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Spin splitting of X-valley-related donor impurity states in an AlAs barrier
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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 todge2.2+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 quantum well(QW) of large-area GaA$AIGa)As double-

The effect of spin on electronic transport has recently atParrier resonant tunneling diodes. In this case the donors
tracted much interest both from an applied and from a ‘funform localized(~10 nm hydrogenic bound states associated
damental point of view:? Resonant electron tunneling With the T-conduction-band minimum of the GaAs QW.
through the discrete states of self-assembled semiconductdfese states are located at an energy- 80 meV below the
quantum dot$QD's) and the physically similar bound states bottom of the lowest-energy subband of the QW. Under an
of impurities is a promising means of studying spin-resolved@Pplied bias the tunnel current exhibits a rapid increase when
transport. Such tunneling experiments have been used to o} impurity state aligns with the Fermi level in the nega-
serve directly the spin splitting of the bound electronic statedVely biased electron emitter layer. In general, there are
of shallow impurities within a GaAs quantum wfi or of ~ Many impurities giving rise to multiple, overlapping steps in
electrons in InAs QD'SRefs. 6-8 and to measure directly the current-voltage characteristics, and these multiple peaks
the absolute value of the factor of these zero-dimensional can be resolved in the current-voltage characteristics of

S small-area mesa sampl&sSimilarly, in our previous work,
states. In addition, they have been used to probe at a mezge resonant tunneling of electrons through individual

SCOp'S% level the spin erendgnce of the local density o -valley-related donor impurity states of a single, relatively
states) Resonant tunneling studies have also been perform in, 5-nm AlAs barrier(with an X-conduction-band quan-

on single-barrier GaAs/AlAs/GaAs heterostructures. AlAsy well) appeared as partially resolved fine structure in a

is an indirect-gap material with the minima of the conductionygad resonance, associated with the ensemble of d&hors.
band at the X points of the Brillouin zone, whereas in GaAsThjs fine structure arises because the donors are located in
the minimum is at thd™ point. There have been several ear- different atomic planes of the AlAs and the spectrum of do-
lier studies of tunneling through X-valley statés}®includ-  nor states is determined predominantly by the dependence of
ing investigations of the tunneling through donor states asthe binding energy on the position of the donor in the barrier.
sociated with the X- conduction-band minirka?3 The influence of the random variations of the electrostatic

In this paper, we report the observation of Zeeman spirpotential on the energies of the donor impurity in this case is
splitting of the ground state of an Si-donor impurity embed-insignificant.
ded in an AlAs tunnel barrier for the orientation in which the  In contrast, for the experiments described here, the donors
magnetic field is applied in the plane of the barrier—i.e.,are randomly located in a relatively thick, 11.2-nm, barrier,
perpendicular to the direction of the electron tunnel currentso the influence of the random electrostatic potential is con-
This state is associated with the anisotropic X-conductionsiderable. The essential role of the random variations of the
band minima of AlAs. The Si atoms, which are located sub-electrostatic potential in this case is associated with the pres-
stitutionally on Al sites, diffuse during growth into the AlAs ence of thes-doped layers near the barderand the slow
barrier from adjacent GaAs layers which @doped with Si. ~ dependence of the binding energy of donors on their position
We measure the effectivg factor of the zero-dimensional in the thick barrie?® As a result, resonant tunneling of elec-
state and obtain the absolute values of the effective spirirons through the donor states gives rise to a series of sharp,
splitting factor componentg of between 2.1 and 2.2. In well-resolved peaks in thiV) curves. We ascribe each peak
addition, magnetotunneling spectroscopy provides us witlio tunneling through a single or very small number of indi-
information about the spatial form of the wave function of anvidual donor states. This allows us to observe spin splitting
electron bound in the X-valley-related donor state. Our meaef the donor resonances and to determineglfactor of the
surements indicate that the wave function has a biaxial symgero-dimensional states directly.
metry in the growth plane, with axes corresponding to the
main crystallographic directions of tHe01) epilayers.

Let us first briefly review the previously studied problem A schematic diagram of our device is shown in Fig. 1. The
of tunneling through isolated donor impurities in the GaAsactive part of our samples comprises a single 11.2-nm-thick
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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 levekg, the quantized GaAs accumulation b
layer subbandg&y andEgg, and the size-quantized levels of tig )
and Xyy subbands in the AlAs barrier. The energy positions of the
X-impurity-related levels in AlAs are also shown.

AlAs barrier which is sandwiched between two accumulation
layers formed by twas-doped layers with Si concentration of
3x 10" cm™?, located at a distance of 2.8 nm from each side
of the barrier. A two-dimensional electron g&bEG) 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
6-doped layers. The calculatéd and X-band profiles of the
active part of our device at zero bias are shown in Fig. 1. The 8T
heterostructure was grown by molecular beam epitaxy on a 01
(00D-oriented, Si-doped n*-type GaAs wafer (Ny=2 0 10 20 30 40
X 10" cm3) at a temperature of 550 °C. The detailed layer Bias (mV)
composition of the heterostructure, in order of growth on the o ) N )
substrate, is as follows: a Si-doped, QB-thick GaAs FIG. 2. (g) Schematic dlagrgm of the spln _spllttlng of the Sl
buffer layer(Ng=2x 10 ¢ 3), a 60-nm-thick GaAs layer donor stat.e in the AIA§ and partla! spin polarization of the 2DEG in
(Ng=3X 107 e 3), a 21.6-nm-thick undoped GaAs layer: a a magnetlc field applied perpendlc_ular_ to the current. The effect of
. . applying a voltage across the device is to move the energy donor
5.6-nm-thick undoped GaAlo..As layer, a_28-nm-thlck un- energy levels down relative to the Fermi level of the 2DE (V)
doped GaAs layer, a Sb-doped layer with concentration

O orri-2 ; characteristics at 4.2 K of sampieat O T and 8 T for a magnetic
of 3X10""cm™, a 2.8-nm-thick undoped GaAs layer, a fig|q applied perpendicular to the current. The curves are offset for

11.2-nm-thick AlAs barrier layer; a 2.8-nm-thick undoped ¢jarity. The characteristics show sharp peaks in the current due to

GaAs layer, a Sis-doped I_ayer with concentration of 3 tynneling through discrete X-impurity states, each of which split in
X10"cm?, a 28-nm-thick undoped GaAs layer, an applied magnetic field.

5.6-nm-thick undoped GaAlg;As layer, a 21.6-nm-thick
undoped GaAs layer, a 60-nm-thick GaAs lay@;=3

Current (nA)

07 o3 q hick | _ voltagel (V) characteristics at low bias voltages for a typical
x10 " cm), and a 0.5em-thick, GaAs cap layefNq=2 devicei, which exhibit sharp peaks in the current over volt-

X 10" cm™¥). Ohmic contacts were made by deposition and,ge range from 10 to 60 mV. This peak structure is observed
apneallng of AuGe/Ni/Au layers. Mesa structgres, with a5 pe sample specific, but for a given sample it is exactly
diameter between 50m and 200um, were fabricated by reproducible from one voltage sweep to another. The peaks
chemical etching. are reproducible even after thermal cycling of the sample,
except for a small voltage shift- a few mV). We ascribe
IIl. EXPERIMENT the. peaks in current to singlg-electron tunngling through in-
dividual, zero-dimensional Si-donor states in the AlAs bar-
Tunnel current measurements at constant applied voltagger. Similar features have been observed and reported previ-
with magnetic fieldB applied parallel to the currerf.e.,  ously in large-area double-barrier room-temperature devices
perpendicular to the 2DEGreveal Shubnikov—de Haas— (RTD’s) (Refs. 3, 5, and 28and attributed to tunneling
(SdH) like oscillations?’ Close to zero applied bias, analysis through individual tunneling channels due to zero-
of the SdH-like oscillations gives a value af;=3.27 dimensional states. Increasing the voltage across the device
X 10' cm™2 for the sheet density of the two 2DEG layers. moves the energy of the donor state relative to the Fermi
Figure 2b) shows the low-temperaturé4.2-K) current-  level of the 2DEG that acts as an emitter for the tunneling
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Sgt 2 ,,m*’“*ﬁ FIG. 4. 1(V) characteristics of the first current peak of the typical
3 '*,,w”* samples at different temperatures showing the Fermi-level
2 - broadening.
= 14
‘f perpendicular to the current direction frdd+=0 T to 8 T, in
& . steps of 0.5 T. Figure(B) shows the voltage separation be-

° A S S S T SR T tween the corresponding two spin-split peaks, which in-

B creases linearly with magnetic field strength as expected for

a Zeeman effect. Because of the finite widths of the current
FIG. 3. (a) Evolution of the spin-split peaks (V) of the  peaks, it is not possible to resolve the splitting for magnetic
sampleii at 4.2 K in various magnetic fields perpendicular to the fields less than 5 T. The best fit line to the data closely in-
current fromB=0T to 8 T, in steps of 0.5 T(b) The measured tersectsAV=0 atB=0 T and has a slopgug/f, whereug is
spin splitting versus magnetic field. The dashed lines are linear fitthe Bohr magnetory, is the effective gyromagnetic ratio of
to the data. the impurity with the magnetic field perpendicular to the
current (i.e., perpendicular to the growth direction of the
electrons[Fig. 2(@)]. Tunneling occurs as the donor state quantum well, andf is the so-called electrostatic leverage
crosses the Fermi level of the 2DEG and stops when thé&ctor. The temperature dependence of the current onset al-
donor state is brought below the 2DEG subband edge. lows us to determine the electrostatic leverage faétbf
Figure 2 showsl (V) at 0 and 8 T with magnetic field Figure 4 shows the temperature dependence of the onset of a
oriented perpendicular to the current direction. In a magnetiéypical resonant current features. We deduce a value of 0.44
field the ground state of an Si-donor impurity splits into two for the electrostatic leverage factor by fitting the Fermi-Dirac

spin energy levels given by function to the form of the measured low bias onset of the
peak in current at various temperatures, using the procedure
Egi= giusBm(ms= +1/2), (1)  described in Ref. 6. A similar value dfis obtained from

self-consistent Poisson-Schrodinger calculations: these indi-
whereg, is theg factor of the Si-donor impurity. This opens cate that, over the bias range of interé8+100 mVj, the
up two separate channels for electrons from the 2DEG tdeverage factorf for an electron tunneling from the emitter
tunnel into, and we therefore see separate peaké/indue into an impurity located at the center of AlAs barrier varies
to electrons tunneling through each of these spin energy leslightly from 0.44 to 0.42 eV per volt of applied bias. The
els. In a magnetic field applied perpendicular to the currentincertainty in our value o is determined by the error in the
(i.e., parallel to the 2DEgthe 2DEG emitter becomes par- leverage factor. Note also from Fig. 4 that the resonant peak
tially spin polarized, due to energy splitting of the Fermiin I(V) is strongly enhanced as the temperature is reduced.
energies of the two spin species, as shown schematically iihe enhancement, which may be related to a many-body
Fig. 2(a). Due to the slow tunneling rate from the 2DEG, the Fermi energy singularity effeéf,tends to improve the reso-
two spin species in the 2DEG should be in thermal equilib4ution of the spin-split peaks.
rium, and so the chemical potential of each is the same. We have measured the splitting of several peak\Vf)
Therefore, there is an energy difference between the subbanghd find that the different impurity-related peaks give values
edge of the spin species, equal to the spin splitfigugB,  of g, in the range from 2.1 to 2.22. Our value of thdactor
wheregyp is theg factor of electrons in the 2DEG emitter. of the X-valley-related impurity states in AlAs is of a larger
Resonant tunneling occurs when an impurity spin levelabsolute value than reported in another tunneling
crosses the Fermi level of the 2DEG. We assume that spin igxperiment® where g=0.34. However, for the experiment
conserved during the tunneling process. For each spin we se@scribed here, the donors are located in a relatively thick,
a separate onset of tunneling and the voltage difference ba-1.2-nm, AlAs layer, whereas the localized state investigated
tween the position of the onsetaV,, is proportional to  in Ref. 20 was embedded in a narrow 2-nm AlAs barrier.
the energy differencAEg;=g,ugB obtained from Eq(1). This value ofg=0.34 is quite different from that for the

Figure 3a) shows in detail the behavior of the first current X-valley electrons in bulk AlAs. The factor for electrons in

peak of deviceéi at 4.2 K in different magnetic fields applied bulk AlAs expected from theoretical calculations is 399,
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and theg factor of electrons in bulk AlgGa, -As has been 380 0 0.q samplo i
measured by electron paramagnetic resonance to be’?1.96. fn "Og. Peak A
Also, van Kesterert al. have reported a value 6£1.97 for g 1) 000

electrons in AlAs QW's based on optically detected magnetic E 340 Osp, A
resonance experiments on AlAs-GaAs superlattféeBhis 3 BlJ 2:"0~~~000...o...o...o
difference in values may be due to the complex nature of the 3§ =2 "'°~.4.. .
X-valley-related donor impurity states in the AlAs bardr. — 8=0° "~~.....M.A
In low-dimensional heterostructures, it is known that the z

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 structut€334Calculations show
thatg is a strong function of the quantum well widthand

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 thg-factor dependence for a magnetic
field applied along different crystallographic axes in the
(001) growth plane. In contrast to the case of single-electron
tunneling through the localized states of InAs quantum 8ots,
to within the resolution of our experiment, the spin splitting
of the X-valley-related donor impurity in AIAs 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 fieBdapplied
perpendicular to the direction of tunneling. We attribute the
general fall in amplitude of both spin-split components with
increasingB [see Fig. %a)] 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 fief§:3”

Let o, B, andZ indicate, respectively, the direction Bf the , .
direction normal toB in the growth plangX,Y), and the FIG. 5. () Amplitude dependence of the peAlof sampleii vs
normal to the tunnel barrier, respectively. When an electror'29netic field applied parallel to 4110 direction in the plane of
. . . . .. the quantum well. Polar plot of the change in peak current vs in-

tunnels from the emitter accumulation layer into the impurity L -

. L . oo . plane magnetic field direction for the peaks (b) and A- (c) at
state in the barrier, it acquires an additional in-plane momeng
tum given by '

O

)

Peak current (pA)

(2]
N

Peak current (pA)

k.= eBAS/A ) state, the initial state in the emitter is essentially
A ' unconfined—i.e., it behaves like a free particle. Hencek in

whereAs is the effective distance tunneled aloAd~8 nm  spaced®;(k) corresponds to a sharply peaked function with a
for our device. This gives an increased momentum algg)g finite value only close tk=0. Since the tunnel current is
which is acquired by the tunneling electron due to the actiorgiven by the square of the matrix element involvigg(k)
of the Lorentz force. and the Fourier transform of the Si-donor wave function

The applied voltage allows us to tune resonantly to thePsi(k), the narrow spread df for ®;(k) allows us to inves-
energy of a particular impurity state. Thus, by measuring thdigate the form of®bg(k) by varyingB and hencek, accord-
variation of the tunnel current witB, we can determine the ing to Eq.(2). Thus by plottind (B) for a particular direction
size of the matrix element that governs the quantum transief B we can measure the dependencédef(k)|? along thek
tion of an electron as it tunnels from a state in the emitteirection perpendicular tB. Then, by rotatind in the plane
layer into an impurity state. (X,Y) and making a series of measurementd (8 with B

In order to analyze the results of our experiment, we exset at regular intervalg\ #~ 15°) of the rotation angle, we
press the tunneling matrix elemevitin terms of the Fourier  obtain a full spatial profile ofdg;(ky,ky)[2. This represents
transforms®; (k) of the conventional real-space wave func- the projection irk space of the probability density of a given
tions, according to the relatiol = [, ®;(k—kg)P¢(k)dk, and  impurity electronic state peak.
express the tunneling current ks |M|2.2437 Here the sub- Typical experimental data for sampiie of the variation
scriptsi and f indicate the initial (emitte and final (Si-  of the current at peak with the direction of magnetic field
impurity) states of the tunnel transition. Relative to theat 8 T, are shown as polar plots in Figgbpand Hc). A
strong spatial confinement in the zero-dimensional impuritymaximum current modulatioAl /1 of about ~23% is ob-
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served, with clear, twofold anisotropy observed for the twodonor impurities in an AlAs tunnel barrier. These states are
split peaksA™ and A*. The anisotropy of each of the ob- associated with the X-conduction-band minima of AlAs. We
served peaks has a similar magnitude and orientation. In Figletermine the absolute magnitude of the anisotropic effective
5, 0° corresponds to tH&10] direction, so the principal axes magnetic spin-splitting factorg for these states to be
for the anisotropy are oriented along the00] and [010]  2.1+0.1. In addition, we use magnetotunneling spectroscopy
directions. This result shows that the wave-function shape dfo investigate the spatial form of the wave function of the
the X-valley-related donor impurity in AlAs barrier is aniso- X-valley-related donor impurity. The wave function of elec-
tropic in the growth plane, with the wave-function probabil- trons bound to an X-related donor has a biaxial symmetry in
ity density elongated along the directiph00] in real space. the growth plane, with axes corresponding to the main crys-
This is in contrast to the case of Si donor states in a GaAgllographic directions.
quantum well, where the electron wave function has circular
symmetry in the growth plane, as expected forsadbnor
ground staté’ We suggest that this anisotropy may be re-
lated to the anisotropy of the effective mass of the electrons The work is partly supported by RFBR3-02-17693and
in the X-conduction-band minima of AlAs, though this point EPSRC(UK). E.E.V. gratefully acknowledges support from
requires further theoretical analysis. the Royal Society. The authors thank Y.V. Dubrovskii and
In conclusion, we have used magnetotunneling spectrod<.A. Benedict for useful discussions, and V. V. Belov for
copy to observe the spin splitting of the ground state of Stechnical assistance.
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