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In a semiconductor under light excitation, spin exchange between electronic states produces
an extremely efficient spin averaging. This is shown theoretically, by a calculation of the corre-
sponding cross section, and experimentally, using the optical detection of nuclear magnetic reso-
nance (NMR) in high-purity gallium arsenide at liquid-helium temperature, excited by circularly
polarized light (optical pumping). The feasibility of this detection comes from the large hyper-
fine nuclear field experienced by the spin-polarized photoelectrons. The change of the direction
of this nuclear field in NMR conditions causes a precession of the electronic spins. The result-
ing electronic depolarization is detected from the polarization of the luminescence light. This
holds for electrons trapped on donors. Free electrons experience a very small nuclear field, but
are found to be depolarized at resonance, because of their spin-exchange coupling with trapped
electrons. Furthermore, the spin exchange is responsible for an amplification and broadening of
the optically detected NMR signal. This is shown by a calculation of the depolarization of this
system of two electronic states, and is verified by a careful analysis of the observed resonance
line. The study of this broadening indicates that the spin-exchange frequency is comparable
with the precession frequency in the external field, in agreement with its theoretical estimate.
The measured values of the ratios of the hyperfine nuclear fields of the various nuclear isotopic
species yield the sharing of the electron between cation and anion sites. We point out that, due
to the efficient spin exchange, the various electronic states behave as a single spin state. This
basic feature, which has so far been overlooked in semiconductors under light excitation, allows
a new insight at the various electronic spin properties, such as spin relaxation and optical detec-

tion of electronic resonance.

I. INTRODUCTION

The basic principle of the optical detection of nu-
clear resonance is the following: in conditions of op-
tical pumping in semiconductors that is, excitation by
circularly polarized light,! the spin-polarized pho-
toelectrons dynamically polarize the lattice nuclei,
due to the existence of the hyperfine contact interac-
tion.>> In turn, these electrons experience an inter-
nal magnetic field B, of nuclear origin, the effects of
which have been shown in a variety of experi-
ments.>~” The static external magnetic field B is
parallel to the direction z of the incident light, which
will in the following be called the longitudinal direc-
tion. In off-resonance conditions, the nuclear field
B, is parallel to the mean electronic spin (So), which
lies along the z direction, and has no effect on the
direction and magnitude of (Sp), apart from its possi-
ble influence via the electronic relaxation time.* If
now a rotating field B, is applied near the resonance
of one nuclear isotopic species, the magnetization of
the corresponding nuclei is oblique, its value depend-
ing on the magnitude of the spin temperature of the
nuclear-spin system.® The photoelectrons experience
then a total oblique magnetic field and the subse-

quent precession of the electronic spins causes a de-
crease by Hanle effect of the longitudinal component
of the mean electronic spin. This is detected from
the corresponding decrease of the degree of circular
polarization of the luminescence light.

The optically-detected nuclear resonance has first
been observed by Berkovits, Ekimov, and Safarov in
a ternary compound.* The case of high-purity galli-
um arsenide is presented in Fig. 1, which shows the
resonance lines of the three nuclear isotopic species
for positive and negative values of the external mag-
netic field. The various features of these resonances
will be interpreted below. We point out here that the
intensity of the signal is very large. For instance, in
the case of arsenic, the luminescence degree of circu-
lar polarization is almost cancelled at resonance. This
is due to the very strong value of the nuclear field ﬁ,,
which, in agreement with theoretical estimates, is as
high as several kilogauss. This work is a theoretical
and experimental study of the optically-detected reso-
nance in high-purity gallium arsenide at pumped-
helium temperature. The main interest of this sys-
tem lies in the fact that basically two kinds of elec-
tronic states are present, delocalized (conduction
electrons), or localized (electrons trapped on impuri-
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FIG. 1. General features of the optically detected NMR
in high-purity GaAs. The luminescence degree of circular
polarization is found to depend on the external longitudinal
magnetic field, both for a circular and linear excitation light.
This variation will not be discussed here. If now a rotating
field B, is applied, one observes, for positive and negative
signs of external field, the resonances of the three isotopic
nuclear species.

ties), which correspond to distinct luminescence
lines.’>~!! It has been shown previously® that the nu-
clei are polarized only in the vicinity of donors. In a
pure compound, these nuclei represent a very small
fraction of all the nuclear spins of the system. Con-
sequently, in such a case, delocalized electrons ex-
perience a vanishingly small nuclear field and can
only be depolarized, in conditions of NMR, through
their possible coupling with trapped electrons. The
study of the resonance signal, detected on lumines-
cence lines corresponding to delocalized states, allows
us to investigate the processes of exchange of mag-
netization between the two kinds of electronic states.

We show that the same signal is detected on all
luminescence lines, thus evidencing a very efficient
averaging between the various electronic states. A
theoretical analysis indicates that the relevant
mechanism is spin exchange'? between free electrons
and electrons trapped on donors. This mechanism is
found to be fast as compared to relaxation and
recombination in the different states, which explains
satisfactorily the above experimental results. We
analyze the resulting modification of the resonance
line shape and we show that there also results an
enhancement and broadening of the resonance signal.
We have been able, after careful analysis of the ex-
perimental results, to find evidence of this enhance-
ment, and we obtain an order of magnitude for the
efficiency of spin exchange in our case. Further-’
more, we evidence a strong Knight shift of the line,
due to the hyperfine field of the optically oriented
electrons.” The measured ratios of the nuclear fields
of the three spin species present in GaAs are found
to be in good agreement with their theoretical esti-
mates.

In the following section, we describe the basic
features of the optical detection of NMR, forgetting
the effect of averaging between the different states.
The theory of the line shape incorporating spin ex-
change is established in Sec. III. The experimental
results are presented and analyzed in Sec. IV.

II. PRINCIPLES

The possibility of optical detection of NMR comes
from the fact that the nuclear field B, experienced by
the electrons from a given nuclear isotopic species a
is collinear with the magnetization of the correspond-
ing nuclei. If, in conditions of NMR, this magnetiza-
tion is driven away from the direction of excitation
light, this field becomes oblique with respect to the
mean electronic spin. The resulting precession of the
electronic spins causes an electronic depolarization by
Hanle effect, which is monitored from the corre-
sponding decrease of the degree of circular polariza-
tion of the luminescence light. In the present sec-
tion, we first calculate the value of the nuclear mag-
netization in conditions of NMR, and then we deter-
mine the resulting electronic depolarization.

We suppose here that we apply a static longitudinal
field B. Since the nuclear magnetization obviously
depends on the conditions of passage through reso-
nance, we consider the case where the rotating field
B,, at frequency /2, is suddenly switched on at a
given distance 8B from the center of the resonance of
spins a, given by

8B =B —w/y, , 2.1

where v, is the gyromagnetic factor of nuclear isoto-
pic species a. The spins a experience an effective

magnetic field in the rotating frame By, at angle ¢,
with the longitudinal direction, where ¢, is given by

tang, =B,/8B . 2.2)

Consequently, if the magnitude of the effective field
EC;; is sufficiently strong, in a sense to be made clear
below, one expects that there results a projection of
the magnetization of the nuclear spins « on the direc-
tion of B The field B of nuclei o is now oblique,
its longitudinal and transverse components being
given by

B, =B,cos*¢, , !
2.3)
B., = B,sing, cos¢, ,

and the following evolution of the magnetization of
spins «a is due to spin-lattice relaxation, in a time T'¢*
of the order of seconds. We now discuss the value of
the effective field B.g, corresponding to saturation of
the nuclear absorption signal, for which Eqgs. (2.3)

are valid. It is necessary to take into account the ex-
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istence of interactions among the nuclear spins,®
which are likely to modify the features of the
nuclear-spin system. A study in the framework of
the spin temperature theory!? shows that the evolu-
tion of the system following application of B, in-
volves the exchange of energy between the Zeeman
and the secular and nonsecular spin-spin reservoirs.
This is done in Appendix A and shows that Egs.
(2.3) are valid provided the rotating field B, is larger
than the local field B, ,, of the order of a fraction of
a gauss, which characterizes the magnitude of the
spin-spin interactions. The characteristic time of the
motion of spins « is the spin-spin relaxation time
T§ =(y,BL,)~ =100 usec, so that the application of
B, has to be done in a time shorter than 75

In summary, to drive the magnetization of nuclear
isotopic species a away from the longitudinal direc-
tion, we apply a rotating field B, of magnitude larger
than the local field B, ,, in a time shorter than the
spin-spin relaxation time 7§ == 100 usec. Then after
a time larger than 7§, but shorter than the spin-
lattice relaxation time 7{ =3 sec, the nuclear field
E; of isotopic nuclear species « is given by Egs.
(2.3). This field is oblique and produces electronic
depolarization by Hanle effect. We point out the
interest of the present method which allows us to ob-
tain a well-controlled value of the nuclear magnetiza-
tion, whereas the other types of passage through res-
onance involve feedback effects between the elec-
tronic and nuclear-spin systems, in the case of slow
passage, or produce irreversible losses of nuclear
magnetization, in the case of adiabatic fast passage.>'*

We now calculate the electronic depolarization at
resonance. The geometry of the electron-nuclear-
spin system at resonance is shown in Fig. 2. The to-
tal field ﬁ,, experienced by the electrons, is given by

B,=B+ 3 Bs+B, . 2.4

BFa

incident
light
FIG. 2. Geometry of the electron-nuclear spin system:
After application of the rotating field B, near the resonance
of nuclear isotopic species «, the field B, of the correspond-
ing nuclei is oblique whereas the field EB#a_ﬁﬁ of the nuclei
which do not resonate, is unchanged. There results an elec-
tronic depolarization by Hanle effect in the total field
B+ Ep;eaﬁp +§;. The mean electronic_?pin (S) is the pro-
jection of the off-resonance mean spin (Sy) on the direction
of the total field.

It is the sum of the external field, of the unmodified
longitudinal field of the nuclei @ which do not
resonate, and of the field §f, given by Egs. (2.3).
This total field is oblique, at angle ¢, with the z
direction. The longitudinal component of the elec-

tronic mean spin is given by> !4
AB*+ B2
(8:) = (So>————-—ABZ+B:§ , (2.5)

where (Sp) is the off-resonance mean spin, lying
along the z direction. The field AB is the half-width
of the Hanle depolarization curve in a purely trans-
verse external field. It is related to the electronic re-
laxation time 7 and lifetime 7, by

AB =r(|g*|ugTys) ™! (2.6)
and

The quantity g* is the effective g factor at the bottom
of the conduction band and up is the Bohr magne-
ton. In the simplified case where the magnitude of B
is much smaller than the field B, acting on the elec-
trons, the electronic mean spin (§) is the projection
of the longitudinal off-resonance spin (So) on the
direction of B,. The decrease at resonance of the
longitudinal component of the mean electronic spin is
then

A(S,) = (So) sin’e, . (2.8)

Thus, in this case, the electronic relative depolariza-
tion at resonance A(S,)/(S,) is simply connected to
the angle ¢, between the total field experienced by
the electrons and the longitudinal direction.!” This

angle is related to the external and nuclear fields by

the following relation
A, —sin’g,

cotep, = | —
¢ | sing, cosd,

, (2.9)

which is obtained from Egs. (2.3) and (2.4). The
resonance signal depends on one parameter, the
quantity 4., given by

A.=(B+ 3Bg)/B, (2.10)
B

~ which is the ratio of the total off-resonance field ex-

perienced by the electrons and of the field of the iso-
topic nuclear species a« which resonates. The elec-
tronic relative depolarization at resonance is then
completely defined by Eqgs. (2.8) and (2.9), provided
the value of the parameter 4, is known.!® The ex-
perimental determination of A(S,)/(S,) is obtained
from the measure of the degree of circular polariza-
tion @ of the luminescence because, in low external
fields, this degree is simply given by!’

=—(S,) . 2.11)
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In fact, in external fields of the order of several kilo-
gauss, there exists an extra contribution ®,,, due to
the thermodynamically polarized holes, which is
equal to the luminescence polarization for a linearly
polarized excitation light.'*!3 These holes, of p-type
orbital wave function, at least at k =0, do not experi-
ence the hyperfine contact interaction and the addi-
tional term @, is not modified in conditions of reso-
nance. Consequently, the longitudinal compohent of
the electronic mean spin is in this case obtained from

P—C.=—(S,) , (2.12)

by measuring the relative decrease at resonance of
®— @ )

To summarize, we have presented in this section a
simple model which allows us quite generally to cal-
culate the depolarization of electrons following appli-
cation of the rotating field B, at a given distance 8B
of resonance [Egs. (2.8), (2.9), and (2.10)]. This is
monitored by the subsequent decrease of the degree
of circular polarization of the luminescence. The res-
onance line shape can be obtained by applying B, at
different distances of the resonance. In the frame-
work of the present model, this line shape is a
symmetrical W centered at resonance. The above
model will in the following be called the geometrical
model since all its predictions are derived from the
geometry of the system described by Fig. 2.

III. SPIN EXCHANGE BETWEEN THE
VARIOUS ELECTRONIC STATES

In the preceding section, we have explained the
principles of the optical detection of NMR. This has
been done, supposing implicitly that there exists only
one electronic state. We have calculated in this case
the value of the NMR signal. We show in the pres-
ent section that, before studying the experimental
line shape, in the case of high-purity gallium ar-
senide, it is necessary to take into account (i) the
presence of several electronic states, which experi-
ence different nuclear fields, and (ii) the existence of
processes which average out the polarizations of
these states, and to subsequently modify the theory
of the resonance line shape.

Indeed, it is well known from luminescence stud-
jies® 1! that there exist localized and delocalized elec-
tronic states. Due to the form of the hyperfine con-
tact interaction with nuclear spins, this interaction is
much stronger for localized than for delocalized elec-
tronic states.” Consequently, the only polarized nu-
clei are in the vicinity of the localization centers that
is, within a distance of the donors approximately
equal to the effective Bohr radius ag =100 A. This
has been shown theoretically> and experimentally.!®
Then, in our pure samples, delocalized electrons ex-
perience a very small nuclear field and the variation
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FIG. 3. Comparison of the relative depolarization of a
delocalized state (free exciton) and a localized state (elec-
tron on donor) in conditions of NMR. This is the case of
5As nuclei, the nuclear field being antiparallel to the exter-
nal field. Although free excitons experience a very small
nuclear field, the results are exactly the same on the two
luminescence lines, which demonstrates the fast averaging
processes between the various electronic states.

of the mean spin of free electrons at resonance is, in
the framework of the present model, expected to be
very small so that the resonance signal should be op-
tically detected on the only luminescence lines corre-
sponding to localized electronic states. This is in con-
tradiction with the experimental results, since the
NMR signal can be observed on delocalized lumines-
cence lines. Furthermore, as mentioned in a prelimi-
nary report,? the electronic relative depolarization is
found to be exactly the same on all luminescence
lines, as shown in Fig. 3, in the case of free excitons
and electrons trapped on donors. This contradiction
can be resolved if we assume the existence of averag-
ing mechanisms between the various electronic states.
In this case, free electrons, although experiencing a
very small nuclear field, should be depolarized be-
cause of their strong coupling with electrons trapped
on donors.

A. Discussion of the possible
mechanisms of averaging

As shown by several experimental studies. in sil-
icon,?! a possible mechanism of averaging is spin ex-
change between localized and delocalized states.
When the spins of the two electronic states are an-
tiparallel, their Coulomb interaction may result in a
mutual flip-flop.!? There results an equalization of
the mean spins of the two states, in the case where
the average time between two flip-flops is shorter
than the lifetime of one of the two electronic states.

To evaluate the efficiency of this process, we have
calculated the value of the spin-exchange cross sec-
tion o, for the scattering of a free electron by an oc-
cupied donor. This is done in Appendix B. This
quantity is related to the zero-order phase shifts .
870(8s0) characteristic of the triplet (singlet) state of
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the system of two electrons, by
T, =%[UT+ (e +2(UT(75)1/2COS(87'0_ 850)]‘ s (31)
where

or =47k? sin28ro ,
3.2)

s =47Tk_ZSill2830 ,

are the scattering cross sections in the two states.

The quantity & is the momentum of the delocalized
electron. The values of the phase shifts have been
numerically calculated by Schwartz?? as a function of
p = ka,, for scattering of free electrons by hydrogen
atoms. .Here ay is the Bohr radius of the atom.

Since the form of the interaction potential is essen-
tially the same for a donor, the same calculations give
the phase shifts in the case of gallium arsenide. We
take for the parameter p, krag where kr is the
thermic momentum of the electron and ag is the
donor effective Bohr radius. One obtains, taking a
value of the temperature T of the free-electron gas of
the order of 10 K,

0o =9x10"2 cm? . (3.3)

This is probably valid within numerical factors of the
order of unity.?*

The evolution of the mean spin of the free and
trapped electronic states is determined by writing the
rate equations of the populations #, and n, of the two
states, the quantization axis being the longitudinal
direction. For free electrons, these equations can be
written

dn
—af?t =—0UN_Npyt oevnNp
(3.4
anf_
a3 == NNt T U sy

where v is the electronic thermic velocity. Using the
expressions of the mean spin of the two electronic
states

nq+ - nq_

(S) == . 3.5)

g+t hg-

we obtain the contribution of exchange to the motion
of the electronic spins

S| ___m 1 _
ot e_ n,+nf ((Sf> <S M
(3.6)
8(S,) B
ar |, n,+n,'r (<S> <Sf>)

where n,(ns) is the total concentration of the trapped
(free) electronic state. These equations have been
established with the supposition that the magnetic

field is parallel to the direction of excitation light.
They are also valid in NMR conditions, for which the
magnetic field experienced by trapped electrons is no
longer longitudinal. Indeed, the electronic motion by
precession in this field can be shown to be negligible
during the spin-exchange process, so that this last
process should not depend on the magnetic fields ex-
perienced by the two states. Thus, the two mean
spins (S,) and (§f) tend to be equalized by spin ex-
change, the characteristic time of the decrease of
(S,) — (S,) being given by

L n+n)oew . G.7)
Te
This time should be compared to the lifetime of the
free electrons, of the order of 10 nsec. The value of
the electronic concentration which gives a comparable
exchange time is found, from Egs. (3.3) and (3.7) to
be 10!2 cm™3, which is at least two orders of magni-
tude smaller than the actual concentration in our
crystal.!! This demonstrates that spin exchange is
indeed very effective to equalize the populations of
the two electronic states.
We examine now the possibility of other mechan-

‘isms of averaging. We recall that the thermal excita-

tion to free electronic states, together with the impact
ionization by energetic electrons, are ineffective due
to the low values of both the lattice and free-
electron-gas? temperatures These other mechan-
isms can be the following.?’

(a) Reexcntatlon to free electronic states by Auger
processes?® in the trapped excitonic states, or by dis-
sociation of free excitons in the vicinity of impuri-
ties.?” We have indeed observed, in agreement with
the results of Shah er al.?®, a strong photoconductivity,
only weakly dependent on energy, by exciting the lo-
calized electronic states with a tunable laser source.?
The effectiveness of the reexcitation processes can be
estimated from the calculation of the radiative life-
time of the complex DyX, performed by Hwang and
Dawson.?6 This time is approximately 2 nsec whereas
the measured total lifetime of this complex is 1 nsec.
This shows that the reexcitation processes are, at
most, as effective as radiative recombination. They
can thus be neglected as compared to spin exchange,
which is at least two orders of magnitude more effec-
tive.

(b) Trapping of free electron in an excited state of
the donor, followed by thermal excitation, according
to the “‘giant trap’’> model of Lax.’®3! In our case
where the radius of spheres of polarized nuclei,
around each donor, is comparable with the donor
Bohr radius, this would result in a value of the aver-
age nuclear field experienced by the free electrons,
smaller than that experienced by trapped electrons.
This is not the case, which shows that spin exchange
is more efficient than trapping in an excited state of
the donor.
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In summary, spin exchange is the dominant
mechanism of averaging of the polarizations of the
various electronic states. The resulting motions of
the spins (S,) and (S,) are given by Eqgs. (3.6). The
spin exchange time is found to be at least two orders
of magnitude shorter than the lifetime in the free
electronic state so that the polarizations of the two
states are equalized. Thus, although the various elec-
tronic states are characterized by distinct features
(energy, kinetics of recombination,. . . ,), the spin
properties of all these states are the same, due to the
efficient averaging produced by spin exchange. This
is the reason why the NMR line is also observed on
the delocalized state.

B. Theory of the resonance line shape
including spin exchange

To calculate the resonance signal, taking into ac-
count the fast spin exchange, we consider for simpli-
city only two electronic states, free electrons and
electrons trapped on donors. We thus forget the
presence of excitons. Our image of the system is il-
lustrated in Fig. 4: light excitation across the band
gap creates free carriers which recombine via the
trapped electronic state. As was discussed above, the
nuclear field acts only in the trapped state, but the
existence of averaging mechanisms causes depolariza-
tion of free electrons at resonance. The motion of
the electronic spins is then due to three different
processes: relaxation together with recombination,
precession in the magnetic field experienced by the
two states, and spin exchange. With the above form
of the motion due to spin exchange, the coupled
equations of evolution of the two states can be writ-

creation
" by excitation light

FREE
ELECTRONS
Bn=0

Averaging
processes

Luminescence

TRAPPED
ELECTRONS
Bn#0

J;—— recombination

FIG. 4. Description of the system of localized and delo-
calized electronic states (see the text). The free electrons,
although experiencing a very small nuclear field, are depo-
larized in conditions of NMR, through their contact with
trapped electrons.

ten

@=*;1~{;[<§,)~0.2596%{} _'g;ﬂ@)xg
- n,zfn,;lj((§f)_<§'>) , (3.8)

df;,) = TI{* (-S‘t)“(gf)% —%(E) xB,
- LEH-GEn (3.9

n,+nf Te

where T{ and 77 are the spin relaxation time and the
lifetime of state g and T9« = T{7Y/(T{ +79). The
quantity 0 is the degree of circular polarization of the
excitation light and U is the unit vector of the z direc-
tion. The first term of these coupled equations
describes the motion of the spins of the two states
due to relaxation and recombination,!! the initial
mean spin being —0.250T for the free state and, for
the trapped state, the mean spin <§f) of free elec-
trons which act as a source for the trapped state. The
total field §,, acting on the trapped electrons, in-
cludes the oblique nuclear field and is given by Egs.
(2.3) and (2.4). The magnetic field acting on the
free electrons is simply the external field B. To solve
the two above equations in steady-state regime, we
make the simplifying assumption that spin exchange
is fast as compared with relaxation and recombina-
tion, that is:

ny

1
T ,
n+ns 7, {* >>1

(3.10)

—~f£———L—Th >> 1

n, + nf Te
Then, it can be seen, by considering the scalar prod-
uct of Eq. (3.8) with T, that the longitudinal com-
ponents of (§f) and (S,) are equal. The common
value of (Sp) and (S,,) is found to depend on the
efficiencies of spin exchange on one hand, and of re-
laxation and recombination on the other hand, which
are characterized by the two following magnetic
fields.

(i) The field d,, defined by

5, = i n 1

= —_—= o .nv , (3.11)
g up mtng e g'up

which is, in units of magnetic field, the frequency of
spin exchange for free electrons. Although the con-
centration n, of trapped electrons cannot be well
characterized, this quantity can be assumed, at least
for the high excitation intensities used in this work,
to be of the order of the donor concentration which
is several 10 cm™ in our samples. Using Eq. (3.3)
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3

and taking n, =10 cm™3, we find

8 =18kG . (3.12)

(ii) The width AB of the standard Hanle curve, in
the absence of nuclear effects, which characterizes
the efficiency of relaxation and recombination. This
field can be experimentally determined and has been
found to vary between 10 and 150 G, depending on
excitation-light intensity. The field AB is quite gen-
erally of the form (2.6). In the presence of spin ex-
change, the total effective spin relaxation time 7« is
however no longer given by Eq. (2.7), but by
-1

1 _ L, m 1l m (3.13)

Tl:n T{* ng T{ ne

With the above definitions, the common value of
(S;.) and (S,) in conditions of NMR can be written

A'B? + B,}?

m:,‘{ (3.14)

(Si:) = (Sg:) = (So)
This equation has the same form as the usual equa-
tion (2.5) of the Hanle effect in an oblique magnetic
field. The off-resonance mean spin (Sy) is

T«

Lt nn) (3.15)

(So) =—0.259

The effective electronic relaxation time 7;x being de-
fined by Eq. (3.13).

The longitudinal and transverse components of the
total effective magnetic field B, acting on the elec-
tronic spin system are defined, in the case of the res-
onance of isotopic nuclear species a, by

By =u'?BL,
(3.16)

By=B+ ) By +BL, ,
B&a

where the modified nuclear fields B’ are of the form
Bg=(1+\)"1B,4 3.17

and the nuclear fields B%, and B/, are obtained from
Eq. (2.3) by replacing B, by B,, defined by the
above equation. The coefficients A and u, given by

nf 83 (
=— 3.18)
n, 82+ B?
S n ! B?
=1+—=-Nh++ =, 3.19
a AB[ ne| 82+B? (3.19)

depend only on the magnetic field B experienced by

the free electronic state and are the same throughout
the NMR line. The effective Hanle linewidth A’'B is
given by

A'B=(+ng/n)ABp(1+0)7" . (3.20)

We now comment on the above results and discuss
successively the value of the off-resonance electronic
mean spin, of the effective magnetic field B,, and of
the effective Hanle linewidth A’'B.

a. Off-resonance mean spin. The off-resonance
mean spin (Sy), as seen from Egs. (3.13) and (3.15),
depends on the concentrations n, and n, of free and
trapped- electrons. Two limiting cases can be dis-
tinguished. When the concentration n, of trapped
electrons is very small, the off-resonance mean spin
(So) of the two electronic states is that of the free
state, unmodified by the spin exchange with the
trapped state. On the other hand, if the concentra-
tion of trapped electrons is large, the total loss of
magnetization caused by electronic relaxation in the
trapped state is large. Thus the magnetization loss of
the free state, due to spin exchange with the trapped
state, can be as large as to prevent the free electrons
from being polarized by the excitation light. We
have then (S;) = (S;) =0.

b. Effective magnetic field. As seen from Eqgs.
(3.16), the introduction of spin exchange causes two
modifications of the magnitude of the effective field
acting on the electrons. Firstly, the fast spin ex-
change produces an averaging between the very small
nuclear field experienced by the free electronic state
and the nuclear field B, acting on the trapped elec-
tronic state. The mean nuclear field B, of nuclear
isotopic species B is given by Eq. (3.17) and is small-
er than Bg by a factor (1 +A). The averaging factor
\, defined by Eq. (3.18), depends on the populations
n, and ny of the two electronic states. Secondly, the
electronic depolarization takes place as if the trans-
verse component of the field B, acting on trapped
electrons were multiplied by a factor u'/? larger than
unity. The origin of this amplification is the follow-
ing. At resonance, the two fields experienced by the
free and trapped electrons are not parallel.: Then, the
modulation by spin exchange of the Zeeman interac-
tion of a given electron causes an extra relaxation
process, which does not exist in off-resonance condi-
tions, and which results in an increase of the elec-
tronic depolarization at resonance. This enhance-
ment of the resonance signal is obviously only
present when precession is sufficiently fast to modify
the electronic spin between two exchange processes,
that is, if the external field B is not too small. This
last fact is indeed predicted by the theory which
shows that for low external magnetic fields that is, if
the following condition is verified:

B << (8,AB)'? | 3.21)

the enhancement factor w is very close to unity, so
that the amplification of the signal is very small. On
the other hand, if the following condition is satisfied:

B >>5, , (3.22)

which indicates that, for the free electronic state, pre-
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cession is faster than spin exchange, the enhance-
ment factor u has its maximum value, which is relat-
ed with the ratio 3./AB of the efficiencies of spin ex-
change and of recombination and relaxation. Taking
the estimated value [Eq. (3.12)] of &, and the mea-
sured value of AB, one sees that, in the case of
high-purity gallium arsenide, the maximum value of
the enhancement factor w can be as large as 100.
Consequently, the present theory predicts that the
nuclear resonance signal should be strongly amplified
due to the existence of spin exchange.

c. Effective Hanle linewidth A’'B. A standard ap-
proximation in the framework of the geometrical
model is to neglect, in Eq. (3.14), the Hanle line-
width AB as compared with the magnetic field B, act-
ing on trapped electrons. This approximation is justi-

fied if spin exchange is not considered, because AB is -

indeed small as compared with the value of the exter-
nal and nuclear fields. This is no longer true if there
exists an efficient spin exchange averaging because,
as seen from Eq. (3.20), the effective Hanle
linewidth A’B is in the general case different from
AB. The quantity A’B increases with the value of the
external magnetic field. The effective Hanle
linewidth is then likely to be much larger than AB, so
that the above approximation is not valid in all cases.
Note that, in high magnetic fields, if for the two elec-
tronic states precession is faster than recombination
and relaxation that is, if condition (3.22) and condi-
tion

B, >> (ny/n)s, (3.23)

are fulfilled, the field A’B is equal to §,. This high-
field value of the effective Hanle linewidth A’B corre-
sponds to a value of the effective electronic relaxa-

tion time T, determined by an equation similar to
Eq. (2.6), which is equal to the spin exchange time of
the free electronic state. This comes basically from
the existence, in the high-field case, of the extra elec-
tronic relaxation mechanism due to modulation by
spin exchange of the electronic Zeeman interaction.
Due to the strong value of the external field, the re-
laxing interaction is strong, and this case is analogous
to the strong collision case in standard theory of re-
laxation. The relaxation time of the above mechan-
ism is then of the order of the time of modulation of
the relaxing interaction, which is in our case the spin
exchange time. This time is much shorter than the
electronic relaxation time and lifetime, and deter-
mines the value of the effective Hanle linewidth,
which explains the high-field value of A’B.

To summarize, we have calculated the value of the
electronic mean spin in conditions of NMR, taking
into account the fast spin exchange between free and
localized electrons. The nuclear resonance signal is
in the general case modified by three different ef-
fects: averaging of the magnetic fields experienced
by the two states, which results in a decrease of the
value of the nuclear fields; amplification of the
transverse component of the field acting on the
trapped electronic state; and consequently of the nu-
clear resonance signal, modification of the Hanle
linewidth which is likely to be no longer negligible.
The line shape is now determined by three parame-
ters which are: (i) the quantity A4, given by

B+ 23,;} /B;
B

which is obtained by replacing in 4 ,, given by Eq.
(2.10), the nuclear fields Bg by their averages By

AL = (3.24)

TABLE 1. Effect of spin exchange on the resonance line shape. -This table gives the values of
the average nuclear fields B ,;, experienced by the system of two electronic states, of the enhance-
ment factor u, and of the effective Hanle linewidth A’B in the low-field case and in the high-field
case discussed in the text. One sees that in the low-field case, the resonance line shape can be in-
terpreted in the framework of the geometrical model, with modified values of the nuclear fields.
The high-field case is characterized by a strong amplification of the resonance signal.

General case Low field High field
Cond. (3.21) Cond. (3.22) and (3.23)
Nuclear 3.17) Smaller Unmodified by spin
fields Bg than Bg exchange, equal to Bg
Enhancement (3.19) Negligible Maximum value
factor u
Effective
Hanle (3.20) Negligible Negligible

linewidth A'B
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over the two electronic states; (ii) the amplification
parameter u, given by Eq. (3.19); and (iii) the effec-
tive Hanle linewidth A’B, given by Eq. (3.20). Itis
possible to distinguish a low-field case and a high-
field case, which are respectively defined by condi-
tion (3.21) and conditions (3.22) and (3.23), and ba-
sically correspond to fast precession or slow preces-
sion as compared to spin-lattice relaxation together
with recombination. These two cases are analyzed in
Table I, where the expressions of the three parame-
ters of the system are given. One sees that in the
low-field case, the amplification of the signal is negli-
gible. This case can be interpreted in the framework
of the geometrical model, simply taking into account
the modified values Bg of the nuclear fields Bg. On
the other hand, in the high-field case, there is no
averaging of the nuclear fields (Bg = Bg) but a
strong amplification of the signal. The effective
Hanle linewidth can be neglected in both the low-
field limit and the high-field limit, but not in the in-
termediate case.

IV. QUANTITATIVE STUDY OF THE LINE SHAPE

For the experimental study of the NMR line, we
have used the method described in Sec. II, which
consists of applying the rotating field at a given dis-
tance from exact resonance and of measuring the
resulting electronic depolarization A (S,). This has
been done in several n- and p-type high-purity sam-
ples at pumped-helium temperature. Since the
results obtained do not depend strongly on impurity
concentration, we present here only the case of an »-
type sample of concentration of several 104 cm™.
The experimental setup and conditions, apart from
the field configuration, are the same as discussed in
Ref. 3. The external field, longitudinal with respect
to the direction of light excitation, is as high as 12
kG. The magnet used is homogeneous enough for
NMR detection (less than 50 mG in the illuminated
volume of the sample) and at the same time allows
laser excitation and luminescence detection along the
magnetic field. The rotating field B, produced by a

coil wound around the glass Dewar tail, can reach 5G.

The general features of the observed nuclear reso-
nances are shown in Fig. 5 for *As in an external
field of 11 kG, for the two cases where the nuclear
field is parallel or antiparallel to B. In agreement
with the above model, the two corresponding lines
have a W-like shape. However: (i) The shape of the
W is dissymmetric, and the center of the resonance is
not situated at the same position for the two geome-
tries; and (ii) the magnitude and width of the reso-
nance lines are larger when the nuclear field is an-
tiparallel to the external field than in the opposite

case.
In this section, we show that these two effects can-

0.8 parallel geometry

(a.u.)

/ antiparallel geometry

POLARIZATION

calculated resonance field
1 1 1 1
20 40

3B (gauss)

FIG. 5. Shape of the resonance of ">As nuclei at 8 MHz
in the two cases where the nuclear field is antiparallel or
parallel to the external field. The circles are the relative
value of the electronic mean spin after application of B;.
The magnitudes of the two resonance signals are not the
same, due to the geometry of the system (see Fig. 6). The
centers of the two lines are not situated at the same position
(points 4 and B), due to the existence of the Knight shift.
The accurate value of this shift is best obtained from the
center of the slow passage resonance curves (see the crosses
on the figure) and, as predicted, has the same absolute
value for the two geometries (points C and D).

not be interpreted by the above theory including spin
exchange. They are due, respectively, to the ex-
istence of the Knight shift of the NMR line and to
the inhomogeneities of the nuclear field. We find
that we can sort out these effects to study the role
played by spin exchange.

A. Knight shift of the line

- The hyperfine field experienced by the nuclear
spins « from the spin-polarized trapped electrons has
been calculated in Ref. 3. This field, of the form
b2(S,), where (S,) is the mean spin of trapped elec-
trons, has been shown to be of the order of several
gauss. In this case, the distance to resonance is no
longer 8B given by Eq. (2.1), but now depends on
the longitudinal component of (S,). It is given by

3B =8B +b2(S,;) , 4.1

so that the center of the observed resonance line,
corresponding to 8B =0 should be shifted from its
calculated position.?? Since the off-resonance mean
electronic spin (Sy) has opposite values for the paral-
lel and antiparallel geometries, the sign of the result-
ing Knight shift is expected not to be the same for
the two cases. This effect is directly evidenced from
Fig. 5 which shows that indeed, the centers of the
two resonance lines in the parallel and in the an-
tiparallel geometries are not at the same position
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(points 4 and B of Fig. 5).

Let us point out however that: (i) the absolute
values of the measured Knight shifts are found to be
different for the two cases, although the mean elec-
tronic spin (S,) is exactly the same; and (ii) close to
the center of the line, the resonance line shape is
dissymmetric. We think that these two effects have
the same origin and are due to the variation of the
distance &'B, given by Eq. (4.1), due to the decrease
at resonance of the longitudinal component (S,) of
the electronic spin. This variation causes a change of
the direction of the effective field By in the rotating
frame, and there results a feedback between the nu-
clear and electronic spin systems which modifies the
resonance signal. However, the coupled equations of
evolution of the nuclear field B, and of §eff after ap-
plication of B, are intricate and will not be solved.
Very schematically, one can explain the asymmetry of
the resonance lines by noticing that the modification
of the absolute value of &' B due to the decrease of
(S,) at resonance is an increase or a decrease
depending on the side of the resonance line where B,
is applied. Since in the geometrical model the magni-
tude of the signal only depends on 8'B/B), this leads
to a modification of the resonance signal which has
an opposite sign for the two sides of the line and ex-
plains the asymmetry of the resonance line. To show
that the above feedback also shifts the centers of the
resonance lines, it is possible to analyze the slow-
passage resonance curves. Indeed, close to the center
of the line, in conditions of slow passage, the elec-
tronic spin has its off-resonance value (S,) and is
constant, so that the feedback no longer exists. Then
the values of the Knight shift, measured from the
slow-passage resonance signals, are expected to be
the same in the parallel and antiparallel geometries.
This is indeed verified by the experimental results
(points C and D of Fig. 5). The measure of the com-
mon value of the Knight shift yields the quantity b.*
In the case of ’As, we find

bPA) =—50£10 G 4.2)

which has the correct sign and is the value calculated
from Ref. 3 for the arsenic nuclgi situated at a dis-
tance from a donor equal to 80 A.

B. Inhomogeneities of the nuclear field

The existence of inhomogeneities of the nuclear
field B, is revealed from the results of the optical
detection of the electron spin resonance, obtained in
the same sample.®® Indeed, when the nuclear spins
are dynamically polarized, one observes (see Fig. 1 of
Ref. 33) a broadening of the electronic resonance sig-
nal, due to the inhomogeneities of the nuclear field
which shifts the resonance. In the present section,
we show that these inhomogeneities cause the width

of the resonance line to be much larger in the case
where the nuclear field B, is antiparallel to the exter-
nal field than in the opposite case. This done in the
framework of the geometrical model since the ampli-
fication parameter u and the effective Hanle line-
width &'B, introduced by the theory including spin
exchange, are the same for the two geometries, so
that spin exchange plays no role in the interpretation
of these effects.

To show the differences between the parallel and
antiparallel geometries in the framework of the
geometrical model, we compare the field configura-
tion at resonance for the two cases, supposing first
that B, is homogeneous. This is shown in Fig. 6.
The only difference between the two cases represent-
ed on the figure is the sign of the nuclear fields, the
other parameters of the system being exactly the
same. We recall that the electronic relative depolari-
zation is sin’¢, where ¢, is the angle between the to-
tal field experienced by the nuclei and the longitudi-
nal direction. One sees (i) that the resonance signal
is quite generally larger in the antiparallel than in the
parallel case, and (ii) that there exists a critical situa-
tion, for which the total nuclear field is equal to the
external field. In this case the parallel resonance sig-
nal is basically unchanged whereas in the antiparallel
geometry a very small rotation of the nuclear field ﬁn
produces an important change of ¢., and consequent-
ly, a large resonance signal. This means that, if the
total off-resonance field B + 2,9#35.‘*’ B, is very
small, the linewidth can be much larger in the an-
tiparallel geometry than in the opposite case and
should strongly decrease if the external field or the

parallel geometry

<Sy> B BE«BB B.
A —— g > o
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FIG. 6. The difference in the magnitudes of the reso-
nance signals, in the two cases where the nuclear field is
parallel or antiparallel to the external field, comes from the
geometry of the system. For a given value of external and
nuclear fields, and of the angle ¢,, the angle ¢, of the total
field experienced by the electrons with the direction of in-
cident light is indeed larger in the antiparallel than in the
parallel geometry. There results a stronger electronic depo-
larization in the former case.
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nuclear field are slightly modified.

The above effect, which is predicted, with the sup-
position that B, is homogeneous, does not interpret
the larger linewidth in the antiparallel geometry be-
cause the dissymmetry of the linewidths between the
parallel and antiparallel geometries has been found
experimentally to be independent of the relative
values of external field and total nuclear field. If
now we take into account the inhomogeneities of B,,
one sees that a broadening of the resonance line in
the antiparallel geometry will be observed if there ex-
ists a fraction of electrons for which the nuclear field
B, compensates the external field. This means that
the resonance will be inhomogeneously broadened
for a whole range of values of B, the extension of
which is of the order of the inhomogeneities of B,.

Consequently, we have shown that the inhomo-
geneities of B, are likely to explain the larger
linewidth in the antiparallel geometry. Since the
broadening is observed for a wide range of values of
the external field B, we conclude that the width of
the distribution of the nuclear fields is probably very
large, comparable with the value of the average nu-
clear field. This is indeed verified from the conduc-
tion electron resonance results mentioned above.
These are probably related to macroscopic fluctua-
tions of impurity concentration which are not aver-
aged out by the fast spin exchange.>

It is possible to illustrate more precisely the role
played by the inhomogeneities of B,. As stated be-
fore, the signal in the far wings of the line is due to
the depolarization of the only trapped electrons for
which the nuclear field B, compensates the external
field. For the rest of the resonance line, all trapped
electrons in principle contribute to the signal, but we
shall only consider here the more numerous ones for
which B, is equal to the average nuclear field B,. _
Consequently, if the external field B compensates B,,
the same electrons are dominant for the two parts of
the resonance line and the effect of the inhomo-
geneities on the lineshape should be decreased. This
is verified by the comparison, for several values of
the nuclear field of the experimental electronic depo-
larization A (S, )°*** and its theoretical value
A(S,)theor obtained by an extrapolation from the far
wings of the line in the framework of the geometrical
model. This is shown by Fig. 7 which represents the
variation with the distance 8B to resonance of "°As
nuclei, of the error signal

A<Sz>expt__ A (Sz>theor
- A (S, ) theor

Curve b of the figure corresponds to a nuclear field
B, larger than B, and curve ¢ to B, smaller than B.
The case of compensation, shown in curve a, can be
easily characterized because, as seen in Fig. 6, in the
antiparallel geometry, it corresponds to a maximum
electronic relative depolarization at least for small

4.3)

e

ERROR SIGNAL

| 1 1
-20 -10 -4
DISTANCE TO RESONANCE (kHz)

FIG. 7. Variation of the error signal given by Eq. (4.3)
for three different values of the off-resonance electronic
mean spin. This is the 7>As resonance in the antiparallel
geometry in an external field equal to 300 G. Curve a cor-
responds to the case where the nuclear field compensates
the external field. In curve b(c) the nuclear field is larger
(smaller) than the external field. In the geometrical model
of Egs. (2.8) and (2.9), the quantity e should be zero. The
better agreement for curve a is an evidence of the role of in-
homogeneities of the nuclear field (see the text).

values of the angle ¢,. Indeed, in this case, the error
signal e is found to be smaller than in the two other
cases, which evidences the role of the inhomo-
geneities of the nuclear field. Of course, the quanti-
tative understanding of the line is not perfect. This
is mainly due to the crudeness of the above approxi-
mation with two types of trapped electrons, and also
to the effects of spin exchange, which will be shown
in the following section.

Note that if it is possible to characterize compensa-
tion of external and nuclear fields, it is in principle
possible to estimate the ratio b,=B,/(I,) where B,
is the average nuclear field of isotopic species a and
(I,) the corresponding mean spin. The nuclei B# a
are resonantly saturated before application of B; on
the resonance of nuclei . Then the compensation
corresponds to B, + B =0 so that B, is known. On
the other hand, the measure of the luminescence po-
larization yields the mean electronic spin and from
Eq. (2.17) of Ref. 3, allows us to estimate the aver-
age mean spin {/,) of isotopic species @. One ob-
tains then for arsenic nuclei

b(75As) =612 kG . (44)

The large uncertainty of this value comes from the
measurement of the luminescence polarization and of
the possible imperfect saturation of gallium nuclei.
The value obtained is three times smaller than a
theoretical estimate [Eq. (2.19) of Ref. 3], supposing
that all the nuclear spins situated in the region of lo-
calization of the trapped electrons are dynamically po-
larized. This difference probably comes from the de-
crease of the nuclear field caused by spin exchange
[see Eq. (3.17)] and from the existence of other
mechanisms of nuclear relaxation, apart from the hy-
perfine coupling with the trapped electrons.’
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In conclusion, we have shown that there exist
strong macroscopic inhomogeneities of the nuclear
field B, experienced by the various trapped electrons.
These inhomogeneities have qualitatively no effect
on the resonance line in the parallel geometry, but
drastically broaden the resonance line in the an-
tiparallel geometry. Due to the strong width of the
distribution of the nuclear fields, this is true almost
independently of the value of the external field.

C. Experimental study of the effect
of spin exchange

In this section, we show the effects of spin ex-
change on the line shape which are predicted by the
above theory, that is mainly the amplification of the
resonance signal. We recall however that the ex-
istence of the Knight shift of the line and the inho-
mogeneities of the nuclear field are likely to produce
uncontrolled modifications of the line shape which
forbid an accurate analysis. To avoid these effects,
we choose to study the only case where the nuclear
field has the same sign as the external field, and for
which it can be shown that the inhomogeneities of B,
do not appreciably modify the line shape.’> Further-
more we exclude from our analysis the center of the
resonance line for which, as shown in Sec. IV A, the
magnitude of the resonance signal is modified due to
the existence of the electronic field. '

It is at this point straightforward to show the
enhancement produced by spin exchange in the paral-
lel geometry because, as shown in Fig. 5, the width
of the resonance line is in this case much larger than
the magnitude of the rotating field B;. This cannot
come from usual inhomogeneous broadening of the
line (quadrupolar effects, inhomogeneities of the
Knight shift) since we have verified that the
linewidth is indeed proportional to B;. To show this
enhancement more precisely, we point out that if no
spin exchange is present, the theoretical value of the
electronic depolarization A (S,)/(Sy), given by Eq.
(2.8), is in all cases smaller than sin’¢,, which is the
value of A(S,)/(Sy) if the total field experienced by
the electrons is only composed of the field B, of nu-
clei a. Indeed Fig. 8 shows that, in the case where
the external field is 10 kG, the experimental reso-
nance line is broader and more intense than the
above-defined theoretical signal. This demonstrates
the enhancement produced by spin exchange.

Further investigation of the effects of spin ex-
change would in principle require us to determine the
values of the three parameters of the system [4 .,
given by Eq. (3.24), amplification parameter u, effec-
tive Hanle linewidth A’B] and to study their varia-
tions as a function of the external magnetic field,
keeping the nuclear field constant. However, due to
the high number of adjustable parameters, we are not
very confident in the reliability of such a study.

POLARIZATION (a.u.)
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FIG. 8. Effect of spin exchange on the shape of the NMR
line in the parallel geometry: The solid line is the calculated
maximum electronic depolarization, in the absence of spin
exchange. The experimental results obtained in a field of 10
kG (+) and in a low external field equal to 300 G (O), show
the enhancement of the nuclear signal by spin exchange. In
agreement with the theory this enhancement is found to in-
crease with external magnetic field.

Furthermore, a change of the external field probably
produces a change of the nuclear field B,,*® and con-
sequently causes spurious modification of the param-
eter A,. Therefore, we shall limit ourselves here to
physical remarks which allow us to verify qualitatively
the effect of spin exchange and its dependence as a
function of external magnetic field.

The increase of the amplification parameter as a
function of external field is first shown, at least quali-
tatively, in Fig. 8, which compares the shape of the
resonance signal obtained in the above case where
the external field is equal to 10 kG, and in a very low
external field, equal to 300 G. One sees indeed that,
in agreement with the theoretical predictions, the
amplification parameter increases with the value of
the external field. Furthermore, it is possible to
analyze the experimental situation in the framework
of the high-field case and of the low-field case dis-
cussed in the preceding section. The estimate of the
quantity 8, and the measure of the width AB of the
Hanle curve show that the low-field case defined by
condition (3.21) probably correspond to B of the or-
der of several hundred gauss, whereas the high-field
case is likely to be obtained for a very strong external
field, higher than 10 kG. Consequently, the total
available range of the external field probably corre-
sponds to the intermediate situation. This is seen,
first by noticing that there still exists a small
enhancement of the NMR signal in an external field
of 300 G. Secondly, an analysis of the high-field
results of Fig. 8 using Eqgs. (3.14), (3.22), and (3.23),
shows that the signal close to the center of the line is
too small, as compared to the signal in the far wings,
to be interpreted by the high-field case. This means
that this case corresponds to the intermediate case,
for which the effective Hanle linewidth is not negligi-
ble. Close to the center of the line, the effective
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field B,, defined by Eq. (3.16), is smaller than in the
far wings, and is of the order of A’B. The resulting
incomplete Hanle effect causes the signal to be weak-
er than in the high-field limit. Consequently, in
agreement with the theoretical predictions, the two
resonance lines presented in Fig. 8 correspond to the
intermediate case discussed in the preceding section.

Finally, we point out that quantitative study of the
far wings of the resonance lines is possible, because
these far wings can be shown to be described by the
geometrical model, but with a value 4. of the
parameter A ., given by

AL | =p"(A'BYB2+A2)12 | 4.5)

which takes into account amplification parameter and
Hanle linewidth. Thus, although the resonance sig-
nal is strongly modified by spin exchange, the ratio
Bﬂ/Ba, should simply be obtained from the observa-

tion of the two resonances of nuclei « and o', by
B /B .=|A"|/l4"] . (4.6)
a a a a
We measure’’ '

B(75As)/B(’”Ga)=2.5 102 s (4 7)
B 15,/ B 695G, =20 £0.2 . )

These values yield the ratios d,,,/da, of the electronic

presence probabilities on the various nuclear isotopic
species. These ratios are given by

d(75As)/d(69Ga) =1.68 £0.15 , s
d(75As)/d(7lGa)=l.78 +0.15 . :

Thus, the experimental results are consistent with the
equality of d(690a) and d(ﬂca). The common value of

the two above quantities is the ratio of electronic
presence probabilities on cation and anion sites,
which is a measure of the ionicity of the crystal. The
theoretical value of this quantity, estimated from data
in InSb, for which the ionicity is very close to that of
GaAs,’ is given by

dAs/dGa=1-68 (49)

and is in very good agreement with the experimental
results.

V. SUMMARY

The magnitude of the optically-detected nuclear-
resonance signal in high-purity gallium arsenide has
been calculated in the framework of a model with
two electronic states, free electrons and electrons
trapped on donors, taking into account the existence
of the fast spin exchange between the two states.
The free electronic state is supposed to be uncoupled
to the nuclear-spin system. One predicts that the

same NMR results are obtained on all electronic
states, and that there occurs a strong enhancement of
the resonance signal if the exchange time is smaller
than the inverse precession frequency of the electron-
ic spin in the magnetic fields experienced by the two
states.

An analysis of the experimental results shows that:
(i) the same NMR lines are indeed observed on all
electronic states; (ii) the shape and position of the
resonance line are modified by the existence of a
strong Knight shift, the experimental value of which
is of the same order as the theoretical estimate; and
(iii) in the case where the nuclear field B, is an-
tiparallel to the external field, there occurs an extra
broadening of the resonance line, due to inhomo-
geneities of B,. We show that the ratios Ba,/Ba of

the nuclear fields of the various isotopic species can
be experimentally determined. These ratios are
found to be in excellent agreement with theoretical
calculations which involve the sharing of the electron
between arsenic and gallium atoms. (iv) We give
evidence of the amplification of the resonance signal
due to spin exchange. In agreement with theoretical
estimates, the spin exchange time is found to be
comparable with the reciprocal precession frequency
of the electronic spin in the magnetic field.

In conclusion, the overall agreement between
theory and experiment shows that we understand the
basic effects involved in optical detection of NMR in
high-purity gallium arsenide. This work shows the
remarkable efficiency of spin exchange under light
excitation, which is found to be at least two orders of
magnitude faster than recombination in the free elec-
tronic state and has so far been overlooked. In the
following section, we discuss some consequences of
this result.

V1. CONCLUSION

The spin exchange between the various electronic
states, which is present in high-purity gallium ar-
senide under light excitation is believed to be effi-
cient in a wide range of III V and II VI compounds
for which, although each electronic state is character-
ized by a distinct energy, wave function, lifetime
, ..., the whole electronic system behaves as a sin-
gle state, as far as the spin properties are concerned.
The purpose of this section is to discuss some conse-
quences of this result.

A. Intensity dependence of the nuclear effects

Due to the averaging produced by spin exchange,
the effects of the nuclear field experienced by local- -
ized electronic states should strongly depend on the
relative populations of the free and trapped states and
consequently, on excitation light intensity. In partic-
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ular, when the excitation light intensity is increased
above the value corresponding to occupation of all
donor states, the concentration ny of free electrons
increases, whereas the concentration of trapped elec-
trons stays the same. This should produce a decrease
of the average of the nuclear fields experienced by
the various electronic states. This is in agreement
with the experimental results, which show that, for
very strong excitation intensities, the observed NMR
signal is very small.

B. Optically-detected electron resonance

The conduction-electron spin resonance (CESR)
has been optically detected in a variety of III V and
II VI compounds.”-3*3# The measured values of the g
factor have allowed detailed verifications of the k +
theory.’® We point out however that the existence of
spin exchange is likely to cause spurious modifica-
tions of the measured value of the g factor, due to
the resulting averaging between electronic states.
This averaging is indeed present in CESR conditions
since both free and trapped electrons seem to play an
important role: On one hand, the resonance is ob-
served whenever there exists a strong photoconduc-
tivity. On the other hand a strong Overhauser shift
of the line is present in all cases. This shows that lo-
calized electrons, which experience the large nuclear
field, play an important role. The spin exchange
between free and trapped electrons does not in itself
perturb the measurement of g*, since these two
states have the same g factor. We point out however
that this averaging should also include the free or
trapped excitonic states, which have a different g fac-
tor so that, in principle, the measured value of g* no
longer corresponds to the g factor at the bottom of
the conduction band. We think however that, due to
the short value of the excitonic lifetime, the concen-
tration of excitons is much smaller than the concen-
tration of electrons, so that the resulting modification
of g* should be small. Further experiments are
necessary to evaluate this modification precisely.

C. Electron spin relaxation

We recall that the spin relaxation of free electrons
in high-purity compounds such as GaAs and CdTe is
so far not understood.** We point out that the
modulation by spin exchange of the hyperfine in-
teraction experienced by a given electron is found to
be inefficient.*! However, the free excitonic state is
known experimentally to be fast relaxing,!! which has
been attributed to the existence of the exchange in-
teraction between electrons and holes. Consequently
the spin exchange of free electrons with free or
trapped excitons could be an efficient relaxation
mechanism for the free electronic state.

D. Interpretation of standard optical pumping resuits

The measurement of the mean electronic spin (Sp)
and of the characteristic width AB of its decrease by
Hanle effect in a transverse magnetic field has proved
a convenient way to determine electronic relaxation
times and lifetimes in doped crystals of gallium ar-
senide and gallium antimonide. This has allowed de-
tailed investigation of the mechanisms of electronic
relaxation.*2** We point out here that this method
cannot be applied to the case of pure crystals because
several electronic states are present. Due to the fast
spin exchange, the quantities (Sy) and AB are aver-
ages over all states present in the sample and no
longer characterize an individual electronic state.
This is in agreement with experimental results,!!
which show indeed that (S;) and AB are the same
for all electronic states.

We think that, for very low excitation intensities,
the efficiency of this averaging should be greatly de-
creased, which might permit an independent study of
each electronic state. This situation has not been
achieved, in our samples, since the free electron
depolarization at resonance is observed for the whole
excitation light range which allows optical detection
of NMR. However, purer samples, in the range 10'3
donors per cubic centimeter, might show negligible
spin exchange averaging. In this case, a wealth of in-
formation should be obtained on the electronic spin
system. We point out finally that the nuclear effects
described in this work are due to a very small fraction
of nuclear spins, situated in the vicinity of the donor
centers. Consequently, an investigation, from the
optically detected NMR, of the relaxation of these
nuclei,! should permit detailed study of the relevant
mechanisms of nuclear polarization, including spin
diffusion® between nuclear spins.
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APPENDIX A: CALCULATION OF THE NUCLEAR
MAGNETIZATION AFTER APPLICATION OF
THE ROTATING FIELD (Ref. 13)

Before application of the rotating field, the Hamil-
tonian of the system of nuclear spins of isotopic
species a is

qu=_'yaﬁB 212i+JCDa B (Al)

where i designates an individual spin. This neglects
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the quadrupolar interactions. The interactions of spin
a with the other isotopic species are much smaller
than the difference of their Zeeman energies and play
no role in the evolution of the system. Consequent-
ly, the spin-spin interactions are reduced to dipole-
dipole interactions between spins « : 3Cp,. Before ap-
plication of the rotating field B;, the system is in a
state of internal equilibrium described by a density
matrix

go=(1—B3K,) - (TrL)™! (A2)

in the approximation where the nuclear spin tempera-
ture 1/kg, where kp is the Boltzmann constant, is suf-
ficiently high to neglect higher-order terms. Immedi-
ately after application of B, the system is still
described by the same density matrix, but the Hamil-
tonian, in the rotating frame, is now

Hy=—vaf 2(8B-1,+B,-1,)+Xp, , (A3)
i
where 8B is the distance to resonance and 3Cp, is the
secular part of the dipole-dipole interactions, that is,
the part which commutes with /,. The density matrix
ay, given by Eq. (A2), no longer corresponds to an
equilibrium. To study the evolution towards a new
equilibrium, using perturbation theory, we write the
Hamiltonian in the form of two commuting opera-
tors, and a perturbation which commutes with neither
of them. This is done in the following way. The
Hamiltonian 3¢, can first be rewritten

S‘éa= - Yah-Beff z]Zi

+= (3cos n— 1)) ez 3Pz (A4)

where the Z direction is the direction of the effective
field B¢y in the rotating frame, at angle ¢, with Oz
This field is equal to (B? +8B?)"2. The Hamiltoni-
ans 3p.z and ¥p.z are the parts of 3Cp, which com-
mute or not with the Zeeman Hamiltonian. They are
given by

ez =va® 2073 Clzlz; —T1,-T)) , (A9

i>j
Xpoz =sin’¢,(Paz +Pl7)
—sing, cos¢,(Q.z +0J7) (A6)

where r; is the vector joining spins /and j. The
operators P,z and Q,z are

Paz=39282 Jr?Ux+ily) iy +ily) , (A7)

i>j

QaZ = ‘;“‘y‘z,ﬁz ZI'U_3[112(IJ)( + illy)

i>j
+ 1 (I +ily)] . (A8)

We now use a unitary transformation of evolution

operator U, given by

~yaBer 2121+ Kpaz =—HyaBer 2 UIZU

The Hamiltonian Jé is of the form

Ky =—FyoBes leﬂ% = (3 cos?¢, —1)3Cs%7
+ = (3cos »— DRI 2], (A10)
where
1L=U*I,U | (A11)
SC[;ZZ=U+JC0'02U » (A12)
1
R =————sin¢, cos¢, (0, &)
P n€08¢6,(Q,z— 0oz
t—L Sin2, (P —Puy) . (AI3)
25y oBest

This Hamiltonian is the sum of two commuting
operators, and of a third term, commuting with nei-
ther of them. If the field By is larger than the local
field B/, given by

"2

Bro —3Tr(3CDaz)/(nyZ,fz'212) , (A14)

where n, is the total number of spins «, the heat
capacity of this term can be shown from Egs. (A6)
and (A13) to be very small, so that a perturbation
treatment is possible. For a time scale of the order
of T{, the effect of the perturbation can be neglected
so that the two first terms are approximately con-
stants of the motion. As a consequence of standard
spin temperature theory,* the system is in this case
described, after a time comparable with 7§, by a den-
sity matrix

a=|l+pg

Y oB et zlz*,]
i

—B(3cos?p, — 1) |(Trl)! (A15)

corresponding to the equilibrium, after the fast mix-
ing between Zeeman and nonsecular dipolar energies.
The inverse temperature of the secular dipolar energy
is, on this time scale, a constant of the motion, and
is equal to the initial inverse temperature, defined by
Eq. (A2). The further evolution of the system in-
cludes the following. (i) Mixing of the Zeeman and
nonsecular dipolar energies, together with the secular
dipolar energy, under the influence of the perturba-
tion, in a time which depends on the distance to
resonance.'® In the case where the effective magnetic
field in the rotating frame is much larger than the lo-
cal field BL'a, defined by

2 =3Tr(3Cs%2)/ (ngyik2l2) (A16)
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this mixing does not modify appreciably the spin
temperature of the Zeeman reservior and conse-
quently, the magnetization of the isotopic species a.
(i) Spin-lattice relaxation towards steady-state equili-
brium, in a time T{ equal to several seconds. Conse-
quently, the inverse temperature 8’ of the Zeeman
reservior does not vary appreciably during a time
longer than T4 and shorter than T{. The value of g’
is calculated by expressing that the fast mixing of
Zeeman and nonsecular dipolar interactions is done
at constant total energy

Tr(go¥,) =Tr(a,3,) , (A17)

where g and g, are given by Egs. (A2) and (A3).
We obtain

, B8B+B/? (A18)
F=F Bl +B(E

where the local field B/, is given by Eq. (A14). If
the effective field B¢ in the rotating frame is much
larger than this value, Eq. (A18) becomes

B =B(B8B/B%) . (A19)

The total magnetization of the system of spins a,
given by

(To)=Tr

a ET,-.,] (A20)

is then found to be the projection of the off-
resonance magnetization on the direction of the ef-
fective field B¢y in the rotating frame.

We recall that this result is valid after a time fol-
lowing application of B, larger than the spin-spin re-
laxation time T5', but smaller than the spin-lattice re-
laxation time T{. This also requires that the magni-
tude of §eff should be large as compared to the sum
of the two fields B/, and B,", defined by Egs. (A16)

and (A14). This sum is of the order of the dipolar
local field B, ., given by

B2, =3Tr(33,)/(nyirt?) , (A21)

which has been calculated in Ref. 3 to be equal to 0.3
G for "*As nuclei.

APPENDIX B: CALCULATION OF THE SPIN
EXCHANGE CROSS SECTION (Ref. 47)

The scattering of a free electron by an occupied
donor state in a direct-bandgap compound can be
treated in the same way as the scattering of a free
electron by a hydrogen atom, which has been exten-
sively studied.!?> The basic set of wave functions of
the two-electron system is composed of the singlet

state and of the three triplet states:

S=21p(Dy2) +p, Dy (DI 121 -1]21) ,
(B1)

To=3 01y (2) =,y (DI 12]-1]21) ,

(B2)
Ty= /D [ (D (D) =y (D (111121 , (B3)
Ty =1/~ [y, (D (2) =9, (D y, (D11 | 2] , (B4)

with the usual shorthand notations for the spin and
orbital wave functions. The function ¢, describes the
orbital state of the electron trapped on the donor.
The function ¢,(r) is the free-electron wave func-
tion, given by

Ur(r) =e* s (r) (BS)

where (r) is the electron wave function at the bot-
tom of the conduction band. The incident state
W¥(1,2) of the system is quite generally a linear com-
bination of the four above states. The corresponding
outgoing state ¥*(1,2), in the limit where the dis-
tance of the scattered electron to the donor center is
large as compared with the ‘donor effective Bohr ra-
dius, is given by standard diffusion theory. Indeed,
if A denotes one of the four basic states, the state 4™
is given by

A*=f(9)A4 , (B6)

where A is obtained by replaéing in 4 the function
¥7(r) by a spherical wave defined by

() =Ce®/r)yrlr) . B7)

The function f,(8), where u is S or T depending on
the singlet or triplet character of A, is given by

Su(8) =k™! i(21f+1)sin&,,,ew“’P,(coso) , (B®)
1=0

where P,(cos8) is the /th-order Legendre polynomial
and §,; are the scattering phase shifts. The triplet and
singlet total cross sections, defined by

ou=2m [|£,(6) | sin0ds (B9)

are then given by

o,=4k72 3, (21 +1)sin%,; . (B10)
1=0

A simplified expression for the scattering cross sec-
tions is obtained by considering only the term corre-
sponding to / =0 in Eq. (B10). This holds provided
the binding energy of the trapped electron is large as
compared with the kinetic energy of the free electron,
that is, if the quantity krag where kr is the thermic
electronic momentum and ag is the effective donor



3792 DANIEL PAGET 24

Bohr radius, is small as compared to unity.*® This is
not too bad an approximation in the case of gallium
arsenide, for which the calculated value of krag is
0.46. The functions f,(6#) are independent of § and
are simply given by

fuo= k"1 sindge" K0 (B11)

and the approximate values of the scattering cross
sections in the singlet and triplet states are

o, =4mk2sin?8,0 . (B12)

Note that the zero-order scattering phase shifts dgo
and 879 have been computed numerically by Schwartz
in the analogous case of the hydrogen atom.??
Consequently, the treatment of the scattering of a
free electron by an occupied donor state can be per-
formed completely:

The calculation of the spin-exchange cross section
is a slightly different problem because the spin state
of the incident electron is fixed. Therefore it is con-
venient to describe the state of the two-electron sys-
tem by the basis composed of T} and T, defined by

Egs. (B3) and (B4), and the two following wave
J

functions:
Li=Q/ND D1y () L=y, (D1y(1)]]
=(1/V(S+Ty) , (B13)
Ly=/VD (D) Lyp(2) 1 =9, (2) [y,(1) 1]
=(/V2) (=S +Tp) . (B14)

The wave functions T and L (respectively, T, and
L) constitute the basic subset of functions for the
case where the spin of the incident electron is |
(respectively, |). We consider now the particular
case where the spin of the incident electron is {. The
state of the two-electron system is in this case of the
form

W(1,2) =aT+BL, (B15)

and the spin exchange process corresponds to the
transtion from ¥(1,2) to the state 77 + L7, as can
be seen from the form of the functions T{,L{, and
L.

The state ¥*(1,2) is then obtained from Egs.
(B6), (B11), and (B15). It is given by

¥*(1,2) =(2k)"(sin8meiam+sin8soems")(a7~‘, +BL )+ (2k) "\(sind Toemm—sinasoeiaso)(afl +BL~1)\ .. (B16)

As seen from the form of the functions between parentheses, the first term corresponds to scattering without
spin exchange and the second term to scattering with spin exchange. Then, in analogy with Eqgs. (B6) and (B9),
we obtain the expressions of the cross sections o, and o, of these two processes:

. i8 . i
0 e =1k sind e’ T°+sxn850e'559|2=71‘-[as+cr7 +2(oros)cos(850—870)1 , (B17)

— . i8 . i8
o, =wk |sindrge 10 —sindgge °|2

=%[0’5+07—2(0'70'3)1/2005(850—87‘0)] . (B18)

Consequently, the exchange scatterihg cross section can be calculated, in the s-wave approximation, since the
phase shifts 859 and 879 are known. Note that in the case where 879 = 859, this cross section is zero, so that the
spin-exchange process is only possible when the two phase shifts are different.
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