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Optically pumped NMR in CdS single crystals
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Optically induced dynamic nuclear polarization in CdS~resistivity 1.831010 V cm, dark! is observed by
radio-frequency detection of the113Cd 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.@S0163-1829~99!14103-1#
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Optically induced dynamic nuclear polarization~DNP! in
semiconductors can be observed by resonant interband
diation with ~a! unpolarized light, which saturates the ele
tronic spin-resonance transitions, and~b! by irradiation with
circularly polarized light, which generates spin-polariz
electrons and holes.1,2 In both cases, the enhanced nucle
polarization can be rationalized by an Overhauser-type cr
relaxation process3,4 mediated through the contact hyperfin
interactions with the perturbed electronic spin system.5 This
optical pumping process has been largely investigated in
context of optically detected NMR~ODNMR!,5–9 where the
nuclear spins are irradiated by a resonant radio-freque
field, which induces depolarization of the electrons throu
the nuclear Hanle effect.5 More recently, optically induced
DNP experiments have been performed in high magn
fields with direct NMR detection.10 The experiments focuse
on cubic III-V bulk GaAs-based systems and hete
structures.10–13

Here we report an observation of optically induced DN
for II-VI semiconductors with hexagonal structure. Two u
doped,n-type CdS single crystals with largely different r
sistivities were investigated. Optical enhancement of
113Cd spin polarization was only observed in the higher
sistivity sample forT<2 K. At this temperature, the opti
cally induced spin polarization was negative when compa
to the thermal polarization, irrespective of the helicity of t
pumping light.

In cubic bulk semiconductors, spin-polarized photons
duce transitions from both the upper (G8) and the lower
valence band (G7), split off by the spin-orbit energyDSO, to
the conduction bandG7c . The relative probabilities of thes
transitions lead to a maximum degree of electronic orien
tion uP0u50.5,5 where

P05
n12n2

n11n2
. ~1!

Heren6 denotes electronic carriers with their magnetic m
ments aligned parallel or antiparallel to the propagation v
tor of the light. In wurtzite-type semiconductors, the dege
eracy of the upper valence band at the center of the Brillo
zone (k50) is lifted, andG8 is split into two subbandsG9
PRB 590163-1829/99/59~3!/1986~4!/$15.00
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andG7 by the crystal-field energyDcr . Transitions fromG9
to the conduction band occur only for irradiation with circ
larly polarized light along thec axis of the crystal with a
maximum degree of orientationuP0u51.14 For CdS at 1.8 K,
the band gapEg5(G7c2G9)52.583 eV,Dcr50.026 eV,
andDSO50.065 eV.15 Transitions fromG7 are allowed for
both polarization vectors~parallel and perpendicular to thec
axis!.

The CdS single crystals of rectangular shape (537
31 mm3) were purchased from Cleveland Crystals, In
One of the crystals had an as-grown resistivity (10V cm,
dark!, the other a high resistivity (1.831010 V cm, dark,
and 9.53106 V cm, roomlight!, referred to as ‘‘as grown’’
and ‘‘high resistivity,’’ respectively. With a Hall mobility of
m300 K5360 cm2 V21 s21, this corresponds to a carrier con
centration ofND2NA51.831015 cm23 for the as-grown
CdS. For the high-resistivity crystal, the Hall mobility
lower, resulting in a carrier concentration ofND2NA5106

2107 cm23 ~dark!, and 10921010 cm23 ~roomlight!.16 The
high-resistivity material was prepared by heating the
grown CdS under sulfur pressure. This procedure reduces
number of S vacancies~donors!, and increases the number o
Cd vacancies which form deep acceptors. Overcompensa
of the S vacancies leads top-type CdS.

The samples were mounted with vacuum grease o
holder fixed to a home-built transmission-line pro
assembly.17 Temperature control was achieved with a d
namic continuous-flow helium cryostat CF1260N equipp
with an optical window~Oxford Instruments, Inc.!. Experi-
ments were carried out in superfluid helium~2 K! or helium
gas~5 K!. An Ar1 laser~Coherent, Inc.! served as the light
source. The laser beam was split into six individual lines
a dispersing prism. The lines at 457.9 nm~2.71 eV!, 476.5
nm ~2.60 eV!, and 488.0 nm~2.54 eV! were used in the
experiments. The other lines were blocked with an apert
Circularly polarized laser light (s1,s2) was obtained by
inserting al/4 waveplate in the beam path as the last e
ment before the optical window of the cryostat, with.90%
polarization forl5476.5 nm. The crystals were mounte
with the 537 mm2 face perpendicular to the propagatio
vector of the laser light, such that this vector was paralle
the optical axis of the crystals (c axis! and the magnetic field
1986 ©1999 The American Physical Society
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B0 . The laser spot size was estimated to be;0.04 cm2 at
the sample. Experiments were performed on a home-b
spectrometer operating at a113Cd frequency of v0/2p
539.505 MHz (B054.2 T). The radio-frequency field
strength was matched tov1/2p528 kHz for all measure-
ments. The equilibrium113Cd polarization was saturate
with a series ofp/2 pulses separated by a 50-ms delay, wh
a shutter blocked the laser light. After opening the shutter
a period tL , typically 100–600 s, the shutter was clos
again. Following a delay oft15500 ms, the113Cd free-
induction decay was stimulated by ap/2 pulse. In Fig. 1~a!,
the 113Cd NMR signal of the high-resistivity single crystal
compared with an optically enhanced signal obtained a
sample irradiation with circularly polarized light at 2.60 e
for tL5600 s ~c!. The control experiment obtained und
identical conditions as in~c! but with the laser blocked is
also included~b!. At 2 K, an upfield shift of the113Cd reso-
nance of 13 ppm with respect to 300 K is observed. T
shift can be attributed to an intrinsic small change of the C
lattice parameters upon cooling~the expansion coefficient o
CdS is 4.631026 K21 perpendicular to thec axis15!, and/or
a possible strain induced in the crystal by the differen
thermal contraction of the sample and of the sample mo
A calculation of the second moment1 of the 113Cd resonance
based on the CdS crystal structure,15 and considering the
natural abundance of 113Cd (S52 1

2 , 12.26%! and
111Cd (S52 1

2 , 12.75%!, results in a through-space dipola
linewidth of n1/25161 Hz (ciB0). The experimental line
shape is Gaussian withn1/25380 Hz. The larger experimen
tal value is probably caused by residual magnetic-field in
mogeneities and scalar and anisotropic cadmiumJ
interactions.18

From a saturation-recovery experiment at 2 K with a
maximum recovery delay of 2.163103 s we estimate a
113Cd spin-lattice relaxation timeT1;73103 s in the

FIG. 1. 113Cd NMR spectra of the high-resistivity CdS sing
crystal recorded at 2 K with a single scan. The Boltzmann signal
shown in~a!, the optically enhanced signal after an irradiation tim
tL5600 s at 2.60 eV with circularly polarized light andp
5520 mW laser power in~c!. ~b! was obtained under identica
conditions as~c!, but with the shutter closed duringtL .
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initial-rate approximation. Kushida and Silver19 reportedT1
;1.83105 s ~4.2 K, dark! for a CdS single crystal with a dc
resistivity .100 MV cm. When their sample was illumi
nated with white light, the value reduced toT1;1.8
3103 s. The 113Cd T1 values in the order of 103 s found in
this work and by Kushida and Silver19 can be attributed to
relaxation through paramagnetic centers resulting from
trapping of photoelectrons at defect sites;19,20,21remote113Cd
spins are then relaxed through a spin-diffusion process.22

When the113Cd nuclei were detected during laser excit
tion ~shutter open duringt1 and the acquisition period!, no
change in signal intensity, shift, or linewidth was observ
when compared to the spectrum shown in Fig. 1~c!. There-
fore, the optically pumped113Cd resonance was not affecte
by interactions with conduction electrons. This compa
well with recent NMR results from bulk GaAs,12 whereas an
optical Knight shift was observed inp-type GaAs by time-
sequenced ODNMR.8 In GaAs/AlxGa12xAs quantum wells,
Knight shifts have been observed both with NMR detectio11

and ODNMR.9

No correlation of the intensity of the113Cd NMR signal
with the helicity of the laser light was observed at 2.54, 2.
or 2.71 eV. However, the signal intensity is linearly decayi
with progressing measurement time at an irradiation ene
of 2.60 eV (;60% of the optically pumped113Cd signal was
recovered after a total measurement time of 1 h at 2 K!. A
similar decay was found at 2.71 eV, but the effect is le
pronounced at 2.54 eV, where the laser energy is below
band gap. Here the absorption coefficient is smaller and
energy is dissipated in the crystal.23 Therefore, the decay ca
be attributed to heating of the crystal upon extended ex
sure to the laser light.24 At a temperature of 5 K, longe
irradiation times were necessary for detection of the optica
enhanced 113Cd signal: with irradiation at 2.54 eV (tL
5960 s,p5520 mW), 6% of the signal intensity observe
at 2 K was detected; at 2.60 eV (tL5960 s,p
5500 mW), it was 3%; and at 2.71 eV (tL5960 s,p
5210 mW), it was 4%. The most pronounced effect at 2
eV is due to the fact that this energy corresponds closel
the band gap at 2 K. At higher temperatures the band
experiences a redshift, and the largest percentage is re
ered at the lowest irradiation energy. At 5 K, the NMR si
nals were absorptive for irradiation with boths1- and
s2-polarized light.

Assuming an Overhauser-type cross-relaxation mec
nism for the dynamic polarization of the113Cd spins and
implying that ugNB0\u!ugbB0u and a single electronic spin
temperature, the nuclear polarizationPN can be written
as1,25,26

PN5
P2Peq

12PeqP

T1

T11T1e
, ~2!

wherePeq denotes the thermal polarization of the electro
andP is the electronic steady-state polarization.T1e denotes
the nuclear spin-relaxation time due to interactions with
polarized electrons. At 2 K and for irradiation timestL
!T1 , optical pumping can only be observed ifT1@T1e .
The electronicg factor parallel to thec axis is gi51.77 in
CdS,15,27 so thatPeq.0. In the following, we assume tha
the g factor of excitons differs negligibly from the value o
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the conduction electrons. The sign of the nuclear polariza
depends on the sign ofP-Peq . WhenP.Peq ,PN becomes
positive, asuPeqPu,1. The electronic steady-state polariz
tion P can be written as

P5P0

1

12t/ts
, ~3!

wheret is the electron lifetime, andts denotes the electroni
spin-relaxation time. If the conditiont/ts!1 is not fulfilled,
P is attenuated with respect toP0 , and the dependence ofPN
on P becomes less pronounced. Figure 2 showsPN of Eq.
~2!, in the limit T1e!T1 , as a function ofP0 and 0<t/ts
<1 for CdS at 2 K. Fort/ts.0.2,PN is only weakly modu-
lated byP0 and negative. Implying a scalar (I•S) electron-
nucleus hyperfine coupling, and, sinceg(113Cd) is negative,
an emissive113Cd signal is expected, in agreement with t
experiments. We therefore conclude that at 2 K,ts.t and
on the order of nanoseconds.28

Figure 3 shows the dependence of the signal intensity
tL for different laser energies. Irradiation at 2.60 eV, clos
to the band gap, is most efficient. Irradiation with an ene
larger than the band gap is more efficient than irradiat
below the gap with twice the laser power. At 2.71 eV, tra
sitions from the lowest valence bands can be induced, wh
reduce the maximum attainable degree of electronic polar
tion uP0u.5 For irradiation times longer than those shown
Fig. 3, it is expected that the nuclear polarization will rea
a dynamic equilibrium state determined by the steady-s

FIG. 2. Dependence ofPN on P0 and t/ts in the limit T1e

!T1 at 2 K.
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electronic polarization and nuclearT1 . The absorption coef-
ficient of CdS at 4.2 K and 480 nm has been reported aa
523105 cm21.29 Accordingly, a typical penetration dept
of the laser light is;0.05mm into the sample. With a cal
culated average distance between closest113Cd neighbors of
ā54.75 Å , a nuclear spin-diffusion coefficient1 of Dsd
;10213 cm2 s21 can be estimated within an order of ma
nitude. Therefore, for irradiation timestL.200 s, the NMR
active sample volume is limited by spin diffusion.

The as-grown crystal yielded no optically enhanced NM
signal under identical experimental conditions. At room te
perature, it has a nuclearT1 longer than the high-resistivity
crystal despite its higher carrier concentration. It is conce
able that the presence of Cd vacancies in the high-resist
sample leads to a more efficient113Cd spin relaxation, and to
a shorter T1e .
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FIG. 3. Dependence of the113Cd NMR signal intensity on the
irradiation timetL at different irradiation energies and constant
ser power, 2 K. The regime of saturation ofPN is not reached, and
the solid lines represent linear fits. For the ratio of the slopes
find m2.60eV /m2.71eV52.3 andm2.60eV /m2.54eV54.1.
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12T. Pietraß, A. Bifone, T. Ro˜õm, and E. L. Hahn, Phys. Rev. B53,
4428~1996!; T. Pietraß, A. Bifone, J. Kru¨ger, and J. A. Reimer
ibid. 55, 4050~1997!.

13P. L. Kuhns, A. Kleinhammes, T. Schmiedel, W. G. Moulton,
Sloan, P. Chabrier, E. Hughes, and C. R. Bowers, Phys. Re
55, 7824~1997!; C. R. Bowers, Solid State Nucl. Magn. Reso
11, 11 ~1998!.

14E. F. Gross, A. I. Ekimov, B. S. Razbirin, and V. I. Safaro
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