
PHYSICAL REVIEW B 15 FEBRUARY 1998-IIVOLUME 57, NUMBER 8
Optically induced nuclear magnetic field in InP

W. Farah, M. Dyakonov,* D. Scalbert, and W. Knap
Groupe d’Etude des Semiconducteurs, UMR 5650 CNRS, Universite´ Montpellier 2, Place Euge`ne Bataillon, 34095 Montpellier

Cedex, France
~Received 9 April 1997!

We report on an optical manifestation of dynamic nuclear-spin polarization in optical pumping ofp-InP. The
electron-spin orientation is measured via the circular polarization degree of the luminescence. Depolarization
by a transverse magnetic field~Hanle effect! yields the values of the electron lifetime and spin relaxation time.
Dynamic nuclear polarization manifests itself when longitudinal and transverse magnetic fields are applied
simultaneously. Optically induced nuclear magnetic fields up to 680 G are observed. All the experimental
polarization curves can be well explained if one assumes that the nuclear polarization depends on the total
external magnetic field. A qualitative explanation of this unexpected result is proposed.
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I. INTRODUCTION

The electrons created in the conduction band of a se
conductor in the process of interband absorption of circula
polarized light are spin oriented, and this spin orientation
easily detected by measuring the degree of circular polar
tion of the luminescence. Moreover, due to hyperfine int
action with the lattice nuclei, the electron-spin polarization
transferred to the nuclear-spin system, resulting in an ap
ciable nuclear polarization. In turn, the nuclear polarizat
acts back on the electron spins and thus modifies the po
ization of the luminescence. Starting with the pioneer
work of Lampel,1 a large body of experimental and theore
ical work has been done on optical spin orientation of el
trons and nuclei in semiconductors~for a review, see Refs
2–5!.

Optical manifestations of dynamic nuclear polarizatio
including optical detection of nuclear magnetic resonance
semiconductors were first demonstrated experimentally
Ekimov and Safarov6 ~see also Ref. 7! in studies of the po-
larization of the luminescence in a longitudinal~with respect
to the pumping light beam! magnetic field. Later, Dyakonov
et al.8 showed that the so-called oblique Hanle effect is
universal tool for optical detection of nuclear polarizati
under optical spin pumping in semiconductors. This te
nique was utilized in a number of works, and spectacu
nuclear effects were observed, especially at very low fie
on the order of 1 G.3,4

The back action of the polarized nuclei on the electr
spin system is very well explained by the concept of
effective nuclear magnetic field, introduced in Ref.
Nuclear fields of about 2 kG were measured
Ga12xAl xAs,6,7 and fields on the order of tens of kG cou
be expected under favorable conditions.10 It was also
shown11 that the appearance of nuclear polarization is in f
the result of a deep cooling of the nuclear-spin system by
nonequilibrium spin-oriented electrons. It should be no
that, although the general features of electron-nuclear-
interactions under optical spin orientation in semiconduct
are fairly well established, the details are not at all clear. I
known that localization of electrons by donors greatly e
570163-1829/98/57~8!/4713~7!/$15.00
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hances the rate of nuclear polarization, and that nuclear-
diffusion may play a major role, as was clearly demonstra
experimentally by Paget.12 However, the dependence of th
nuclear polarization rates and leakage factors on sample
ing, temperature, magnetic field, and excitation power w
never investigated systematically, and remains unknown

The nuclear- and electron-spin systems are stron
coupled, and typical nonlinear effects, like hysteresis a
slow self-sustained oscillations of the luminescence polar
tion, were observed in optical spin-pumping experimen3

One such nonlinear effect is the dynamic nuclear s
polarization phenomenon predicted in Ref. 13~see also Refs.
2 and 14!, but not yet observed experimentally. The pred
tion is that if the nonequilibrium electrons are maintained
a disordered spin state, which may be done by interb
absorption of nonpolarized or linearly polarized radiation
substantial nuclear polarization must spontaneously arise
appearance has the features of a second kind of phase
sition with a critical crystal temperatureTc . The effect
should manifest itself by an appearance of circularly pol
ized luminescence atT,Tc , when the excitation is not po
larized.~A similar effect in an optically pumped atomic va
por was later considered theoretically,15 and recently
observed experimentally.16! The critical temperature depend
on the strength of the hyperfine interaction between the e
trons and the nuclei, as well as on the nuclear leakage fa
The critical temperature also depends on the ratiots /t,
where ts is the electron-spin relaxation time andt is the
lifetime. For favorable conditions~small leakage and large
ts /t ratio! the critical temperature for heavy nuclei shou
be on the order of several K.

The purpose of the present work is to study dynam
nuclear polarization under optical spin pumping in InP w
the use of the oblique Hanle effect. This material was cho
because the high value of the hyperfine constant for the
nucleus allows one to expect the appearance of large o
cally induced nuclear fields and pronounced nuclear effe
in the polarization of the luminescence. An optimistic es
mate of the critical temperature for nuclear self-polarizat
in InP givesT'5 K. The first optical spin pumping experi
ments in InP were done in Ref. 17. Optical detection
electron-spin resonance and determination of the electrog
4713 © 1998 The American Physical Society
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4714 57W. FARAH, M. DYAKONOV, D. SCALBERT, AND W. KNAP
factor by the spin orientation method were reported in R
18. However so far no nuclear effects were seen in this
terial.

II. THEORETICAL BACKGROUND

A. Nuclear magnetic field produced by optical spin pumping
in semiconductors

Hyperfine interaction plays a dual role. On the one ha
it leads to nuclear-spin relaxation by electrons and dyna
nuclear polarization, which occurs if the electron-spin s
tem deviates from equilibrium, as is the case in optical s
pumping experiments. On the other hand, in the presenc
nuclear polarization, it leads to the appearance of an effec
magnetic fieldBN , acting on the electronic spins.

The nuclear-spin-lattice relaxation timeT1 at low tem-
peratures is normally several orders of magnitude lon
than the timeT2 , on the order of 1024 s, characteristic of
spin-spin interactions within the nuclear-spin system. Th
this system is to a large extent isolated from the lattice. O
ing to internal interactions, during a time of the order ofT2 ,
it reaches thermodynamic equilibrium with a spin tempe
ture, which may differ from the lattice temperature.19 The
rate of equilibration of the spin and lattice temperatures
defined by the long timeT1 .

In the presence of an external fieldB, the average nuclea
spin Iav is given by the usual thermodynamic formula19

Iav5~ I 11!m IB/~3u!, ~1!

whereI andm I are the values of the nuclear spin and ma
netic moment, andu is the nuclear-spin temperature in un
of energy. This formula is valid in the high-temperature a
proximationm IB!u.

Thus the dynamic nuclear polarization by photoexci
spin-oriented electrons is due to the cooling of the nucle
spin system. The steady-state spin temperature of the nu
system interacting with spin-polarized nonequilibrium ele
trons is given by the expression11

1

u
5

4I

m I

B•S

B21B̃L
2

, ~2!

whereS is the mean value of the electron-spin vector, t
quantity B̃L is of the order of the local magnetic field pro
duced at a nuclear site by neighboring nuclei.19

The concept of the effective nuclear magnetic fieldBN ,
introduced in Ref. 9, is very well justified for electrons
semiconductors, since the volume occupied by a free~or
bound! electron is defined by its de Broglie wavelength~or
the localization radius!, and this volume is much greater tha
the unit-cell volume, i.e., it includes many lattice nuclei. T
nuclear fieldBN may be written as

BN5AIav/~mg!5bNIav/I , ~3!

whereA is the hyperfine constant;m is the Bohr magneton;g
is the electrong factor; and

bN5
16p

3gv0
m Ihj ~4!
f.
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is the maximal possible value of the nuclear field, obtain
for 100% nuclear polarization, whenIav5I , n0 is the unit
cell volume,j is the number of nuclei of the species cons
ered in the unit cell,h5uu(0)u2, and u(0) is the electron
Bloch amplitude at the site of the nucleus.@The Bloch func-
tion u(r ) is assumed to be normalized to the volume of t
unit cell, so thath is a dimensionless parameter.#

Equations~1!–~3!, combined, result in the following ex
pression for the nuclear field:11

BN5 4
3 bN~ I 11!

~B•S!B

B21B̃L
2

. ~5!

Thus the nuclear magnetic field is always directed alo
the external fieldB, or opposite to it, depending on the sig
of the spin temperature~the sign ofB•S!. If S is perpendicu-
lar to B, the nuclear field is absent. Again, Eq.~5! is valid in
the high-temperature approximation, whenBN!bN . In the
derivation of this equation, it was also assumed that the
perfine interaction with nonequilibrium spin-polarized ele
trons is the dominant interaction which defines the nucle
spin temperature, or, in other words, that the nucl
relaxation timeT1e , due to interaction with spin-polarize
electrons, is much shorter than the timeT1 describing other
spin relaxation processes. If these two times are compara
an additional ‘‘leakage factor’’f 5T1 /(T11T1e), should be
introduced into the right-hand side of Eqs.~2! and ~5!.

In the following we will neglect the termB̃L
2 in Eq. ~5!,

since we will not be concerned with the region of very sm
magnetic fieldsB'B̃L ~on the order of several G!, where it
may be important.

With the nuclear field present, the total magnetic fie
acting on the electron spins will be equal toB1BN , and this
is why the nuclear polarization may manifest itself in optic
polarization phenomena. In order to evaluate the role of
nuclear field we should estimate the value ofbN in Eq. ~5!,
using Eq.~4!.

There are two isotopes of In, In113 and In115, with natural
abundances 4.3% and 95.7%, respectively, spin9

2 , and val-
ues of the magnetic momentm I equal to 5.523 and 5.534, in
units of the nuclear magnetic moment. The P31 nucleus has
spin 1

2 and magnetic moment 1.132.20 The h values are not
known for InP. For In we will use the valueh56300 mea-
sured by Gueron21 in InSb. Presumably, for the P31 nucleus
the value ofh is much smaller, since it is generally know
that theh values increase greatly for heavy nuclei. Thu
with good accuracy, we can discard altogether the small c
tribution of P31 to the nuclear fieldbN . We now calculatebN
with the use of Eq.~4!, assuming thath/n0 ~i.e., the electron
wave function at the nuclear site! for the In nucleus has the
same value in InP as in InSb.22 We then obtain

bN534.4 kG. ~6!

In the absence of appreciable leakage due to spin-la
relaxation, the critical temperatureTc for the nuclear self-
polarization phase transition under optical pumping by un
larized light is related tobN by the equation13 kTc5(I
11)mgbN/3, which givesTc55.3 K.
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57 4715OPTICALLY INDUCED NUCLEAR MAGNETIC FIELD IN InP
B. Influence of nuclear polarization on the Hanle effect
in an oblique field

In semiconductors with the band structure as in GaAs
InP, the degree of circular polarization of the interband
minescence,P, is equal to the projection of the average ele
tron spin on the direction of the observation,Sz . If the mag-
netic field makes an angleq with this direction, the
polarization of luminescence,P(B), under stationary condi
tions, is given by the formula2

P~B!

P~0!
5cos2q1

sin2q

11~B/BH!2 , ~7!

where

P~0!5
1

4

ts

t1ts
~8!

is the stationary value of polarization in zero field,t andts
are the electron lifetime and the spin relaxation time resp
tively. In Eq. ~7!, BH is a characteristic field determined b
the relation

BH5
\

mg S 1

t
1

1

ts
D . ~9!

Equation~7! describes the so-called oblique Hanle effect,BH
being the half-width of the depolarization curve. Forq
590°, it gives the normal Hanle effect.

If the nuclear field is built up, it should be added to t
external magnetic field. Thus in Eq.~7! we should replaceB
by B1BN , with BN given by Eq.~5!. In order to evaluate the
scalar productB•S, entering Eq.~5!, we write down the
equation describing the mean electron-spin vectorS under
stationary conditions2

mg

\
S•~B1BN!1SS 1

t
1

1

ts
D5

S0

t
, ~10!

which takes into account the spin precession in the t
magnetic fieldB1BN , spin relaxation and recombination
and spin pumping.S0 is a vector directed along the pumpin
light beam~z axis!, with an absolute value14 . We now take
the scalar product of the left- and right-hand sides of t
equation withB, and, sinceBN is directed alongB, we obtain

B•S5
ts

ts1t
B•S05BzP~0!. ~11!

If B is perpendicular to the pumping light beam~normal
Hanle effect!, then B•S50, and the nuclear polarization i
not built up. This is the reason why, for studies of nucle
effects, the oblique Hanle effect should be used.

ReplacingB by B1BN in Eq. ~7!, and using Eqs.~5! and
~11!, we may now obtain the final expression for th
magnetic-field dependence of the degree of circular polar
tion of the luminescence. In doing this, for convenience
interpretation of our data, we introduce as variables the
projections of the external magnetic field,Bi5Bz ~along the
pumping beam of light!, andB' ~perpendicular to the beam!,
rather than the angleq and the absolute value of the fieldB.

We also introduce the leakage factorf in Eq. ~5! and
neglectB̃L

2, as explained above. The result is
r
-
-

c-

al

s

r

a-
f
o

P~B!

P~0!
512

x2

x21z21S 11
az

x21z2D 22 , ~12!

wherez5Bi /BH andx5B' /BH are the parallel and perpen
dicular magnetic-field components in units of the Hanle lin
width BH , and the parametera, related to the nuclear mag
netic field, is given by the formula

a5
4

3
~ I 11!P~0! f

bN

BH
. ~13!

The most interesting feature of Eq.~12! is its asymmetry
in z, i.e., for a given sign of the circular polarization of th
pumping light, the polarization of luminescence depends
whether the angleq between the external field and th
pumping beam is less or greater than 90°. This asymm
obviously comes from the factorB•S in Eq. ~5!. Depending
on the sign of this scalar product, the nuclear fieldBN is
directed along the external fieldB or opposite to it. In the
latter case the nuclear field may compensate the external
so that, at someB, P(B)5P(0). As can beseen from Eq.
~12!, this happens ifaz,0 at

x5~ uazu2z2!1/2, ~14!

provided thatuzu,uau. @The sign ofa depends on the sign o
P(0). In thefollowing we will considera as positive.# Thus,
for a givenz, which satisfies this inequality, the positions
the maxima ofP(B), as a function ofx, give directly the
value of the parametera.

III. EXPERIMENT

For moderate optical excitation levels, efficient electro
spin polarization can be obtained only inp-type samples.2

We used commercially availablep-type InP bulk samples
They were doped with Zn at a level of 431015 cm23. In all
optical experiments,9 mechanically and chemically polishe
~100! surface was used. The experimental setup that we u
was a conventional apparatus for luminescence meas
ments, with polarization elements to produce or to anal
the circular polarization.5 The luminescence was excited by
tunable Al2O3:Ti21 laser pumped by an argon laser. The e
citation energy was varied between 1.426 and 1.438
slightly above the band gap.

The excitation laser intensity was modulated at 400 Hz
a mechanical chopper. A photoelasticl/4 modulator work-
ing at a frequency of 50 kHz was used in two different co
figurations:

In the first configuration~a!, the modulator was placed o
the laser beam. It served to modulate the laser polariza
betweens1 ands2, while polarization of the luminescenc
was analyzed with a fixed circular polarizer. Such a config
ration avoids nuclear polarization, which responds mu
slowly compared to the modulation frequency.

In the second configuration~b!, the modulator was placed
before the entrance slit of the spectrometer and followed b
linear polarizer. It served to analyze the circular polarizat
of luminescence excited in this case with a fixeds1 or s2

polarization.
Photoluminescence was detected by a GaAs photom
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4716 57W. FARAH, M. DYAKONOV, D. SCALBERT, AND W. KNAP
plier followed by the current amplifier and two synchrono
demodulators~lock-ins!. Two types of experiments were pe
formed. First, with low excitation power and high resolutio
we looked for spectral features of the luminescence. Sec
with high excitation power~typically about 200 mW!, and
low resolution to measure polarization with a reasona
signal-to-noise ratio. This was necessary because of p
sensitivity of GaAs photomultiplier in the spectral range
interest. In polarization experiments the difference betw
s1 and s2 polarization signals was measured by a lock
amplifier fed with the reference from the photoelastic mod
lator. Photoluminescence intensity was measured by ano
lock-in amplifier fed with the reference from the choppe
The ratio of signals from both lock-ins gave directly th
polarization degree of luminescence. Outputs of both lo
ins were digitized by a computer-controlled analog digi
converter. Luminescence intensity and its degree of polar
tion were stored simultaneously.

Standard helium bath cryostat was used. Temperature
lowered down to 1.8 K by pumping of the helium bath a
the samples were directly immersed in the superfluid heliu
Magnetic fields parallel and perpendicular to the excitat
beam were applied independently. A 2-T superconduc
coil was used to apply a magnetic field parallel to the ex
tation beam. Another resistive coil placed outside the c
ostat provided up to 300-G magnetic field perpendicular
the excitation beam. The degree of circular polarization w
measured as a function of perpendicular~or parallel! mag-
netic field for different values of a constant parallel~perpen-
dicular! magnetic field.

IV. RESULTS AND DISCUSSION

The inset of Fig. 1 shows a typical near-band-gap lum
nescence spectrum of ap-type InP sample at moderate exc
tation level. The spectrum is very similar to that reported
Fishmanet al.17 The three excitonic lines observed were
tributed to a free exciton (X), an exciton bound to a neutra
donor (D0X), and an exciton bound to an ionized don

FIG. 1. Intensity~solid squares! and circular polarization degre
~solid circles! of photoluminescence obtained on ap-type InP
sample immersed in superfluid helium~laser powerP'200 mW,
excitation 11 900 cm21!. The inset shows a typical photolumine
cence spectrum obtained under low pumping level, and arrows
identification of observed lines according to Ref. 17.
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(D1X). Photoluminescence studies on high-purity In
samples reveal more lines,23 in particular those attributed to
the (D0X) complex which, according to Ref. 24, result fro
different angular momentum states of thej 5 3

2 hole. These
lines are not resolved in doped samples. We note that in
23 the group of lines attributed toD0X are situated around
1.417 eV rather than 1.415 eV, corresponding to the m
peak in the inset in Fig. 1. Despite this slight difference
follow the identification of this line as (D0X). The intensity
and polarization spectra given in Fig. 1 were obtained un
higher excitation level (P'200 mW). The line attributed to
D1X has almost disappeared probably due to ionization
this weakly bound complex@activation energy of about 0.5
meV ~Ref. 17!#. We estimate the density of photocarriers
be of the order of 1017 cm23, much higher than the neutra
donor concentration~about 1015 cm23!. The observed broad
ening of (D0X) line is not surprising at this relatively high
carrier density. It is even possible that at this high excitat
level the luminescence is dominated by free excitons.

Note that a different assignment of the luminescence li
is possible. According to Ref. 25, the main luminescence l
in Fig. 1 should be rather attributed to the exciton comp
bound to acceptors. In the process of capture of a free e
ton by an acceptor some depolarization should also occur
exact quantitative description is however not known. T
interpretation of the structure seen in the polarization sp
trum of Fig. 1 is beyond the scope of this paper, which
concerned with nuclear effects.

The Hanle depolarization curve measured at 11 411 cm21

~excitation wave number 11 750 cm21! is Lorentzian with a
half-width BH534 G @see Fig. 2~a!#. Using Eqs.~7!, ~8!, and
~9!, and the known valueg51.26, we deducet;9.3 ns and
ts;2.7 ns.

In configuration~b! with fixed circular polarization of the
exciting laser beam we have looked for the manifestation
the nuclear field in the polarization of luminescence~mainly
D0X line!. As explained in Sec. II, such effects can be o
served if the magnetic fieldB is oblique with respect to the
direction of excitation light. IndeedBN is proportional to
(B•S)B/B2, whereS is the average electron-spin polariz
tion. HenceBi is necessary to have a nonzeroBN and B'

allows its detection via the precession ofS. Two kinds of
experiments have been done.~1! We sweepB' for a given
Bi . Typical polarization curves are shown in Fig. 2.~2! We
sweepBi for a given B' . Typical polarization curves are
shown in Fig. 3. In both cases the experimental curves
fitted with Eq.~12!.

First of all, we note that the general appearance of
experimental dependencies of the degree of polarization
B' andBi is in agreement with Eq.~12!: the asymmetry in
the Bi dependence and the additional maxima in theB' de-
pendence clearly indicate the presence of the nuclear fi
The additional maxima appear as a result of compensatio
the external field by the nuclear magnetic field, as explain
in Sec. II. This may happen ifB•S,0, which corresponds to
z,0 @see Eqs.~5! and~12!#. Thus the positions of the addi
tional maxima in Fig. 2 directly give the values of th
nuclear magnetic field. The measured polarization value
these maxima are somewhat lower thanP(0), which may be
quite plausibly explained by small spatial inhomogeneities
the nuclear field. Because of these inhomogeneities, the

ve
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57 4717OPTICALLY INDUCED NUCLEAR MAGNETIC FIELD IN InP
ternal field cannot be completely compensated for in
whole luminescence area. Each of the curves in Figs. 2 a
can be qualitatively~but not quantitatively! fit by Eq. ~12!,
with a suitable choice of the parametera. However, it is
impossible to fit all of the data with a singlea. We are thus
led to the conclusion that this parameter is not a constant
is a function of the magnetic field.

To find a as a function of the magnetic field, we proce
in the following way. We consider the set ofP(x) dependen-
cies for different negativez, and measure the positions of th
additional maximaxm . Then we calculatea5(xm

2 1z2)/uzu,
as follows from Eq.~14!, and this value varies strongly fo
different z. We make theassumptionthat in facta depends
only on the absolute value of the magnetic field (x2

1z2)1/2, and accordingly we plot the obtained values ofa
against the variable (xm

2 1z2)1/2 ~see Fig. 4!. We fit the re-
sults by a second-order polynomial with three fitting para
eters. It turns out that if we considera in Eq. ~12! as a
function of (x21z2)1/2 obtained in such a manner, this equ
tion now describes very well all of our experimental curve
not only for negative, but also for positivez ~see the ex-
amples in Fig. 2!. Also, the polarization measured as a fun
tion of z for different x is very well described without any
additional fitting parameters~see the examples in Fig. 3!. It
should be noted that taking account of the magnetic-fi
dependence ofa also improves the accuracy of the fits, com
pared to the case when the fits are done witha5const.

FIG. 2. Circular polarization degree of photoluminescence
corded at 11 410 cm21, vs the transverse magnetic field for diffe
ent values of the dimensionless longitudinal fieldz5Bi /BH , BH

534 G. ~a! z50, ~b! z560.3, ~c! z560.37, ~d! z560.59, ~e! z
561.1, and~f! z562.2. Full lines are fits by Eq.~12! with a
depending on magnetic field, according to Fig. 4.
e
3

ut

-

-
,

-

d

Let us discuss the possible origin of this strong magne
field dependence ofa. All of the quantities entering Eq.~13!,
except f , are either constants, or experimentally measu
valuesP(0) andBH . Thus the strong magnetic-field depe
dence observed should be attributed to the leakage factof .
Figure 5 gives this dependence derived from Eq.~13! and
Fig. 4.

We see that in the available magnetic-field range the le
age factor increases strongly with magnetic field. Its ma
mal value, however, does not exceed 0.055, so that the m
sured nuclear magnetic field is always much smaller th

-

FIG. 3. Circular polarization degree of photoluminescence
corded at 11 410 cm21, vs the longitudinal magnetic field for dif-
ferent values of the dimensionless transverse fieldx5B' /BH , BH

534 G. ~a! x50.16,~b! x50.39, and~c! x50.66. Full lines are fits
by Eq. ~12!, with a depending on magnetic field, according to Fi
4.

FIG. 4. Parametera calculated from Eq.~14! vs (xm
2 1z2)1/2.

The full line is a fit by a second-order polynomial with three fittin
parameters.



e

a

t
m

o

l
l

ius
e
ua-
ns
or-
for
by

e of
ns.
is

the
re-

n

re-
ith
n

the

ally
the
of
er-

lues
op-
ted
lied
se
ated
nt

ed
er
ld

dif-
on-
e

les

4718 57W. FARAH, M. DYAKONOV, D. SCALBERT, AND W. KNAP
that expected on the basis of Eqs.~5! and ~6!. With this
leakage factor the calculated critical temperature for s
polarization isTc'0.3 K.

The nature of the leakage is not clear. It does not se
probable that it is due to nuclear-spin-lattice relaxation p
cesses, other than the hyperfine interaction with photocre
electrons, since at low temperatures such processes are
mally rather slow~in GaAs, the dark nuclear relaxation time
are on a scale of tens of seconds or even longer!. While we
especially looked for transient processes in the polariza
of the luminescence, we did not observe any with a ti
scale longer than 1 s—the response time of our detec
system, indicating fast electron-nuclear-spin exchange.

We think that the leakage may be understood qualitativ
if we consider that the nuclei are subject to interaction n
just with one group of spin-polarized photoexcited electro
as was assumed in the derivation of Eq.~5!, but with two or
more electron species with different spin orientation and d
ferent relaxation times for the nuclei. In other words, there
a certain steady-state distribution of the photocreated e
trons in energy, spin polarization, and location in space.
deed, the polarization spectra in Fig. 1 demonstrate tha
large portion of electrons responsible for the low-ener
wing of the luminescence is not polarized. These electr
tend to depolarize the nuclei, and the resultant nuclear po
ization should depend on the relative rates of nuclear re
ation by the polarized and nonpolarized electrons. The re
ation rate is proportional to the electron correlation timetc

FIG. 5. Leakage factorf calculated from Eq.~13! and Fig. 4 vs
the absolute value of the magnetic field. The line is a guide to
eye.
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~the time that an electron spends within the interaction rad
for a given nucleus!. This in turn depends strongly on th
degree of electron localization by donors and spatial fluct
tions of the impurity potential. Since low-energy electro
are generally better localized, we could expect that the c
relation times for nonpolarized electrons are longer than
the polarized ones. Hence the rate of nuclear relaxation
the nonpolarized electrons should be greater than the rat
the dynamic nuclear polarization by the polarized electro
This could explain why the observed nuclear polarization
rather small.

This idea also helps us to understand qualitatively
increase of nuclear polarization with magnetic field. The
laxation time usually increases with magnetic field as@1
1(vtc)

2#, where v is the electron Larmor precessio
frequency,19 so that the longertc is, the earlier the relaxation
rate suppressed by the magnetic field. Thus the nuclear
laxation by the more localized, nonpolarized electrons, w
longertc , will be suppressed by lower magnetic field, tha
is the case for the polarized electrons, which should shift
balance toward an increase of nuclear polarization.

V. CONCLUSION

In summary, we have observed and measured optic
induced nuclear magnetic fields in InP, using as a tool
oblique Hanle effect. Although the optical manifestations
the nuclear field are quite spectacular, and are well und
stood on the basis of a simple theory, the measured va
are about 20 times smaller than one could expect under
timal conditions. Furthermore, we observed an unexpec
strong dependence of the nuclear polarization on the app
magnetic field. In a qualitative manner, we explain the
results as due to existence of several species of photocre
electrons with different degrees of localization and differe
correlation and relaxation times for the nuclei.

More detailed experimental studies of differently dop
samples, with lower excitation power levels, and high
magnetic fields are needed to clarify the situation. It wou
be also interesting to investigate the nuclear effects on
ferent parts of the polarization spectrum, to measure the c
tribution of nuclei located at different spatial regions of th
crystal.
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