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Optically induced nuclear magnetic field in InP
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We report on an optical manifestation of dynamic nuclear-spin polarization in optical pumpinnBt The
electron-spin orientation is measured via the circular polarization degree of the luminescence. Depolarization
by a transverse magnetic figldanle 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.
[S0163-182608)03707-2

l. INTRODUCTION hances the rate of nuclear polarization, and that nuclear-spin
diffusion may play a major role, as was clearly demonstrated
The electrons created in the conduction band of a semiexperimentally by Paget. However, the dependence of the
conductor in the process of interband absorption of circularhuclear polarization rates and leakage factors on sample dop-
polarized light are spin oriented, and this spin orientation idngd, temperature, magnetic _f|eId, and excitation power was
easily detected by measuring the degree of circular polarizd!€Ve' investigated systematically, and remains unknown.

tion of the luminescence. Moreover, due to hyperfine inter- 1€ nuclear- and electron-spin systems are strongly
action with the lattice nuclei, the electron-spin polarization isCOUpled' and typical nonlinear effects, like hysteresis and
’ pin p slow self-sustained oscillations of the luminescence polariza-

t(ansferred to the nu_clear-spin system, resulting in an appreg,, - were observed in optical spin-pumping experiménts.
ciable nuclear polarization. In turn, the nuclear polanzatlonOne’ such nonlinear effect is the dynamic nuclear self-

acts back on the electron spins and thus modifies the p°|aBoIarization phenomenon predicted in Ref.(&8e also Refs.

ization of the Iijminescence. Starting_with the pioneerings g9 14, but not yet observed experimentally. The predic-
work of Lampel; a large body of experimental and theoret- tion js that if the nonequilibrium electrons are maintained in

ical work has been done on optical spin orientation of elecy disordered spin state, which may be done by interband
trons and nuclei in semiconductoffer a review, see Refs. apsorption of nonpolarized or linearly polarized radiation, a
2-5. substantial nuclear polarization must spontaneously arise. Its
Optical manifestations of dynamic nuclear polarization,appearance has the features of a second kind of phase tran-
including optical detection of nuclear magnetic resonance, igition with a critical crystal temperatur@.. The effect
semiconductors were first demonstrated experimentally bghould manifest itself by an appearance of circularly polar-
Ekimov and Safardi/(see also Ref.)7in studies of the po- ized luminescence &<T., when the excitation is not po-
larization of the luminescence in a longitudirfalith respect larized. (A similar effect in an optically pumped atomic va-
to the pumping light beairmagnetic field. Later, Dyakonov por was later considered theoreticaify,and recently
et al® showed that the so-called oblique Hanle effect is arobserved experimentalf) The critical temperature depends
universal tool for optical detection of nuclear polarizationon the strength of the hyperfine interaction between the elec-
under optical spin pumping in semiconductors. This techtrons and the nuclei, as well as on the nuclear leakage factor.
nigue was utilized in a number of works, and spectaculaiThe critical temperature also depends on the ratior,
nuclear effects were observed, especially at very low fieldswhere 75 is the electron-spin relaxation time andis the
on the order of 1 G# lifetime. For favorable conditiongsmall leakage and large
The back action of the polarized nuclei on the electronrg/r ratio) the critical temperature for heavy nuclei should
spin system is very well explained by the concept of thebe on the order of several K.
effective nuclear magnetic field, introduced in Ref. 9. The purpose of the present work is to study dynamic
Nuclear fields of about 2 kG were measured innuclear polarization under optical spin pumping in InP with
Ga_,Al,As,%" and fields on the order of tens of kG could the use of the oblique Hanle effect. This material was chosen
be expected under favorable conditidfislt was also because the high value of the hyperfine constant for the In
showrt! that the appearance of nuclear polarization is in fachucleus allows one to expect the appearance of large opti-
the result of a deep cooling of the nuclear-spin system by theally induced nuclear fields and pronounced nuclear effects
nonequilibrium spin-oriented electrons. It should be notedn the polarization of the luminescence. An optimistic esti-
that, although the general features of electron-nuclear-spimate of the critical temperature for nuclear self-polarization
interactions under optical spin orientation in semiconductorsn InP givesT~5 K. The first optical spin pumping experi-
are fairly well established, the details are not at all clear. It isments in InP were done in Ref. 17. Optical detection of
known that localization of electrons by donors greatly en-electron-spin resonance and determination of the elegfron
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factor by the spin orientation method were reported in Refis the maximal possible value of the nuclear field, obtained
18. However so far no nuclear effects were seen in this mafor 100% nuclear polarization, whelR,=1, vq is the unit
terial. cell volume, ¢ is the number of nuclei of the species consid-
ered in the unit cellp=|u(0)|?, andu(0) is the electron
Il. THEORETICAL BACKGROUND Bloch amplitude at the site of the nucle{i$he Bloch func-
tion u(r) is assumed to be normalized to the volume of the
A. Nuclear magnetic field produced by optical spin pumping unit cell, so thaty is a dimensionless paramefer.
in semiconductors Equations(1)—(3), combined, result in the following ex-

Hyperfine interaction plays a dual role. On the one handpression for the nuclear fiefd:
it leads to nuclear-spin relaxation by electrons and dynamic
nuclear polarization, which occurs if the electron-spin sys- (B-S)B
tem deviates from equilibrium, as is the case in optical spin By=3bn(1+1) =5 (5)
pumping experiments. On the other hand, in the presence of B“+BL
nuclear polarization, it leads to the appearance of an effective
magnetic fieldBy, acting on the electronic spins. Thus the nuclear magnetic field is always directed along
The nuclear-spin-lattice relaxation tine, at low tem- the external fieldB, or opposite to it, depending on the sign
peratures is normally several orders of magnitude longeof the spin temperaturghe sign ofB- S). If Sis perpendicu-
than the timeT,, on the order of 10* s, characteristic of lar to B, the nuclear field is absent. Again, H§) is valid in
spin-spin interactions within the nuclear-spin system. Thushe high-temperature approximation, whBR<by. In the
this system is to a large extent isolated from the lattice. Owderivation of this equation, it was also assumed that the hy-
ing to internal interactions, during a time of the orderTgf perfine interaction with nonequilibrium spin-polarized elec-
it reaches thermodynamic equilibrium with a spin temperatrons is the dominant interaction which defines the nuclear-
ture, which may differ from the lattice temperatdfeThe  spin temperature, or, in other words, that the nuclear
rate of equilibration of the spin and lattice temperatures igelaxation timeT,., due to interaction with spin-polarized

defined by the long tim@;. electrons, is much shorter than the tiffig describing other
In the presence of an external fiddg the average nuclear spin relaxation processes. If these two times are comparable,
spin|,, is given by the usual thermodynamic formtia an additional “leakage factor'f=T,/(T,+ T4s), should be
introduced into the right-hand side of Ed8) and(5).
lay=(1+1)uB/(36), (1) In the following we will neglect the ternB? in Eq. (5),

wherel and u, are the values of the nuclear spin and mag_since we will not be concerned with the region of very small
netic moment, and is the nuclear-spin temperature in units Magnetic field8~B,_(on the order of several Gwhere it
of energy. This formula is valid in the high-temperature ap-may be important. o
proximation u,B< 6. With the nuclear field present, the total magnetic field
Thus the dynamic nuclear polarization by photoexcitedcting on the electron spins will be equalBe-By, and this
spin-oriented electrons is due to the cooling of the nuclearlS Why the nuclear polarization may manifest itself in optical
spin system. The steady-state spin temperature of the nucle@plarization phenomena. In order to evaluate the role of the
system interacting with spin-polarized nonequilibrium elec-huclear field we should estimate the valuebgfin Eq. (5),

is Qi i using Eq.(4).
trons s given by the expressitn There are two isotopes of In, ¥ and 15, with natural
1 41 B-S abundances 4.3% and 95.7%, respectively, $piand val-
—=— =, (2)  ues of the magnetic momepj equal to 5.523 and 5.534, in
6 w B +B[ units of the nuclear magnetic moment. Th& Rucleus has

where S is the mean value of the electron-spin vector theSpin% and magnetic moment 1.182The 7 values are not
P ' known for InP. For In we will use the valug=6300 mea-

quantity B, is of the order of the local maé;?ngtic field pro- syred by Guerdit in InSb. Presumably, for the*Pnucleus
duced at a nuclear site by n_elghborlng nucter. the value ofy is much smaller, since it is generally known
The concept of the effective nuclear magnetic fiBld,  yhat the 5 values increase greatly for heavy nuclei. Thus,

intro_duced in Ref. '9, is very well justified .for electrons in | i good accuracy, we can discard altogether the small con-
semiconductors, since the volume occupied by a i@ yp, tion of L to the nuclear fieldy, . We now calculatd,

bound electron is defined by its de Broglie wavelengtt i, the use of Eq(4), assuming thay/ v, (i.e., the electron

tEe lOC.aI'ZETIt'O”I rad|L1)§anq t.h'sl vglume IS rr:uqh great:ar.tr]rz?]n wave function at the nuclear sjtéor the In nucleus has the
the unit-cell volume, i.e., it includes many lattice nuclei. The g, 1« value in InP as in IN€B We then obtain

nuclear fieldBy may be written as

Bu=Ala/(19)=byla/!, @3) by=34.4 KkG. ()
whereA is the hyperfine constan is the Bohr magnetory In the absence of appreciable leakage due to spin-lattice
's the electrorg factor; and relaxation, the critical temperaturg, for the nuclear self-

polarization phase transition under optical pumping by unpo-
(4) larized light is related toby by the equatioh’ kT.=(l

167
b=
N"3gu, M 7 + 1) ugby/3, which givesT,=5.3 K.
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B. Influence of nuclear polarization on the Hanle effect P(B) X2
[ i i Ss~=1- =7, 12
in an oblique field B(0) . o 5 (12
In semiconductors with the band structure as in GaAs, or X+ 1+ S5

InP, the degree of circular polarization of the interband lu-

minescenceP, is equal to the projection of the average elec-wherez=B, /By andx=B, /By are the parallel and perpen-
tron spin on the direction of the observati®,, If the mag- dicular magnetic-field components in units of the Hanle line-
netic field makes an angled with this direction, the Wwidth By, and the parameter, related to the nuclear mag-
polarization of luminescenc®(B), under stationary condi- netic field, is given by the formula

tions, is given by the formufa

_4 by
P(B) Sintd a—§(I+1)P(O)f B, (13

o)~ T (@i @ . .
The most interesting feature of E(.2) is its asymmetry
where in z, i.e., for a given sign of the circular polarization of the
pumping light, the polarization of luminescence depends on
P(0)=£ (8) whether the angled between the external field and the
4 7+ 7 pumping beam is less or greater than 90°. This asymmetry
obviously comes from the fact®- Sin Eq. (5). Depending
on the sign of this scalar product, the nuclear fiéld is
directed along the external fieB or opposite to it. In the
latter case the nuclear field may compensate the external one,
so that, at somé&, P(B)=P(0). As can beseen from Eq.
1 1) © (12), this happens itvz<0 at

Ts

is the stationary value of polarization in zero fietdand 7
are the electron lifetime and the spin relaxation time respe
tively. In Eq. (7), By is a characteristic field determined by
the relation

f
~g
Equation(7) describes the so-called oblique Hanle eff@g,
being the half-width of the depolarization curve. Fér
=90°, it gives the normal Hanle effect.

If the nuclear field is built up, it should be added to the
external magnetic field. Thus in E(/) we should replac8
by B+ By, with By 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 ve&arnder

stationary conditiorfs For moderate optical excitation levels, efficient electron-
spin polarization can be obtained only jntype sample$.

9 == (100 We used commercially available-type InP bulk samples.

h They were doped with Zn at a level 08410 cm™3. In all
which takes into account the spin precession in the totaPPtical experimentS, mechanically and chemically polished
magnetic fieldB+ By, spin relaxation and recombination, (100 surface was used. The experimental setup that we used
and spin pumpingS, is a vector directed along the pumping Was a conventional apparatus for luminescence measure-
light beam(z axis), with an absolute valug. We now take ment;, with poIa_nzapon elemer_1ts to produce or tp analyze
the scalar product of the left- and right-hand sides of thidhe circular polarization.The luminescence was excited by a

equation withB, and, sinceBy, is directed along, we obtain  tunable AYO;:Ti%" laser pumped by an argon laser. The ex-
citation energy was varied between 1.426 and 1.438 eV,

Ts slightly above the band gap.
B-S=B,P(0). 11 The excitation laser intensity was modulated at 400 Hz by
a mechanical chopper. A photoelaskit4 modulator work-

If B is perpendicular to the pumping light beamormal ing at a frequency of 50 kHz was used in two different con-

Hanle effect, thenB-S=0, and the nuclear polarization is figurations:

not built up. This is the reason why, for studies of nuclear |n the first configuratiorfa), the modulator was placed on

effects, the oblique Hanle effect should be used. the laser beam. It served to modulate the laser polarization
ReplacingB by B+ By in Eq. (7), and using Eqs(5) and  petweens" ando~, while polarization of the luminescence

(11), we may now obtain the final expression for the was analyzed with a fixed circular polarizer. Such a configu-

magnetic-field dependence of the degree of circular polarizaation avoids nuclear polarization, which responds much

tion of the luminescence. In doing this, for convenience Ofs|ow|y Compared to the modulation frequency_

interpretation of our data, we introduce as variables the two |n the second configuratioib), the modulator was placed

projections of the external magnetic fie,=B, (along the  pefore the entrance slit of the spectrometer and followed by a

pumping beam of light andB, (perpendicular to the beam  |inear polarizer. It served to analyze the circular polarization
rather than the anglé and the absolute value of the fidid of luminescence excited in this case with a fixet or o~

We also introduce the leakage factbrin Eq. (5) and  polarization.
neglectB?, as explained above. The result is Photoluminescence was detected by a GaAs photomulti-

—+=.

B,=
H T Tg

x=(|az|-7%)*?, (14

provided thatz|<|«|. [The sign ofa depends on the sign of
P(0). In thefollowing we will considera as positive] Thus,
for a givenz, which satisfies this inequality, the positions of
the maxima ofP(B), as a function of, give directly the
value of the parametet.

lll. EXPERIMENT

1 1
_+_
T s

S (B+By)+9

B-S=

T+ T
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“ (D*X). Photoluminescence studies on high-purity InP
] samples reveal more liné$jn particular those attributed to
4 the (D°X) complex which, according to Ref. 24, result from

different angular momentum states of the 3 hole. These
lines are not resolved in doped samples. We note that in Ref.
23 the group of lines attributed ©°X are situated around
1.417 eV rather than 1.415 eV, corresponding to the main
peak in the inset in Fig. 1. Despite this slight difference we
follow the identification of this line as{’X). The intensity
and polarization spectra given in Fig. 1 were obtained under
higher excitation level R~200 mW). The line attributed to
D*X has almost disappeared probably due to ionization of
10 this weakly bound complefactivation energy of about 0.5
meV (Ref. 17]. We estimate the density of photocarriers to
be of the order of 18 cm™3, much higher than the neutral
FIG. L. Intensity(solid squaresand circular polarization degree donor concentratiofabout 16° cm™). The observed broad-
(solid circles of photoluminescence obtained onatype InP  €ning of 0°X) line is not surprising at this relatively high
sample immersed in superfluid heliuflaser powerP~200 mw,  carrier density. It is even possible that at this high excitation
excitation 11 900 cm'). The inset shows a typical photolumines- level the luminescence is dominated by free excitons.
cence spectrum obtained under low pumping level, and arrows give Note that a different assignment of the luminescence lines
identification of observed lines according to Ref. 17. is possible. According to Ref. 25, the main luminescence line
in Fig. 1 should be rather attributed to the exciton complex
plier followed by the current amplifier and two synchronousbound to acceptors. In the process of capture of a free exci-
demodulatorglock-ing). Two types of experiments were per- ton by an acceptor some depolarization should also occur. Its
formed. First, with low excitation power and high resolution, €xact quantitative description is however not known. The
we looked for spectral features of the luminescence. Seconifiterpretation of the structure seen in the polarization spec-
with high excitation powertypically about 200 m\W, and  trum of Fig. 1 is beyond the scope of this paper, which is
low resolution to measure polarization with a reasonableoncerned with nuclear effects.
signal-to-noise ratio. This was necessary because of poor The Hanle depolarization curve measured at 11 411'cm
sensitivity of GaAs photomultiplier in the spectral range of (excitation wave number 11 750 ¢t is Lorentzian with a
interest. In polarization experiments the difference betweetalf-width B, =34 G[see Fig. 2a)]. Using Eqs(7), (8), and
o ando~ polarization signals was measured by a lock-in(9), and the known valug=1.26, we deduce~9.3 ns and
amplifier fed with the reference from the photoelastic modu-7s~2.7 ns.
lator. Photoluminescence intensity was measured by another In configuration(b) with fixed circular polarization of the
lock-in amplifier fed with the reference from the chopper.exciting laser beam we have looked for the manifestations of
The ratio of signals from both lock-ins gave directly the the nuclear field in the polarization of luminescerfoeinly
polarization degree of luminescence. Outputs of both lockD°X line). As explained in Sec. II, such effects can be ob-
ins were digitized by a computer-controlled analog digitalserved if the magnetic fielB is oblique with respect to the
converter. Luminescence intensity and its degree of polarizadirection of excitation light. Indeedy is proportional to
tion were stored simultaneously. (B-S)B/B?, whereS is the average electron-spin polariza-
Standard helium bath cryostat was used. Temperature wd®n. HenceB, is necessary to have a nonzeéBg and B,
lowered down to 1.8 K by pumping of the helium bath andallows its detection via the precession &f Two kinds of
the samples were directly immersed in the superfluid heliumexperiments have been dorié) We sweepB, for a given
Magnetic fields parallel and perpendicular to the excitatiorB;. Typical polarization curves are shown in Fig.(2) We
beam were applied independently. A 2-T superconductingweepB, for a givenB, . Typical polarization curves are
coil was used to apply a magnetic field parallel to the excishown in Fig. 3. In both cases the experimental curves are
tation beam. Another resistive coil placed outside the cryditted with Eq.(12).
ostat provided up to 300-G magnetic field perpendicular to First of all, we note that the general appearance of the
the excitation beam. The degree of circular polarization wagxperimental dependencies of the degree of polarization on
measured as a function of perpendicular paralle) mag- B, andB, is in agreement with Eq.12): the asymmetry in
netic field for different values of a constant paralleérpen-  the B, dependence and the additional maxima in Bhede-
diculan magnetic field. pendence clearly indicate the presence of the nuclear field.
The additional maxima appear as a result of compensation of
the external field by the nuclear magnetic field, as explained
in Sec. Il. This may happen B- S<0, which corresponds to
The inset of Fig. 1 shows a typical near-band-gap lumi-z<0 [see Egs(5) and(12)]. Thus the positions of the addi-
nescence spectrum offatype InP sample at moderate exci- tional maxima in Fig. 2 directly give the values of the
tation level. The spectrum is very similar to that reported bynuclear magnetic field. The measured polarization values at
Fishmanet all’ The three excitonic lines observed were at-these maxima are somewhat lower tH(®), which may be
tributed to a free excitonX), an exciton bound to a neutral quite plausibly explained by small spatial inhomogeneities of
donor O°X), and an exciton bound to an ionized donorthe nuclear field. Because of these inhomogeneities, the ex-

Intensity (arb.units)
Polarization (%)

11300 11350 11400 11450 11500 11550 11600

Wave number (cnrl)

IV. RESULTS AND DISCUSSION
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Luminescence polarization (%o)

x=0.66
6 -4 -2 0 2 4 6

Normalized longitudinal magnetic field, z=B/ /BH

Luminescence polarization (%)

FIG. 3. Circular polarization degree of photoluminescence re-
corded at 11 410 cit, vs the longitudinal magnetic field for dif-
ferent values of the dimensionless transverse fiet®B, /B, By
=34 G.(a) x=0.16,(b) x=0.39, andc) x=0.66. Full lines are fits
Normalized transverse magnetic field, X=BJ./BH Zy Eg.(12), with « depending on magnetic field, according to Fig.

FIG. 2. Circular polarization degree of photoluminescence re-
corded at 11 410 citt, vs the transverse magnetic field for differ-

ent values of the dimensionless longitudinal fieldB, /By, By field dependence af. All of the quantities entering Eq413),
=34G. (a) z=0, (b) z=*0.3,(c) z=*0.37,(d) z=+0.59,(e) z

exceptf, are either constants, or experimentally measured
==*11, and(f) z==2.2. Full lines are fits by Eq(12) with @  yaluesP(0) andB,. Thus the strong magnetic-field depen-
depending on magnetic field, according to Fig. 4. dence observed should be attributed to the leakage féactor
ternal fielq cannot be completely compensa.ted.for in thq'z:gurf 5 gives this dependence derived from Exf) and
whole Iummt_asc.ence area. Each O.f th.e Curves in Figs. 2and 3 We see that in the available magnetic-field range the leak-
can be qgahtatwely(put not quantitativelyfit by Eq. (1.2).’ age factor increases strongly with magnetic field. Its maxi-
W'th a _sur[able_ choice of the parameter However, it is mal value, however, does not exceed 0.055, so that the mea-
impossible to fit a_II of the dgta with a sm_gte We are thus sured nuclear magnetic field is always much smaller than
led to the conclusion that this parameter is not a constant, but
is a function of the magnetic field.

To find « as a function of the magnetic field, we proceed
in the following way. We consider the set B{x) dependen-
cies for different negative, and measure the positions of the
additional maximax,,,. Then we calculater=(x2+z%)/|2, sh
as follows from Eq.(14), and this value varies strongly for
differentz. We make theassumptiorthat in facta depends
only on the absolute value of the magnetic field? (
+27%)Y2 and accordingly we plot the obtained valuescof o 10F
against the variablexf,+z%)? (see Fig. 4 We fit the re-
sults by a second-order polynomial with three fitting param-

Let us discuss the possible origin of this strong magnetic-

eters. It turns out that if we consider in Eq. (12) as a Sr

function of (x>+ z?)*2 obtained in such a manner, this equa- -

tion now describes very well all of our experimental curves,

not only for negative, but also for positive (see the ex- 00 : ; : "‘ : ('5 : é : 1'0 : 1'2 : 1'4
amples in Fig. 2 Also, the polarization measured as a func-

tion of z for different x is very well described without any
additional fitting parametersee the examples in Fig).3t
should be noted that taking account of the magnetic-field FIG. 4. Parameter calculated from Eq(14) vs (x2+22)2

dependence af also improves the accuracy of the fits, com- The full line is a fit by a second-order polynomial with three fitting
pared to the case when the fits are done withconst. parameters.

Normalized magnetic field: (xm2412)1/2
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. (the time that an electron spends within the interaction radius
0.05 e for a given nucleus This in turn depends strongly on the

degree of electron localization by donors and spatial fluctua-

" 0.044 . tions of the impurity potential. Since low-energy electrons
5 L are generally better localized, we could expect that the cor-
B 0.034 » relation times for nonpolarized electrons are longer than for
& - the polarized ones. Hence the rate of nuclear relaxation by
%ﬂﬂm_ - ' the nonpolarized electrons should be greater than the rate of
the dynamic nuclear polarization by the polarized electrons.

o014 " This could explain why the observed nuclear polarization is

" rather small.
0.00 . . . . . This idea also helps us to understand qualitatively the
0 200 400 600 800 1000 increase of nuclear polarization with magnetic field. The re-
B:(B//ZJFBLZ)W (Gauss) laxation time usually increases with magnetic field [ds

+(w7)?], where o is the electron Larmor precession

FIG. 5. Leakage factof calculated from Eq(13) and Fig. 4 vs frequency’® so that the longet, is, the earlier the relaxation

the absolute value of the magnetic field. The line is a guide to thé’ate _Suppressed by the m_agnetic field. '_I'hus the nUCIGar_ re-
eye. laxation by the more localized, nonpolarized electrons, with

longer ., will be suppressed by lower magnetic field, than
that expected on the basis of EqS) and (6). With this is the case for the polarized electrons, which should shift the
leakage factor the calculated critical temperature for selfbalance toward an increase of nuclear polarization.
polarization isT,~0.3 K.
The nature of the leakage is not clear. It does not seem

probable that it is due to nuclear-spin-lattice relaxation pro- In summary, we have observed and measured optically
cesses, other than the hyperfine interaction with photocreatqulduced nuclear magnetic fields in InP, using as a tool the

elecirons, since at low temperatures such processes are n‘BBquue Hanle effect. Although the optical manifestations of
mally rather slow(in GaAs, the dark nuclear relaxation times .o 1, \clear field are quite spectacular, and are well under-

are on a scale of tens of sgconds or even'lo)ngyhne W€ stood on the basis of a simple theory, the measured values
especially looked for transient processes in the polarization o ot 20 times smaller than one could expect under op-
of tlhellumlneshcencle, Wehd'd not observe anfy W'ﬂé a iM&imal conditions. Furthermore, we observed an unexpected
scale longer than 1 s—the response time of our etecuogtrong dependence of the nuclear polarization on the applied
system, indicating fast electron-nuclear-spin exchange.. magnetic field. In a qualitative manner, we explain these
it ider that th lei bi ; ) ¥esults as due to existence of several species of photocreated
It we consider that the nuclei are subject to Interaction nolyeqons with different degrees of localization and different
just with one group of spin-polarized photoexcited electronse,eation and relaxation times for the nuclei.

as was assumed n the Qerlvgt|on of Eﬁ) bL.’t W'th twoor  mMore detailed experimental studies of differently doped
more electron species with different spin orientation and dif-

L OFE ) . samples, with lower excitation power levels, and higher
ferent relaxation times for the nuclei. In other words, there 'Smagnetic fields are needed to clarify the situation. It would

a certain steady-state distribution of the photocreated elegsy 555 interesting to investigate the nuclear effects on dif-

trons in energy, spin polarization, and location in space. INggrant parts of the polarization spectrum, to measure the con-

deed, the_polarization spectra in Fi_g. 1 demonstrate that flibution of nuclei located at different spatial regions of the
large portion of electrons responsible for the low-energy

wing of the luminescence is not polarized. These eIectrongryStal'
tend to depolarize the nuclei, and the resultant nuclear polar-
ization should depend on the relative rates of nuclear relax-
ation by the polarized and nonpolarized electrons. The relax- We thank D. Paget and R. Planel for providing samples

ation rate is proportional to the electron correlation time and for helpful discussions.

V. CONCLUSION
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