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Spin Splitting of Single OD Impurity States in Semiconductor Heterostructure Quantum Wells
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Zeeman splitting of the ground state of single impurities in the quantum well of a resonant tunneling
heterostructure is reported. We determine the absolute magnitude of the effective magnetic spin splitting
factor g’ for a single impurity in a44 A Aly,,Gay3As/GaAs/ Aly,,Gay 3As quantum well to be 0.28
+ 0.02. This system also allows for independent measurement of the electron tunneling rates through
the two potential barriers and estimation of the occupation probability of the impurity state in the
quantum well.

PACS numbers: 73.20.Hb, 71.55.Eq, 73.20.Dx, 73.40.Gk

The experimental realization of granular electronicon a Si-doped GaAs(100) substrate [15]. The epitaxial
systems, such as low dimensional semiconductor ankhyers consist of al.8 X 10'® cm™® Si doped GaAs
ultrasmall metallic systems, has focused attention on theontact, a 15 nm undoped GaAs spacer layer, a 8.5 nm
basic physical properties of discrete systems. Especiallyndoped Ad,;Ga,73As bottom barrier, a 4.4 nm undoped
intriguing are the semiconductor quantum dot [1-5] andGaAs quantum well, a 8.5 nm undopedMGa 73As
the physically similar localized impurity state tunneling top barrier, a 15 nm undoped GaAs spacer layer, and a
systems [6—10]. The latter provides a unique laboratoryl.8 X 10'® cm™ Si doped GaAs top contact. Square
for the study of a single impurity. We present here themesas with lateral dimensions from 2 to @dm are
first observation of Zeeman spin splitting of a singlefabricated using standard photolithography techniques.
semiconductor impurity, studied by tunneling transportTwo terminal /(V) characteristics are measured in a
The measureg” factor provides an important test of the dilution refrigerator with a base temperature of 50 mK.
band theory of confined semiconductor systems, and our Figure 2 shows thd (V) characteristics for a typical
method is particularly important for well widths less thandevice (64um?, 1.4 K) showing the main quantum well
50 A where other methods are less precise [11-13]. resonance peaks (top). Magnification of the current in

Isolated donor impurities in the quantum well regionsthe prethreshold region (bottom) shows two sharp current
of large area resonant tunneling structures form localizedteps for both forward and reverse bias directions. This
(~100 A) hydrogenic states bound to the quantum eigenstep structure is observed to be sample specific, but
states. Figure 1 illustrates a band diagram of the strudor a given sample it is exactly reproducible from one
ture used in this study with one impurity state in the wellvoltage sweep to another and independent of the voltage
schematically noted. In an applied bias when the impusweep direction. The steps are reproduced even after
rity state aligns with the emitter Fermi level, the currentthermal cycling of the sample, except for slight threshold
exhibits a steplike increase. In general, there may be mul-
tiple impurities giving rise to multiple, overlapping steps
in the current-voltagel[V)] characteristics. An appropri-
ately dilute, unintentional doping concentration gives rise ~ 200
to isolated, uncorrelated impurities, allowing measuremer 2
of a single one. In a magnetic field the spin degeneracy ¢=
the impurity ground state is broken, resulting in a splitting O
of the current step in thV) characteristics. The magni-
tude of the spirg™ factor can be determined from the volt-
age difference between the two fragments of the spin-spl 200 [
step. The current magnitudes of the two fragments enabl 0 20 40 60 80
us, for the first time, to independently determine the elec Position Z (nm)

tron tunneling rates through the two potential barriers in 316 1. Model conduction band diagram of the device, at an

sequential tu_nneling picture _[4'14]' . applied bias of 100 mV, showing the quantum eigenstate (long
The nominally symmetric resonant tunneling het-jine) and a localized impurity state (short line) in the well. The
erostructure is grown by molecular beam epitaxy (MBE)dotted line represents the Fermi level in the leads.
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-200 current values at 9 T as showr; gives the current of the first
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FIG. 2. (V) characteristics (zero magnetic field) at 1.4 K of growth direction of the quantum well, andis the voltage
the gquantum well device showing the main resonance peakg, energy conversion factor [4,5,8].

(top). The magnified prethreshold region shows two steplike The current through a localized impurity state in the

structures due to two isolated impurities (bottom). quantum well, at biasv and temperaturel, depends
upon the density of occupied electronic states in the
emitter at the same energy as the impurity state, which
is proportional to the Fermi distribution functigh The
Rurrent plateau edges exhibit characteristic Fermi level
thermal broadening. We can express the current as

voltage shifts €1 mV). Similar steps are observed in
other devices with different barrier thicknesses. The ste
current magnitudes are observed to be of the order/ of
(e is the electronic charge and is the lifetime of the
quantum well state as estimated from a band-profile modeII(V T) = 2 f(V,T) = 2l
[9]). This suggests that the current steps are due to single "’ ’ 1 + exdae(Vy, — V)/kT]’
electron tunneling through individual, zero dimensional @
states in the quantum well. Similar features have been
observed and reported previously [6,7], and are attributed
to tunneling through bound states of impurities in the EARN OB N LaTaY L ENs b na e e a e
quantum well. 0.35
Figure 3 shows an expanded view of the first current —
step edge at 50 mK for forward and reverse bias at 0 an >
at9 T. The magnetic field is oriented perpendicular to the =
current direction (parallel to the heterointerfaces). At zerc'q
field, the ground state of the impurity is spin degenerate 20 0.25
leading to a single current step. Upon lifting of the
degeneracy at finite fields, a splitting of the current stef
is observed [16]. Figure 4 shows the voltage separatiol
between the corresponding two spin-split conductanc
peaks which increases linearly with the magnetic field
Strength as eXpeCted. Because of the finite widths o 0.10 poaalesnateanalonnetonnbonnedsnnalonsstengsly
the conductance peaks, it is not possible to resolve th ' 5 6 7
splitting for magnetic fields less than 5.5 T. The best Magnetic Field (T)

fit line to the data (Fig. 4) closely intersectsV = 0 . : - -

t B=0 and has a slope’ us/a, where is the FIG. 4. The experimental spin splitting versus magnetic field
a e P& up/a, mB . perpendicular to current for the first current step in forward and
Bohr magnetong is the effective gyromagnetic ratio of reverse bias at 50 mK. The solid lines are linear fits to the
the impurity with the magnetic field perpendicular to thedata.
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wheree is the electron chargg, is Boltzmann’s constant,

andVy, andly, are the threshold voltage and current at the
observed common intersection point of the varid(g) 30
curves at different temperatures. The only free paramete

«a is determined from a fit of the above Fermi function to ~
the I(V) traces at zero magnetic field. The fits are done g, 29
for data taken at eight different temperatures, from 0.8 tc =

5 K, and the average value afalong with the rms error is g
reported. We obtaimx = 0.48 *= 0.02 for forward bias = ;
and 0.42+ 0.02 for reverse bias. The fitsare done forthe © 1°FF &
regionV = Vy, when the current is small and not affected Y 2
by the occupancy of the impurity state. 7

From these values ofr and the measured slope of 0
the spin splitting versus magnetic field, the absolute
magnitude of the spirng’ value of the impurities is
determined. The two steps in Fig. 2 correspond to two
separate impurities. We obtain for the lower bias, firstFIG. 5. (V) characteristics at 9 T showing the spin-split first
impurity, g% = (0.28+0.02, 0.28-0.02) (for forward and current step edge in forward bias at temperatures ranging from
reverse bias, respectively) and for the higher bias, secon t0 300 mK.
impurity, g7 = (0.28+0.02, 0.270.02). _

The g* value of electrons in bulk GaAs—0.44) is  Split step at 9 T are observewt to have the same cur-
different from the free electron value (+2) due to therent magnitudef — I, # I;). This difference is more
spin orbit interaction in the valence band and its effecforominent in reverse bias. To analyze this, we defipe
on the conduction band as analyzed usl?ngﬁ theory. andI’; to be the tunneling rates for an electron to tunne;l
In confined quantum well regions, it changes further andnrough the bottom and the top (referred to growth di-
also becomes anisotropic. This is partly due to the chang@ction) potential barriers, respectively, of the double bar-
in the electron and hole energies due to confinement, arfte" neterostructure. We also defidg, and I'er, to be
partly due to the electron wave-function penetration inthe electron tunr_1eI|ng rates through the collector (down-
the barrier material where the electron has a highier Stréam) and emitter (upstream) (referred to electron flow
value (+0.39). ¢* is theoretically predicted to be a strong Q|re_ct|on) potential barriers. In. forward bias, electron in-
function of the quantum well width and changes from thel€Ction is through the top barrier into the quantum well
bulk value of—0.44 to greater than +0.4 for well widths (I'em = T, T'a = T'), while in reverse bias, electron in-
less than30 A [11]. Our measurement is consistent Jection is through the bottom barrier into the quantum well
with this prediction and with recent experimental results(lem = I'», Ta = T). We also definep to be the oc-
[12,13] (assuming here that the signgfis positive). cupation probability for an electron ina Ioce}llzed. state

Because of the 3D nature of the emitter, at any giverd" the quantum well. " In the sequential tunneling picture,
energy electrons of both spin orientations are available foP = JTem/(Tem + Ta). Since the spin splitting energy
tunneling (even with applied magnetic field). Figure 5(AE = 150 ueV) is much smaller than the barrier po-
shows thermal broadening of the first current step edgiential energy £300 meV), we assume that the tunneling
at 9 T. Separate Fermi broadening of the two fragment&tes are the same for electrons tunneling through spin up
indicates that in both cases electrons involved in tunnelin@' SPin down states. We also assume that the emitter elec-
are the Fermi electrons in the emitter. The observedons are not spin polarized, which is a good assumption
experimental voltage difference is thus entirely due to théince the Fermi energy~40 meV) is much larger than
spin splitting of the impurity state, and is not affectedthe spin splitting energy even at 10 T.
by the g* factor of the electrons in the emitter [17]. In high magnetic fields and at low temperatures, when
We also note that electron-electron interactions will notthe Fermi level is sharp (Fig. 5), we can adjust the bias
alter the relative energy of the two spin states and thuf0 have the following two cases for a given impurity. At
the measureg” factor. Coulomb interaction between lower bias, only the lower energy spin state channel is
the tunneling electron and the electrons in the emitteRCtive for conduction, and the current is given by
causes a rise in the step current near the threshold at low I = pely. (2)

temperatures, which is observed (as first reported by Gei ; ; ; ; ;
et al. [8]), but it should not affect the energy separation Ofrﬂt higher bias, the higher energy spin state channel is also

X active for conduction, and the current is given by
the two spin states.

Analysis of the tunneling current through the spin-split L =p'elq = @2p — pPela, 3)
system yields additional information about the tunnelingwhere p’ = 2p — p? is the probability of occupying
process. Recalling Fig. 3, the two fragments of the spineither the lower or the higher state, but not both of
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them. Both states cannot be occupied at the same time We thank Professor D. E. Prober, Dr. M. Amman, and
due to the large Coulomb energy required for anothed.U. Nockel for many useful discussions, C.L. Fernando
electron to simultaneously occupy the second state. Fand Professor W. R. Frensley for help with the modeling,
this system the single electron Coulomb charging energgnd A. Mittal for experimental assistance. This work
(Uc = e*/2C where C is the effective capacitance of is supported by NSF Grants No. DMR-9112497 and
the double barrier device [3-5,18]) is much larger tharNo. DMR-9216121.
the spin splitting energp\E.

In the extreme limits these equations indicate that
for 'y > T'em, p = 0 and I, = 2I; while for T'; <

Fem, p =1 and I, = I;. This qualitatively explains *Present address: Digital Semiconductor, Hudson, MA.
the behavior observed in Fig. 3. To get a quantitative 'Present address: Department of Materials Science and
understanding, we solve Egs. (2) and (3), usingand Engineering, University of Wisconsin, Madison, WI.
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