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We use magnetotunneling spectroscopy to observe the spin splitting of the ground state of an X-valley-
related Si-donor impurity in an AlAs barrier. We determine the absolute magnitude of the effective Zeeman
spin splitting factors of the impurity ground state to begI =2.2±0.1. We also investigate the spatial form of the
electron wave function of the donor ground state, which is anisotropic in the growth plane.
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I. INTRODUCTION

The effect of spin on electronic transport has recently at-
tracted much interest both from an applied and from a fun-
damental point of view.1,2 Resonant electron tunneling
through the discrete states of self-assembled semiconductor
quantum dotssQD’sd and the physically similar bound states
of impurities is a promising means of studying spin-resolved
transport. Such tunneling experiments have been used to ob-
serve directly the spin splitting of the bound electronic states
of shallow impurities within a GaAs quantum well3–5 or of
electrons in InAs QD’ssRefs. 6–8d and to measure directly
the absolute value of theg factor of these zero-dimensional
states. In addition, they have been used to probe at a meso-
scopic level the spin dependence of the local density of
states.9 Resonant tunneling studies have also been performed
on single-barrier GaAs/AlAs/GaAs heterostructures. AlAs
is an indirect-gap material with the minima of the conduction
band at the X points of the Brillouin zone, whereas in GaAs
the minimum is at theG point. There have been several ear-
lier studies of tunneling through X-valley states,10–16 includ-
ing investigations of the tunneling through donor states as-
sociated with the X- conduction-band minima.17–23

In this paper, we report the observation of Zeeman spin
splitting of the ground state of an Si-donor impurity embed-
ded in an AlAs tunnel barrier for the orientation in which the
magnetic field is applied in the plane of the barrier—i.e.,
perpendicular to the direction of the electron tunnel current.
This state is associated with the anisotropic X-conduction-
band minima of AlAs. The Si atoms, which are located sub-
stitutionally on Al sites, diffuse during growth into the AlAs
barrier from adjacent GaAs layers which ared doped with Si.
We measure the effectiveg factor of the zero-dimensional
state and obtain the absolute values of the effective spin-
splitting factor componentsg of between 2.1 and 2.2. In
addition, magnetotunneling spectroscopy provides us with
information about the spatial form of the wave function of an
electron bound in the X-valley-related donor state. Our mea-
surements indicate that the wave function has a biaxial sym-
metry in the growth plane, with axes corresponding to the
main crystallographic directions of thes001d epilayers.

Let us first briefly review the previously studied problem
of tunneling through isolated donor impurities in the GaAs

quantum wellsQWd of large-area GaAs/sAlGadAs double-
barrier resonant tunneling diodes. In this case the donors
form localizeds,10 nmd hydrogenic bound states associated
with the G-conduction-band minimum of the GaAs QW.24

These states are located at an energy of,10 meV below the
bottom of the lowest-energy subband of the QW. Under an
applied bias the tunnel current exhibits a rapid increase when
the impurity state aligns with the Fermi level in the nega-
tively biased electron emitter layer. In general, there are
many impurities giving rise to multiple, overlapping steps in
the current-voltage characteristics, and these multiple peaks
can be resolved in the current-voltage characteristics of
small-area mesa samples.22 Similarly, in our previous work,
the resonant tunneling of electrons through individual
X-valley-related donor impurity states of a single, relatively
thin, 5-nm AlAs barrierswith an X-conduction-band quan-
tum welld appeared as partially resolved fine structure in a
broad resonance, associated with the ensemble of donors.21

This fine structure arises because the donors are located in
different atomic planes of the AlAs and the spectrum of do-
nor states is determined predominantly by the dependence of
the binding energy on the position of the donor in the barrier.
The influence of the random variations of the electrostatic
potential on the energies of the donor impurity in this case is
insignificant.

In contrast, for the experiments described here, the donors
are randomly located in a relatively thick, 11.2-nm, barrier,
so the influence of the random electrostatic potential is con-
siderable. The essential role of the random variations of the
electrostatic potential in this case is associated with the pres-
ence of thed-doped layers near the barrier25 and the slow
dependence of the binding energy of donors on their position
in the thick barrier.26 As a result, resonant tunneling of elec-
trons through the donor states gives rise to a series of sharp,
well-resolved peaks in theIsVd curves. We ascribe each peak
to tunneling through a single or very small number of indi-
vidual donor states. This allows us to observe spin splitting
of the donor resonances and to determine theg factor of the
zero-dimensional states directly.

II. SAMPLES

A schematic diagram of our device is shown in Fig. 1. The
active part of our samples comprises a single 11.2-nm-thick
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AlAs barrier which is sandwiched between two accumulation
layers formed by twod-doped layers with Si concentration of
331011 cm−2, located at a distance of 2.8 nm from each side
of the barrier. A two-dimensional electron gass2DEGd forms
in each accumulation layer at zero bias. The AlAs layer was
not intentionally doped, but donor impurities are present in
the AlAs due to diffusion of Si into the barrier from the
d-doped layers. The calculatedG- and X-band profiles of the
active part of our device at zero bias are shown in Fig. 1. The
heterostructure was grown by molecular beam epitaxy on a
s001d-oriented, Si-doped n+-type GaAs wafer sNd=2
31018 cm−3d at a temperature of 550 °C. The detailed layer
composition of the heterostructure, in order of growth on the
substrate, is as follows: a Si-doped, 0.5-mm-thick GaAs
buffer layersNd=231018 cm−3d, a 60-nm-thick GaAs layer
sNd=331017 cm−3d, a 21.6-nm-thick undoped GaAs layer; a
5.6-nm-thick undoped Ga0.9Al0.1As layer, a 28-nm-thick un-
doped GaAs layer, a Sid-doped layer with concentration
of 331011 cm−2, a 2.8-nm-thick undoped GaAs layer, a
11.2-nm-thick AlAs barrier layer; a 2.8-nm-thick undoped
GaAs layer, a Sid-doped layer with concentration of 3
31011 cm−2, a 28-nm-thick undoped GaAs layer,
5.6-nm-thick undoped Ga0.9Al0.1As layer, a 21.6-nm-thick
undoped GaAs layer, a 60-nm-thick GaAs layersNd=3
31017 cm−3d, and a 0.5-mm-thick, GaAs cap layersNd=2
31018 cm−3d. Ohmic contacts were made by deposition and
annealing of AuGe/Ni/Au layers. Mesa structures, with a
diameter between 50mm and 200mm, were fabricated by
chemical etching.

III. EXPERIMENT

Tunnel current measurements at constant applied voltage
with magnetic fieldB applied parallel to the currentsi.e.,
perpendicular to the 2DEGd reveal Shubnikov–de Haas–
sSdH-d like oscillations.27 Close to zero applied bias, analysis
of the SdH-like oscillations gives a value ofns=3.27
31011 cm−2 for the sheet density of the two 2DEG layers.
Figure 2sbd shows the low-temperatures4.2-Kd current-

voltageIsVd characteristics at low bias voltages for a typical
devicei, which exhibit sharp peaks in the current over volt-
age range from 10 to 60 mV. This peak structure is observed
to be sample specific, but for a given sample it is exactly
reproducible from one voltage sweep to another. The peaks
are reproducible even after thermal cycling of the sample,
except for a small voltage shifts; a few mVd. We ascribe
the peaks in current to single-electron tunneling through in-
dividual, zero-dimensional Si-donor states in the AlAs bar-
rier. Similar features have been observed and reported previ-
ously in large-area double-barrier room-temperature devices
sRTD’sd sRefs. 3, 5, and 28d and attributed to tunneling
through individual tunneling channels due to zero-
dimensional states. Increasing the voltage across the device
moves the energy of the donor state relative to the Fermi
level of the 2DEG that acts as an emitter for the tunneling

FIG. 1. Calculated conduction band profile of the active part of
the tunnel structure at zero applied voltage. The figure shows the
positions of the Fermi levelEF, the quantized GaAs accumulation
layer subbandsE0L andE0R, and the size-quantized levels of theXZ

andXXY subbands in the AlAs barrier. The energy positions of the
X-impurity-related levels in AlAs are also shown.

FIG. 2. sad Schematic diagram of the spin splitting of the Si
donor state in the AlAs and partial spin polarization of the 2DEG in
a magnetic field applied perpendicular to the current. The effect of
applying a voltage across the device is to move the energy donor
energy levels down relative to the Fermi level of the 2DEG.sbd IsVd
characteristics at 4.2 K of samplei at 0 T and 8 T for a magnetic
field applied perpendicular to the current. The curves are offset for
clarity. The characteristics show sharp peaks in the current due to
tunneling through discrete X-impurity states, each of which split in
an applied magnetic field.
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electronsfFig. 2sadg. Tunneling occurs as the donor state
crosses the Fermi level of the 2DEG and stops when the
donor state is brought below the 2DEG subband edge.

Figure 2 showsIsVd at 0 and 8 T with magnetic field
oriented perpendicular to the current direction. In a magnetic
field the ground state of an Si-donor impurity splits into two
spin energy levels given by

ESi = gImBBmssms = ± 1/2d, s1d

wheregI is theg factor of the Si-donor impurity. This opens
up two separate channels for electrons from the 2DEG to
tunnel into, and we therefore see separate peaks inIsVd due
to electrons tunneling through each of these spin energy lev-
els. In a magnetic field applied perpendicular to the current
si.e., parallel to the 2DEGd the 2DEG emitter becomes par-
tially spin polarized, due to energy splitting of the Fermi
energies of the two spin species, as shown schematically in
Fig. 2sad. Due to the slow tunneling rate from the 2DEG, the
two spin species in the 2DEG should be in thermal equilib-
rium, and so the chemical potential of each is the same.
Therefore, there is an energy difference between the subband
edge of the spin species, equal to the spin splittingg2DmBB,
whereg2D is the g factor of electrons in the 2DEG emitter.
Resonant tunneling occurs when an impurity spin level
crosses the Fermi level of the 2DEG. We assume that spin is
conserved during the tunneling process. For each spin we see
a separate onset of tunneling and the voltage difference be-
tween the position of the onsetssDVpeakd is proportional to
the energy differenceDESi=gImBB obtained from Eq.s1d.

Figure 3sad shows in detail the behavior of the first current
peak of deviceii at 4.2 K in different magnetic fields applied

perpendicular to the current direction fromB=0 T to 8 T, in
steps of 0.5 T. Figure 3sbd shows the voltage separation be-
tween the corresponding two spin-split peaks, which in-
creases linearly with magnetic field strength as expected for
a Zeeman effect. Because of the finite widths of the current
peaks, it is not possible to resolve the splitting for magnetic
fields less than 5 T. The best fit line to the data closely in-
tersectsDV=0 atB=0 T and has a slopegImB/ f, wheremB is
the Bohr magneton,gI is the effective gyromagnetic ratio of
the impurity with the magnetic field perpendicular to the
current si.e., perpendicular to the growth direction of the
quantum welld, and f is the so-called electrostatic leverage
factor. The temperature dependence of the current onset al-
lows us to determine the electrostatic leverage factorf.4,6

Figure 4 shows the temperature dependence of the onset of a
typical resonant current features. We deduce a value of 0.44
for the electrostatic leverage factor by fitting the Fermi-Dirac
function to the form of the measured low bias onset of the
peak in current at various temperatures, using the procedure
described in Ref. 6. A similar value off is obtained from
self-consistent Poisson-Schrödinger calculations: these indi-
cate that, over the bias range of interests0–100 mVd, the
leverage factorf for an electron tunneling from the emitter
into an impurity located at the center of AlAs barrier varies
slightly from 0.44 to 0.42 eV per volt of applied bias. The
uncertainty in our value ofg is determined by the error in the
leverage factor. Note also from Fig. 4 that the resonant peak
in IsVd is strongly enhanced as the temperature is reduced.
The enhancement, which may be related to a many-body
Fermi energy singularity effect,29 tends to improve the reso-
lution of the spin-split peaks.

We have measured the splitting of several peaks inIsVd
and find that the different impurity-related peaks give values
of gI in the range from 2.1 to 2.22. Our value of theg factor
of the X-valley-related impurity states in AlAs is of a larger
absolute value than reported in another tunneling
experiment,20 where g=0.34. However, for the experiment
described here, the donors are located in a relatively thick,
11.2-nm, AlAs layer, whereas the localized state investigated
in Ref. 20 was embedded in a narrow 2-nm AlAs barrier.
This value of g=0.34 is quite different from that for the
X-valley electrons in bulk AlAs. Theg factor for electrons in
bulk AlAs expected from theoretical calculations is 1.9,30

FIG. 3. sad Evolution of the spin-split peaks inIsVd of the
sampleii at 4.2 K in various magnetic fields perpendicular to the
current fromB=0 T to 8 T, in steps of 0.5 T.sbd The measured
spin splitting versus magnetic field. The dashed lines are linear fits
to the data.

FIG. 4. IsVd characteristics of the first current peak of the typical
samples at different temperatures showing the Fermi-level
broadening.
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and theg factor of electrons in bulk Al0.8Ga0.2As has been
measured by electron paramagnetic resonance to be 1.96.31

Also, van Kesterenet al. have reported a value of<1.97 for
electrons in AlAs QW’s based on optically detected magnetic
resonance experiments on AlAs-GaAs superlattices.32 This
difference in values may be due to the complex nature of the
X-valley-related donor impurity states in the AlAs barrier.20

In low-dimensional heterostructures, it is known that the
value of theg factor can be modified from its bulk value, due
to quantum confinement effects and because the electron
wave function contains contributions from the different ma-
terials which make up the structure.4,33,34Calculations show
that g is a strong function of the quantum well width,35 and
the rather wide X-minimum quantum well of our AlAs bar-
rier gives ag factor of the X donor in our experiment that is
close to theg value of bulk AlAs,g<2, since the modifica-
tion of the band structure due to the quantum confinement is
fairly small.

We also studied theg-factor dependence for a magnetic
field applied along different crystallographic axes in the
s001d growth plane. In contrast to the case of single-electron
tunneling through the localized states of InAs quantum dots,8

to within the resolution of our experiment, the spin splitting
of the X-valley-related donor impurity in AlAs was isotropic
with respect to the angle of the in-plane magnetic field.

We now consider the magnetic field dependence of the
amplitude of the tunnel current through the X-valley-related
donor impurities as a function of magnetic fieldB applied
perpendicular to the direction of tunneling. We attribute the
general fall in amplitude of both spin-split components with
increasingB fsee Fig. 5sadg to a well-established effect that
can be understood in term of a single-particle model for
electron tunneling in the presence of a magnetic field.24,36,37

Let a, b, andZ indicate, respectively, the direction ofB, the
direction normal toB in the growth planesX,Yd, and the
normal to the tunnel barrier, respectively. When an electron
tunnels from the emitter accumulation layer into the impurity
state in the barrier, it acquires an additional in-plane momen-
tum given by

kb = eBDs/", s2d

whereDs is the effective distance tunneled alongZ s,8 nm
for our deviced. This gives an increased momentum alongb,
which is acquired by the tunneling electron due to the action
of the Lorentz force.

The applied voltage allows us to tune resonantly to the
energy of a particular impurity state. Thus, by measuring the
variation of the tunnel current withB, we can determine the
size of the matrix element that governs the quantum transi-
tion of an electron as it tunnels from a state in the emitter
layer into an impurity state.

In order to analyze the results of our experiment, we ex-
press the tunneling matrix elementM in terms of the Fourier
transformsFisfdskd of the conventional real-space wave func-
tions, according to the relationM =ekFisk−kbdF fskddk, and
express the tunneling current asI ,uMu2.24,37 Here the sub-
scripts i and f indicate the initialsemitterd and final sSi-
impurityd states of the tunnel transition. Relative to the
strong spatial confinement in the zero-dimensional impurity

state, the initial state in the emitter is essentially
unconfined—i.e., it behaves like a free particle. Hence, ink
spaceFiskd corresponds to a sharply peaked function with a
finite value only close tok=0. Since the tunnel current is
given by the square of the matrix element involvingFiskd
and the Fourier transform of the Si-donor wave function
FSiskd, the narrow spread ofk for Fiskd allows us to inves-
tigate the form ofFSiskd by varyingB and hencek, accord-
ing to Eq.s2d. Thus by plottingIsBd for aparticular direction
of B we can measure the dependence ofuFSiskdu2 along thek
direction perpendicular toB. Then, by rotatingB in the plane
sX,Yd and making a series of measurements ofIsBd with B
set at regular intervalssDu,15°d of the rotation angleu, we
obtain a full spatial profile ofuFSiskX,kYdu2. This represents
the projection ink space of the probability density of a given
impurity electronic state peak.

Typical experimental data for sampleii , of the variation
of the current at peakA with the direction of magnetic field
at 8 T, are shown as polar plots in Figs. 5sbd and 5scd. A
maximum current modulationDI / I of about ,23% is ob-

FIG. 5. sad Amplitude dependence of the peakA of sampleii vs
magnetic fieldB applied parallel to af110g direction in the plane of
the quantum well. Polar plot of the change in peak current vs in-
plane magnetic field direction for the peaksA+ sbd and A− scd at
8 T.
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served, with clear, twofold anisotropy observed for the two
split peaksA− and A+. The anisotropy of each of the ob-
served peaks has a similar magnitude and orientation. In Fig.
5, 0° corresponds to thef110g direction, so the principal axes
for the anisotropy are oriented along thef100g and f010g
directions. This result shows that the wave-function shape of
the X-valley-related donor impurity in AlAs barrier is aniso-
tropic in the growth plane, with the wave-function probabil-
ity density elongated along the directionf100g in real space.
This is in contrast to the case of Si donor states in a GaAs
quantum well, where the electron wave function has circular
symmetry in the growth plane, as expected for a 1s donor
ground state.37 We suggest that this anisotropy may be re-
lated to the anisotropy of the effective mass of the electrons
in the X-conduction-band minima of AlAs, though this point
requires further theoretical analysis.

In conclusion, we have used magnetotunneling spectros-
copy to observe the spin splitting of the ground state of Si

donor impurities in an AlAs tunnel barrier. These states are
associated with the X-conduction-band minima of AlAs. We
determine the absolute magnitude of the anisotropic effective
magnetic spin-splitting factorsg for these states to be
2.1±0.1. In addition, we use magnetotunneling spectroscopy
to investigate the spatial form of the wave function of the
X-valley-related donor impurity. The wave function of elec-
trons bound to an X-related donor has a biaxial symmetry in
the growth plane, with axes corresponding to the main crys-
tallographic directions.
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