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Optical-pumping techniques provide a convenient way to study spin-dependent recombination
(SDR) processes at deep impurity centers in semiconductors. Indeed, by changing the polarization
of excitation light, it is possible to modify the photoelectron spin polarization in a controlled way.
This produces a change in luminescence intensity if the recombination is spin dependent and if the
centers are spin polarized. The basic physical ideas which govern this type of study are discussed.
Two different experimental situations are presented which show the possible effect of the external
magnetic field parallel to the excitation direction. In semi-insulating GaAs, we find from an
analysis of the effect on the luminescence band attributed to the EL2 center that this center is
dynamically polarized by the photoelectrons, and that the spin-dependent character of the recom-
bination at this center modifies both the free-electron concentration and polarization. These effects
strongly increase with magnetic field and are approximately a factor of 3 larger than those calculat-
ed from a simple model. Possible reasons for this are discussed. The second situation we consider is
the recombination on manganese acceptors in GaAs. These centers are thermodynamically polar-
ized by the magnetic field and the corresponding SDR is conveniently monitored from the intensity
of manganese emission since the photoelectron concentration is not modified by SDR. This shows
the paramagnetic character of the manganese level in GaAs. The nature of this level is discussed.
We emphasize that the present method can be used as a preliminary step to find the appropriate

magnetic field and luminescence wavelength for optical detection of magnetic resonance.

I. INTRODUCTION

The fact that the efficiency of a recombination process
may depend on the spin of the recombining electron
comes from the fact that the total spin of the electron and
of the center must be conserved in the recombination, at
least if the spin-orbit coupling is not too large. If one as-
sumes, for simplicity, that the center has a spin one-half,
the only initial state for which recombination is allowed is
the singlet state, since the final state is a spin zero. Thus,
the cross section which characterizes the recombination
for a given paramagnetic center is expected to be much
larger for the singlet state than for the triplet state.

The existence of spin-dependent recombination (SDR)
processes in semiconductors is now well established, and
has been used to obtain a tremendous amount of informa-
tion on paramagnetic recombination centers by monitor-
ing the change at resonance of photoconductivity,"?
luminescence,® or more recently deep-level transient capa-
citance spectroscopy,® (DLTS) or photovoltaic’ signals.
However, in most of these cases, more attention was given
to the information which was obtained on the relevant
centers than on the spin dependence of the recombination
process. We think, however, that such information is im-
portant for future studies. Indeed, in a compound such as
GaAs, optical detection of magnetic resonance of deep
paramagnetic centers (ODMR) seems to be difficult,5—%
for reasons which are not very clear (absence of sensitive
light detectors beyond a wavelength of 1.7 um, large hy-
perfine broadening of the resonance line,”'® or efficient
spin-lattice relaxation). It can then be very useful to be
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able to study SDR processes in a nonresonant way, in or-
der to find appropriate conditions for ODMR.

It was previously shown that optical-pumping tech-
niques can be conveniently used for this application.!!?
Indeed, by changing the degree of circular polarization of
the excitation light, it is possible to change the spin polar-
ization of the photoelectrons.!* This is expected to modi-
fy the luminescence intensity if the recombination is spin
dependent, provided the relevant centers are spin polar-
ized. This has been observed in two different cases. First
there is the work of Weisbuch and Lampel!! (WL) in
Ga;_,Al,As alloys. The second study of SDR was done
in multilayers of GaAs and Ga;_,Al,As.!”> In both of
these cases the centers were polarized due to the spin-
dependent character of the recombination of spin-
polarized electrons. However, although very large
(~200% of relative variation of luminescence intensity),
these SDR effects were observed in a very small number
of samples and for a very high excitation density. More-
over, in none of the above cases could the centers be iden-
tified, so that the hypothesis of spin polarization of
valence holes, which explains the results without requiring
any deep center to be present, cannot be ruled out.!*!3

We have performed a study of SDR effects in GaAs in
a magnetic field parallel to excitation light direction. We
have obtained the following results. (i) SDR effects of the
order of several percent are observed in a wide range of
samples and even for very low excitation intensities.
(ii) The application of the external magnetic field is cru-
cial for observation of these effects, either because the
centers are thermodynamically polarized by the magnetic
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field according to the usual Curie law, or because their
dynamic polarization increases with magnetic field. (iii)
We have been able to identify the relevant centers from an
analysis on the various luminescence lines. We then be-
lieve that the present method can be widely used to study
SDR in semiconductors.

In the present work we explain the physical ideas
underlying the optical-pumping study of SDR, and we ex-
perimentally illustrate several limiting cases of interest.
We present the experimental results obtained in semi-
insulating GaAs where the relevant center responsible for
SDR is identified with EL2,'%~'® and in GaAs:Mn where
the recombination on manganese acceptors is spin depen-
dent. From these results, we show that the centers may be
thermodynamically polarized by the magnetic field or
dynamically polarized by the recombining electrons, and
we show the two cases where the SDR channel is, respec-
tively, more efficient or less efficient than the non-SDR
channel in recombining the photoelectrons. In the follow-
ing section we present the principles of the optical-
pumping study of SDR; the results obtained in semi-
insulating GaAs and in GaAs:Mn are explained, respec-
tively, in Secs. III and IV.

II. PRINCIPLES

The main feature of the optical-pumping study of SDR
is that one modifies, in a controlled way, the polarization
of the photoelectrons by a change of the polarization of
the excitation light. We monitor the resulting variation of
steady-state luminescence intensity that occurs if an SDR
channel exists.

In order to give the basic principles underlying the
optical-pumping study of SDR in semiconductors, we
first recall that circularly polarized excitation of the crys-
tal allows us to create spin-polarized electrons.!® Further-
more, in all cubic crystals, the initial polarization of the
photoelectrons, that is, the polarization at the instant of
creation in the conduction band, is +0.5 for o -polarized
light and zero for a linearly polarized excitation (7) or a
nonpolarized excitation. Therefore, by using optical-
pumping techniques, it is possible to change the sign, or to
cancel the mean photoelectronic spin, by simply changing
the excitation-light polarization from o* to o¥ or from
o* to . In the present work we are concerned with the
resulting change of luminescence intensity that occurs if
the recombination is spin dependent.

The calculation of the relative variation AI/I of the
luminescence intensity, which we shall refer to in the fol-
lowing as the SDR signal, can be done straightforwardly
in the framework of a model where we neglect the recom-
bination of the triplet state formed by the electron and by
the center. This implies that the center has a spin 5. The
behavior of the system in the case of a spin larger than
is essentially the same. Thus, the recombination rate is
proportional to Tr(pP;)/Trp, where p is the density ma-
trix of the electron-center system and P; is the projection
operator for the singlet state. This rate could then be cal-
culated exactly by using a quantum treatment similar to
that of Haberkorn and Dietz.!® For simplicity, we shall
not follow this formalism and we shall limit ourselves to a

classical treatment involving the resolution of rate equa-
tions. In Sec. II A we shall first consider the recombina-
tion of free electrons. The recombination within a pair,
where the correlation between the electron and the center
has been shown to play an important role,?® will be dis-
cussed later.

A. Recombination of free electrons

The rate equations which govern the recombination of
free electrons can be written in the following form:

n+

dn
= 1 (ni-—n;)_“i'o'sl)Nq:ni‘—T,_' N (21)

FTLEEY )

where g4 is the rate of creation of electrons of spin i%,
ny (N4) is the concentration of electrons (centers) of
spin *5, o, is the singlet recombination cross sec-

tion, and v is the free-electron thermal velocity. This rate
equation is very similar to that used by WL.!! The main
difference is that here we suppose that the SDR channel is
not the only recombination channel, thus allowing for the
existence of a non-SDR channel of characteristic time 7'.
Indeed, it will be seen below that the experimental results
strongly depend on the relative efficiency of these two
channels. Steady state of this equation allows us to find
the total electron concentration n=n_ +n_,

n=g[+owN(1—pp)+1/7]"", (2.2)

where N=N, + N _ is the concentration of centers avail-
able for trapping an electron, g=g, +g_. The quantity

P. given by

is the center polarization. The quantity p=(n,
—n_)/(ny+n_) is the electronic polarization. The
above equation simply shows that the electronic steady-
state concentration depends on the product p.p, because
the effective recombination speed due to the SDR channel
is of the usual form

1
TSDR

(2.3)

=40osuN(1—pp,) . (2.4)
This is a well-known effect which has allowed detection
of magnetic resonance by photoconductivity."?> The same
equation (2.1) allows us to find the value of the electronic
polarization. This quantity is given by

1+pete/pi
=poT > (2.5)
P=po 1+popest
where p; given by
_ler—g) 2.6)
gy +gl) '

is the initial polarization of free electrons, at the instant of
creation, and is equal to +0.5 for o excitation light and
zero for linearly polarized () excitation light. The quan-
tity po, which will be referred to in the following as the
optical-pumping polarization of the electrons, is the value
of p in the absence of SDR and is given by



30 OPTICAL-PUMPING STUDY OF SPIN-DEPENDENT RECOMBINATION IN GaAs 933

T 2.7)
Po=Pp; T 47’ .
where T is the electronic spin-lattice relaxation time and
7 is the electronic recombination time in the absence of
SDR, given by

+0, 0N + L, .
T

SRS

(2.8)

The quantity p.s is the effective polarization of the
centers, and is given by

Dett=Pp. , (2.9)
where 3, given by
B - (2.10)

- (5o,0N)~ 147 ’

gives the relative efficiencies of the SDR and of the non-
SDR recombination channels. With the use of the above
definitions and of Eq. (2.2), the electronic concentration n
can be found to be of the form

n=gr(1—ppe)~", 2.11)

where the term pp.y is usually small since the optical-
pumping polarization is generally of a few percent.
Therefore, in the following we shall use the approximate
formula

n=g7(1+ppes) . (2.12)

Equations (2.5) and (2.12) are the basic equations of our
system. We point out that, in the same way as the elec-
tronic concentration, the electronic polarization p depends
on the polarization of the centers. This effect has two dis-
tinct origins. (i) The change in the total recombination
time of the electrons due to SDR produces a modification
of the usual optical-pumping polarization p, since the
value of this last quantity is determined by the relative
values of relaxation time and recombination time [Eq.
(2.7)]. This effect is responsible for the term in the
denominator of Eq. (2.5).. (ii) The fact that the polarized
centers do not trap the electrons of opposite spin with the
same speed results in an accumulation of electrons of one
spin (up or down) with respect to the other. This is the
explanation of the term in the numerator of Eq. (2.5). In
other words, the polarized centers act as a “spin filter” for
the free electrons.

We now calculate the variation of luminescence intensi-
ty produced by a change of excitation-light polarization.
The intensities corresponding to the two recombination
channels, which are supposed to be radiative, are given by

I'=n/7 (2.13)
and
(2.14)

for the non-SDR channel and the SDR channel, respec-
tively. The variations AI’ and AIgpg of these intensities
produced by a change in excitation-light polarization can

Ispr =n/Tspr

then be calculated straightforwardly. These quantities
have opposite signs since the sum I'+Igpr is in steady-
state conditions equal to the rate of creation g of free elec-
trons. The ratio (Alspr /Ispr)/(AI'/I') can then be cal-
culated straightforwardly. This ratio is quite generally
not the same for ot /0~ and for o/7m modulation of
excitation-light polarization, and depends on the value of
the electronic polarization p and the center polarization
p.- However, if we assume that these polarizations are
small with respect to unity, the above ratio is given quite
simply by

éﬁ%/é_f_’:ﬁ—_l
Ispr r B

and becomes independent on excitation-light polarization.
Since f3 is between O and 1, one sees that the two signals
observed on the SDR luminescence line and on the non-
SDR luminescence line have opposite signs and are,
respectively, proportional to 1 —f and 8. In order to dis-
cuss the above results in more detail, we now examine two
limiting cases of physical significance.

(2.15)

1. Weak-SDR effects

If the SDR channel is not the dominant channel so that
the quantity B is much smaller than unity, then both n
and p are expected to be unmodified by SDR. This situa-
tion is very simple since the relative variation of lumines-
cence intensity on the SDR channel produced by a change
in excitation-light polarization is simply equal to the
change of the corresponding effective recombination time
given by Eq. (2.4),

Alspr

Ispr

A7spr

(2.16)

= =—PPc -
TSDR

In this same case the intensity of the non-SDR channel
does not depend on excitation-light polarization, at least
in zero-order approximation. In this case, the spectro-
scopic study of SDR effects as a function of wavelength
allows unambiguous identification of the SDR processes.

2. Strong-SDR effects

In the extreme opposite case where the SDR channel is
the dominant recombination channel (B=1), photoelect-
ron concentration and polarization are modified by SDR
and are therefore dependent on center polarization. An
important point is that no SDR effects are expected to be
observed on the SDR luminescence line, at least in zero-
order approximation, since one has Igpgr ~g. This indi-
cates, as seen from Eq. (2.14), that a change of the recom-
bination time produces an equally large change of pho-
toelectron concentration. In the same conditions the in-
tensity of the non-SDR luminescence lines reflects the
modification of n.

We now discuss the value of the polarization of the
centers p. that we have introduced in the present section.
Quite generally, this polarization is the sum of three terms
and can be written

Pe=0npwm+apppt+ap , (2.17)
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where a,, a, and a; are numerical coefficients smaller
than unity and p,, py, and p are, respectively, the usual
thermodynamic polarization of the centers by the external
magnetic field according to the Curie law, the valence-
hole spin polarization, and the photoelectron polarization,
given by Eq. (2.5). The fact that the center polarization
depends on the hole polarization simply comes from the
trapping on these centers of the holes thermodynamically
polarized by the magnetic field. We recall that due to
their fast spin-lattice relaxation time, the valence holes
have a very small optical-pumping polarization. The
dependence of the polarization of the centers on the polar-
ization of the photoelectrons, due to the third term of Eq.
(2.17), simply accounts for the fact that, due to the spin-
dependent character of the recombination, the electrons
are able to transfer their polarization to the recombining
centers. A possible mechanism for this effect, which will
be referred to in the following as a dynamic polarization
of the centers, is that the captured electron is of a spin
antiparallel to that of the center, whereas the electron
released to the valence band after capture is of either
spin.1b12

B. Discussion

The preceding model, summarized by Egs. (2.5), (2.12),
(2.13), and (2.14), allows us to calculate the SDR signal as
well as the electronic polarization in the simple case of the
recombination of free electrons on centers. In order to ex-
amine the generality of this model, we now briefly discuss
two different cases of interest, where the physical picture
of the system is likely to be different. The first case is the
recombination within a pair such as excitonic or donor-
acceptor pair. Numerous ODMR studies have shown the
spin-dependent character of this recombination.® Further-
more, Kaplan, Solomon, and Mott (KSM) have shown
that in such a case, the correlation between the electron
and the hole can lead to drastically larger SDR effects.?’
However, this type of effect is not expected to occur in
our case, since the KSM model supposes that the distribu-
tion of the electron spin individually keeps its random
character. Thus the effects do not depend on the electron
polarization p so that this last model cannot be used to
predict the dependence of recombination rate on this po-
larization. Furthermore, the exchange interaction which
exists between the electron and the hole does not modify
the spin-dependent character of the recombination, since
the exchange Hamiltonian commutes with the projector
P, on the singlet state. In order to analyze the effects of
correlation between electron and hole in optical-pumping
conditions, we have solved the rate equations for such a
system in the more specific case of a donor-acceptor pair.
The rate equation for electrons of spin ++ involved in a
pair where a hole is trapped on the nearby acceptor is of
the form

dni

dt

1
=UevN;,an_,+ ——n,i
Th

Ny,

lepEing ,
4’Ts( D¢ +

(2.18)

1 N
Y Ry—nz)— "+

where N, and n, are, respectively, the concentrations of
pairs with no electrons, and with no hole and an electron
of spin ++. The quantity n ¢+ is the concentration of free
electrons of spin ++ and o, is their capture cross section.
The times 7, and 7, characterize, respectively, the trap-
ping of valence holes on the pair and the recombination
within a pair in the singlet state. Owing to the correlation
between electrons and holes, we find that the polarizations
pc of holes involved in pairs with an electron of spin +5
are, in general, not the same.

In the extreme case where the holes are only thermo-
dynamically polarized by the magnetic field and not
dynamically polarized by the electrons, one has p,;f =p..
One can see by comparing Egs. (2.18) and (2.1) that the
case of a pair combination is equivalent to the recombina-
tion of a delocalized electron, provided that one replaces
p; by the actual value of the initial polarization p; for
electrons involved in pairs. This polarization is related to
the free-electron polarization ps and to the polarization
p*=(n, —n,_)/(n, +n,_) of electrons involved in
pairs with no hole, and is given by

pi =(rpoups+ap*)/(tpov+a), (2.19)

where a is the ratio (n,,+n,_)/N,. Thus, in this last
case, the only particularity of the pair recombination lies
in the difference between the optical-pumping polariza-
tions po for the two cases, and is in fact a trivial effect
that can be checked independently.

In the opposite case where the hole spin-lattice relaxa-
tion time is long, so that the holes are dynamically polar-
ized by the electrons, the effects of correlation play a role
and modify the picture of the system. In order to analyze
this effect quantitatively, we have solved the rate equa-
tions for this system. The final results are intricate and
will not be explained in detail. We find that the concen-
tration of electrons involved in pairs is given by an equa-
tion that is of the same form as Eq. (2.12). The only
difference between the present case and the case of free-
electron recombination lies in the values of the hole polar-
ization p, and of the modified value B* of the parameter
B, given by Eq. (2.10). The hole polarization p, could in
fact be higher than in the preceding case, since the ex-
change interaction between the electron and the hole pro-
vides a further process for dynamic polarization of the
centers.! However, we find quite generally that p, is al-
ways smaller than the electronic polarization. Further-
more, the maximum value of the parameter S* is found to
be equal to 2,22 which is comparable with the maximum
value of B which is 1. Thus, if we neglect this small
enhancement, we see that the case of the pair recombina-
tion is essentially identical to the case of the free-electron
recombination. Thus, in our optical-pumping conditions,
the large enhancement predicted by KSM does not occur.

The second physical case which we now discuss is that
where the recombination of the free electron on the center
goes via the excited state of this center. Such an excited
state could be an eigenstate bound by the Coulombic part
of the potential created by the defect,”> or the ground
state of the defect before lattice relaxation takes place.?*
Recombination through an excited state of the center is
probably the reason for the existence of large capture
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cross sections shown in Fe for InP,” and irradiation de-
fects in GaAs,2® and is thus believed to be frequent in
semiconductors. We make the assumption that the
relevant SDR is that of the free electron on the excited
state. If we suppose that this state is shallow and thus can
be reexcited to the conduction band, for example, by im-
pact ionization, the resulting variation of free-electron
concentration is

%ltl_ =€0;UN excht 5
where N, is the concentration of centers in the excited
state, 0; is the impact ionization cross section, and € is the
fraction of the photoelectron population with a sufficient
energy for impact ionization. The quantity v is the veloci-
ty of these electrons. One can show that, in the presence
of impact ionization, the previous equations are still valid,
provided, however, that the coefficient 3 is replaced by

(2.20)

B*=mnB, 2.21)
where 7 given by
N=(1—€0;UN¢e7) ! (2.22)

can be found to be a positive quantity and is a measure of
the increase of n due to reexcitation of the shallow state.
Thus, the quantity B* is no longer smaller than unity, and
the present effect provides an alternative mechanism for
amplification of SDR effects, which does not involve
pairs.

C. Experimental study of SDR effects

In order to describe the experimental method for the
optical-pumping study of SDR effects, we first recall that
a change of the excitation-light polarization from o™ to
o~ produces a change of the sign of the initial electronic
polarization p; given by Eq. (2.6), whereas a linearly po-
larized excitation produces nonpolarized electrons
(p;=0)."3 The comparison of results obtained by ot /0~
and by o* /7 modulation of excitation-light polarization
allows us to determine whether the centers are dynamical-
ly polarized by the electrons, or thermodynamically polar-
ized by the magnetic field. This comes from the fact that
if the centers are only dynamically polarized by their cou-
pling with the photoelectrons, so that p, is proportional to
p, all the relevant quantities (electron concentration and
absolute value of polarization, luminescence intensities)
are unchanged by a 0% to o~ change of the excitation-
light polarization, since the sign of p.p is not affected.
On the other hand, in this last case a change of the
excitation-light polarization from o* to 7 will produce a
modification of n and of p that can be monitored from
the luminescence experiments. In the general case, we
find from Egs. (2.12), (2.13), and (2.14) that the SDR sig-
nals on the two lines are given by

AT
- =2ap(ampm+anps) »

(2.23)
1 ot/o—

AII_ —app, (2.24)
o/

where a =3 for the non-SDR channel and (8—1) for the
SDR channel. The two above equations are the funda-
mental equations for optical-pumping analysis of SDR.
We recall that they are valid provided the polarizations of
electrons and centers are weak. Another implicit assump-
tion is that the concentration N of empty centers [Eq.
(2.4)] remains constant, a condition which is fulfilled at
low excitation power. The form of Egs. (2.23) and (2.24)
shows indeed that (i) dynamically polarized centers
(ay,=ay =0) produce a signal for o/ modulation, but
not for o /0~ modulation of excitation-light polariza-
tion; (ii) in the case of thermodynamically polarized
centers (¢=0), the signal in the o /7 modulation is one-
half the one obtained for o /o~ modulation.

We now describe the setup, situated at Ecole Polytech-
nique, that we have used for most of the experiments.
This is a usual luminescence setup where the light source
was the 7525-A line of a krypton laser, and the lumines-
cence detection and analysis were done by a Spex mono-
chromator and a GaAs or Sl-type photomultiplier. The
samples that we used were kindly supplied by Mircea-
Roussel of Laboratoires d’Electronique et de Physique
Appliquées. These samples were placed in a strain-free
manner on a holder in a variable temperature Dewar. The
magnetic field was produced by an electromagnet for
which holes in the pole pieces allowed light excitation and
luminescence detection along the magnetic field direction.
The maximum value of the magnetic field was 11.4 kG.
In order to sensitively measure the change in luminescence
intensity produced by a modification of the excitation-
light polarization, we modulated this polarization from
ot to o~ and from o* to m, and monitored the corre-
sponding change of luminescence intensity with synchro-
nous detection. This was done by a Lasermetrics Pockels
cell placed on the excitation beam, which had the advan-
tage of producing a vanishingly small modulation of the
intensity of the laser light. The modulation frequency
was 75 Hz. In order to minimize spurious intensity
modulation effects, care was taken to place the sample
normal to excitation-light direction, for which the
transmission of the sample surface does not depend on po-
larization.

In summary, we have explained in this section the basis
which allows us to analyze the spin-dependent character
of free-electron recombination as well as pair recombina-
tion using optical-pumping techniques. Quite generally,
SDR is likely to introduce a spin coupling between the
center and the photoelectron spin reservoir, due to which
the center polarization and the photoelectron polarization
are interdependent. This does not happen in the case
where the center spin-lattice relaxation time is sufficiently
large so that the centers are mostly thermodynamically
polarized by the magnetic field. We have also dis-
tinguished the strong-SDR case where the SDR channel is
the dominant recombination channel for the photoelec-
trons and the opposite weak-SDR case.

In this work we shall present experimental illustrations
for the above cases. We consider in the following section
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a strong-SDR case where the centers are dynamically po-
larized by the photoelectrons.

III. STRONG SDR AND DYNAMICALLY
POLARIZED CENTERS

A. Evidence for SDR effects

The experimental results which we shall now present
were obtained in a bulk Czochralski-grown GaAs sample
(No. CZ28). The luminescence of this sample at 5 K with
an excitation intensity of approximately 1 W/cm? is
shown in Fig. 1(a). The detector is a GaAs photomulti-
plier. One finds the donor-acceptor pair recombination
peaking at 8310 A. The luminescence band at 8200 A is
due to recombination of shallow states to the valence
band, but no precise identification can be done due to the
large width of this band. Finally, the weak line at 8520 A
is probably a phonon replica of the donor-acceptor line,
whereas no clear interpretation can be given for the 8450-
A line.

The SDR results are shown in Fig. 1(b), which presents
the relative variation of luminescence intensity produced
by o/m modulation of excitation-light polarization. An
external magnetic field of 11.4 kG was applied parallel to
the excitation-light direction. One sees that on all
luminescence lines the modulation of excitation-light po-
larization produces a variation of A of luminescence in-
tensity. The corresponding relative variation AI/I is
2.3% for the donor-acceptor (D-A) line and 3.0% for the
line at 8200 A. As explained in the preceding section, it is

ENERGY (eV)
1.51 1.49 1.47 1.45

T T T T

x2.5 «xl x2.5

(a)

L\, T

SIGNAL (a.u)

x60 x60  (c)

1 I 1 |
8200 8300 8400 8500

WAVELENGTH (A)

FIG. 1. Summary of the SDR effects obtained in a semi-
insulating GaAs sample at 5 K. Curve (a) shows the lumines-
cence of the sample. Curve (b) shows the variation AI of this
luminescence, in a magnetic field of 11.4 kG, produced by a cir-
cular o to linear 7 modulation of excitation-light polarization.
Curve (c) shows the same variation, but for the case of a ot to
o~ modulation.

straightforward to show the existence of centers dynami-
cally polarized by the photoelectrons by comparing the ef-
fects of 0 /0~ modulation and of o /7 modulation of ex-
citation light. Figure 1(c) presents the effects observed in
the same conditions as Fig. 1(b), but for a ¢+ /0~ modu-
lation of excitation-light polarization. In the case of the
D-A line, one observes a small variation AI, of the order
of 0.3% of the luminescence signal, which changes its
sign between the high-energy side and the low-energy side
of the line. This shows that the observed modulation af-
fects the position of the line rather than its intensity. This
can be shown to be due to the modulation of the Zeeman
energy of the electron-hole pair that occurs when the po-
larization of the electron is changed,?’ and is not due to
SDR. Thus, we conclude that, in the case of the D-A
luminescence, the o+ /o~ modulation of excitation polari-
zation does not produce any detectable SDR signal. This
means that, as explained in the preceding section [Egs.
(2.23) and (2.24)], the SDR effects on this line are due to
the recombination on centers which are dynamically po-
larized by the photoelectrons. Further analysis of the
SDR results presented in Fig. 1 shows that the behavior of
the two lines at 8450 and 8520 A is essentially the same as
that of the D-A line, since for these two lines the ot /o~
effects are vanishingly small. The case of the line at 8200
A is more complicated. First, the o™ /0~ modulation re-
sults of Fig. 1(c) show, for this line, a signal which is
comparable with that of Fig. 1(b), which proves the oc-
currence of centers which are thermodynamically polar-
ized by the external field. More precise analysis as a func-
tion of the position on this line is presented in Fig. 2.
This analysis shows that (i) the second SDR signal is only
present at a wavelength above 8180 A that does not in-
volve free electrons. (ii) The recombination of free elec-
trons, at a wavelength below 8160 A, exhibits a SDR sig-
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(b) x 100
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FIG. 2. Same results as Fig. 1, shown more precisely for the
case of the 8200-A luminescence line. The arrow shows the po-
sition of the band gap.
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nal of the same nature as that of the D-4 line.?®

In summary, the results presented in Figs. 1 and 2 re-
veal the existence of at least two distinct SDR channels.
First, the line at 8200 A shows the existence of centers
thermodynamically polarized in the external field. These
results will not be discussed further in this work. On the
other hand, we have also found that centers exist, which
are dynamically polarized by the photoelectrons, that al-
low us to observe SDR effects on the D-A line, on the
free-electron emission, and on the two weaker lines at
lower energy.

B. Identification of the centers responsible for SDR

In this section we analyze the origin of the centers that
are dynamically polarized by the photoelectrons, and
which give rise to SDR. The magnitude of this SDR sig-
nal at 11.4 kG is 2.3% for the D-A line. For the 8200-
A line, by subtracting the effect of the thermodynamically
polarized centers discussed in the preceding subsection, we
find a value of 1.9% that is comparable to that observed
on the D-A line. Furthermore, the field-dependence of
this SDR signal, which will be discussed in Sec. IIIC, is
the same for the various luminescence lines. Thus, we
conclude that the dynamically polarized centers which
give rise to the SDR signal are the same for all these lines.
Their effect is to modify the free-electron concentration,
which produces a corresponding variation of the intensity
of all luminescence lines shown in Fig. 1.

Identification of these centers can be done straightfor-
wardly by using Eq. (2.15). This equation predicts that if
the relevant SDR recombination is radiative, the signal
observed on the corresponding luminescence line should
have a sign opposite to the one observed on the non-SDR
luminescence lines. This shows, in particular, that shal-
low acceptors are not the relevant centers, since in this
case this signal on the D-A4 line should have a sign oppo-
site to the one found on the line at 8200 A. This is in
agreement with the fact that these acceptors are unlikely
to be dynamically polarized by photoelectrons, due to
their short spin-lattice relaxation time.

We now show that the dominant recombination center
EL?2 is at the origin of the observed effects.!® This center
is believed to give rise to the broad luminescence band of
composite structure peaking around 0.65 eV.!”!® Since the
recombination on EL2 is known to be the dominant
recombination channel, the change of the corresponding
recombination time due to SDR produces a corresponding
modification of the photoelectron concentration, which is
reflected in the intensity of the various luminescence lines
shown in Fig. 1.

In order to verify this hypothesis, we have monitored
the SDR effects on the luminescence line associated with
EL2. This was done at the Naval Research Laboratory
using a lead-sulfide detector. This line has an intensity at
least one order of magnitude larger than that of the
luminescence shown in Fig. 1. The results are shown in
Fig. 3. The SDR signal observed on this line has the same
polarization dependence and field dependence as those
discussed in Fig. 1, and is therefore of the same origin.
The relative variation AI/I is found to be constant
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FIG. 3. SDR results obtained on the luminescence band asso-
ciated with EL2. The value of the external magnetic field is 6
kG. Curve (a) shows the intensity of the luminescence. Curve
(b) shows the SDR signal for o /7 modulation of excitation-light
polarization. This signal has a sign opposite to the one of Fig.
1(b).

throughout the luminescence line and is of the order of
1.1%. An important result is that this signal has a sign
that is opposite to the one observed on the D-A line, as
well as on the various luminescence lines which exhibit
this effect. This is a strong indication that the EL2
centers are indeed the relevant recombination centers re-
sponsible for the observed SDR signal. If this were not
the case, the intensity of the EL2 luminescence would
simply reflect the modification of the photoelectron con-
centration, and would show an SDR signal of the same
sign as the luminescence lines shown in Fig. 1. Thus, we
have been able to identify unambiguously the relevant
centers for SDR with the EL2 center. The effects shown
in Fig. 1 simply reflect the modification of photoelectrons
due to the spin-dependent character of this recombination.

C. Role of the magnetic field

Here we analyze the fact that the presence of the exter-
nal magnetic field is important in order to give rise to the
SDR effects on the dynamically polarized centers.
Indeed, in zero external field, none of the SDR effects can
be observed. This effect is analyzed in Fig. 4, which
shows as a function of magnetic field the SDR signal ob-
served on the D-A line (A=8310 A) in the conditions of
Fig. 1(b). One sees that the characteristic field of the in-
crease of this signal is of the order of 1 kG. However,
there seems to be an effect at higher fields, since the sig-
nal slightly increases between 6 and 10 kG. Also shown
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FIG. 4. Magnetic field dependence of the SDR signal AI/I
obtained at a wavelength of 8310 A for o/ modulation of
excitation-light polarization, and of the electronic polarization p
measured at the same wavelength from the degree of circular
polarization of the luminescence.

in the figure is the variation of the photoelectron polariza-
tion p, as obtained from an analysis of the degree of circu-
lar polarization of the luminescence.!* The interrelation
between the variation of the two quantities is striking.
Note that in zero field there remains a small SDR signal
of 0.2%. This signal is believed to be of a different ori-
gin, since it is only observed at the maximum and on the
low-energy side of the D-A line and could explain why
the SDR signal at this wavelength is slightly higher than
that found on the other luminescence lines.

In order to demonstrate the effect of the external mag-
netic field, we point out that the influence of the magnetic
field can be either on the spin of the photoelectrons,
which could change the optical-pumping polarization p,
defined by Eq. (2.7), or on the spins of the centers that
could result in a modification of p. given by Eq. (2.9).
In each of these two cases, as shown by Eq. (2.5) and
(2.12), one should expect a change of both the photoelect-
ron polarization p and the electronic concentration n,
since we have shown that the photoelectron and the center
spin reservoirs are reciprocally coupled by the existence of
SDR. We shall now show that the effect of the magnetic
field is on the centers rather than on the recombining elec-
trons. Since, as shown by the experimental results, the
centers are dynamically polarized, the value of the center
polarization given by Eq. (2.17) can be written in the sim-
ple form

De=ap . 3.1

Then, the electron polarization p and the relative variation
An /n of electron concentration due to o /7 modification
of excitation-light polarization can be expressed as a func-
tion of the optical-pumping polarization without SDR ef-
fects p, and of the quantity y given by

y=af3, (3.2)

where f3 is given by Eq. (2.10) and expresses the relative
efficiencies of the SDR and of the non-SDR channels.
We then find straightforwardly

An 2
an _ 3.3
, =P (3.3)
A -1
n
Do/pP=Dp; PP+ (3.4)

With the use of the two equations above, it is, in principle,
possible to determine the values of ¥ and of p, since the
two quantities An /n and p are known (see Fig. 4). In do-
ing this, care should be taken to use the correct value of
electronic polarization since the polarization on the 8200-
A line is larger than that of the D-A line by a factor of
1.6. As mentioned before, the relevant SDR is probably
that of the capture of free electrons, since the SDR signal
is the same on all luminescence lines, including those in-
volving free electrons. Thus, for this treatment, we have
used the polarization on the 8200-A line. This polariza-
tion is found to be constant throughout this line, includ-
ing its high-energy side which involves free electrons.
The SDR signal was measured on the high-energy side of
the D-A line (A=8300 A) where it is not perturbed by the
small signal of different origin shown in low field in Fig.
4. The variation of y as a function of magnetic field is
given in Fig. 5. One sees that ¥ increases up to a value of
3. The characteristic field of this increase is of the order
of 1 kG which is comparable with that of the SDR signal.
This shows unambiguously that this increase is due to the
effect of the magnetic field on the centers and not on the
photoelectrons. Since ¥ is constant for B higher than 2
kG, we conclude that the slight increase of SDR signal
above this value of the magnetic field is due to a field
dependence of the optical-pumping polarization p,.
Therefore, we expect the quantity pg to slightly increase
with magnetic field in order to account for the field in-
crease of SDR signal and polarization above 2 kG. How-
ever, if one takes p;=0.5, we find that p, strongly in-
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FIG. 5. Analysis of the field dependence of the SDR signal
obtained at 8300 A, using Eqgs. (3.3) and (3.4). The value of the
parameter y(0) is found to increase with magnetic field which
shows that application of magnetic field increases the center
dynamic polarization. The difference between the measured po-
larization (solid curve) and the calculated value of the optical-
pumping polarization (+ ) is the increase of electronic polariza-
tion due to SDR effects. This last value was calculated using
pi=0.25 and the error bars were determined using p; =0.3 and

=0.2.
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creases in a field of 1 kG, which is contradictory with the
above results. This contradiction can be resolved because
(i) p; can be smaller than 0.5 due to loss of electron polari-
zation during thermalization at the bottom of the conduc-
tion band and (ii) the electronic polarization p can be
higher than the measured value if the relevant recombina-
tion involves hot electrons. As seen from Eq. (3.4), this
can in our case decrease the experimental value of p; since
the relevant quantity is pp;. Consistency between the
variations of ¥ and p, is achieved for p;~0.25 for which
one obtains a smooth increase of p, over the whole mag-
netic field range (see Fig. 5). For p;=0.3, one still ob-
serves an increase of py in a field for 1 kG, whereas for
pi=0.2 the value of p, is constant up to 4 kG and in-
creases at higher magnetic fields. We point out that the
value of p, at large magnetic fields is one-half the actual
value of electronic polarization. This shows that, as ex-
plained in Sec. II, the SDR at polarized centers indeed
produces a strong increase of electronic polarization since
these centers act as a ““spin filter.”

In summary, we have shown very clearly from our
quantitative analysis that the application of an external
magnetic field of several kilogauss strongly enhances the
dynamic polarization of the centers by the free electrons,
and that this produces a significant increase of the pho-
toelectronic polarization since the polarized centers selec-
tively trap the electrons depending on their spin. The
unambiguous demonstration of this last effect leads us to
the two following conclusions. (i) The present effect pro-
vides an alternative explanation to the field increase of
photoelectron polarization, which is frequently observed
in optical-pumping conditions and is generally attributed
to a field dependence of the free-electron spin-lattice re-
laxation time.?’ (ii) The existence of SDR recombination
processes could lead to the production of highly spin-
polarized electrons, which could be used fruitfully, after
extraction outside the sample, for a wealth of nuclear
physics or atomic physics experiments.*

D. Discussion

The results obtained in the present work show that the
level responsible for the broad luminescence at 0.65 eV is
paramagnetic. The precise discussion of the nature of this
level is beyond the scope of this work and requires more
extensive studies on a large number of samples, as well as
magnetic resonance experiments. In this section we dis-
cuss mainly the origin of the field dependence of the
center polarization and the very large magnitude of the
SDR effect. These two features are summarized in Fig. 5.

1. Field dependence of the center dynamic polarization

Strongly field-dependent SDR has already been report-
ed previously in amorphous silicon.3! We have shown in
the present case that this is due to a field dependence of
center polarization. This effect has two possible explana-
tions. The first one is connected with the part of the hy-
perfine coupling between the electron trapped on the
center and the lattice nuclei that does not commute with
the Zeeman Hamiltonian. The resulting motion of the
electron should decrease its spin polarization in an exter-

nal field smaller than the hyperfine nuclear field. This
has been calculated by D’yakonov and Perel’ by taking
into account only the hyperfine coupling with the central
nuclear spin.*? This picture can explain the magnitude of
the observed increase of y and also the characteristic
width of this increase which is comparable with hyperfine
fields in GaAs. The second possible interpretation for the
field dependence of y is the field increase of the spin-
lattice relaxation time T'j; of the centers. Indeed, ¥ can be
found straightforwardly by solution of rate equations to
be

Ty

== (3.5)
T11+T1e

14

The dynamic polarization time T, only depends on the
characteristic times for electron trapping and hole trap-
ping on the center. This time could increase with the
magnetic field if the centers are dynamically polarized by
exchange interaction with the photoelectrons.”! However,
this leads to a decrease of the SDR effects with magnetic
field, and thus does not account for the experimental re-
sults. Therefore, it is reasonable to suppose that T';, does
not depend on magnetic field. The field increase of T,
can explain the observed results. Indeed, at low external
magnetic fields, T'y; is short with respect to the dynamic
polarization time T'j,, so that the centers cannot be
dynamically polarized. On the other hand, in high exter-
nal magnetic fields, the centers are isolated from the lat-
tice, since T'y; is larger and can be dynamically polarized.
Further experiments are necessary in order to choose be-
tween the two above hypotheses. However, the relevance
of the hyperfine interaction seems more reasonable since
this explains the magnitude of the field characteristic of
the observed increase of y. Furthermore, in the present
case of a center with strong coupling to the lattice, one
could expect the spin-lattice relaxation to be due to pho-
nons, for which the relaxation time would decrease with
magnetic field,’> whereas interpretation of the experimen-
tal results would require a field increase of this last quan-
tity.

2. Magnitude of the SDR effects

The SDR effects which we have obtained in the present
work are approximately one-half an order of magnitude
larger than the predictions of our simple model. Indeed,
the maximum value of y at high field obtained in Fig. 5 is
of the order of 3, whereas in the model of Sec. II A this
value should be smaller than unity. The purpose of the
present section is to discuss the possible origin of this ef-
fect. We point out first, that as already mentioned in Sec.
IIB, the case of a pair recombination cannot account
alone for such a large value of y. This value can be due to
three different effects. (a) There is first the arguments al-
ready given in previous works in order to interpret large
SDR effects without involving pairs, such as surface ef-
fects! or the relevance of spins larger than 5.3 (b) As al-
ready proposed in the preceding subsection, the relevant
SDR could involve hot electrons for which p is larger
than the measured value. As seen from Eq. (3.3), this
could explain the large value of y. (c) The third type of
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argument involves, as discussed in Sec. IIB, the relevance
of a shallow excited state of the relevant centers. For the
case of EL2, this has been shown from transport®® experi-
ments. Further experiments are necessary to verify the
relevance of such an effect. However, this argument is
reasonable, since by taking e=10"33¢ g, =mal’ where a})
is the effective Bohr radius,’’ and 7=5 ns as measured in
the present sample by using standard optical-pumping
techniques,’® we find that the relevant parameter of Eq.
(2.22), €0;0N T, is equal to 1 for Ne,=5x10" cm—?
which is of the order of usual EL2 concentrations in
semi-insulating samples.

IV. WEAK-SDR CASE
AND THERMODYNAMICALLY POLARIZED
CENTERS: MANGANESE IN GaAs

In this section we present a situation which is opposite
to that of the preceding section, i.e., where (i) the centers
are thermodynamically polarized by the external magnetic
field and, (ii) the efficiency of the SDR process is weak
with respect to that of other recombination processes, so
that the photoelectron concentration is not modified by
SDR. These results have been obtained in several
manganese-doped GaAs samples. Since all these samples
gave similar results, here we shall only present the case of
a bulk chromium-doped GaAs sample which had been
diffusion doped with manganese for 24 h at 750 °C.

A. Demonstration of the SDR effects

The experimental setup and conditions have been
described in detail in Sec. II. The experimental results ob-
tained at a temperature of 7 K and for an excitation inten-
sity of 1 W/cm? are summarized in Fig. 6. The various
luminescence lines are shown in Fig. 6(a). The main line

at 8330 A is the usual donor—to—shallow—acceptor
(D-A) line, with a shoulder at 8300 A attributed to the
recombination of free electrons with the same shallow ac-
ceptors (e-4).3%" The line at 8800 A is the usual zero-
phonon manganese emission, with its TA phonon replica
at 8850 A.*'=%5 In agreement with previous work, we
have observed the other phonon replicas at lower energy.
These replicas are not represented in Fig. 6 for the sake of
clarity. Note the complex structure of the luminescence
at 8200 A. This luminescence has been found to be com-
posed of four different lines labeled 4, B, C, and D. This
structure is not observed before manganese diffusion, and
is thus probably of the same origin as found by Bilac
et al.*

The SDR effects are shown in Fig. 6(b), which presents
the variation A of the intensity of the luminescence pro-
duced by a ot /o~ modulation of excitation-light polari-
zation in an external magnetic field of 11.4 kG. The
change of sign observed on the B line at 8198 A is con-
nected with the modulation of the position of this line and
not of its intensity. As already observed in Fig. 1, this is
due to the modulation of the Zeeman energy of the corre-
sponding electrons and is not due to SDR. On the other
hand, one observes a strong variation A on the Mn line as
well as on the D-A line and on the A line. The relative
variation Al /I is equal to approximately 10% for the Mn
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FIG. 6. SDR effects on a GaAs:Mn sample at 7 K. The
resolution is 2 A. Curve (a) is the luminescence spectrum. The
luminescence band at 1.409 eV is the usual manganese emission
with a phonon replica at 1.400 eV. Curve (b) is the variation of
luminescence intensity produced by o*/c~ modulation of
excitation-light polarization in a magnetic field of 11.4 kG. The
relative variation of intensity between 1.48 and 1.50 eV (+) is
found to be strongly dependent on wavelength. Curve (c) shows
the usual optical-pumping results, obtained by monitoring in the
same conditions as curve (b) the variation of the o and o~
components of the luminescence.

line and 1.5% for the D-A line and the 4 line. Also note
the difference of the sign of AT observed for the Mn line
and the D-A line.

These effects are due to SDR on centers polarized ther-
modynamically in the external magnetic field B. Indeed,
in agreement with Egs. (2.23) and (2.24), the reported ef-
fects are not observed if B =0 and their sign is changed if
the sign of B is changed. Furthermore, we have observed
that the value of the variation AI of the luminescence pro-
duced by a o /7 modulation of excitation-light polariza-
tion is exactly one-half of the variation obtained above for
a ot/0~ modulation. As shown by Eq. (2.24), this
means that in our case the dynamic polarization of the
centers is negligible so that p. only depends on the value
of the external field and not on that of the photoelectrons.
Thus we conclude that, in the present case, the relevant
centers are thermodynamically polarized by the magnetic
field.

Finally, we have verified that in the present case, the
circularly polarized excitation of the sample creates spin-
polarized electrons. This is shown in Fig. 1(c) which
presents, in the same condition as Fig. 1(b), the variation
AI, and AI_ of the ot and o~ components of the
luminescence light. These two quantities are measured by
placing a fixed quarter-wave plate and linear polarizer on
the luminescence. The absolute value of the polarization
p of the photoelectrons, which is created by circularly po-
larized excitation, is given by
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p=(AI, —AI_)/I . (4.1)

A comparison of the results of Figs. 6(a) and 6(c) for the
D-A, e-A, and D lines gives p =9% for the D-A4 and e-4
lines and 17% for the D line."’

We now comment on the results of Fig. 6(c) in the case
of manganese emission, for which Eq. (4.1) does not hold
since the exact symmetry of the manganese state is not
known in detail. We first point out that, as for the other
luminescence lines, one has AI | =AI _, which shows that
the recombination of the spin-polarized electrons on the
manganese level produces circularly polarized light. This
constitutes the first observation of optical pumping on a
recombination involving a deep state.*® The second point
we now explain is the dissymmetry of the two curves AI
and AI_. The quantity AI, +AJI_ is not zero because
this quantity is the above-described variation of the
luminescence intensity due to SDR. This variation is, in
the case of the manganese emission, of the same order as
the optical-pumping signal AI, —AJ_ that explains the
above dissymmetry.

B. Quantitative analysis of the SDR effects

In order to analyze the effects shown in Fig. 6, we first
show that we are in the weak-SDR case discussed in Sec.
II, where the concentration of both free electrons and elec-
trons trapped on shallow donors is constant when the
excitation-light polarization is modulated. For the case of
free electrons, we have studied the luminescence emission
between 1.495 and 1.500 eV, which we have shown from
photoluminescence excitation spectra to be entirely due to
e-A emission, with a negligible contribution from the
nearby D-A.% The SDR signal at this energy is found to
be very small, as shown by the pluses in Fig. 6(a). The ex-
planation of this effect, as seen from Egs. (2.13) and
(2.14), can be either that the photoelectron concentration
n is constant and that the relative variation A7/7 due to
the SDR effect of the e-A emission is weak, or that the
e-A emission is the dominant recombination process for
free electrons, so that one has An/n +A7/7=0. Howev-
er, the second hypothesis is not reasonable, since the
recombination of electrons on shallow acceptors is not the
dominant recombination path for free electrons. Indeed,
the luminescence spectrum shows that the high-energy
side of the manganese emission, which will be shown in
the following subsection to be due to the recombination of
free electrons, has an intensity larger than that of the e-4
line. Thus, we conclude that the first above hypothesis is
correct, so that the free-electron concentration is not af-
fected by modulation of excitation-light polarization.
This can be explained by assuming that the dominant
recombination mechanisms for free electrons which deter-
mine the value of n are very likely through deep centers
other than manganese impurities, and are not spin depen-
dent.’® The case of electrons trapped on shallow donors
can be treated exactly in the same way as for free elec-
trons, since the SDR signal on the D line, which is due to
the recombination of electrons trapped on shallow donors
with valence holes,f ! is very small. An upper limit of the
signal at A=8180 A is 0.5%, which is much smaller than
the value of 1.5% obtained for the donor-acceptor line

that arises from the same initial state. We conclude that
in our case, both the free-electron concentration and the
concentration of electrons trapped on shallow donors are
constant. In the same way, we find that the polarization
of the photoelectrons does not depend on the magnetic
field, which indicates that the existence of SDR processes
does not modify the electronic polarization. This means
that, unlike the case in the preceding section, the charac-
teristics of the photoelectron reservoir are completely un-
modified by SDR so that the present situation corre-
sponds to the weak-SDR limit discussed in Sec. II. Thus,
the results obtained can be analyzed conveniently, since on
each luminescence line, the SDR signal is only dependent
on the features of the corresponding recombination pro-
cess, and is quite simply given by Eq. (2.16). This allows
us to conclude that the SDR signals observed on the D-A4
line and on the manganese line are due to distinct SDR
processes, which are, respectively, the recombination on
shallow acceptors and on the deeper manganese acceptors.
We now perform a more detailed study of the SDR ef-
fects. Since the centers have been shown to be thermo-
dynamically polarized by the magnetic field, one has

p.=E tanh(g*upB /2kT) 4.2)

where g* is the effective Landé factor of the centers, and
£ is a numerical coefficient of order unity, that accounts
for possible incomplete relaxation of the centers. This last
equation supposes that the centers have a spin of one-half.
In agreement with Egs. (2.16) and (4.2), we have observed
that the SDR signals are proportional to the magnetic
field up to the maximum available value of 11.4 kG, so
that even at 1.7 K, it was not possible to completely polar-
ize the centers. This last result is indeed expected since,
for a center of spin 5 and supposing that the effective g
factor is equal to 2, the thermodynamic polarization is
found in these conditions to be 50%, and the departure of
p. from a behavior proportional to the magnetic field is
very small. Let us also mention that we have studied, for
a given magnetic field, the variation of p, as a function of
temperature 7, and that we have verified that p, de-
creases with increasing lattice temperature.>

Thus, the magnetic field and the temperature depen-
dence of the SDR effects are in agreement with our sim-
ple model. Precise analysis of the magnitude of the signal
on the various lines is intricate, since this magnitude de-
pends on several parameters which are not known. These
parameters are the effective Landé factor g* of the
centers,” the coefficient £ of Eq. (4.2),°* and a possible
multiplicative factor due to the fact that the spin of the
center can be larger than %.55’56 It is, however, possible
to make an order-of-magnitude estimate for AI/I by tak-
ing g*=2, £=1, and p=17%. We find AI/I=2%,
which has to be compared with the value of 1.5% for the
D-A line and of 10% for the manganese line. We consid-
er that the agreement between the above prediction and
the measured value of AI /I is satisfactory, with respect to
the very crude approximations made.’’~>° The possible
reasons for the dependence of the magnitude and also of
the sign of the signal on the various lines will be discussed
below.
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C. Analysis of the SDR signal
on the manganese emission

The manganese zero-phonon emission line shown in
Fig. 6(a) has a position which is very close to that ob-
served in Mn-diffused GaAs samples by Lee and Ander-
son.* On the other hand, luminescence studies using epi-
taxial samples report a luminescence composed of two dis-
tinct lines, at an energy 2 meV lower than the energy of
the present line.*""*? These two lines are due, respectively,
to the recombination with manganese of free electrons and
of electrons trapped on shallow donors. In this subsec-
tion, we show that the zero-phonon line shown in Fig. 6(a)
exhibits the same structure. A luminescence study at very
low excitation levels has not allowed us to reveal this
structure. On the other hand, SDR results shown in Fig.
6(b) clearly show such a structure since the SDR signal is
much larger on the high-energy side than on the low-
energy side of the line. More precise analysis of this ef-
fect is shown in Fig. 7, which is done at 1.7 K at low exci-
tation intensity. One clearly sees the appearance of two
distinct lines from the SDR results, situated, respectively,
at 1.407 and 1.409 eV, the latter line showing a larger
SDR signal. In the case of Fig. 7, the SDR signal on the
line at 1.409 eV is found to be approximately constant and
equal to 5%. The SDR signal at 1.406 eV, for which the
luminescence is entirely due to the lower-energy line, is
equal to 1.7%. Note also that the SDR signal increases
again at energies below 1.405 eV, which is very likely due
to the onset of the TA phonon replica of the manganese
emission, shown in Fig. 6(a). Thus, our SDR results re-
veal that the zero-phonon manganese emission has the
same structure as that observed in epitaxial samples. We
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FIG. 7. Detailed analysis of the SDR effects on the zero-
phonon manganese emission. The top curve is the luminescence
spectrum. The bottom curve is the o+ /o~ effect similar to that
of curve (b) of Fig. 6. The SDR results allow us to resolve the
line into two distinct lines. The sign of the magnetic field was
opposite to that of Fig. 1(b), which changes the sign of the ef-
fects.

conclude that the manganese impurities give rise to the
same recombination process in the two cases. The shift of
2 meV between the two cases could be due to Coulomb in-
teractions with defects of unknown origin or to uncon-
trolled local stress present in the sample.

In summary, we have demonstrated in the present case
of GaAs:Mn, the spin-dependent character of the recom-
bination of photoelectrons on deep manganese acceptors,
as well as on shallow acceptors. The acceptors are found
to be thermodynamically polarized by the external field.
This has been done by using a simple nonresonant method
that involves the modulation of excitation-light polariza-
tion. The results can be straightforwardly interpreted
since the above spin-dependent processes are not the dom-
inant recombination processes, so that the photoelectron
concentration is not affected by the above modulation.

D. DISCUSSION

The results presented in the present section show that,
in the case where electron concentration is not modified
by SDR, the magnitude of the SDR signal strongly de-
pends on the luminescence line under observation.
Indeed, in the case of the shallow-acceptor emission, the
SDR signal on the e-A line is much smaller than that on
the D-A line. The situation for the manganese emission is
opposite, since the signal for the e-Mn line is much larger
than that for the D-Mn line. We have obtained this type
of result in many different samples. For example, in the
same sample prior to manganese diffusion, the situation is
reversed, since SDR effects are obtained on the e-A line
but not on the D-A line. Owing to these effects, the
present method can be used fruitfully in order to resolve
the structure of complex luminescence lines, such as the
zero-phonon manganese emission in the present case.
Thus, this method provides the same spectroscopic tool as
ODMR, but does not require the observation of any reso-
nance.

We do not understand in detail the origin of the large
difference in the SDR signals between the various lines
that we observe. Indeed, the main difference between the
D-Mn and the D-A lines on one hand, and the e-Mn and
the e-A lines on the other hand, is that the first lines arise
from a pair recombination. However, it has been shown
in Sec. II B that, in the case of thermodynamically polar-
ized centers, the SDR signal for pair recombination is the
same as that for recombination of free electrons. Indeed,
the only possible difference between the two cases, which
lies in the initial polarization of the electrons [Eq. (2.19)],
does not play a role here since the polarization on the e-A
and e-Mn lines is the same as that of the D-4 and D-Mn
lines, respectively. A possible explanation for the ob-
served effect could involve the modification of the wave
functions of the hole trapped on the acceptor, due to the
electric field of the nearby donor. Another interpretation,
for the case of the D-Mn line, comes from the fact that
the corresponding recombination is probably the dom-
inant recombination mechanism for donors situated close
to manganese impurities. Then, the population of these
particular donors could be affected by SDR, which might
decrease the value of the SDR signal. Further experi-
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ments are necessary to provide an unambiguous interpre-
tation for the difference in the magnitudes of the SDR
signals observed on the various luminescence lines.

We now comment on the fact that, as shown by the
SDR results, the relevant manganese level at 114 meV
above the top of the valence band is found to be paramag-
netic, and we discuss the possible nature of this level. We
have performed ODMR experiments by observing the
above SDR signal in resonant conditions in the X band.
These experiments were done at Centre National d’Etudes
des Télécommunications (Lannion, France). We have not
observed the usual resonance of the manganese d°
state.5%! Since the SDR signal is directly proportional to
the polarization p, of the relevant centers, we can esti-
mate that the relative decrease at resonance of p, is less
than 5%. Unless the effective relaxation time of this
center is strongly modified by light excitation, it is diffi-
cult to believe in the relevance of the manganese d° state
since, at the microwave powers (SW) that we used, the res-
onance of this state is known to be completely saturated.
In the same way, we think that the Mn**(d*) state is not
relevant, since this state is neutral with respect to the lat-
tice and could not explain that the donor-manganese emis-
sion has been found to have the usual donor-acceptor line
shape.*®

This seems to favor the model that the relevant man-
ganese level is constituted by a Mn>*(d®) on which a
valence hole is loosely bound, as already formulated by
Kaufmann and Schneider on the basis of the stability of
the half-filled d shell.®’ The fact that the same man-
ganese level is found in the absence of excitation light by
transport studies*’ can be explained by stating that the
origin of the hole is probably the manganese impurity it-
self, which only contributes two s electrons to satisfy its
bonds with its neighbors. Another fact which supports
this hypothesis is that the excited states of the manganese
level can be adequately described by effective-mass
theory.63 Note, however, that the SDR results reveal an
important difference between the manganese level and the
shallow-acceptor level, since the SDR signals of the two
lines have opposite signs. The difference of the sign of
AI/I for shallow acceptors and for manganese acceptors
does not originate in a possible multiplicative coefficient,
which could appear in Eq. (4.2), to take into account the
symmetry of the acceptor state, since as shown above,
these two states are believed to have the same symmetry.
We believe that this difference arises from the difference
of the sign of the effective g factor of the two states. This
originates quite simply from the fact that the g factor of
shallow acceptors depends more strongly on the valence-
band parameters than the deeper manganese level. An in-
dependent way to verify this hypothesis is to measure the
sign of the degree of circular polarization induced by a
magnetic field in conditions where the sample is irradiat-
ed by linearly polarized light.%* We have done this experi-
ment, and have indeed found signals of opposite signs for
the D-A line and for the manganese line. This result is in
agreement with recent studies of the hot luminescence of
GaAs:Mn, which indicate a value of g* of 3.2 for man-
ganese acceptors and of —1.15 for shallow acceptors.®®
Note furthermore that the hot luminescence has been

found to exhibit SDR effects which are similar to those
presented here.

V. CONCLUSION

In this work we have developed the basis for optical-
pumping studies of SDR in semiconductors, and we have
shown from two distinct experimental situations, which
are semi-insulating GaAs and GaAs:Mn, that (i) the ex-
istence of SDR quite generally introduces a reciprocal
coupling between the photoelectron centers, which results
in a modification of both the photoelectronic polarization
and concentration. (ii) The centers can be either thermo-
dynamically polarized by the magnetic field, or dynami-
cally polarized due to the spin-dependent character of the
recombination. It is possible to distinguish between these
two cases by performing controlled changes of excitation-
light polarization. (iii) The application of a magnetic field
parallel to the direction of light excitation is crucial for
the appearance of SDR effects. In the case of dynamic
polarization of the centers, this may originate from the
nondiagonal elements of the hyperfine interaction or from
a possible field dependence of the center spin-lattice relax-
ation time.

The simple model we have suggested allows us to inter-
pret the experimental results. There are, however, two ex-
perimental observations which are not understood in de-
tail and which require further studies. The first one is
that the magnitude of the effects is larger than predicted.
The interpretation of this effect involving pair recombina-
tion does not hold in the present case. We propose an al-
ternative explanation involving capture through an excited
state of the center, which could quite generally produce
enhancement of SDR effects. The second experimental
fact is that SDR effects seem to be very different for
free-to-bound and for donor-acceptor transitions.” This al-
lows SDR studies to resolve the structure of complex
luminescence lines, as shown for the case of the zero-
phonon manganese emission in GaAs.

We recall that the method presented here is very gen-
eral, at least in the case of gallium arsenide. Indeed, we
have studied a wide range of samples and have, in all
cases, been able to produce photoelectronic spin polariza-
tions of a few percent by circularly polarized excitation,
and have been able to observe SDR effects under applica-
tion of a magnetic field. Owing to its nonresonant nature,
this technique can be used fruitfully as a preliminary step
for ODMR studies.® Indeed, such a detection requires,
quite generally (i) that the recombination be spin depen-
dent, and (ii) that it is possible to saturate appreciably the
magnetization of this center in resonance conditions. The
present method can then be used as an independent test of
SDR, and allows us to find the most appropriate condi-
tions for ODMR such as the value of wavelength. We
think that a critical parameter for ODMR observation is
the value of the external field, since the SDR signal
strongly increases with magnetic field. In this work we
have shown the paramagnetic nature of the acceptor level
introduced by manganese in GaAs, as well as of the state
responsible for the broad luminescence around 0.65 eV,
which is identified with the EL2 center. It is beyond the
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scope of the present study to interpret these effects unam-
biguously from the only SDR results alone, since this re-
quires ODMR experiments. We think that the use of the
present technique should allow, in the future, successful
ODMR studies of these two levels.

ACKNOWLEDGMENTS

The author is grateful to A. Mircea-Roussel and to P.
Guittard of Laboratoires d’Electronique et de Physique

Appliquées for providing and also for processing and
analyzing samples. Special thanks are also due to T. A.
Kennedy and P. B. Klein of the U. S. Naval Research
Laboratory for fruitful discussions and critical reading of
the manuscript, and to B. Lambert, B. Deveaud, and G.
Piccoli of Centre National d’Etudes des Télécom-
munications (Lannion, France) for assistance in ODMR
experiments, as well as fruitful discussions. This work
was performed partly under contract with Sachs-
Freemann Associates, Bowie, Maryland.

*Address to which correspondence should be sent.

ID. Lépine, Phys. Rev. B 6, 436 (1972).

2D. Kaplan and M. Pepper, Solid State Commun. 34, 803
(1980), and references therein.

3B. C. Cavenett, Adv. Phys. 30, 475 (1981), and references
therein.

4M. C. Chen and D. V. Lang, Phys. Rev. Lett. 51, 427 (1983).
This work shows in fact the spin-dependent character of the
emission of electrons from deep centers rather than of the
trapping of electrons.

SK. P. Homewood, B. C. Cavenett, W. E. Spear, and P. G.
LeComber, J. Phys. C 16, 427 (1983).

6To our knowledge, the only successful ODMR experiments in-
volving deep centers in GaAs were done with chromium (Ref.
7) and the antisite (Ref. 8).

N. Killoran and B. C. Cavenett, Solid State Commun. 43, 261
(1982).

8J. Weber and G. M. Watkins (unpublished).

9The width of EPR resonance lines in GaAs is very often of
greater than 100 G, due to the high value of the nuclear spin
(I=3). (See Ref. 10 for the case of the antisite defect.)

10R. Worner, U. Kaufmann, and J. Schneider, Appl. Phys. Lett.

40, 141 (1982); E. Weber and J. Schneider, Proceedings of the
12th International Conference on Defects in Semiconductors,
Amsterdam, 1982, edited by C. A. J. Ammerlaan (North-
Holland, Amsterdam, 1983).

11C, Weisbuch and G. Lampel, Solid State Commun. 14, 141
(1974).

2R, C. Miller, W. T. Tsang, and W. A. Nordland, Jr., Phys.
Rev. B 21, 1569 (1980).

13A book on optical pumping in semiconductors is to be pub-
lished as part of the North-Holland Series, Modern problems
in Solid State Physics. See also C. R. Pidgeon,
Handbook on Semiconductors, edited by M. Balkanski
(North-Holland, Amsterdam, 1980), Vol. 2, p. 223, and refer-
ences therein, as well as G. Lampel, Proceedings of the Inter-
national Conference on the Physics of Semiconductors,
Stuttgart, edited by M. H. Pilkuhn (Teubner, Stuttgart, 1974),
p- 743.

14In previous optical-pumping experiments, the possibility of a
spin polarization of valence holes has been neglected because
holes have a very short spin-lattice relaxation time. However,
if the degeneracy of the heavy-hole and light-hole bands is
lifted, this can lead to an increase of the hole relaxation time
and to the appearance of a significant hole polarization (Ref.
15). This results in the appearance of SDR effects associated

with electron-hole recombination and which do not require
the presence of any deep level (G. Fishman, Ph.D. thesis,
Paris, 1974). In fact, this could be the case of the two systems
for which SDR has been observed by using optical-pumping
techniques. It is indeed well known that the degeneracy of
heavy-hole and light-hole band is lifted for the multilayers
used in Ref. 12. This is probably also true of the
Ga;_,Al,As samples used in Ref. 11, which we have found
by double x-ray diffraction, to have strong spatial inhomo-
geneities of aluminum concentration. Unlike the above cases,
the results presented here are obtained in gallium arsenide
samples for which the above arguments do not hold. Thus,
valence holes are unpolarized and do not give rise to the above
SDR effects.

ISA. N. Titkov, V. L. D. Safarov, and G. Lampel, Proceedings of
the Fourteenth International Conference on the Physics of
Semiconductors, Edinburgh, 1978, edited by B. L. H. Wilson
(Institute of Physics, Bristol, 1979), p. 1031.

16For a review of the properties of EL2, see G. M. Martin and
S. Makram-Ebeid, Proceedings of the 12th International
Conference on Defects in Semiconductors, Amsterdam, 1982,
edited by C. A. J. Ammerlaan (North-Holland, Amsterdam,
1983); see also Ref. 7.

17A. Mircea-Roussel and S. Makram-Ebeid, Appl. Phys. Lett.
38, 1007 (1981).

188, V. Shanabrook, P. B. Klein, E. M. Swiggard, and S. G.
Bishop, J. Appl. Phys. 54, 336 (1983).

19R. Haberkorn and W. Dietz, Solid State Commun. 35, 505
(1980).

20D. Kaplan, 1. Solomon, and N. F. Mott, J. Phys. (Paris) Lett.
39, L51 (1978).

21The exchange interaction between the electron and the hole
modulated by the formation and dissociation of the pair pro-
vides a process for dynamic polarization of the hole. Howev-
er, this effect only occurs in low magnetic fields for which the
exchange energy is larger than the change in Zeeman energy
of the system produced by a simultaneous reversal of electron
and hole spin.

22The value of * depends on three quantities: The quantity
74 /7, the quantity 7'/(7'+27;) which is equivalent to the
quantity 3 for free-electron recombination, and the ratio b of
the concentrations of pairs with no hole, and of pairs with no
electron and no hole. If b is much smaller than unity, one has
B*=pB. In the opposite case, B* increases with 74 /7' and is
equal to 1+B(b +1)~! for very large values of 7, /7. This
quantity is indeed smaller than 2. This last result supposes,



30 OPTICAL-PUMPING STUDY OF SPIN-DEPENDENT RECOMBINATION IN GaAs 945

however, that 7, is smaller than the hole spin-lattice relaxa-
tion time. The opposite case, for which the holes are thermo-
dynamically polarized, has been examined in Sec. I B.

238, T. Pantelides and H. G. Grimmeiss, Solid State Commun.
35, 653 (1980).

24H. Goto, Y. Adachi, and T. Ikoma, J. Appl. Phys. 54, 1909
(1983).

25P. B. Klein, J. E. Furneaux, and R. L. Henry, Phys. Rev. B
29, 1947 (1984).

26D. Pons, P. M. Mooney, and J. C. Bourgoin, J. Appl. Phys.
51,2038 (1980).

27A simple order-of-magnitude calculation, taking a hole g fac-
tor of 2 and assuming that the hole spin states are equally
shifted by the magnetic field, shows that the magnitude of the
expected signal is one order of magnitude larger than one ex-
perimentally observes, so that the present explanation is
reasonable. A possible reason for a smaller signal is that the
D-A line is composed of the various lines corresponding to
different distances of the donor-acceptor pair.

28The direct gap of GaAs at a temperature of 5 K is 1.519 eV,
which corresponds to a wavelength of 8160 A [J. S. Blake-
more, J. Appl. Phys. 53, R123 (1982)].

29V. L. Berkovits, A. I. Ekimov, and V. L. Safarov, Zh. Eksp.
Teor. Fiz. 65, 346 (1973) [Sov. Phys.—JETP 38, 159 (1974)];
C. Hermann, Ph.D. thesis, Paris, 1976 [Ann. Phys. 2, 5
(1977)]; F. Minami, Y. Oka, and T. Kushida, J. Phys. Soc.
Jpn. 41, 100 (1976).

30See, for example, R. J. Celotta and D. T. Pierce, in Modern
Problems in Solid State Physics, Ref. 13; Adv. At. Mol. Phys.
16, 101 (1980).

3IR. A. Street, D. K. Biegelsen, J. C. Knights, C. Tsang, and R.
M. White, Solid State Electron. 21, 1461 (1978).

32M. 1. D’yakonov and V. L. Perel’, Zh. Eksp. Teor. Fiz., 63,
1883 (1972) [Sov. Phys.—JETP 36, 995 (1973)].

33K. N. Shrivastava, Phys. Status Solidi B 117, 437 (1983).

34D. Lépine, V. A. Grazhulis, and D. Kaplan, in Proceedings of
the 13th International Conference on the Physics of Semicon-
ductors, Roma, 1976, edited by F. G. Fumi (Tipografia
Marves, Rome, 1976).

35W. Walukiewicz, J. Lagowski, and H. G. Gatos, Appl. Phys.
Lett. 43, 112 (1983).

36The value of € can be estimated by analyzing the shape of the
tail of the luminescence above band gap.

371t is natural to take for o; the surface of the Bohr orbit of
shallow levels. However, the exact value of o; is not known.

38G. Fishman and G. Lampel, Phys. Rev. B 16, 820 (1977).

39]. A. Rossi, C. M. Wolfe, and J. O. Dimmock, Phys. Rev.
Lett. 23, 1614 (1970).

40D, J. Ashen, P. J. Dean, D. T. J. Hurle, J. B. Mullin, A. M.
White, and P. D. Greene, J. Phys. Chem. Solids 36, 1041
(1975).

41W, Schairer and M. Schmidt, Phys. Rev. B 10, 2501 (1974).

42M. Ilegems, R. Dingle, and L. W. Rupp, Jr., J. Appl. Phys.
46, 3059 (1975).

43T. C. Lee and W. W. Anderson, Solid State Commun. 2, 265
(1964).

44W. J. Brown, Jr., D. A. Woodbury, and J. S. Blakemore, Phys.
Rev. B 8, 5664 (1973).

45P. W. Yu and Y. S. Park, J. Appl. Phys. 59, 1097 (1979).

46S. Bilac, Z. F. Argiiello, C. A. Argiiello, and R. C. C. Leite,
Solid State Commun. 25, 755 (1978).

4TNote that the D line and the D-A4 line which originate from
the same initial state do not give the same value of p. Such
an effect has been observed in several GaAs samples and is,

so far, not understood in detail.

48D. Paget, G. Bacquet, J. Bandet, F. Fabre, and J. Frandon
(unpublished).

49This is due to the fact that the D-4 luminescence has been
found to exhibit a strong increase for excitation resonant with
shallow donors, whereas the luminescence between 1.495 and
1.500 eV is characterized in the same conditons by a com-
pletely flat excitation spectrum.

50In Sec. III of the present paper, the recombination on the EL2
centers has been found to be spin dependent. The reason for
which the free-electron concentration is constant in our
manganese-doped samples is then not very clear and could be
due to a different position of the Fermi level. Note, however,
that for larger excitation levels, the free-electron concentra-
tion is no longer constant.

51The position of this line is close to that of the donor line found
by R. Ulbrich and B. Moreth [Solid State Commun. 14, 331
(1974)]. Note also that the energy of this line coincides with
that of the peak of the excitation spectrum of the D-A line
(Ref. 49).

52This only holds for very low excitation levels. If the excitation
power is too large, due to the heating of the sample, the SDR
signal only weakly depends on temperature. This is in agree-
ment with the value of the thermal conductivity of GaAs:Mn,
as given by J. S. Blakemore [J. Appl. Phys. 53, R123 (1983)].

53The g factor of shallow acceptors is not known since the mag-
netic resonance of these acceptors has, so far, been only ob-
served under stress [V. K. Bashenov, Phys. Status Solidi A 10,
9 (1972)]. The g factor of the manganese level is not known
since it will be shown that this level is not that of the Mn?+
state which has been studied by EPR.

54We think that due to the short value of the valence-hole relax-
ation time, the polarization of holes trapped on shallow ac-
ceptors is probably complete so that one has £=1 in this case.
We do not know the value of & for manganese.

55The value of this factor has been calculated for free holes
which have a spin % by D’yakonov and Perel’ in Ref. 56.

However, this value is likely to be different for shallow accep-
tors due to the modification of the acceptor wave functions by
possible local strains.

56M. 1. D’yakonov and V. I. Perel’, Fiz. Tverd. Tela (Leningrad)
14, 1452 (1972) [Sov. Phys.—Solid State 14, 1245 (1972)].

57Note that we have neglected the thermodynamic hole polariza-
tion which could, as mentioned in Eq. (2.16), add an extra
contribution to the polarization of deep and shallow acceptors
given by Eq. (4.2). In fact, the very small SDR signal ob-
served on the recombination of photoelectrons with valence
holes can only be interpreted by assuming that the valence
holes are very weakly polarized, since the SDR signal for this
case has been calculated accurately (Ref. 56). This is probably
due to the fact that, because of the existence of electron-hole
collisions, the temperature of the hole gas is close to that of
the electron gas (Ref. 58), which is believed to be higher than
that of the lattice.

58R. Ulbrich and B. Moreth, Solid State Commun. 14, 331
(1974).

59 Another assumption that we have made is that the concentra-
tion of neutral acceptors is not affected by the spin-dependent
nature of the recombination. However, in the present case,
the hole trapping time on an acceptor is probably much short-
er than the corresponding time for an electron. This means
that the majority of acceptor impurities are neutral so that
our assumption is probably reasonable.

60R. Bleekrode, J. Dieleman, and H. J. Vegter, Phys. Lett. 2,



946

355 (1962).

61N. Almeleh and B. Goldstein, Phys. Rev. 128, 1568 (1962).

62U, Kaufman and J. Schneider, Festkorperprobleme (Advances
in Solid State Physics), edited by J. Treusch (Vieweg, Braun-
schweig, 1980), Vol. XX, p. 87.

63R. A. Chapman and W. G. Hutchinson, Phys. Rev. Lett. 18,

443 (1967).

30

DANIEL PAGET 30

64R. 1. Dzhioev, B. P. Zakharchenya and V. G. Fleisher, Zh.
Eksp. Teor. Fiz. Pis’ma Red 17, 244 (1973) [JETP—Lett. 17,
174 (1973)].

651. Ya. Karlik, I. A. Merkulov, D. N. Mirlin, L. P. Nikitin, V.
L. Perel’, and V. F. Sapega, Fiz. Tverd. Tela (Leningrad) 24,
3550 (1982) [Sov. Phys.—Solid State 24, 2022 (1982)].



