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ESR Detection of optical dynamic nuclear polarization in GaAsÕAl xGa1ÀxAs quantum
wells at unity filling factor in the quantum Hall effect
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This paper presents a study of the enhancement of the Zeeman energy of two-dimensional~2D! conduction
electrons near then51 filling factor of the quantum Hall effect by optical dynamic nuclear polarization. The
change in the Zeeman energy is determined from the Overhauser shift of the transport detected electron spin
resonance in GaAs/AlxGa12xAs multiquantum wells. In a separate experiment the NMR signal enhancement
factor is obtained by radio frequency detected nuclear magnetic resonance under similar conditions in the same
sample. These measurements afford an estimation of the hyperfine coupling constant between the nuclei and
2D conduction electrons.
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I. INTRODUCTION

Recently the quantum Hall effect~QHE! at filling factor
n51 has received much interest following the discovery o
new type of spin order in the two-dimensional electron s
tem ~2DES! of Al xGa12xAs/GaAs quantum well structures1

Experimental investigations2–8 have largely substantiate
theoretical predictions9–11 that charged spin texture excita
tions ~i.e., Skyrmions! can occur in the vicinity ofn51 and
other integer and fractional fillings under certain conditio
According to theory, the relevant parameter governing
number of spin flips associated with the excitation is
dimensionless Zeeman energyg̃[uggeu\B0 /(e2/e l 0),
whereg'20.4 is the single electron Lande´ g factor, ge is
the electron gyromagnetic ratio~a negative quantity!, l 0
5(\/eB')1/2 is the magnetic length,e is the dielectric con-
stant of GaAs, andB' is the component of the total magnet
field B0 normal to the 2DES. To study these ground-st
excitations, several different methods have been employe
control g̃. For example, theg factor can be reduced by th
application of hydrostatic pressure12 or by the addition of
aluminum.13 However, these techniques result in a consid
able reduction in the electron density and a severe degr
tion of the 2D electron mobility. Alternatively,g̃ can be
controlled by the tilted field method,5,14–18 but this method
also has several fundamental drawbacks:~i! it can only in-
crease g̃, ~ii ! Landau level mixing or subband energ
changes can be introduced whenB' or B0 are varied,19 ~iii !
the temperature must be varied to measure the activa
energy.

Ideally, one would like to be able to changeg̃ while keep-
ing the temperature and external fieldB0 constant. One pos
sibility is to use the local nuclear hyperfine field,Bn , result-
ing in a total Zeeman energyEz5gge\(B01Bn), where20

Bn5
8p

3
g(

j
a( j )gn

j uc~r ( j )!u2^I z
( j )& ~1!
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is summed over all isotopes~i.e., 69Ga, 71Ga, and 75As),
each with natural abundancea( j ), gyromagnetic ratiogn

( j ) ,
and nuclear spin expectation value^I z

( j )& along thez axis. In
the context of electron spin resonance~ESR!, Bn is known as
the Overhauser shift.21 In this paper we report the enhanc
ment ofEz for 2D conduction electrons near then51 filling
factor in the QHE regime by optical dynamic nuclear pola
ization ~DNP!. The change in the Zeeman energy is det
mined from the Overhauser shift of the transport detec
ESR in GaAs/AlxGa12xAs multiquantum wells. Further-
more, we obtain the NMR signal enhancement factor by
dio frequency detected NMR under similar conditions in t
same sample. These measurements allow us to estimat
hyperfine coupling constant between the nuclei and 2D c
duction electrons.

In the absence of the spin-orbit interaction, as in the c
duction band of GaAs, neither the cyclotron energy nor
electron-electron Coulomb interactions are affected byBn ,
regardless of its magnitude and sign, because the origi
Bn is the contact interaction between the electron a
nucleus.22 In semiconductors, the nuclear spin polarizati
^I z& can be dramatically enhanced by microwave20,22,23 or
optical DNP.24–30 Enhancement ofBn has been previously
reported in a variety of homogeneous and heterogene
semiconductor systems. In bulk GaAs, optical DNP enhan
ment ofBn causes the Hanle curve for depolarization of t
shallow donor trapped electron-hole recombination photo
minescence to be displaced from zero field.31,32 In
Al xGa12xAs/GaAs quantum dots, optical DNP enhancem
can induce local nuclear fields of up to 1.0 T that can
observed as Zeeman splittings of the exciton recombina
photoluminescence line.33 In a previous study of the 2DES in
Al xGa12xAs/GaAs heterostructures, magnetoresistance
tection of ESR~Ref. 34! was used to measure microwav
DNP induced Overhauser shifts as large as 430 mT.35,36

II. ELECTRICALLY DETECTED ESR EXPERIMENTS

We have employed magnetoresistance (rxx) detection to
obtain ESR spectra34 in three different AlxGa12xAs/GaAs
5447 ©2000 The American Physical Society
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5448 PRB 61VITKALOV, BOWERS, SIMMONS, AND RENO
multiple quantum well samples, namely, EA-124, EA-21
and EA-221. These samples have 2D electron densities r
ing from 7.031010 ~EA-124! to 1.631011 cm22 ~EA-221!
and 4.2-K mobilities in the 53105-cm2/V s range. Contacts
to the 100-mm-wide Hall bar pattern were made usin
AuxGe12xN. A second unpatterned sample from wafer E
124 was set aside for the NMR experiments, to be discus
later. We will concentrate on the results from EA-124, sin
the enhancement of^I z& due to optical DNP was detected b
both NMR and via the Overhauser shift in this sample un
similar conditions. Sample EA-124 has a capping layer of
nm GaAs and 100 nm of Al0.1Ga0.9As, quantum well widths
of 30 nm, and barrier widths of 360 nm. The 2D electro
were introduced by Sid doping in the center of the barrier

For the microwave generation we employed a yttrium ir
garnet~YIG! oscillator tunable over the 10–18 GHz ran
with an output power of 100 mW and a single frequen
bandwidth of 1 MHz. A solid-state doubling amplifier pro
duced .100 mW microwave power in the 20–36 GH
range. For lock-in detection of theDrxx change due to ESR
absorption, the microwaves were amplitude modulated
gear-driven goniometer stage was employed for rotation
the samples to obtain therxx minimum atn51, while main-
taining the ESR frequency within the range of the microwa
system. The microwave field was introduced through a
axial transmission line terminated by a loop antenna. Therxx
andDrxx signals were simultaneously recorded using an
jection current of 1 –3mA. The ESR spectra were recorde
by monitoringDrxx at constant microwave frequency, whi
sweeping the external magnetic field at a typical rate o
mT/s. The ESR data presented here were collected u
either the Keck resistive magnet or the 100-mm 6-T sup
conducting magnet, both of which are located at
NHMFL.37 The 4He bath temperature was determined fro
the vapor pressure and from a calibrated 100-V carbon film
resistor mounted 1 cm above the sample.

A summary of our ESR data nearn51 is presented in
Fig. 1. Therxx andDrxx magnetic field traces are plotted o
the same abscissa. In EA-124,ugu50.41 was obtained, while
in the higher density samples EA-216 and EA-221,ugu

FIG. 1. Summary of transport detected ESR data nearn51, T
52.4 K in three different samples: EA-124, EA-211, and EA-21
Plots ofrxx correspond to the axis at right. The electrically detec
ESR spectra at two different microwave frequencies are show
the inset.
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50.39. This decrease in magnitude of theg factor with in-
creasing magnetic field is in agreement with previous m
surements in single heterostructures.38 The detection sensi
tivity is estimated to be 104 spins/G.

To observe the optical DNP enhancement of the Ov
hauser shift, the samples were illuminated through
600-mm-diameter optical fiber mounted 1 cm above t
sample. The diameter of the unpolarized output light spot
the sample was'4 –5 mm. Figure 2~b! shows the experi-
mental dependence of the induced local nuclear fieldBn(t)
upon exposure of sample EA-124 to an unpolarizedl5800
nm light with a power density ofI5240 mW/cm2. The time
dependenceBn(t)}^I z& can be derived assuming that cro
relaxation between the electron spins of the 2DES and
nuclear spins is dominated by fluctuations of the scalar
perfine interaction.20,29,30,35 Ignoring the relatively small
thermal equilibrium contribution to the nuclear spin polariz
tion, and neglecting spin diffusion~valid for short pumping
times!, ^I z& obeys

^I z&~ t !

I 0
5

gge

gn
S ^Sz&2S0

S0
D S 11

TIS

T1n
D 21

3$12exp@2t~TIS
211T1n

21!#%, ~2!

.
d
in

FIG. 2. Sample EA-124 data nearn51 at T52.4 K. ~a! Elec-
trically detected ESR spectra recorded as a function of time follo
ing exposure to unpolarized light, as described in the text. In e
case the nuclear relaxation was followed by repeatedB0 up-sweeps.
~b! Open circles,Bn(t) pumping due to exposure to unpolarize
light, as described in the text. Filled circles, relaxation decay ofBn

following optical excitation~see text!.
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PRB 61 5449DETECTION OF OPTICAL DYNAMIC NUCLEAR . . .
where 1/TIS is the electron-nuclear cross-relaxation rate,T1n

is the nuclear spin lattice relaxation time in the absence
light, andI 0 is the nuclear spin polarization at thermal eq
librium. Equation~2! is independent of the statistics obey
by the electrons and applies equally well for paramagn
ions or electrons in a 2D metal.20,35A least-squares fit to Eq
~2!, represented as the solid curve in Fig. 2~b!, yielded a
polarization time constant of 30 s.

There are several noteworthy features of Eq.~2! in its
application to a 2DES. First, the thermal equilibrium sp
polarization of the electrons in the 2DES,S0, is now filling
factor dependent, butS0>0 sinceg,0. In the case of un-
polarized light,^Sz&→0 when equal numbers ofmS561/2
electrons are excited, and the enhancement factor is give
the ratio of the electron and nuclear Larmor frequenc
gge /gn . Since geg.0 in GaAs andgn.0 for all three
isotopes,̂ I z&,0. In this case,Bn.0, and the effect can be
viewed as a (B01Bn)/B0 enhancement of theg factor. Sec-
ond, Eq.~2! reveals the possibility for suppression ofEz by
optical DNP. The electron spin polarization^Sz& is deter-
mined by the electric dipole transition matrix elements of
direct interband transitions near the center of the Brillo
zone, andS0 is the thermal equilibrium electron spin pola
ization. This establisheŝSz&571/4 for s6 ~right or left
circularly polarized! pumping light in bulk GaAs. Equation
~2! implies that optical DNP can, under certain condition
provide a suppression of the Zeeman energy, in contras
microwave DNP, which can only produce a positive e
hancement in GaAs.

The decay ofBn due to nuclear spin lattice relaxatio
following a fixed 154-s exposure of EA-124 to unpolariz
light (l5784 nm, I5180 mW/cm2) is shown in Fig. 2.
Figure 2~a! presents the ESR spectra, after subtraction of
nonresonant background contribution toDrxx , as a function
of the post-excitation delay. The decay of the Overhau
shift, determined from the field displacement of the ES
maximum from the thermal equilibrium position, is shown
Fig. 2~b!. The least-squares fit to this data by a single ex
nential is represented by the solid decay curve of Fig. 2~b!. It
should be noted that the relaxation decay time ofT1n5214 s
does not correspond to the relaxation time at a single m
netic field ~or filling factor! but rather to a value average
over the entire range of filling factors covered by the swe
From Fig. 2~a! it is apparent that the ESR peak intens
decreases and broadens with increasing time as the O
hauser shift decays back to its thermal equilibrium val
This can be accounted for by inhomogeneous broade
due to several possible sources. The optical field in this m
tiple quantum well sample will be most intense for quantu
wells near the surface of the sample and, due to optical
sorption, least intense for wells furthest away. Thus,
nuclear spin polarization varies from one well to the ne
while we detect the ESR signal from all of the wells.
addition, variations of the nuclear spin polarization with
each well can also occur due to the variation inuc(r )u2

^I z&(r ) @see Eq.~1!# across the well. The use of single qua
tum well samples in future experiments should help iden
the source of the broadening.

In comparison with the 15-mT optical DNP enhancem
of the Overhauser shift, a greater Overhauser shift could
induced by saturation of the ESR transition by resonant
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crowaves, as demonstrated in Fig. 3. A maximum Ov
hauser shift ofBn51120 mT was observed using'50 mW
microwave power at the source. The power at the sampl
estimated to be on the order of a few mW. The Overhau
shift of the ESR to lower magnetic field is in the same
rection as the shift obtained by unpolarized optical exc
tion. The decay of the Overhauser shift was fit to a sin
exponential, represented as the solid curve in Fig. 3~b!. The
decay constant ofT1n5280 s is comparable to the relaxatio
time found for the decay of the Overhauser shift followin
optical DNP, as described above.

II. NMR EXPERIMENTS

Additional information about the local nuclear field in
duced by optical DNP can be obtained from radio-wave
tected NMR experiments.2–4,30,31 To eliminate any back-
ground NMR signal due to the GaAs substrate, the subst
was removed by chemical etching. The Al0.1Ga0.9As/GaAs
multiquantum well film was then transferred to a silicon su
strate and fixed with epoxy. The NMR data were collected
a fixed field of 3 T in a high homogeneity Oxford supercon
ducting magnet. A typical optical DNP-enhanced71Ga NMR
spectrum is shown in Fig. 4~d!. No Knight shift was ob-
served at 4.2 K, presumably due to the relatively high te
perature and low electron density of this sample. Three NM
lines are observed, each with a linewidth of;3 KHz
~FWHM! and separated by 55 kHz. The splitting is due to

FIG. 3. Sample EA-124 data nearn51 at a temperature near 2.
K. ~a! Electrically detected ESR spectra acquired as a function
time following down-swept resonant microwave DNP. A maximu
Overhauser shift of 120 mT was induced.~b! Decay of Overhauser
shift of the ESR transition following down-swept microwave DN
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5450 PRB 61VITKALOV, BOWERS, SIMMONS, AND RENO
strain-induced nuclear quadrupole interaction caused by
difference in the thermal expansion coefficients of the fi
and the Si support. Due to the'20 ms dead time of the
receiver, it was necessary to extrapolate each complex
induction decay to the origin of time defined by the termin
tion of the 1.5-ms rf detection pulse. This procedure elim
nates the phase shift proportional to the rotating frame
quency offset. The NMR signal is predominantly due
nuclei in the GaAs quantum well regions. With longer op
cal pumping times, the central peak is seen to grow disp
portionately due to spin diffusion into the Al0.1Ga0.9As re-
gions. The satellite transitions cannot spin diffuse into
barriers due to the mismatch in transition energy with
Al0.1Ga0.9As satellites, which experience a substantial fi
order quadrupole broadening due to the presence of 1
aluminum.39 This spectral assignment is confirmed by co
paring the known composition of the film with the therm
equilibrium NMR spectrum shown in Fig. 4~e!. The en-
hancement by optical DNP of the satellite and central NM
transitions varies dramatically with wavelength, as dem
strated in Figs. 4~b! and 4~c!. For instance, the spectra o
Figs. 5~a! and 5~b! show that a 180° phase inversions occu
upon changing the excitation wavelength by only 0.335
~150 GHz!. These inversions are probably due to spin st
selective optical pumping in the lowest two Landau leve
Also note the antiphase relationship between the satellite
central peaks, which is observed over the entire wavelen
range. The antiphase NMR line shape is consistent with
existence of an octupole polarization with an admixture
dipole polarization. The NMR phase inversions cease

FIG. 4. ~a! Wavelength dependence of theBn enhancement by
optical DNP in EA-124 at 2.4 K, withI5106 mW/cm2. The data
were collected atB053.3 T, nearn51. The wavelength depen
dence of the central and satellite NMR transition amplitudes
shown in~b!,~c!, respectively, for sample EA-124 atB053.0 T, T
54.2 K, I5800 mW/cm2.
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occur at shorter wavelength, and simultaneously, the O
hauser shift abruptly increases.

III. ESTIMATION OF THE HYPERFINE COUPLING

It is interesting to compare the wavelength dependenc
the optical DNP-induced local nuclear fieldBn, as detected
by the Overhauser shift of the electrically detected ESR s
nal, with the wavelength dependence of the optical DNP
hancement of the radio-wave-detected NMR signal. As
apparent from Fig. 4~a!, there is no reversal of the sign of th
Overhauser shift at any wavelength. This indicates that
total hyperfine nuclear field summed over all NMR tran
tions of all three isotopes does not invert.

We note that by measuring the nuclear spin polarizat
and Overhauser shift under identical experimental conditi
in the same sample, an estimate of the hyperfine coup
constant can be obtained. The polarization of the cen
transition following a 40-s optical excitation at 801.5 nm
estimated to bê I z&53.231023, which corresponds to the
observed signal enhancement factor of 1050 over the the
equilibrium signal@Fig. 5~c!# at 300 K. Under similar optical
DNP conditions, an Overhauser shift ofBn56 mT is ob-
served, which establishesBn523.7̂ I z& as the collective hy-
perfine coupling constant between the conduction 2DES
quantum well nuclei, taking into account the contributio
due to all three isotopes.26 We hypothesize that a larger valu

e
FIG. 5. Fourier transform NMR spectra of71Ga in the film

sample EA-124.~a! and~b! spectra obtained at 4.2 K using a 1.5-ms
resonant radio-frequency pulse following a 40-s period of opti
irradiation atl5812.9 and 813.3 nm, respectively.~c! NMR spec-
trum of the EA-124 film obtained at 300 K after averaging 30 0
free-induction decays. The weak satellite transitions of the Ga
layers at615 kHz may be seen under careful inspection.
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PRB 61 5451DETECTION OF OPTICAL DYNAMIC NUCLEAR . . .
would result if not for the destructive interference betwe
hyperfine field components. The estimated hyperfine c
pling constant for this 2DES is remarkably close to the t
oretical estimate of 3.53 T for the shallow donor trapp
electrons in bulk GaAs.26,35

IV. CONCLUSIONS

In summary, we have demonstrated that the effective Z
man energy of a 2DES nearn51 can be enhanced by optic
DNP with unpolarized light. Although the maximum ob
served Overhauser shift was only about 15 mT, increa
optical intensities, longer pumping times, and a judicio
choice of the pumping field to minimize spin-lattice rela
ation is expected to substantially increase this value. Zee
energy enhancement under optical DNP conditions may
or
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applied to NMR studies of the QHE.2–4 For example, optical
DNP may be useful as a method for suppression of the Z
man energy in order to enhance the number of spin fl
involved in Skyrmionic excitations in the quantum Hall e
fect.
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