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Electron spin resonance spectra were obtained by electrical detection in a remotely Si-doped 400 nm wide
GaAs/AlAs digital parabolic quantum well, yielding g=−0.423 and g=−0.405 in perpendicular and parallel
fields of 5 T, respectively. The tilt angle dependence of g in the wide parabolic quantum well is qualitatively
different from the previously reported g-factor anisotropy in narrow GaAs quantum wells. The g-factor angle
dependence, together with the electrically detected electron-nuclear double resonance spectra, indicate that the
spin resonance signals originate mainly from the center of the well. Furthermore, the nuclear spin relaxation in
the three-dimentional electron gas �3DES� is found to be independent of temperature in the 1.5–5 K range,
while the Korringa law is observed in the 2DES.
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Semiconductor nanostructures have been the subject of
numerous recent proposals for the realization of
spintronics1,2 and spin-based quantum information process-
ing devices exploiting electron-nuclear hyperfine couplings.3

The remotely n-doped wide parabolic quantum well �PQW�
has several characteristics which make it a model system
worthy of further consideration for such applications.4 Be-
cause the Landé g factor is +1.9 in bulk AlAs5–7 and −0.44 in
bulk GaAs,8 the locally averaged g factor varies along the
growth direction �i.e., z axis� in a PQW. Time-resolved Far-
aday rotation detection of conduction electron spin preces-
sion has demonstrated the possibility of g-factor tuning in a
PQW via the application of a gate potential.9 The confining
potential of a wide PQW is broad and shallow, permitting a
substantial shift in the electron probability density into the
layers of higher Al fraction at a modest gate voltage. The
nuclear spin relaxation in these types of structures has also
been the subject of a recent theoretical study. Tifrea and
Flatté reported calculations demonstrating the ability to tune
the nuclear and electronic spin relaxation times via a modi-
fication of the electronic local density of states within narrow
quantum wells and parabolic quantum wells.10

At high magnetic fields, rotation of the wide PQW from
the perpendicular �z �B ,�=0° � to the parallel �z�B ,�
=90° � orientation causes the energy spectrum to evolve from
that of a two-dimensional electron gas �2DES�, where

Ei,n�� = 0°� = Ei + �n + 1
2���c �1�

is the energy of the nth Landau level of the ith subband, to
that of a 3DES,4 where

E�� = 90°� = Ei +
�2kx

2

2m
+

�2ky
2

2m
. �2�

Hence, spin properties such as the g factor and contact hy-
perfine interaction are expected to reflect the changes in the
electronic wave functions when the sample is rotated at a
constant applied field. At low fields, the coexistence of the
2DES and 3DES phases has been reported.11

In the perpendicular ��=0° � orientation, electrons in each
electric subband of the 2DES “sample” the entire PQW
structure on a time scale much shorter than the electron Lar-
mor period. In this regime, the g factor of an electron in the
ith subband can be calculated from

gi = �
−We/2

+We/2

g�z���i�z��2dz , �3�

where We is the effective width of the confining potential,
and �i�z� is the subband wave function. Higher i subbands
will have increased probability density away from the center
of the PQW where the Al fraction is higher. Thus, because of
the dependence of the g factor on the Al fraction, the g factor
is expected to decrease with increasing i. Figure 1�a� pre-
sents a calculation of the effective potential, individual i=1
→7 subband electron densities, and total probability density
for the 400 nm wide quantum well sample with 7 subbands
occupied at zero field. A calculation of gi based on Eq. �3�
for each subband is presented in Fig. 1�b�. The calculation
predicts a sharp decrease in the g factor for i=1→3. At
sufficiently high parallel fields, where the magnetic length
l0=��c/eB�We, magnetic confinement dominates, and the
electron Zeeman energy is expected to be inhomogeneously
broadened due to the distribution of electrons with different
g factors.

Electrically detected spin resonance �EDESR� and
electron-nuclear double resonance �EDENDOR� experiments
were performed on a 400 nm wide AlAs/GaAs digital PQW,
where the average aluminum mole fraction is 0 at the center
and 0.29 at the outer edges. The barriers consist of undoped
Al0.31Ga0.69As layers. Electrons are introduced by remote
silicon �-doping. A detailed experimental characterization
and theoretical analysis of the transport properties in this
particular sample has been published.11 The density and mo-
bility prior to optical illumination with a light-emitting diode
�LED� was measured to be 1.5	1011 cm−2 and 1.2
	105 cm2/Vs, respectively. Illumination at �1.6 K for 60 s
by a LED placed 1 cm away increased these values to 3.5
	1011 cm−2 and 2.4	105 cm2/Vs. ESR spectra were ac-
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quired electrically via the resonant change in microwave in-
duced resistance, 
Rxx. The details of the instrumentation
and measurement procedure are described in Ref. 12. NMR
spectra of nuclei with an appreciable hyperfine coupling to
the electron system were acquired via EDENDOR under a
steady-state dynamic nuclear polarization �DNP� condition.
Additional details of this method will be described below.

The electron g-factor in the PQW was extracted by least
squares fitting of the resonant microwave frequency to the
measured resonance field position. As shown in previous
g-factor studies in GaAs/AlxGa1−xAs square quantum wells
and heterostructures, the g-factor in the lowest Landau level
exhibits a g�B�=g0−cB field dependence.13,14 The variation
of g0 and g�5 T� with tilt angle � is presented in Fig. 2. We
find g=−0.423 and −0.405 in perpendicular and parallel
magnetic fields of 5 T, respectively, a change of about 5%.
The temperature dependence of the ESR amplitude �maxi-
mum in 
Rxx�, linewidth, and line position were also mea-
sured in the parallel and perpendicular orientations. The
temperature dependence of 
Rxx was found to be much more
pronounced in the 2DES in the vicinity of the �=1 filling
factor �FF�. The maximum 
Rxx due to ESR was observed
at 1.9±0.1 K. No signal was detected above 5 K or below
0.5 K in this orientation. The temperature dependence in
the perpendicular orientation was very similar to that
observed previously in a square, 30-nm wide
Al0.1Ga0.9As/GaAs/Al0.1Ga0.9As well.12 The FWHM of the
ESR resonance, recorded at 4.31 T �corresponding to �=1�
and 1.7 K, was 12 mT. This line width is also comparable to
that reported previously for the 30 nm square quantum
well.12 Upon increasing the temperature from 2 to 5 K, the
FWHM decreased by about 25%. The linewidth in the par-

allel orientation was roughly a factor of 2 greater than in the
perpendicular orientation and increased slightly with tem-
perature. The temperature dependence of the resonance field
position in the parallel field increased slightly over the 2–10
K range. The shift at 10 K corresponds to a decrease in the
g-factor of about 0.6% with respect to the value at 2 K.

To probe the electron-nuclear cross-relaxation and hyper-
fine coupling and to confirm the sign of the electron g-factor
in the 2DES and 3DES states, DNP experiments were con-
ducted at �=0° and 90°. In DNP, saturation of the ESR line
leads to an enhancement of the local hyperfine field, Bn,
yielding an Overhauser shift of the ESR line.13,15,16 Depend-
ing on the relative signs of the electron g-factor and the
nuclear gyromagnetic ratio, Bn may add either constructively
or destructively to the applied field. Since the nuclear gyro-
magnetic ratios of all four isotopes present
�27Al, 69Ga, 71Ga, and 75As� are positive in sign, Bn adds
constructively to the applied magnetic field if g�0. In this
case, the ESR resonance can become “pinned” to the applied
field, permitting the development of an Overhauser shift
which can exceed the resonance linewidth. Hence, the sign
of the g factor can be determined unequivocally from the
direction of the Overhauser shift in a DNP experiment. In
both parallel and perpendicular fields, the ESR is shifted in-
creasingly to lower applied field with decreasing down-
sweep rate. This is a clear indication of DNP and confirms
that the g factor is indeed negative in both sample orienta-
tions.

The overall nuclear spin relaxation time of the PQW nu-
clei was obtained from the decay of the Overhauser shift
following a slow �10 mT/min� DNP down-sweep in the pres-
ence of a resonant continuous wave �CW� microwave
field.17,18 The position of the ESR was followed by 492 mT/

FIG. 1. �a� Calculations of the effective potential energy �bold
curve, left axis�, total electron density �bold curve, right axis�, and
individual subband electron densities for i=1→7 �various thin
curve types, right axis� in the 400-nm wide parabolic quantum well.
�b� Calculated g-factors for each of the individual i=1→7 sub-
bands. The square symbol represents the experimental measurement
at a high perpendicular magnetic field.

FIG. 2. �a� Dependence of the resonant ESR frequency, �res, on
resonant field, at various tilt angles, �, as indicated in the legend.
The solid curves represent least squares fit to the function �res�B�
= �g0+cB�B. �b� Plots of g0��� and g�5 T,��.
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min up and down detection sweeps over a small range about
the resonance position. This detection sweep rate is too fast
to significantly perturb the nuclear spin polarization. The
Overhauser shift decay constant was obtained by least
squares fitting to a single exponential decay function. The FF
dependence of n in the vicinity of �=1 of the 2DES at two
different tilt angles, �=0 and 44, is presented in Fig. 3�a�. A
maximum in n was observed at �=1 at both angles. Further-
more, n increases with increased � at all filling factors. In
general, the decay constant n includes contributions due to
hyperfine relaxation as well as nuclear spin diffusion. The
data recorded in the regime of the 2DES are consistent with
previous reports of FF dependent magnetoquantum oscilla-
tions of n in a 2DES in the quantum Hall regime.17,19 The
maximum in n is found to occur precisely at �=1, with the
relaxation time dropping sharply on either side of the integer
FF. Theoretically, T1n→� at �=1. However, in real systems,
Landau level overlap due to disorder20,21 reduces T1n. The
maximum value of n=900 s is in accord with the previous
measurements in a narrow GaAs quantum well.17 In that re-
port, it was suggested that the observed Overhauser shift
decay time was probably limited by nuclear spin diffusion
into the quantum well �QW� barriers.

The experimental temperature dependence of n in the
PQW at �=0°, 44°, and 90° is presented in Fig. 3�b�. Note

that in the parallel field, n is essentially temperature inde-
pendent, while at both angles within the regime of the 2DES,
adherence to the Korringa law �n�1/T� is exhibited. As the
sample is rotated toward 90° at a given temperature, an in-
crease in n is observed. It is clear that the change in n is not
simply due to a magnetic field dependent relaxation mecha-
nism: the n values measured at 44° and 90° were both re-
corded at nearly the same applied magnetic field �6.35 and
6.55, respectively�, yet n is longer by 30% at �=90°. The
nuclear spin relaxation time of 900 s in the parallel field is
significantly longer than in the perpendicular field at tem-
peratures above 1.5 K.

Finally, the delocalization of the electronic wave function
across the PQW structure was investigated by electron-
nuclear double resonance �ENDOR� spectroscopy. It should
be possible to observe an 27Al NMR signal if ��z� extends
appreciably into the Al containing regions of the PQW. In
principle, the relative amplitude of the 27Al signal could be
used to evaluate the extent of the electronic delocalization in
the PQW. Figure 4 presents the ENDOR spectra of
69Ga, 71Ga, and 75As recorded at a tilt angle of �=16°
within the �=1 resistance minimum. The spectra were ob-
tained using a new method in which the radio frequency
�RF� is swept while the ESR transition is irradiated at a fixed
static magnetic field. Upon sweeping the RF through the
nuclear spin resonance condition, the steady state Overhauser
shift is perturbed. This is accompanied by a sudden increase
in microwave absorption, which reestablishes the steady
state DNP condition following the passage through NMR.16

This new variation of the ENDOR method affords improved
sensitivity because it offers the possibility of efficient signal
averaging. The FWHM NMR linewidths of the three iso-
topes were found to be 21, 22, and 30 kHz, respectively. The
substantial broadening is likely a consequence of electric
quadrupole interactions. This could be associated with the
residual strain in the digital AlAs/GaAs superlattice and/or
band bending effects. In the case of the 75As resonance, the
onset of a splitting is apparent. Repeated attempts to observe
a 27Al NMR signal were unsuccessful, even after signal av-
eraging 16 frequency scans, despite the �25:1 signal-to-
noise �S/N� ratio obtained on the other three isotopes after
only a single scan.

FIG. 3. �a� Landau level filling factor dependence of the Over-
hauser shift decay constant, n, at T=1.5 K, and two different tilt
angles: �=0° �circles� and 44° �squares�. Data acquired in the
down- and up-sweeps are displayed as open and filled symbols,
respectively. �b� Temperature dependence of n at 0° �circles�, 44°
�squares�, and 90° �diamonds�. The data at 0° and 44° were ac-
quired at filling factor �=1 using microwave frequencies of 27.14
and 35.59 GHz, respectively. The data acquired at 90° was recorded
at 36.65 GHz, a frequency which was found to maximize the
sensitivity.

FIG. 4. Electrically detected nuclear magnetic resonance transi-
tions observed at filling factor �=1 by CW microwave excitation of
ESR at a steady state Overhauser shift of 38 mT while sweeping the
RF field at a rate of ±1 kHz/s with a frequency step size of 1 kHz.
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To summarize, we have detected the ESR of electrons in a
PQW in both the perpendicular and parallel high magnetic
fields. The amplitude of the ESR signal was much smaller in
the parallel orientation, and the linewidth was greater by
about a factor of 2. The temperature dependence of the re-
sistance change due to ESR was much more pronounced in
the perpendicular orientation, resembling the temperature de-
pendence in a 30 nm square quantum well. In the parallel
orientation, the signal was only weakly temperature depen-
dent, and could be detected at temperatures as high as 10 K.

The g factor was found to be nearly independent of tem-
perature in both orientations, indicating that the charge dis-
tribution does not change much in the 0.5–10 K range. A
monotonic decrease in the g-factor by �5% could be in-
duced by rotating the sample from �=0° →90° as the system
evolves from a 2DES to the equivalent of a 3DES at high
fields. At all angles, the observed g-factor is close to that of
bulk GaAs, indicating that the ESR signal arises mainly from
electrons localized near the center of the PQW where the Al
fraction is small. At zero field, seven subbands are occupied,
but at �=1 of the 2DES at high field, only the lowest �i
=1� subband is occupied. Thus, only this subband, which is
resolved energetically from the higher subbands,11 contrib-
utes to the resonant microwave photoresistance signal. The
observed g-factor is close to the i=1 g-factor predicted by
Eq. �3�, as indicated in Fig. 1�b�. The absence of an 27Al
NMR signal, despite high signal-to-noise ratios for detection
of the other isotopes, is consistent with the g-factor measure-
ments.

The tilt angle dependence g��� in the 400-nm PQW is
distinctly different than in the two previous experimental re-
ports of g-factor anisotropy in narrow GaAs/AlxGax−1As
QWs.22,23 The time-resolved photoluminescence polarization
measurements of Ref. 23 showed no g-factor anisotropy for
We�12 nm, while in an electrically detected ESR study of a
15-nm wide QW,22 g was observed to decrease slightly with
increasing � at �=1 for small tilt angles. The latter is similar

to the behavior exhibited in Fig. 2 for the 400-nm PQW. As
the tilt angle is increased, however, the g��� dependences of
the two samples are quite different. For all Landau levels of
the 15-nm QW, g��� increases sharply with increasing �, an
effect attributed to nonparabolicity of the bulk GaAs band
structure, while in the 400-nm PQW, g��� continues to de-
crease monotonically. A likely explanation for this observa-
tion is as follows: in the wide PQW, where l0�We, the de-
tected signal is derived primarily from the central part of the
PQW structure where the mobility of the conduction channel
is highest. Thus, the g��� dependence in the wide PQW ap-
pears to be dominated by the transport characteristics of the
3DES in this sample rather than nonparabolicity effects. The
increased broadening of the ESR line observed in the parallel
field is consistent with an inhomogeneous distribution of g
factors along the z axis of the wide PQW.

The 2DES and 3DES are perhaps most clearly distin-
guished on the basis of the temperature dependence of the
nuclear spin-lattice relaxation times. In the 3DES, a tempera-
ture independent decay constant of 900 s was observed,
while in the 2DES, the relaxation time was substantially
shorter over the temperature range studied, and in addition,
the Korringa law was observed. This nuclear spin relaxation
behavior reflects differences in the energy spectrum, density
of states, electron-electron interactions, and hyperfine inter-
actions. Nuclear spin diffusion will ultimately limit the pos-
sibility of obtaining an experimental measurement of the in-
trinsic nuclear spin-lattice relaxation time due to hyperfine
interactions of nuclei in the vicinity of the 3DES.
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