields to the total local field which
includes the exchange fields. For this reason
$B2~ can be considered to be known in GaAs almost
as well as B2~ The the. oretical prediction (B~ is
4.6+0.5 6'; there is a good agreement between
experiment and theory.

The quantitative agreement between theory and
experiment and the fact that the measured physical
parameters are comparable to values derived from
first principles lead to the following conclusions.
We understand the basic physical effects involved
in low-field nuclear optical pumping phenomena,
at least in a steady-state regime with not too large
an electronic field. This is exemplified by the fact
that the optical-pumping determination of the quan-
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tity )I3~ coincides with the determination of this
quantity from nuclear magnetic and nuclear acous-
tic resonance in bulk gallium arsenide. The basis
established in this work which deals with the nu-
clear-spin temperature concept in the laboratory
frame can be extended to optical detection of NMR
in the rotating frame.

The usual optical-pumping determination of the
electronic relaxation time and lifetime from the
values of the Hanle linewidth has to be done with
special care whenever nuclear effects are present,
for example, by modulation of the light excitation,
transient measurements or saturation of the nu-
clear magnetization, etc.

The measurement of luminescence polarization
as a function of a longitudinal field in a static
transverse field gives a direct determination of
the electronic field I'b, . A more detailed analysis
yields the values of the nuclear field fb„and of the
nuclear spin-spin interaction )B'z. Let us note
that in doped and compensated GaAs there is only
one line in the recombination spectra but the same
measurements of the electronic and nuclear fields
can be done in principle on each line of a complex
luminescence spectrum. This may give the values
of the electronic and nuclear fields in each of the
excited states of the crystal (free or bound exci-
tons, donors and acceptors, etc.) yielding detailed
informations about wave functions and dynamics
of recombination.

d(oa in GaAs) 0( ) (Ga atom)

d(In in InSb) 0( ) i (In atom)

d(As tn GsAs) i $(0) I ~(As atom)

(Sb in InSb) i 8 ) i (Sb atom)

(Al)

(A2)

The atomic hyperfine-structure values which ap-
pear on the right-hand side of the above equatiori

APPENDIX A: EVALUATION OF THE ELECTRONIC WAVE

FUNCTION AT THE POSITION OF THE NUCLEI

Hyperfine interactions have not been measured
in gallium arsenide but it is possible to scale their
values from experimental data in indium antimo-
nide. " Our scaling is based on the fact that galli-
uni arsenide and indium antimonide have very
close ionicities (respectively 0.310 and 0.321 in the
Philips scale)." This means that the sharing of
the electrons between In and Sb atoms in InSb is
the same as between Ga and As atoms in GaAs.
Although this is related to the valence (bonding)
states, the same property should hold in first ap-
proximation for the conduction (antibonding) states:
We assume that this is true for the k=0 state.
Then the ratio of the hyperfine interactions from
GaAs to InSb is the same as the ratio of the atomic
hyperfine interactions, and

are known. " The quantities d,~,-„~& and dz, „~~&
have been measured by Gudron. " One obtains
then,

X,'(f) =- gy, )IB,*(f) ~sl, , (B2)
i

where the nuclear spin I,. of gyromagnetic factor y;
experiences a fluctuating field B,'(t'). The field
B,'(t) is the fluctuating part of the field B,' defined
by Eq. (2.5). (We recall that the static part (B,') of
B,' is incorporated into 3t', .) The static Hamilton-
ian K, of the nuclear spin system is given by Eqs.
(3.15)-(3.20). The quantities (B,t and a, , which
appear in Eqs. (3.18) and (3.19) have been mea-
sured in GaAs by NMR and NAR experiments. ""
The number , , is nonzero only when i and j are
nearest neighbors (Ga and As) and is the same
for Ga- 5As and Ga-7'As

(1+Songs�):(1+(Bpi

ps)164+013
(B3)

The quantity a, , is independent of the isotopic spe-
cies and in the particular case of GaAs, indepen-
dent of the chemical species (a,, =a)

a'=(2.6+0.3) x 10 "cm' (B4)

The calculation of the double commutators of Eq.
(Bl), knowing the expression of K„ is somewhat
tedious. They involve the correlation functions
(B,' (t) B',„(t—I )) where m and n stand for x, y or
z. We suppose (a) that the interactions 3C&(t) and
R,'(f) are uncorrelated (b) that the fields B„'(f) and
Bt (f) are tota. lly correlated for neighboring nuclei.
This is reasonable for the polarizing field B,(t) be-
cause of the small value of the interatomic distance
as compared with the extension of the electronic
state. The same hypothesis is made for the de-
polarizing fields Bt(t). The correlation functions
are taken as

(B„* (t)B'„„(t r)) =-'. & „&." exp( I—./r. ), -(B6)

where

APPENDIX B: CALCULATION OF THE NUCLEAR FIELD

We start from Eq. (3.30) and we express that in
s teady-s tate regime the total energy of the sys tern
is time independent. This leads to

0= QTr(o-rr„) f ((n,'(r), (n„(r —~l, n', ())r(r
(»)

We suppose that the relaxing interactions are sca-
lar, i.e. , of the form
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b" =&B'(f=0) ~ B'(f =0)), (B6)

and where the v„'s are the correlation times of the
interactions K' (t) (of the order of nanoseconds).

Then, using the assumptions made above, Eqs.
(Bl), (B2), and (B5) and the expression (3.14) of
the density matrix we obtain the steady-state val-
ue of the nuclear spin temperature 8

J ~j Trl

, P(b.. .)( @)3 T (I; &S))[(B+&B.')) I;]
3 ', ' ' ' (Trr) S(S+1) (B7)

The Zeeman energies Z,. are given by Eq. (3.15).
In the case of an inhomogeneous system with sev-
eral species of nuclear spins experiencing a dis-
tribution of relaxing fields, the sums of Eq. (B7)
can be averaged. But, as said in the text, we re-
strict ourselves to the case where all the spins n
experience the same relaxing fields. The quanti-
ties b" are then equal to b ~ for all the spins i of
species ot and all the spins j of species P.

To simplify the expression of 8 we introduce the
partial local fields BD ~ and B~ 8 which are re-
spectively dipolar (including pseudodipolar) and ex-
change local fields between spins of species n and

x —,
' Tr n y'h'I' B8

laxation times of the various interactions: The
spin relaxation time I/TP of the Zeeman energy

I/T, = I/T „+1/T ~,
with

(B11)

1 1 1 1 1
TD~~ T~ T~ T~ T~1 - le le le le

] ]
1f lj lj' lf

(B14)

The spin-relaxation time I/Tf ~ of the exchange
energy:

1 1 1 . 1 ]
T T T~ T Ta1 — le le le le

(B12)

(B13)
The spin-relaxation time 1/TD, '8 of dipolar . plus
pseudodipolar energies:

BEeg
2

i60.', j6g, i)j

-1
3Tr s y (B15)

B~ = p BDo,g+BE~g . (B10)

It is also convenient to introduce the different re-

(B9)

The local field defined in Eq. (3.27) is equal to
The rate of relaxation of the exchange energy be-

tween like spins 1/Ta, ' is zero. This means that
the exchange energy between like spins is not re-
laxed by scalar interactions, a well known result.

With these definitions, the nuclear-spin tempera-
ture is given by

1 3
k 8 S(S+1)

I

&s) ~ +BrT—

(B ) + E ~B 8+ gB g)e 1 e, g 1 1

(B16)

The quantity c is defined by Eq. (3.26). We have
calculated the quantities BD, and B~ ~ for GaAs
(zinc-blende structure, lattice parameter equal to
5.65 A). Their values are given in Table I. The
resulting value of the local field is

B' =2.1~0.1 G'. (B17)

As seen on Table I the contributions of the ex-
change interaction is about one fourth of this value.

The nuclear field B is then calculated from Eq.
(2.17) and Eq. (3.24). If in the denominator of Eq.
(B16) we neglect the electronic field as compared
to the local field, we obtain4'.

'"(- ~ &.» '"-'" '-'-

(B18)
where
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TABLE I. Magnitudes of the various contributions to the local field (in units of 10 G ). The
table gives the contribution of dipolar plus pseudodipolar BDe& and exchange Bze& interactions
between the nuclear-spin species n and P, calculated from Eqs. (B8) and (B9). Note that the
dipolar local fields between like spins do not depend on pseudodipolar interactions and can be
calculated very precisely.

6'Gal Ga "Ga"Ga As As "Ga"Ga 7 Gav As A$9Ga

2
&Des

2
BEeg 0.66 + 0.1 1.0 + 0.1

10

0.66 + 0.1 1.7 + 0.3

51+4 47 +4

24+3

1/T, = I/T„+I/T~, (B19) Using these quantities, Eqs. (2.2) and (2.20) and
Eq. (B18) one obtains finally

18

Ce
T18

1 c

(B2o)

(B21)
b

(S) ~ (B+I'b.(S)) Bdd B2 ~ (B2 (B28)

and

T 1 De8 Eeg
T ~8 Ts~('I egg 1 1

(B22)

f=T,/T„,
Ce T18

Ye Ye T18

(B23)

(B24)

As pointed out in the discussion of Eq. (2.12) we
need only to consider the part of the fields B 's
along B to obtain the effective nuclear field 8„'. It
is convenient to define an "equivalent leakage fac-
tor" f, weighted gyromagnetic ratios y and y, a,nd

also an "equivalent nuclear field" b„and an "equi-
valent electronic field" b,

The quantities y can be expressed only in terms
of y, x, and d as can be seen from Eqs. (B6),
(B12), and (B20) and Eqs. (2.11) and (2.12). From
the numerical values (2.13) and (2.19) of b, (0) and
b one obtains

b„=—170 kG,

b, =-170 G.

(B29)

(Bso)

In principle, to calculate $ one needs to know the
nuclear relaxation mechanisms. In fact, $ depends
mainly on the relative importance of the dipolar
and exchange local fields whereas it is only weakly
sensitive to the details of the relaxation mecha-
nisms. For this reason, we do not make a sig-
nificant error by assuming that

Y e

~I.(I.+1) y.
s(s+1)

b, = Q—b, (0).
e Ye

(B25)

(B26)

(B27)

(Bs1)

This supposes that for each nuclear species the
depolarizing interaction is proportional to the hy-
perfine interaction. In this case, the expression
of $ is grea, tly simplified and involves only known
nuclear parameters:

(y' d'+yyd&yy yyd d&)y QB 6(y d' yytd& —2y yyd dy) 28 pc y' d')
e

(B32)

If only dipolar or pseudodipolar interactions were
present in the crystal the value of g would be equal
to 3 for a system with only one spin species and of
the order of 3 when there exist several spin spe-
cies, a well known result. " In our case where the
exchange interactions are not negligible as com-
pared to the other interactions (see Table I) the
value of g is reduced. In practice, only the first

(=2.2+0.2, (B33)

and the value of the spin-spin parameter is

)B~=4.6 +0.5 G'. (Bs4)

sum of Eq. (B32) is important. The calculation
yields
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