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Optically pumped NMR in CdS single crystals
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Optically induced dynamic nuclear polarization in C@8sistivity 1.8<10'° Q cm, dark is observed by
radio-frequency detection of th&Cd nuclear magnetic resonance signal. At 2 K, the nuclear-spin transitions
are emissive when compared to the thermal polarization, and no dependence on the helicity of the pumping
light is observed[S0163-182609)14103-1

Optically induced dynamic nuclear polarizati@NP) in andI’; by the crystal-field energg.,. Transitions froml'q
semiconductors can be observed by resonant interband irrée the conduction band occur only for irradiation with circu-
diation with (a) unpolarized light, which saturates the elec- larly polarized light along the axis of the crystal with a
tronic spin-resonance transitions, afil by irradiation with  maximum degree of orientatidi®o| = 1.1* For CdS at 1.8 K,
circularly polarized light, which generates spin-polarizedthe band gapE,=(I'7.—1'g)=2.583 eV,A.,=0.026 eV,
electrons and holés’ In both cases, the enhanced nuclearand Ao=0.065 eV® Transitions froml'; are allowed for
polarization can be rationalized by an Overhauser-type cros$oth polarization vectoréarallel and perpendicular to tle
relaxation procesé mediated through the contact hyperfine axis).
interactions with the perturbed electronic spin systefinis The CdS single crystals of rectangular shapex b
optical pumping process has been largely investigated in th& 1 mn?) were purchased from Cleveland Crystals, Inc.
context of optically detected NMRODNMR),>~where the  One of the crystals had an as-grown resistivity (16m,
nuclear spins are irradiated by a resonant radio-frequencyark), the other a high resistivity (1:810° Q cm, dark,
field, which induces depolarization of the electrons throughand 9.5<10° € cm, roomlighy, referred to as “as grown”
the nuclear Hanle effectMore recently, optically induced and “high resistivity,” respectively. With a Hall mobility of
DNP experiments have been performed in high magnetig,,., =360 cnfV !s™ !, this corresponds to a carrier con-
fields with direct NMR detectioh’ The experiments focused centration of Np—N,=1.8x10" cm 2 for the as-grown
on cubic llI-V bulk GaAs-based systems and hetero-CdS. For the high-resistivity crystal, the Hall mobility is
structures?~** lower, resulting in a carrier concentration Nf,—N,=10°

Here we report an observation of optically induced DNP— 107 cm™3 (dark), and 16— 10'° cm~2 (roomlight.*® The
for [1-VI semiconductors with hexagonal structure. Two un- high-resistivity material was prepared by heating the as-
doped,n-type CdS single crystals with largely different re- grown CdS under sulfur pressure. This procedure reduces the
sistivities were investigated. Optical enhancement of th&yumber of S vacancigglonors, and increases the number of
11%Cd spin polarization was only observed in the higher reCd vacancies which form deep acceptors. Overcompensation
sistivity sample forT<2 K. At this temperature, the opti- of the S vacancies leads pstype CdS.
cally induced spin polarization was negative when compared The samples were mounted with vacuum grease on a
to the thermal polarization, irrespective of the helicity of theholder fixed to a home-built transmission-line probe
pumping light. assembly.’ Temperature control was achieved with a dy-

In cubic bulk semiconductors, spin-polarized photons in-namic continuous-flow helium cryostat CF1260N equipped
duce transitions from both the uppeFd) and the lower with an optical window(Oxford Instruments, Ing. Experi-
valence bandlI(7), split off by the spin-orbit energso, t0  ments were carried out in superfluid helithK) or helium
the conduction bandf;.. The relative probabilities of these gas(5 K). An Ar* laser(Coherent, Ind.served as the light
transitions lead to a maximum degree of electronic orientasource. The laser beam was split into six individual lines by

tion | Po|=0.5> where a dispersing prism. The lines at 457.9 71 eV}, 476.5
nm (2.60 eV}, and 488.0 nm(2.54 e\) were used in the

n,—n_ experiments. The other lines were blocked with an aperture.
PO:n++n_' (@) Circularly polarized laser light¢*,o~) was obtained by

inserting ax/4 waveplate in the beam path as the last ele-
Heren.. denotes electronic carriers with their magnetic mo-ment before the optical window of the cryostat, witt0%
ments aligned parallel or antiparallel to the propagation vecpolarization forA=476.5 nm. The crystals were mounted
tor of the light. In wurtzite-type semiconductors, the degen-with the 5x7 mn? face perpendicular to the propagation
eracy of the upper valence band at the center of the Brillouitvector of the laser light, such that this vector was parallel to
zone k=0) is lifted, andI'g is split into two subband¥'y  the optical axis of the crystalg (axis) and the magnetic field
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initial-rate approximation. Kushida and Silv&reportedT,
(@) ~1.8x10° s(4.2 K, darK for a CdS single crystal with a dc

resistivity >100 MQ cm. When their sample was illumi-

nated with white light, the value reduced t6,~1.8

(b) x10°® s. The'™®Cd T, values in the order of 0s found in
WWWHMWWMWWEWM this work and by Kushida and SilVErcan be attributed to
(©) relaxation through paramagnetic centers resulting from the

trapping of photoelectrons at defect sité€%?'remote!'3Cd
spins are then relaxed through a spin-diffusion proééss.
When the'**Cd nuclei were detected during laser excita-
tion (shutter open during; and the acquisition perigdno
change in signal intensity, shift, or linewidth was observed
when compared to the spectrum shown in Fig)1There-
fore, the optically pumped!3Cd resonance was not affected
by interactions with conduction electrons. This compares
T well with recent NMR results from bulk GaA€,whereas an
15 10 5 0 optical Knight shift was observed ip-type GaAs by time-
sequenced ODNMR.In GaAs/ALGa _,As quantum wells,
o /2m (kHz) Knight shifts have been observed both with NMR detection

9
FIG. 1. 3Cd NMR spectra of the high-resistivity CdS single and ODNMR. _ _ i _
crystal recordedtz2 K with a single scan. The Boltzmann signal is VO correlation of the intensity of the™Cd NMR signal
shown in(a), the optically enhanced signal after an irradiation time With the helicity of the laser light was observed at 2.54, 2.60,

7,=600 s at 2.60 eV with circularly polarized light ang O 2.71 €V. However, the signal intensity is linearly decaying
=520 mW laser power ir(c). (b) was obtained under identical With progressing measurement time at an irradiation energy
conditions agc), but with the shutter closed during . of 2.60 eV (~60% of the optically pumped'*Cd signal was
recovered after a total measurement tinfieldh at 2 K). A
Bo. The laser spot size was estimated to-b6.04 cnf at  similar decay was found at 2.71 eV, but the effect is less
the sample. Experiments were performed on a home-builsronounced at 2.54 eV, where the laser energy is below the
spectrometer operating at &°Cd frequency ofwo/2m  band gap. Here the absorption coefficient is smaller and less
=39.505 MHz By=4.2 T). The radio-frequency field energy is dissipated in the crystdTherefore, the decay can
strength was matched to,/27=28 kHz for all measure- be attributed to heating of the crystal upon extended expo-
ments. The equilibrium®*Cd polarization was saturated sure to the laser ligHft At a temperature of 5 K, longer
with a series ofr/2 pulses separated by a 50-ms delay, whileirradiation times were necessary for detection of the optically
a shutter blocked the laser light. After opening the shutter foenhanced**Cd signal: with irradiation at 2.54 eV 7(
a period 7, typically 100—600 s, the shutter was closed =960 sp=520 mW), 6% of the signal intensity observed
again. Following a delay of;=500 ms, the*Cd free- at 2 K was detected; at 2.60 eV 7 (=960 s,p
induction decay was stimulated bym2 pulse. In Fig. 1a), =500 mW), it was 3%; and at 2.71 eVr (=960 s,p
the 13Cd NMR signal of the high-resistivity single crystal is =210 mW), it was 4%. The most pronounced effect at 2.60
compared with an optically enhanced signal obtained afteeV is due to the fact that this energy corresponds closely to
sample irradiation with circularly polarized light at 2.60 eV the band gap at 2 K. At higher temperatures the band gap
for 7.=600 s(c). The control experiment obtained under experiences a redshift, and the largest percentage is recov-
identical conditions as iric) but with the laser blocked is ered at the lowest irradiation energy. At 5 K, the NMR sig-
also includedb). At 2 K, an upfield shift of the''®Cd reso- nals were absorptive for irradiation with bott*- and
nance of 13 ppm with respect to 300 K is observed. Thiss~-polarized light.
shift can be attributed to an intrinsic small change of the CdS Assuming an Overhauser-type cross-relaxation mecha-
lattice parameters upon coolirithe expansion coefficient of nism for the dynamic polarization of th&“Cd spins and
CdS is 4.6<10 ® K~ perpendicular to the axis'), and/or  implying that| yyBo#|<|g8B,| and a single electronic spin
a possible strain induced in the crystal by the differentialtemperature, the nuclear polarizatid®, can be written
thermal contraction of the sample and of the sample mountg2°26
A calculation of the second moméruf the 1*3Cd resonance
based on the CdS crystal structdteand considering the P-Peyqy T
natural abundance of '*Cd (S=—-3, 12.26% and PN PT. 1T @
1cd (s=-—3, 12.75%, results in a through-space dipolar ed AT e
linewidth of v,,=161 Hz (c|By). The experimental line whereP.q denotes the thermal polarization of the electrons,
shape is Gaussian with ,=380 Hz. The larger experimen- andP is the electronic steady-state polarizatidi, denotes
tal value is probably caused by residual magnetic-field inhothe nuclear spin-relaxation time due to interactions with the
mogeneities and scalar and anisotropic cadmiulm polarized electrons. A2 K and for irradiation timesr_
interactions® <T,, optical pumping can only be observed Tf>T,,.
From a saturation-recovery experimertt 22 K with a  The electronicg factor parallel to thec axis isg =1.77 in
maximum recovery delay of 2.3610° s we estimate a CdS!®?’so thatP.,>0. In the following, we assume that
11%Cd spin-lattice relaxation timeT;~7x10° s in the theg factor of excitons differs negligibly from the value of
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FIG. 2. Dependence oPy on Py and 7/7¢ in the limit T,
<T;at 2K FIG. 3. Dependence of thtCd NMR signal intensity on the
irradiation timer_ at different irradiation energies and constant la-
the conduction electrons. The sign of the nuclear polarizatioser power, 2 K. The regime of saturation®y is not reached, and
depends on the sign ¢-P,,. WhenP>P,,,Py becomes the solid lines represent linear fits. For the ratio of the slopes we
positive, agP.,P|<1. The electronic steady-state polariza- find m; goev/Mz71ev=2.3 andm, goey /My s4ev=4.1.

tion P can be written as electronic polarization and nucledy . The absorption coef-

1 ficient of CdS at 4.2 K and 480 nm has been reported as
P=P,—, (3) =2x10° cm *.2° Accordingly, a typical penetration depth
1—7/7 i g i ;

s of the laser light is~0.05um into the sample. With a cal-
culated average distance between closé¥d neighbors of
a=4.75 A, a nuclear spin-diffusion coefficiénbf Dq
~10"13 cn? s ! can be estimated within an order of mag-
nitude. Therefore, for irradiation timeg >200 s, the NMR
active sample volume is limited by spin diffusion.

The as-grown crystal yielded no optically enhanced NMR
signal under identical experimental conditions. At room tem-
perature, it has a nucledr, longer than the high-resistivity
crystal despite its higher carrier concentration. It is conceiv-
able that the presence of Cd vacancies in the high-resistivity
sample leads to a more efficiehf’Cd spin relaxation, and to
a shorter Te.

wherer is the electron lifetime, ands denotes the electronic
spin-relaxation time. If the conditio®/ 7s<1 is not fulfilled,
P is attenuated with respect By, and the dependence Bf;
on P becomes less pronounced. Figure 2 shéysof Eq.
(2), in the limit T;,<T4, as a function ofPy and 0< 7/ 7
=<1 for CdS at 2 K. Forr/ 7>0.2 Py is only weakly modu-
lated byP, and negative. Implying a scalat-S) electron-
nucleus hyperfine coupling, and, sing€*'3Cd) is negative,
an emissive'®Cd signal is expected, in agreement with the
experiments. We therefore conclude that at 27 7 and
on the order of nanosecontfs.

Figure 3 shows the dependence of the signal intensity o
7 for different laser energies. Irradiation at 2.60 eV, closest The authors are indebted to Professor A. Pines for his
to the band gap, is most efficient. Irradiation with an energygenerous support of the experiments, and thank Dr. J. L.
larger than the band gap is more efficient than irradiatioriyarger and Dr. A. Bifone for helpful discussions and assis-
below the gap with twice the laser power. At 2.71 eV, tran-tance with the experiments. This work was supported by the
sitions from the lowest valence bands can be induced, whicBirector, Office of Energy Research, Office of Basic Energy
reduce the maximum attainable degree of electronic polarizeSciences, Materials Sciences Division, U.S. Department of
tion | P|.° For irradiation times longer than those shown in Energy, under Contract No. DE-AC03-76SF00098. M. T. ac-
Fig. 3, it is expected that the nuclear polarization will reachknowledges support from the Swiss National Foundation of
a dynamic equilibrium state determined by the steady-stat8cience.
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