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Optically enhanced NMR of plastically deformed GaAs
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8%Ga and’®As NMR of plastically deformed GaAs under optical pumping conditions at low temperatures is
shown to exhibit substantial differences compared to results obtained from as-grown material. NMR signal
enhancement has been observed in a wide energy range of the irradiation light above and below the band gap.
The phase of the NMR signals is independent of the helicity of the pumping light. A continuum of intragap
states introduced in the GaAs upon plastic deformation is involved in the polarization of the nuclei.
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Optically enhanced NMR in high magnetic fi¢ld and  material we found[Asg,"]=1.3X10" cm3, whereas the
real-time optical detection in low magnetic fidldre attract-  density of the gallium antisite is below the detection limit.
ing increasing interest for the study of mesoscopic semicon- Figure 1 shows that the optical absorption spectrum of the
ductor materials, e.g., as a probe of the two-dimensionadeformed sample can be divided into two parts. One part is
(2D) electronic structure in quantum wells. Substantial dif-persistently photoquenchable at temperatures below 130 K
ferences in the basic processes responsible for the signal eand has been identified with the intracenter transition of the
hancement in bulk GaAs and layered GaAs heterostructuraseutral charge state of the arsenic antisite defegf, Alts
have been pointed out recentlyn quantum wells, the signal  concentration [(Asg,] =2x 10'° cm™3) remains unaffected by
enhancement was attributed to optical pumping of the Landeformation. The unquenchable background signal, however,
dau levels. In bulk GaAs, the direct population of shallowincreases with the deformation grade, as it has also been
intragap localized states is dominant and the enhancement éserved by Omling, Weber, and Samuel$dFhe micro-
effective only in a narrow frequency range just below thescopic origin of this absorption has not been determined yet,
gap. The nuclear polarization produced in the vicinity of but should be most likely attributed to either yet unidentified
these shallow traps diffuses successively into the bulk. Spipoint defects or defect states associated with dislocation seg-
diffusion is also observed in heterostructures, giving rise taments. With respect to NMR, the paramagnetic defects affect
distinguishable NMR signals of the wells and the barrfets. mainly the nuclear spin-lattice relaxation time, whereas dis-

In this contribution, we report an optically enhancedocations introduce a large number of intragap states and
NMR study of plastically deformed GaAs. In this material, may thus affect the optical transitions which are exploited in
the enhancement occurs upon irradiation of a continuum ofhis work for the enhancement of the NMR signal.
intragap  states. This supports previous experimental The experimental setup for optically enhanced NMR has
evidence that in 3D materials the enhanced nuclear polarbeen described in detail in Ref. 5. For the detection of the
ization arises mainly from interaction with localized elec- NMR signals, a transmission line probe was tuned to the
tronic states. Larmor frequencies of%Ga and’°As, 42.9 and 30.6 MHz,

The GaAs crystal was uniaxially deformed at 400 °Crespectively. The Boltzmann equilibrium polarization was
along the[011] axis with a deformation load of 21.6 MPa, presaturated with a train of/2 pulses. Then, the sample was
resulting in a deformation grade ef=Al/I=5.3%. During irradiated with circularly polarized laser light for a perigd.
the cooling process, the deformation load was kept on thgample irradiation was timed with a shutter controlled by the
sample to prevent the crystal from stress relaxation througpulse program of the NMR spectrometer. After a delay of
dislocation movement. The crystal was then characterized b§00 ms, a detection pulse was applied for data acquisition.
optical absorption and electron paramagnetic resonance spé&eer comparison, NMR signals without laser irradiation but
troscopy. The optical absorption experiments were carriegtherwise same conditions were obtained and are referred to
out at 3 K. Experimental details are described elsewhere. as “dark” signals. All experiments were performed in a cry-

Plastic deformation of GaAs introduces two classespstat at temperatures in the range <6 K.
of defects: extended structural defects, such as dislocations, In Fig. 2, the optically enhanced NMR spectrum is shown
and well-defined point defects. The dislocation densitytogether with the dark signal foPAs and ®°Ga, respectively.
of plastically deformed crystals is typically in the range of Under the experimental condition$ €6 K, 120 s equilibra-
10° cm™2, as compared to f&m 2 in as-grown materials.  tion time, andT=2 K, 60 s equilibration time, respectively
Unambiguously identified point defects induced by plasticthe spin-lattice relaxation time of°’As and 8°Ga is so long
deformation are antisite defects that are paramagnetic in thejon the order of 19s), that only a weak signal is observable
singly ionized charge state. The densities of the arsenic amwithout irradiation.
tisite defect Ag,"” and the gallium antisite defect Ga Figure 3 displays the dependence of fiif&a NMR signal
have been determined by EPR to[lfesg," |=4x10°cm™3 intensity of the plastically deformed GaAs crystal on the en-
and [Ga,s ] =2.5x10'® cm 3, respectively For as-grown ergy of the incident light. For comparison, we also show the
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FIG. 1. Photoabsorption spectrum recorded at 3 K; comparison b) **Ga; as grown
between plastically deformed and as-grown GaAbe spectrum is
cut off at higher energies because the absolute absorption is below
the detection limit of the Ge detectpihe distinct absorption band
at 1.2 eV is caused by the intracenter transition of the neutral charge
state of the EL2 defect.

same dependence for an as-grown GaAs crydaak posi- WMM

tions and linewidths are the same for both the plastically

deformed and the as-grown material. Whereas for the as- O SV LA B BB

grown sample signal enhancement can only be observed in a 40000 20000 [Hz] 0 -20000

narrow energy range just below the band gdgr the plas-

tically deformed crystal an enhanced NMR signal is ob- FIG. 2. (8 *Ga optically enhanced NMR spectrum of plasti-

served in the whole range of investigation_ Cally deformed GaASt& K and 1.49 .e\-/ ||ght energy. Slngle pulse
This difference can be correlated with the intragap state§xcitation (pulse width 11us). Irradiation time 7 =120 s, laser

induced in the strained crystal by the plastic deformation. [rPoWer 900 mW.(b) *“Ga optically enhanced NMR spectrum of

as-grown GaAs, the nuclear-spin polarization enhancemeqS9roWn GaAs @2 K and 1.49 eV light energy. Single pulse ex-

upon optical excitation has been attributed to spin diffusionctation (pulse width 9us). Irradiation timer, =20 s, laser power

from localized shallow statesThis is consistent with the 930 mW. Both figuresa) and (b) show the dark signal obtained

. . under identical experimental conditions for comparison.
strongest signal enhancement just below the band gap causead P P

by the presence of shallow traps and impurities, which mag0%. For transitions from the lower subband the degree of
be favored due to the increased penetration depth of the lasepin orientation is equal to zefd.The splitting of the upper
light in this energy range. The large number of defects introvalence band for GaAs under uniaxial strain at 77 K in-
duced into the band gap upon plastic deformation is mostreases roughly linearly with applied pressure and can
likely responsible for the broad energy range in which opti-amount up to several tenths of an eV at this temperdilire.
cal signal enhancement was observed. With increasing emur case, the applied pressure was I@4.6 MPa and cor-
ergy of irradiation light, a decrease in signal intensity wasresponds to a splitting of less than 0.01 eV. It is not antici-
observed. This decrease is much less pronounced below tipated that this value changes considerably upon lowering the
band gap than above the band gap. The transition, howeveemperature. The electronic spin orientation at the band gap
between the two regimes seems to occur at 1.50 eV, an eshould lead to a strongly enhanced NMR signal if interaction
ergy slightly below the band gap at this temperafdre. with conduction electrons were a dominant mechanism for
Above the band gap, the penetration depth of the irradiatiopolarizing the nuclei. Figure(8) shows that no further en-
light is limited to about 1um, whereas below the gap, the hancement at the band gap was observed. If photoinduced
penetration depth grows with decreasing light energy. Thussonduction electrons are present during NMR data acquisi-
the decrease in signal intensity may be related to the smallgion, a shift of the nuclear magnetic resonance frequency is
sample volume irradiated. expected in analogy to the Knight shift observed in metals.
Uniaxial strain causes a splitting and a doublet shifting ofSample irradiation during data acquisition did not lead to
the upper valence barid;. Excitation of electrons from ei- any shift of the NMR signal with respect to the Boltzmann
ther of these subbands to the conduction bdRdthus equilibrium signal. Analogously, no Knight shift was ob-
changes the maximum degree of spin orientation that can beerved in differently doped 3D GaAs crystalsyhereas in
achieved. The degree of orientation of the photoelectronguantum wells, such a shift was observed and attributed to
depends on the angle between the axis and the direction bfyperfine interaction with photoexcited electrons in the con-
the propagation vector of the light.In our case, the light duction band:~2 Thus, interaction with conduction electrons
propagation was perpendicular to the deformation axis andoes not seem to be the dominant mechanism of nuclear
transitions from this subband result in a spin orientation ofpolarization in three-dimensional crystals.

optically enhanced
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FIG. 3. Dependence of the integraté¥a NMR signal inten-

75 . . . . .
sity on the energy of the irradiation light for circularly polarized FIG. 4. ““As NMR integrated signal intensity of plastically de-

. _ X o . . formed GaAs in dependence of the helicity of the pumping light
light at T=2 K. Single pulse excitatiofpulse width 9s). Irradia displayed as setting of the quarter wave plate in degrees. The spec-

tion time 7y =120 s. Full dots, plastically deformed crystal; empty rum was recorded with drunolar ech nee to avoid b
diamonds, as-grown GaAs. For the plastically deformed crystal, thﬁgLI as recorde a quadrupolar €cho sequence fo avold base-

dark signal intensity is indicated. For the as-grown crystal, no dar '.gi ?l;t;)rtl()_r]f(z%ulsiv_vgjtg Gus, interpulse delay 100s). Irradia-
signal could be detected under the experimental conditions. lon time n. = S I=0 K.

) ) ) ] ) supports previous results obtained for a three-dimensional

A phase inversion of the NMR signal gives evidence ,foras-grown GaAs crystal. Contrary to the mechanism dis-
optical pumping as the dominant enhancement mechahisme,ssed for two-dimensional systettgpiantum welly where
In+fact, inverting the electronic polarization by pumping With jnteraction with conduction electrons presents the dominant
o oro light results correspondingly in an inverted nuclear yachanism for NMR signal enhancement, conduction elec-
polarization. . _ trons do not seem to participate in the nuclear polarization

_In Fig. 4, the dependence of tH€As NMR signal inten-  process in uniaxially strained GaAs. No Knight shift was

sity on the polarization of the laser light is shown for the ghserved when the NMR signal was detected during irradia-
plastically deformed crystafffull circles) and the as-grown (ion The defects introduced upon plastical deformation,
crystal(empty diamonds In the latter case, the phase of the most Jikely dislocations, serve as traps for the electrons and
signal is inverted for opposing circular helicity™ or o), ajiow for polarization transfer through the hyperfine interac-
while in the former case, no modulation of the signal inten-jon (Overhauser effegtThe number of these states has been
sity is observed for varying light polar|zat[on. Thus, optical largely increased in the plastically deformed crystal when
pumping does not seem to be the dominant enhancemeppmpared to the small number of shallow traps in the as-
mechanism in the plastically deformed crystal. The same engrown material. Moreover, the intragap states in the de-
hancement is observed when irradiating with linearly polarfomed crystal present a continuum of states giving rise to an
|zgd light wh|ch equalizes t_he electron spin state populatlo_rénhanced NMR signal over a wide energy range below the
(Fig. 4). Thls supports the idea that an Overha}user effect ig)5ng gap. The presence of an enhanced NMR signal above
the dominant enhancement mejchani‘érh? Efficient elec-  the pand gap may be due to a reduced nuclear spin-lattice
tronic recombination and relaxation nn%echanlsms can prevengaxation time within the irradiation volume and subsequent
a phase inversion of the NMR signaln the case of the g diffusion. Signal enhancement was observed indepen-
plastically deformed crystal, fast electronic relaxation due toyent on the helicity of the pumping light. As in the case of
the high density of defects may short-circuit the populationshea\,“y p-doped GaAs, an enhanced NMR signal was ob-
of the electronic Zeeman spin levels, thus quenching a posseryed even under irradiation with linearly polarized light,

sible optical pumping effect. A similar effect has been aithough no net orientation of the conduction electrons can
observed in heavilyp-doped GaAs, where the high concen- g achieved.

tration of p dopants reduces the electronic recombination
and relaxation times and thus prevents the phase inversion The authors are indebted to Professor A. Pines for his
of the NMR signaP A decreased nuclear spin-lattice relax- generous support of the experiments and to Professor E. L.
ation time upon irradiation may also contribute to build up aHahn for inspiring discussions. We wish to express our grati-
Boltzmann nuclear polarization. tude to A. Prasad for assistance in recording the absorption
In conclusion, we have studied a plastically deformedspectrum and to Professor E. Weber for the use of his ab-
GaAs crystal with optically enhanced NMR in high field. sorption spectroscopy setup. J.K. gratefully acknowledges
The mechanism responsible for NMR signal enhancemergupport by the Deutsche Forschungsgemeinschatft.

*Author to whom correspondence should be addressed. Present ad- NHS Trust, Downs Road, Sutton, Surrey SM2 5PT, UK.
dress: Department of Chemistry, New Mexico Tech, Socorro, 1S, E. Barrett, R. Tycko, L. N. Pfeiffer, and K. W. West, Phys.
NM 87801. Rev. Lett.72, 1368(1994.

TPresent address: Institute of Cancer Research, The Royal MarsdefS. E. Barrett, G. Dabbagh, L. N. Pfeiffer, K. W. West, and R.



55 BRIEF REPORTS 4053

Tycko, Phys. Rev. Lett74, 5112(1995.

SR, Tycko, S. E. Barrett, G. Dabbagh, L. N. Pfeiffer, and K. W.
West, Scienc®68 (1995.

43. A. Marohn, P. J. Carson, J. Y. Hwang, M. A. Miller, D. N.
Shykind, and D. P. Weitekamp, Phys. Rev. Leib, 1364
(1995.

5T. Pietrs, A. Bifone, T. R@m, and E. L. Hahn, Phys. Rev. 53,
4428(1996.

6X. Liu, A. Prasad, W. M. Chen, and E. R. Weber,28nd Inter-
national Conference on the Physics of Semicondudféfsrid
Scientific, Singapore, 1995p. 2427.

"H. Alexander, Dislocations in Solids(North-Holland, Amster-
dam, 1986, Vol. 7.

8J. Kriger and H. Alexander, Mater. Sci. ForugB-87, 899
(1992.

°p. Omling, E. R. Weber, and L. Samuelson, Phys. Re33B
5880(1986.

101t should be noted that this experiment was performed in a bath
cryostat that can be kept at superfluid helium temperatures for
several hours. Since data acquisition was begun at high-
irradiation energies and continually progressed towards lower
energies, a slight increase in temperature due to the increased
helium gas pressure with time would cause the opposite trend in
signal intensities and can therefore be excluded.

1IM. 1. D'yakonov and V. I. Perel, Fiz. Tekh. Poluprovodh.2335
(1974 [Sov. Phys. Semicond, 1551(1974].

12y, L. Berkovits, V. I. Safarov, and A. N. Titkov, Bull. Acad. Sci.
USSR, Phys. Sed0, 2346(1976.

13M. Chandrasekhar and R. H. Pollak, Phys. RevlB 2127
(1979.

A, W. Overhauser, Phys. Re91, 476 (1953.

I5A. W. Overhauser, Phys. Re92, 411(1953.



