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Optical dynamic nuclear polarization in InP single crystal:
Wavelength and field dependence of NMR enhancement
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The magnetic field and optical excitation wavelength dependence of the In-115 nuclear spin polarization
enhancement due to optical pumping in undopetype InP single crystal, is reported. In the optical wave-
length dependence, the enhancement drops sharply when the excitation energy exceeds the luminescence
energy due to impurities near the band edge, but remains roughly constant as the energy is increased above the
band gap. The 0—-25-T magnetic field dependence exhibits a maximum In-115 NMR enhancement at 1.7 T,
while negligible enhancement is observed>at5 T. In comparison with the previously reported field depen-
dence of the NMR enhancement in GaAs, the maximum NMR signal enhancement in InP is found at lower
magnetic field. According to hyperfine relaxation theory, this observation is consistent with theddagéor
of InP. Furthermore, the enhanced In-115 NMR signal using unpolarized optical excitation is emissive in phase
with respect to the thermal equilibrium absorptive signal. This observation is consistent with a hyperfine
cross-relaxation mechanism that is dipolar, rather than scalar in npBQ#63-182@09)50332-9

Nuclear magnetic resonance signals in bulk 11I-V semi- At a temperature of 4.2 K, the band gap of InP occurs at
conductors such as GaAs and InP can be enhanced by neg#7 nm?° The accepted valug,= + 1.26 of the electrory
band gap optical excitation at low temperature, a phenomfactor was originally determined from the Zeeman effect in
enon discovered by Lampeind studied extensively by nu- the photoluminescence spectrum of excitons bound to doped
merous other group?sDynamic nuclear polarization occurs hismuth centeré and has recently been confirméd mag-
when free excitons in a nonequilibrium spin state becomejtyde and sighboth theoreticall{? and experimentally®2*
trapped at shallow donor sites. The spin polarization of therhe measurements described in this paper were all per-
electron is dictated by the selection rules for optical intert5rmed on an undoped InP single crystal sam(B#owa

band transitions in the material. According to the widely ac-p.nko0 Lot No. 3161 of ntype conductivity with a 100
cepted mechanism of this dynamic nuclear polarization ef-, g 1o g face orientation300 K) carrier concentration of
fect, trapping at the shallow donor impurities results in a

et \ . “5—10x 10'° cm ™3, and(300 K) mobility of 3800 cni/Vs.
localization of the electron wave function, thereby enhancing Figure 1 presents the wavelength dependence of the opti-

the electron-nuclear cross-relaxation rate for nuclei in close

ll . - - B .
proximity to the impurity. The resulting optical enhancementcalk' pumped' n NMR signal amplltude in a static field
of nuclear polarizatior(i.e., hyperpolarizationcan be ob- Bo=3 T applied parallel to the optical pumping beam. The

served by various methods, including direct radio-wave defPtical power density in this experimgnt was gpproximately
tection of NMR3~8 optically detected NMR;°~*8 or by 500100 mWi/cnt (over a 3—4 mm-diameter circular ajea
electrical magnetoconductance detecfid@iverse physical In contrast to GaAs at 4.2 K, where a sharp peak in the
properties of bulk, quantum-well, and quantum-dot semiconoptically enhanced NMR intensity is observed at wave-
ductor systems have been studied by these magnetic resengths just below the free exciton band gathie optical
nance methods. pumping NMR enhancement in InP at 4.2 K is more closely
Recent reports on the enhancement of the NMR intensitglescribed as a step function at 4.2 K. The enhancement re-
by optical pumping in single crystal INP have made note ofmains constant between 875-840 nm, and then decreases
the unexpected and remarkable creation of a homonucleatowly upon further reduction of the wavelength down to 773
dipolar order among the In spifisSThe potential application nm. On the same wavelength scale in Fig. 1, we present the
of InP as a polarized substrate for nuclear spin polarizatiophotoluminescence spectrum obtained by low power
transfer NMR enhancement of surface adsorbed moleculdr~10 W) excitation at 488 nm. The photoluminescence
species has also been suggeét@blarization transfer en- band centered near 877 nm exhibits several resolved peaks
hancement across a semiconductor/adsorbate interface willhich can be assigned to the recombination luminescence
be most effective under experimental conditions that maxidue to free excitons and excitons bound to neutral or ionized
mize the nuclear polarization in the semiconductor. Here welonors?>?> The wavelength of the donor-trapped exciton re-
explore the magnetic field and optical excitation wavelengthcombination light coincides with the sudden drop in the op-
parameter space in search of the conditions yielding maxitically pumped NMR enhancement.
mum optical pumping NMR enhancement in InP. We will  Representativé®n NMR spectra obtained with unpolar-
also compare the results for InP with the corresponding datezed optical excitation and without excitation are provided in
obtained for GaAs:® The experimental findings will be in- the inset of Fig. 1. Note that the phase of the NMR transition
terpreted within the context of hyperfine cross-relaxationdue to optical pumping is emissive with respect to the ab-
theory. sorption phase signal obtained at thermal equilibrium, a find-
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remain constant. Using the same field cycling sequence, the
“dark” signal arising from spin relaxation without optical
excitation was also recorded.

Although dipolar order in thé*9n spin system is known
[ | : to be created under the experimental conditions employed in
02 | H ‘ this work® the application of a hard-/2 pulse produces an
[ [ optical NMR response proportional to the Zeeman order only. In
pumpiig density operator language, this is because the homonuclear
! . dipolar order commutes with th&In spin Hamiltonian, as
L 00 o o0 b discussed in Ref. 8.
06 : To model the buildup of the nuclear spin Zeeman order
: (I,) under optical pumping conditions, we use the equation
0s F for cross relaxation between coupled electron and nuclear
I : spins induced by fluctuations in the dipolar or scalar hyper-
fine interactiorr*®

02

| | thermal
| | equilibrium

04l |
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FIG. 1. Wavelength dependence of optically enhané&th (1)

NMR signal integral in InP. At the top of the figure is the photolu- hereT is th | . laxation ti in the ab f
minescence spectrum of the same sample, excited at 488 nm witt erel IS the nuclear spin relaxation ime in theé absence o

10-uW power over a 4-mm-diameter circular region. The peak nea ight, andl, .SO are the eXpeCtat'?” \(alues of the nuclear and
900 nm corresponds to the acceptor bound excitons and appears fJECtron spin at thermal equilibrium. For examplk,
to be associated with dynamic nuclear polarization. Inset: represeri= 11 z0eqf, Where peq is the density operator at thermal
tative 1%In NMR spectra recorded with and without optical excita- €quilibrium. For scalar relaxation,
tion using unpolarized light, as indicated. The same phase correc-
tion was applied to both spectra. The vertical axis of the optical 1  S(S+1) )
pumping signal is scaled down by a factor of 100. T_|1| =—5  J(o -0y, @
ing we will discuss in detail below. Furthermore, we havewhere
observed a phase inversion in théP optically pumped
NMR, in agreement with a previous InP stut§The phase IO —wg) = —————— .
inversion has also been observed in the optically pumped 1+(w|—ws)27'§
NMR of "“Ga, %Ga, and"®As, in high-purity GaAs with
unpolarized light. Under experimental conditions similar to
those above, no optical pumping NMR enhancement wa
observed in a Sn-doped InP sam@howa Denko, Lot No.
40472 with a carrier concentration of 3810 cm™3.

The magnetic field dependence of th&In NMR en-

2A2
Te 3

Te IS the correlation time of the fluctuation in the hyperfine
interaction,A is the time-averaged scalar hyperfine coupling
8onstant, andwg,w, are the electron and nuclear Larmor
frequencies, respectively. Within the scalar mechanism, it
can be shown thét

hancement due to excitation with unpolarized light was mea- T I(1+1)
sured at a temperature corresponding t8He vapor pres- %: - (4)
sure of 6 mBarr £1.5 K). The 4x 6 0.2-mn? sample was Th S(S+1)

in direct contact with the liquid*He bath. The experiments : .
were conducted using a 25-T powered magnet at the Ne{—n the case of dipolar relaxaticf,
tional High Magnetic Field Laboratory, Tallahassee. The

light was transmitted through a 6Qom-diameter optical fi- —=S(S+ 1){&\](0)(0)I — wg)+ §J(1)(w|)
ber terminating about 5 mm from the surface of the sample. T] 12 2
The optical power density was comparable to that used for
: , ; 3
the wavelength dependence of optical pumping, as described + 23w, + wg) (5)
above. The field dependence experiments employed the field 4 '

cycling procedure described in a previous study of optical
NMR enhancement in GaR€ Following the presaturation 1 ) 3 @)

of the nuclear spins by a multiple-pulse train, the magnetic EZW 1))~ I (@ mwgt+ 73wt ey

field is quickly ramped to the “pumping field.” After a con- 1 ®)
trolled optical exposure time of 15 s, the magnetic field is

cycled back to the initial value for NMR detection using a Equation (1) is a partial differential equation in time and
hard (3 ws) w/2 1f pulse. A field ramp rate of 0.75 T/s displacement with exact solutions that require numerical
enables the field cycle to be performed without appreciabl€eomputation, but an appropriate analytical solution contain-
spin-lattice relaxation during the ramp. The entire field cy-ing the essential physics can be obtained for short pumping
cling procedure is repeated for different values of the pumptimes where the nuclear spin diffusion te®V(l,) can be

ing field, but the presaturation and detection field of 8.07 Tignored. Neglecting the dark relaxation terffi(<T,),
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(1-e V). (@)

I
<|z>(t)=(|0_ %[(39—50]

Note that when the electron spin-lattice relaxation timeg
substantially exceeds the excited state lifetimehe steady
state(S,)=S, is determined by the interband dipole transi-
tion intensities, but more generallyS,) = (S, T1s+ Sp7)/(7
+Tis). When>Tyg, (S,) — S cannot be driven away from
zero. With T1>T'l', the thermal equilibrium nuclear spin
polarization, while not enhanced, can recover from saturation
more quickly than without optical excitation. This situation
may occur in samples with high impurity densities.

To investigate the field dependence and phase inversion
of the ™n NMR signal induced by optical pumping with
unpolarized light, wherebysS,) is driven toward zero, it is
convenient to express E¢7) as an NMR enhancement fac-
tor, £&. We make use of the high temperature approximation
of the nuclear and electron spins, wherkg=I(l S S
+1)y,ABg/3kT and Sy=S(S+ 1)geysiBo/3kT. Hence, 0 10 20

NMR Intensity (arb. units)

(I S(S+1) T{ gevs o Field (Tesla)
E= 1 I(I+1) T!s (1—e YTy, (8 FIG. 2. Magnetic field dependence of optically enhanéEth
O e (filled circles and *Ga (crosses NMR signal amplitudes in InP

and GaAs using unpolarized light of.=835-nm and 820-nm
gxcitation wavelengths, respectively, and intensity=500
+100 mWi/cni. The background*®n signal (open circley ob-

Since yg is negative for the electron, E7) demonstrates
that the sign of the NMR signal enhancement with respect t

; IS
|y depends on the product of the signsgat T,”, Ty , and tained in the absence of light was subtracted away from the opti-

Vi 'For unpolarlzgd light, thls Concluspn IS valld'even if cally enhanced signals. The solid curves represent the best least-
partial electron spin relaxation occurs in the excited Stat%quares fits to the numerical solutions of Ed) for which the

(T1s<7). In GaAs and InPg.= —0.44 andge=+1.26, re-  qrrelation time and vertical scaling factor were taken as fitted pa-
spectively. The sign of, and hence the sign of is positive  ameters.

for all of the naturally abundant nonzero spin isotopes of

GaAs and InPI.’Z9Ga, 71”Ga, "As, 1n, and In. The rela-  the GaAs enhancement maximum occurs at slightly higher
tive signs ofT;” and T; depend on what type of hyperfine magnetic field and decreases more slowly with increasing
relaxation mechanism dominates. For scalar hyperfine relaXield than does the InP signal.

ation, Eq.(4) shows that the signs oppose. For dipolar relax- As noted above, the optically pumpé#in NMR signals

ation, the signs are alike; the expression were found to be inverted in phase with respect to the ther-
| mal equilibrium signals at all magnetic fields, wavelengths,
T 1041 5 and at all pumping times. According to Edd) and(8), the
T_Ilsw S(S+1) X 7+3(1+ 2wd)’ ©)inversion of then signal with respect to the thermal equi-

librium signal is inconsistent with the scalar hyperfine relax-
can be derived from Eqg5) and (6) under the conditions ation mechanism. On the other hand, the negative enhance-

Te<w, ' and ws> w, %, ment is consistent with Eq$5), (6), and (8) pertaining to
Figure 2 presents the experimental field dependence of thdipolar hyperfine relaxation.
optically enhanced and thermal equilibriultPin NMR sig- The dipolar mechanism could become dominant if the hy-

nal integrals obtained by the field cycling procedure. Theperfine dipolar coupling is much greater than the hyperfine
signal obtained without optical exposure was assigned aontact coupling. Alternatively, it could be thag for fluc-
positive phase, as shown in the inset of Fig. 1. The occurtuations in the dipolar interaction is substantially longer than
rence of a maximum in the dark signal reflects the increasetbr scalar interaction. These factors depend on the electron
nuclear spin-lattice relaxation rate at low field. At very high spin density distribution, trapping-recombination dynamics,
field, the dark signal again increases due to the increaseahd spin-exchange processes, none of which are well char-
total elapsed time required to complete the field cycle. Theacterized in InP. If both scalar and dipolar couplings are
dark signal was subtracted from the optically enhanced NMPRpresent, their contributions to the relaxation times can be
signal, after applying the same phase correction, yielding thadded independentfy.

signal due to optical pumping alone. In summary, the maxi- The solid curves shown in Fig. 2 represent least squares
mum enhancement occurs at a magnetic field of 1.7 T, whildits of the solutions to Eq(1), assuming dipolar hyperfine
negligible signal is observed at15 T. Also shown in Fig. relaxation for InP and scalar relaxation for GaAs. For InP,
2, for comparison, is the field dependence of the opticallyg.=+1.26 andD=3000 A%/s have been used. Due to the
enhanced NMR intensity fof°Ga in bulk GaAs, where op- relatively short experimental pumping time of 15 s, the simu-
timum enhancement occurs at 3.4 T. While the overall fieldations are not highly sensitive to the value Dfsince the
dependence has the same general features, it is evident thetin diffusion is restricted to a distance of aboybt
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~200 A. The localization radius of100 A determines NMR enhancement at approximately 877 nm coincides with
the volume of directly pumped nuclei. For short pumpingthe wavelength of the recombination luminescence of the
times the overall amplitudél ) calculated from Eq(1) is  donor-trapped excitons. The phase of the optically pumped
proportional toA2, but the shape of the curve is independent*In and 3P NMR signals are found to be inverted with
of this parameter. Since there is an arbitrary scaling factorespect to the thermal equilibrium signal. Within the frame-
relating the experimental and simulated field dependence, work of hyperfine relaxation theory, this signal inversion can
suffices to use a rough estimate =1 MHz for shallow only be explained by a dipolar mechanism. Although further
donors in GaA%. Given these fixed parameters, a fitted investigation of the dynamic nuclear polarization mechanism
value of 7,=6.0x107 12 s is obtained for InP. Using.= is warranted to confirm this explanation, the experimental
—0.44 for GaAs yieldsr,=1.5x10 ! s. features of the magnetic field and optical polarization depen-

A simple expression foB?;ax can be derived from Ed7) dence in undoped GaAs and InP can be accounted for by Eq.
to predict the magnetic fiel8T™ yielding optimum NMR  (1). Finally, we have derived a simple expression for the
enhancement.  Settingd(l,)/dB,=0, we have BJ™ magnetic f|elq y|el_d|ng maximum NMR signal enhancement.
= |geysrel L. Sincege is known,BT™ can be used to deter- The optimal field is mversely' proportlonal to the prpduct of
mine the correlation time,. Conversely, if the correlation th_e 9 factor_ and the correl_atlon time of the hyperfme_: cou-
time 7, is similar in two materials, then the observed changéjl'ng’ and IS temperature mdep_endent. The_ expression cor-
o max . . ; rectly predicts the down-field shift of the optimum pumping
in By <" should occur in proportion to the ratio of tlyefac- fi . . .

. . . ield upon increasing the magnitude of théactor.

tors. In comparing the field dependence of the optical en-
hancement in InP with that of GaAs, this is qualitatively
what is observed. Finally, it should be noted that the optimal This work was supported by NSF Grants Nos. CHE-
pumping field should bendependent of temperatur@ll 9624243 and CHE-9724635 and by the University of
other factors remaining constanfThis finding, while not Florida. A portion of this work was performed at the
intuitive, is also borne out by the experimental field depeniNHMFL, which is supported by NSF Cooperative Agree-
dence in InP and GaAs obtained at 1.5 and 4.2 K. ment No. DMR-9527035 and by the State of Florida. Tech-

In conclusion, the excitation wavelength and magneticnical assistance provided by P. Kuhns, B. Moulton, and A.
field dependence of the optically pumped NMR signal enKleinhammes of the NHMFL, Tallahassee, is gratefully ac-
hancement in InP has been presented. The sharp drop in tkeowledged.
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