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Optical pumping NMR in the compensated semiconductor InP:Fe
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The optical pumping nuclear-magnetic-resonance effect in the compensated semiconductor InP:Fe has been
investigated in terms of the dependences of photon energyEp , helicity s6, and exposure timetL of infrared
lights. The 31P and 115In signal enhancements show larges6 asymmetries and anomalous oscillations as a
function ofEp . We find that~i! the oscillation period as a function ofEp is similar for 31P and115In and almost
field independent in spite of significant reduction of the enhancement in higher fields.~ii ! A characteristic time
for buildup of the 31P polarization under the light exposure shows strongEp dependence, but is almost
independent ofs6. ~iii ! The buildup times for31P and 115In are of the same order (103 s), although the
spin-lattice relaxation timesT1 are different by more than three orders of magnitude between them. The results
are discussed in terms of~1! discrete energy spectra due to donor-acceptor pairs in compensated semiconduc-
tors and~2! interplay between31P and dipolar ordered indium nuclei, which are optically induced.
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I. INTRODUCTION

A solid-state nuclear-magnetic-resonance~NMR! quan-
tum computer has attracted much attention because o
great potential as a scalable quantum computer,1–6 but it
holds the problem of extremely low efficiency in initializa
tion and readout processes due to low nuclear-spin pola
tion at thermal equilibrium. One of the possible resorts
resolve it is an optical pumping NMR in semiconductors,4,6,7

which provides an aligned nuclear-spin system inside a se
conductor through transfer of angular momenta from phot
to nuclei via electrons.8,9 The aligned nuclei can be used
an initial state of the pseudopure technique for initializatio10

as well as for a signal enhancement for readout. Moreo
such a semiconductor can be used as a reservoir of the
polarization, which is transferred to nuclear spins in anot
material that serves as a quantum computer.11 The scheme is
specifically called an optical pumping qubit initialize
~OPQI!.6,12 It allows us to separate initialization proce
from computation, so that the latter can be optimized in
pendently of the former.

The OPQI requires a polarizer~reservoir! with the follow-
ing characteristics:~1! high optical pumping efficiency,~2!
large nuclear moment, and~3! high spin transfer efficiency
from the polarizer to a polarized material.11,12Among many
semiconductors, indium phosphide~InP! is expected to pos
sess preferable characteristics at least for~2! and~3!, i.e., 31P
has 100% abundance and a high nuclear gyromagnetic
gn/2p517.235 MHz/T, which enables us to retain hig
nuclear-spin moments. Moreover, since the nuclear spin
31P ~I! is 1/2, no quadrupolar broadening of the31P spectrum
exists at an interface, which reduces a chance of degra
the polarization transfer efficiency.

It is known, however, that InP has problems in~1!; it
shows rather complicated optical pumping effects, wh
prevents us from optimizing the enhancement of31P polar-
0163-1829/2004/69~7!/075215~7!/$22.50 69 0752
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ization. It shows strong dopant dependence, and clear
hancement of a31P NMR signal has been reported only
undoped11,13 and Fe-doped samples.14–16 Moreover, a Fe-
doped sample, which shows the most significant enhan
ment, exhibits rather peculiar and unique optical pump
behaviors such as~i! an oscillatory behavior of the31P en-
hancement against a photon energyEp of an incident light,
~ii ! an asymmetric enhancement in terms of a photon heli
~right- and left-circular polarizations,s6),14 and~iii ! single-
resonance polarization transfer from115In to 31P with only a
rf field for 31P.17 In order to optimize the31P enhancemen
in InP, it is inevitable to understand the mechanism of th
behaviors and gain information about guiding principle f
an effective optical pumping.

In this paper, we report on optical pumping effects
InP:Fe in terms ofEp , s6, and light exposure timetL de-
pendences under the various experimental conditions
magnetic field and temperature. The results are discusse
terms of the unique characteristics of this system, with wh
the conditions for the effective optical pumping in InP a
discussed.

II. OPTICAL PUMPING NMR IN III-V SEMICONDUCTORS

Here, we summarize an optical pumping NMR in III-
semiconductors. Primarily, the optical pumping effect
caused by a transfer of angular momenta from incident p
tons to nuclei via electrons. Photons withs6 have the angu-
lar momental 561, which pump up the electrons from th
heavy- and light-hole bands to the conduction band by a
ing ~subtracting! an angular momentum of61 to ~from! the
electron spins, as shown in Fig. 1.9 Due to the difference in
the transition probabilities, the excess electrons with eit
spin-up or -down states are created bys6, depending on the
sign of the electrong factor. Thez component of the photo
excited electron spin thus created is relaxed with an elect
©2004 The American Physical Society15-1
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spin-relaxation timets . In the steady state, a net spinSz is
given by

Sz5
Si

11t/ts
, ~1!

whereSi corresponds toSz at the instant of the photon ab
sorption andt is the lifetime of the photoexcited electrons

The spin polarizations[^Sz&/S(S11) is transferred to
nuclei. (̂ & stands for an spatial average over a region la
enough compared to the lattice spacinga.! The nuclear-spin
polarizationp[^I z&/I (I 11) is given by

p5
s2s0

124ss0
, ~2!

wheres05S0 /S(S11) with

S052
1

2
tanhS mBgB

2kBT D ~3!

being the electron spin at thermal equilibrium atT. In the
optical pumping experiments,

p5s ~4!

becauses0!s, i.e., the average nuclear polarization is pr
portional to that of the electron spins. Note thatp52s0 in
the Overhauser effect becauseSz50.

The dynamics of the polarization is given through hyp
fine couplings with the pumped electrons trapped in trapp
sites. The light exposure timetL dependence ofp is given
by13,18

p~tL!5p`@12exp$2tL~1/T111/TII !%#, ~5!

whereT1 is the spin-lattice relaxation time in the dark an
TII is the cross relaxation time between electrons and nu
In the case of a Fermi contact-type interaction,TII is given
by13,18

1

TII
5

S~S11!

3

2A2te

11~v I2vS!2te
2

. ~6!

FIG. 1. Diagram of the allowed interband transitions at theG
point of III-V semiconductors. The numbers below~above! the ini-
tial ~final! states indicate thez components of the total angula
momentumJz . The helicities/polarities and the relative transitio
probabilities are shown by circular/linear arrows and the numb
next to them, respectively.
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Here,A is a hyperfine coupling constant,te is a correlation
time for exchange of electrons between the conduction b
and the trapping sites, andv I /2p andvS/2p are the nuclear
and electron Larmor frequencies, respectively. Sincev I /vS
!1 andS51/2, Eq.~6! is reduced to

1

TII
'

A2te

2~11vS
2te

2!
. ~7!

A contact-type interaction is expected to be dominant in
case of shallow donors, because polarized electrons dire
interact with nuclei of order 103, and becausete in Eq. ~6! is
short due to the frequent hopping of electrons between
conduction band and the trapping sites. In the case of d
impurity centers, on the other hand, the carriers are locali
so that a dipolar-type hyperfine coupling rather than the c
tact type plays a dominant role. In this case, nonsec
terms in the dipolar hyperfine coupling such asI 1Sz and
I 2Sz are dominant. Since no spin flips of electrons a
needed in this process, the energy mismatch betweenvS and
v I is of no importance.

The nuclear polarizations, created either by the Fe
contact or the dipolar hyperfine couplings, are transmitted
the region far from the impurity center via the spin-diffusio
process with homonuclear dipolar interactions. In the dil
limit, the diffusion process is described by

]p

]t
5DDp2h

s2s0

TII
2~p2p0!H 1

T1
1

1

TII
J , ~8!

where p05^I 0&/I (I 11) is a spin polarization at therma
equilibrium, which is small compared top in the optical
pumping process.D is a spin-diffusion constant caused b
homonuclear dipolar couplings, which is of the order ofWa2

with W being the probability of a flip-flop process betwee
nearest homonuclear spins.h is a numerical factor, which is
1 for the Fermi contact case and 1/2 for the dipolar coupl
case. IfD is neglected andh51, the steady-state solution o
Eq. ~8! is given by

p`5
s2s0

11TII /T1
. ~9!

If a leakage byT1 can be ignored (T1→`), Eq. ~9! is re-
duced to Eq.~4!.

III. EXPERIMENTAL DETAILS

In this section, we describe the experimental setup use
this study.15 A Ti:sapphire tunable laser pumped by a diod
pumped Nd:YVO4 cw green laser is used to produce a li
early polarized light with the wavelength between 850 a
1050 nm. The lights are delivered to the tip of a NMR pro
in a cryostat installed in superconducting magnets~6.347 T
and 11.748 T! by a polarization-maintaining single-mode o
tical fiber ~Fujikura!, which transmits a light with its linear
polarization maintained. A quarter-wave plate is attached
the tip of the NMR probe, which converts the linearly pola
ized light to the circular one. The helicity of the circular
polarized light (s6) can be changed by a half-wave pla

rs
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OPTICAL PUMPING NMR IN THE COMPENSATED . . . PHYSICAL REVIEW B69, 075215 ~2004!
located on the optical table before the light is introduced i
the fiber.

The samples used were commercially available InP
fers doped with Fe~Showa Denko Co. Ltd.!. We also used
three other samples~nominally undoped, and doped with S
Zn! as references. The InP wafers 350mm thick were cut
into 538 mm2 rectangular shapes and mounted on the NM
probe with the surfaces~100! normal to the magnetic field
The samples were wound by a copper wire, which serve
a detection coil. The circularly polarized lights were illum
nated to the samples through the aperture of the coil.
diameter of the illuminated spot was about 5 mm. NM
signals of 31P were detected at temperatures between 4
40 K by a pulsed NMR spectrometer with the pulse seque
of comb (643p/2 pulses!-tL-p/2 pulse-FID, where the firs
64 comb pulses extinguished a nuclear magnetization,
that built up by the infrared lights during the exposure tim
of tL was detected by a free induction decay signal. Thedark
experiment was performed with the same pulse sequence
without laser irradiation, wheretLD , instead oftL , corre-
sponds to the long delay time in the saturation recovery
periments.

IV. RESULTS

A. Roles of dopants

Before detailed experiments on InP:Fe, we examined
optical pumping effects of31P in InP with four different
dopants, which are summarized in Table I along with th
basic properties provided by the manufacturer. Among
four dopants, only Fe shows a clear optical pumping effe
The nominally undoped sample shows a weak effect, w
little effects are observed in the S- and Zn-doped samp
Also shown in Table I areT1’s of 31P in the dark, which
exhibits a correlation with the optical pumping effect, i.
more intense effect is observed for the dopants with lon
T1 of 31P. The qualitative explanations for these results c
be given as follows:

~1! Zinc-doped sample:p-type carriers with relatively
high density. In general,ts of holes in the valence bands
very short because a strong spin-orbit coupling makests
coupled tightly to the momentum relaxation timetp . More-
over, exchange interactions between holes and elect
cause a shortts of the pumped electrons~Bir-Aronov-Pikus
mechanism!.9 Equation~1! predicts that the shortts gives
rise to little optical pumping effects.

TABLE I. Properties and the optical pumping effects of31P of
the InP samples used in the present study.

Dopant Carrier r (cm23)a T1 ~s!b Optical pumping

Zn p 531018 100 No
S n 631018 130 No
Undoped n 531015 1300 Weak
Fe S-Ic 73107 .104 Intense

aCarrier density at 300 K.
bT1 of 31P at 4.2 K.
cS-I: Semi-insulator.
07521
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~2! Sulfur-doped sample:n-type carriers with relatively
high density. This sample has a relatively shortT1 due to the
hyperfine interaction of a Fermi contact type betwe
trapped electrons and31P. The spin polarization of31P leaks
away at the rate ofT1. This results inTII /T1@1 andp is
reduced to zero, as indicated in Eq.~9!.

~3! Nominally undoped sample:n-type carriers with rela-
tively low density.T1 of 31P is relatively long due to the low
carrier density, and a weak optical pumping effect is o
served.

~4! Iron-doped sample: a compensated semicondu
whose carrier density is extremely small. The low carr
density causes a very longT1 and the polarization transferre
from the optically pumped electrons are accumulated in
31P nuclei.

B. Optical pumping NMR in InP:Fe

1. Temperature and light exposure time dependences of the31P
signal enhancement

In what follows, we will restrict ourselves to the case
InP:Fe, where the most intense optical pumping effect is
served. Figure 2 shows the31P NMR spectra of InP:Fe unde
light irradiation ~power densityF5430 mW/cm2), together
with that in the dark case. The absolute value of the in
grated spectral intensity is enhanced for either helicity,
the phase of the signal fors1 is shifted by 180°~negative!
from the dark case. The negative enhancement fors1 sug-
gests that a hyperfine coupling is of dipolar origin.13

Figure 3 shows the temperature dependence of the i
grated 31P signal intensity withF5430 mW/cm2 and tL
5600 s, together with that in the dark case withtLD
5600 s. The enhancement is more significant at lower te
perature because of a longts there. In general, it is expecte
thatts decreases by a few orders of magnitude from 4.2 K
300 K, while the lifetimet increases only slightly in the
same temperature range. From our data, the crossover

FIG. 2. Optically pumped31P NMR spectra atT54.2 K and
H056.347 T with F5430 mW/cm2 and tL5300 s. ~a! s2 and
Ep51.420 eV, ~b! s1 and Ep51.416 eV. ~c! A spectrum in the
dark case withtLD5300 s.
5-3
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perature, above whichts /t.1 andS→0 in Eq. ~1!, is esti-
mated to be about 30 K. A peak around 10 K observed in
dark case is due toT1, which increases quite rapidly below
10 K.

Figure 4 shows the exposure timetL dependence of the
integrated31P signal intensity fors1 at 1.416 eV and fors2

at 1.420 eV, where the maximal enhancement is observed
each helicity. Since the light is illuminated only at a part
the sample, the observed signal is the sum of the contr
tions from the illuminated and the dark regions of t
sample. The realtL dependence in the illuminated region c
be derived by subtracting that in the dark from the obser
data, which are shown by closed triangles and circles in
4. The buildup timesTb obtained by single exponential fits t
the corrected data are shown for the two differentEp and the

FIG. 3. Temperature dependence of the integrated31P signal
intensity with F5430 mW/cm2, tL5600 s atH056.347 T. Ep

51.420 eV and 1.416 eV fors2 and s1, respectively. The tem-
perature dependence of the integrated intensity for the dark
with tLD5600 s is also shown.

FIG. 4. Exposure timetL dependences of the integrated31P
signal intensity withF5430 mW/cm2 at 4.2 K and 6.347 T. The
data for the dark case are also plotted. The closed symbols repr
the data corrected for the contribution from the dark part of
sample, and the solid lines are single exponential fits.
07521
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helicities in Table II. One finds that the buildup time is ind
pendent of the helicity within the experimental error.

The maximal enhancement factor of the31P signal can be
estimated from Fig. 4 by taking into account the buildup tim
as well as the volume of the illuminated region. Here,
define the normalized signal enhancemente as follows:

e~Ep ,s6,tL![
I ~Ep ,s6,tL!2I BG~tLD5tL!

I BG~tLD5tL!
, ~10!

where I (Ep ,s6,tL) and I BG(tLD) are the integrated signa
intensity measured under the light irradiation withEp ,s6,
and tL , and that of the background measured in the d
with tLD5tL , respectively. The subtraction ofI BG(tLD) in
the numerator allows us to extract only the contribution fro
the illuminated region of the sample. From Fig.
e(1.416 eV,s1,tL→`)521.4, while the area of the illu-
minated spot is 0.4 of the total area of the sample. Since
penetration depth of the light at 1.42 eV is 2mm,14 the total
volume where the optically pumped nuclei are involved
about 0.2% of the whole sample. Hence, the enhancem
factor for Ep51.416 eV ands1 is 21.4/(231023);27
3102. Since p of 31P at thermal equilibrium at 4.2 K is
6.331024, the average polarization of31P nuclei in the illu-
minated region is estimated to reach about240%.

2. Photon energy dependence of the31P signal enhancement

Figure 5~a! shows theEp dependences of the31P signal
enhancementse(Ep ,s6,tL5120 s) [e(Ep ,s6) with F
5430 mW/cm2 at 4.2 K and 6.347 T. Here, one can s
oscillatory behaviors ofe(Ep ,s6) as a function ofEp . One
may also notice thate(Ep ,s6) is quite asymmetric in terms
of helicity, i.e., e(Ep ,s1)Þ2e(Ep ,s2). In particular,
e(1.416 eV,s2) is negative as ise(1.416 eV,s1). These
behaviors cannot be accounted for by the picture given
Sec. II.

We also performed the same experiment at 11.748
which is shown in Fig. 5~b!. One can see that the absolu
value of the enhancement is reduced by a factor of 4 fr
that in Fig. 5~a!. The factor ‘‘4’’ is consistent with Eqs.~7!
and ~9! in that 1/TII }vS

225(geH0)22 and thatH0 is in-
creased by 1.85 from 6.347 T to 11.748 T. Note that the fi
dependence of the signal intensity irrelevant to the opt
pumping effect is canceled out by the denominatorI BG in Eq.
~10!. On the other hand, the oscillation period as a funct
of Ep is the same for both the fields, i.e., the local maxim
and the minima appear at the sameEp’s.

se

ent
e

TABLE II. Ep and helicity dependences of the buildup times
31P under the light irradiation withF5430 mW/cm2 at 4.2 K and
6.347 T. The contribution from the dark part has been correcte

Ep ~eV! Helicity Tb (3103s)

1.420 s1 2.960.2
s2 2.660.2

1.416 s1 4.760.2
s2 4.660.2
5-4
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3. Photon energy dependence of the115In signal enhancement

Figure 6~a! shows theEp dependences of the enhanc
ment e(Ep ,s6,tL5120 s! for 115In at 4.2 K and 6.347 T
with F5430 mW/cm2. For comparison, the data for31P
@Fig. 5~a!# are shown in Fig. 6~b!. Here, one can find the
following features for the115In signal enhancements in th
figure:

~1! The signal enhancements are positive for boths1 and
s2 except fors2 at aroundP4.

~2! The difference betweens1 ands2 is less significant
than that for31P.

~3! The signal enhancements also show oscillatory beh
iors as seen in the case of31P.

FIG. 5. Ep dependences of the enhancemente(Ep ,s6,tL

5120 s) for 31P with F5430 mW/cm2 at 4.2 K. ~a! H0

56.347 T and~b! 11.748 T.Pi ’s ( i 51 –4) indicate local minimum
points~local maximal absolute values! of the enhancements fors1.

FIG. 6. ~a! Ep dependences of the enhancemente(Ep ,s6,tL

5120 s) for 115In with F5430 mW/cm2 at 4.2 K and 6.347 T.~b!
CorrespondingEp dependence of31P @Fig. 5~a!#. Pi ’s are the same
as those in Fig. 5.
07521
v-

~4! The oscillation period is almost the same betwe
115In and 31P, but they are out of phase, i.e., the loc
minima for 115In indicated byPi coincide with the negative
maxima for 31P. Again, these features cannot be explain
by the theory in Sec. II, indicating that the enhancement m
be subject not only to the spin-selective interband transiti
and hyperfine couplings, but also to some other mechan

A rather unexpected behavior has been also observe
the buildup times. Table III shows the buildup times for31P
and 115In at 4.2 K with Ep51.420 eV along with theT1
values at 300 K. One can see that the buildup times are o
same order between115In and 31P. This result is unexpecte
because theT1 values are different by more than three orde
of magnitude between them. To see how it is unexpected
us estimate the ratio of the buildup times between115In and
31P ~i.e., 31TII /115TII ) expected from that of theT1 values.
From Eq.~7!,

31TII /115TII 5~115A/31A!2, ~11!

while @115A/31A#2 can be estimated from theT1 values be-
cause 1/T1}I (I 11)A2,

S 115A
31A

D 2

5
31I ~31I 11!31T1

115I ~115I 11!115T1

, ~12!

where 31I 51/2 and 115I59/2 are the nuclear spins for31P
and 115In, respectively. From Table III,

31T1 /115T1;1.53103, ~13!

so that@115A/31A#2 is estimated to be;45. This is inconsis-
tent with the fact thatTII are of the same order for31P and
115In. We will address these unexpected results in the
lowing section.

V. DISCUSSION

The most peculiar aspect of the optical pumping effects
InP:Fe is the oscillatory behaviors of the signal enhan
ments as a function ofEp . Michal and Tycko discussed it
possible relation with the electron momentum relaxationstp
caused by LO phonons with discrete energy levels, but t
found that the oscillation period did not match that estima
for the LO phonons.14 Since this behavior is not observed
the undoped InP,19 some unique properties of the InP:F
sample may be responsible for it. We speculate, from
data shown in the previous sections, that it stems from

TABLE III. Buildup times for 31P and 115In with Ep

51.420 eV at 4.2 K and 6.347 T. The contribution from the da
part has been corrected. Also shown are the spin-lattice relaxa
timesT1 of 31P and115In at 300 K.

115In 31P

Tb ~s! s1 1.660.43103 2.960.23103

s2 1.460.53103 2.660.23103

T1 ~s! 1.060.131021 5.160.23102
5-5
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ATSUSHI GOTOet al. PHYSICAL REVIEW B 69, 075215 ~2004!
structures of the photon absorption spectrum rather than
laxations.

Here, we divide this oscillation into two parts; i.e., th
regions below and aboveP4 in Fig. 5. The oscillation below
P4 may be caused by traps associated with phosphorus
cancies and Fe ions. The former exists even in the undo
InP, while the latter results from Fe doping, which compe
sates the electrons caused by the former. In fact, the pea
this region can be assigned from the photoluminescence~PL!
peaks reported in Ref. 20. For example,Ep51.417 eV, la-
beled asP4 can be assigned to the band-edge transiti
while P1 (Ep51.396 eV) to excitons bound to deep lev
acceptors. The two peaks betweenP1 and P4 (P2 , Ep
51.407 eV andP3, 1.412 eV! have been also observed
the PL spectrum, which may be related to excitons boun
neutral donors and/or acceptors.20

The oscillation aboveP4, on the other hand, may be a
sociated with the defect-acceptor or donor-acceptor p
~DAP! in InP:Fe.20 The process of a photoexcitation in
DAP is described as

D11A21Ep→D01A0, ~14!

and the transition energyEp is given by

Ep5Eg2EA2ED1e2/~eRm!, ~15!

whereEg , EA , andED are the energy for the gap energy a
the binding energies in a neutral donor and an acceptorD0

and A0), respectively. The last term in Eq.~15! represents
the Coulomb binding energyEB between the donor and th
acceptor, whereRm is a distance from the donor of interest
the acceptor at themth nearest-neighbor shell ande is a
dielectric constant, which is 9.6 in InP.21 Since the donor and
the acceptor sites are localized at lattice points,Rm can take
only discrete values determined by the crystal structure
the lattice constantd. This results in discreteEB levels, and
Ep shows a series of discrete transition peaks. The opt
pumping effects with differentEp occur in different DAP’s,
and these discrete levels manifest themselves as the os
tory behavior of the NMR signal enhancement throughte in
Eq. ~6!. The energy difference inEB between adjacent shell
@DEB[EB(Rm)2EB(Rm21)# falls within the range from 1
to 10 meV for m510–60,22 which are comparable to th
oscillation period of the signal enhancements aboveP4 in
Figs. 5 and 6. We expect that the density of such acce
and donor pairs could be of the order of 1015 cm23, because
the undoped InP sample contains donor sites of the orde
1015 cm23, which are compensated by acceptors caused
the Fe doping.

Let us turn to the issue of thes6 asymmetry manifested
in Fig. 5. The asymmetry indicates that the polarizationp is
not directly determined bySi in Eq. ~1!. On the other hand
the buildup timeTb shown in Table II is almosts6 indepen-
dent in spite of the larges6 asymmetry of the enhance
ments. These facts suggest that, besides the usual op
pumping process by photons, there may be another pro
for buildup of the 31P polarization, which is independent o
the photon helicity. The buildup process may be descri
phenomenologically~neglectingT1 in the dark! as
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p~tL!}p1~12e2tL /TII !1p2~12e2tL /TI2!, ~16!

whereTII and TI2 are the cross relaxation times of31P by
trapped electrons and by some unknown~second! process,
respectively, andp1 and p2 are the corresponding polariza
tions attL→`. Here,p1 is negative~positive! for s1 (s2),
while p2 is always negative regardless ofs6. Note thatp1 ,
p2 , TII , andTI2 may be allEp dependent. IfTI2@TII , Tb is
predominated by the second process.

A plausible mechanism for this second process is t
caused by the dipolar ordered113/115In nuclei, as manifested
by the single-resonance polarization transfer effect.17 This
effect is caused by the Hartmann-Hahn cross-polariza
mechanism between31P nuclei in the rotating frame and d
polar ordered113/115In nuclei in thelaboratory frame. In the
dipolar ordered state,113/115In nuclei form domains in which
the nuclei are correlated by nuclear dipolar couplings.23 The
energy required to flip aspin of the domain is not only a
Zeeman energy of one nucleus\vS , but also of the order of
nuclear dipolar-dipolar interactions because of the stro
nuclear-spin correlations~in other words, multiple quantum
coherences! in each domain. We may expect that a simil
mechanism rendersreorientation of 31P by the dipolar or-
dered indium nuclei.

Here, one may pose a question: i.e., provided that113/115In
are responsible for the second process (TI2), how can we
expect the phenomenon similar to the single-resona
nuclear polarization transfer, although neither31P nor 113In
is in the resonance condition during the light exposure?
consider that the reorientation of31P is caused by the dy
namic nuclear self-polarization, where31P nuclei interact in-
directly with 113/115In nuclei via electrons.9,19,24The mecha-
nism is as follows. The polarization of nuclei created by t
optical pumping produces nuclear magnetic fields for el
tron spins, which causes net electron spinSz in Eq. ~1! to
change. Simultaneously, the change inSz gives rise to the
change in the nuclear polarization as given by Eq.~4!, and as
a result, the interactions among113In, 115In, and 31P are set
up.

Note that this process is different from the usual indire
nuclear spin-spin coupling, e.g., the Suhl-Nakamura inter
tion in magnets, where electron spins appear in the proc
only implicitly as a virtual process, so that the energy co
servation between the nuclear spins is strictly observed
the present process, on the other hand, changes in the
tron spins are not virtual butactual. The influence of the
electron spins on the nuclei manifests itself as a static in
nal field, and the difference in the Zeeman energies betw
31P and113/115In could affect only a dynamical aspect of th
process throughTII given by Eq.~6!. In the present case
however,TI2@TII , so thatTII of 31P may not be a determi
nant ofTb . Since the process proceeds in a cooperative w
among113In, 115In, and 31P nuclei via the net electron spin
Sz , the same order ofTb is anticipated for115In and 31P,
which is what we have actually seen in Table III.

We believe that these mechanisms are rather plaus
Nevertheless, further investigations are needed to eluci
these peculiar behaviors.
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VI. CONCLUSION

We have investigated the optical pumping NMR
InP:Fe, which exhibits the most intense optical pumping
fect among other dopants. The effect has been optimized
the 31P polarization up to about 40% has been achieved w
s1 andEp51.416 eV.

The quite effective optical pumping effect in InP:Fe
accompanied by some peculiar phenomena such as the o
latory behavior of the NMR signal enhancement as a fu
tion of Ep and the asymmetry of the enhancement aga
s6. We have revealed that the buildup time for the31P en-
hancement is almost independent of the helicity, and has
same order as that of115In. These results indicate that th
buildup process of31P polarization is not determined by th
usual optical pumping process by photon absorption.
have discussed the possible reorientation of the31P nuclei
due to the indirect couplings with the dipolar order
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