PRL 101, 227203 (2008)

PHYSICAL REVIEW LETTERS

week ending
28 NOVEMBER 2008

Intershell Exchange and Sequential Electrically Injected Spin Populations
of InAs Quantum-Dot Shell States

G. Kioseoglou,"** M. Yasar,” C. H. Li,! M. Korkusinski,> M. Diaz-Avila,” A. T. Hanbicki,' P. Hawrylak,’
A. Petrou,” and B. T. Jonker"*
"Naval Research Laboratory, Washington, District of Columbia, 20375, USA
2Department of Physics, 239 Fronczak Hall, University at Buffalo, Buffalo, New York 14260, USA
3 Quantum Theory Group, Institute for Microstructural Sciences, National Research Council, Ottawa, Canada KIAOR6

4Department of Materials Science and Technology, University of Crete, Heraklion Crete, 71003, Greece
(Received 16 July 2008; published 26 November 2008)

We report sequential spin population of individual shell states of self-assembled InAs quantum dots
controlled by a spin-polarized current from an Fe contact, and determine the s-p and p-d intershell
exchange energies. We resolve excitonic features in the electroluminescence (EL) spectra associated with
individual quantum levels. In contrast with simple models of shell occupation, the EL circular polarization
exhibits maxima shifted with respect to the intensity peaks. Calculations show that this is due to intershell
exchange. Exchange energies for the s-p and p-d shells are 7 = 2 and 13.5 = 1 meV, respectively.
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Many spintronic and quantum computing applications,
including spin transistors, spin-based quantum processors,
memory devices and polarized light emitters [1-6] require
efficient injection of spin-polarized carriers into specific
quantum levels of nanoscale semiconductor structures.
Quantum dots (QDs) are attractive candidates for these
applications, because their reduced dimensionality leads
to long spin coherence times [7,8] and enables the local-
ization and manipulation of a controlled number of elec-
trons [9-13]. QDs are often referred to as ‘“‘artificial
atoms’ since their electronic structure is described using
the s, p, d, f shell nomenclature used for atoms [9,14].
Previous work has described electrical spin injection into
ensembles of InAs QDs incorporated into p-i-n light emit-
ting diodes (LEDs) from ferromagnetic GaMnAs [15],
from paramagnetic ZnMnSe layers [16], and from ferro-
magnetic metal contacts [17,18]. The electroluminescence
(EL) from these studies consisted of a single broad feature
associated with transitions among the lowest energy QD
states. The large width of the emission band was attributed
to inhomogeneous size distribution of the QDs.

We present here EL data from Fe/n-AlGaAs/i-GaAs/
p-AlGaAs spin-LEDs that incorporate a single layer of
InAs QDs at the center of a GaAs quantum well (QW).
In contrast with previous work, we resolve excitonic fea-
tures in the EL spectra associated with individual quantum
levels (s, p, d, and f shells). We demonstrate electrical
control of the electron population and spin polarization of
these shells with bias current, and determine values for the
s-p and p-d intershell exchange energies. Intershell ex-
change strongly modifies the optical polarization observed
from that expected for simple models of shell occupation.
The polarization of the EL spectra exhibits maxima that do
not coincide with the EL intensity peaks, contrary to what
one would expect from a simple excitonic picture.
Calculations show that these energy shifts arise from ex-
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change interactions among spin-polarized multiexciton
complexes in a QD. The experimental data together with
these calculations yield values for the average exchange
energies of electrons in the s and p shells, Vy(sp) =7 *
2 meV, and between electrons in the p and d shells,
Vx(pd) = 13.5 = 1 meV. These results are significant to
our fundamental understanding of spin-polarized carriers
in QDs, and indicate a mechanism for electrical control of
spins in QDs for their various spin-based applications.

Samples were grown by molecular beam epitaxy
(MBE) and consist of a QW structure [17,19] of
83 nm n-Aly;GageAs/40 nm undoped GaAs/50 nm
p-Aly3Gag7As/ p-GaAs buffer layer on a p-GaAs (001)
substrate. The top 15 nm of n-type Alj Gag oAs was highly
doped (n =1 X 10" cm™3) to form a Schottky tunnel
contact to facilitate spin injection from the Fe film
[20,21]. The top 10 nm Fe (001) film was grown in a
separate interconnected MBE chamber. The self-
assembled InAs QD layer, grown at 500 °C at a reduced
growth rate of 0.001 ML/ sec to reduce the dot density and
size distribution [22], was embedded at the center of the
undoped GaAs QW region. Atomic force microscopy of an
uncapped QD layer confirmed a dot density of ~7 X
108/cm? with a narrow size distribution. The samples
were processed into surface emitting LEDs [17,19] and
placed in a magneto-optic cryostat. Spin-polarized elec-
trons were electrically injected from the Fe contact into the
QDs, and the EL was measured along the surface normal
(Faraday geometry) and analyzed for positive and negative
helicity (o™ and o).

Figure 1(a) shows the QD EL spectra for selected elec-
trical bias conditions, illustrating sequential occupation of
the s, p, d and f shells with increasing current. Figures 1(b)
and I(c) display the continuous evolution of the shell
intensity with bias. Since there is a large dynamic range
in the EL intensities, data for the bias ranges 1.7-1.9 and
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FIG. 1 (color online).
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(a) EL spectra for selected electrical bias conditions, showing sequential occupation of the QD s, p, d, and f

shell states. Contour plot at biases (b) 1.7-1.9 V and (c) 1.9-3.0 V show the gradual filling of the QD shell states.

1.9-3.0 V are plotted separately for clarity. At low bias,
only the ground-state s shell is occupied, resulting in a
single emission peak at ~1230 meV. The s shell is twofold
(spin) degenerate, and can be occupied by two excitons,
i.e., electron-hole pairs. Increasing the bias voltage results
in continuous filling of the s shell and a corresponding
increase and saturation of its emission intensity. At slightly
higher bias, emission associated with the p shells appears
at 1275 meV, and dominates the EL spectrum from 1.9 to
2.5 V. Further increase of bias results in a gradual filling of
the p shell and the appearance of the higher-energy d shell
at 1315 meV. Finally, the f shell emerges as a distinct
feature (1350 meV) at a bias of ~2.8 V. The highest
energy peak (1415 meV) labeled “WL” is due to
electron-hole recombination in the InAs two-dimensional
wetting layer [19,23]. The sequential occupation of these
electronic shells has been observed in optical excitation
studies with increasing laser power [8,22] but not with
direct control by spin-polarized current injection.

The circular polarization P, = (I, —1_)/(I; +1_),
for the p, d, and f shell EL intensity peaks is plotted as a
function of magnetic field B in Fig. 2(a) for / = 30 mA
and an applied voltage V = 3.0 V. The s shell is not
shown because at this bias the polarization at the intensity
peak is in the background of the polarization peak B [see
Fig. 3(c)]. Here I, (1) is the intensity of the EL analyzed
as positive helicity o, (negative helicity o_). At zero
magnetic field there is no polarization for any of the EL
features because the injected electron spin lies in-plane and
orthogonal to the hole spins. A magnetic field rotates the Fe
magnetization (electron spin) out-of-plane, so that the
electron spin is manifested as EL polarization.

The circular polarization at energies corresponding to
the intensity peaks of the p and d shells is very low at this
bias. This is attributed to the fact that these shells are
completely filled, and thus occupied by equal numbers of
spin-up and spin-down electrons. In contrast, the polariza-
tion of the partially filled f shell is high and its magnetic
field dependence exhibits clear evidence of spin injection
from Fe, since P tracks the out-of-plane magnetization
of the Fe contact [17,20,21]. In the inset of Fig. 2(a) we plot
the circular polarization of the d shell intensity peak at a
lower bias of 1.94 V for comparison where the shell is

partially filled (open symbols). In this case, the d shell peak
also exhibits high polarization and a field dependence
characteristic of spin injection from the Fe, in contrast to
the case where it is completely filled (closed symbols).
EL spectra (black lines) taken at B = 3 T are plotted in
Fig. 3 for I = 0.32, 2, and 30 mA. We also plot the circular
polarization P, (solid red lines) of the emitted light as a
function of photon energy. A simple model of shell occu-
pation (e.g. one which neglects exchange) would predict
that the polarization maxima would coincide with the
intensity maxima. This is indeed the case for partially
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FIG. 2 (color online). P, vs magnetic fieldat T =5 K, I =
30 mA, V = 3 V measured at the (a) EL intensity maxima and
(b) polarization maxima (features B, C, D, and E in Fig. 3). The
inset shows P ;. vs magnetic field for the d shell at two different
bias conditions. A weak background of +0.3% /T was subtracted
from the f shell data in (a) and from all data in (b).
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occupied shells, as seen in Fig. 3(a) for the p shell,
although a small red shift is already evident in the polar-
ization peak. However, in general, the polarization exhibits
maxima (labeled A, B, C, D, and E) at energies signifi-
cantly offset from the EL intensity peaks. The magnetic
field dependence of the circular polarization of these fea-
tures is summarized in Fig. 2(b) for a bias of 3 V and
30 mA. In each case, P, tracks the magnetization of the
Fe contact, shown as a solid line scaled to the data, in-
dicating that the measured polarization is due to polarized
electrons injected from the Fe. Feature A is too weak at this
bias for reliable polarization measurements. Inverting the
field changes the sign of the polarization, as expected. It is
evident in Fig. 2(b) that the polarization decreases system-
atically from f to s shell. One possible interpretation is that
as the electrons relax in energy from higher to lower shells,
in each step there is a finite probability of spin-flip of the
majority electrons resulting in smaller polarization [24].
Another reason for the decrease of polarization could be
Fermi blocking [25].

To understand the origin of the strong polarization max-
ima appearing between the EL intensity peaks, we calcu-
late the emission spectra arising from multiexciton con-
figurations in the QDs using exact diagonalization tech-
niques for up to N = 6 electron-hole pairs for (a) unpolar-
ized electrons and holes, and (b) spin-polarized electrons
and unpolarized holes. Details of the calculations may be
found in Refs. [26,27]. Lateral confinement energies
Q,¢ =35 meV for electrons and Q," = 17.5 meV for
holes were used as determined from the experimental
intershell energy spacings. In plotting the resulting emis-
sion spectra we neglect the energy gap of the QD material.
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The lateral confinement of the quantum dot is approxi-
mated by a two-dimensional harmonic oscillator (HO) po-
tential, and the eigenenergies and eigenfunctions of the
system are determined in the configuration-interaction ap-
proach. The emission spectra of the N-exciton system are
computed using Fermi’s golden rule.

Figure 4(a) shows the calculated emission spectra for
N = 2, which corresponds to the experimental results of
Fig. 3(a) (s shell completely filled, p shell just beginning to
be occupied) with the Fe magnetization saturated out-of-
plane at B = 3 T. In the upper (lower) panel of Fig. 4(a) we
show the calculated spectra for unpolarized (spin-
polarized) electrons. Injection of spin-polarized electrons
forces spin-aligned partial occupation of the next state, in
this case the lower lying level of the p shell (doubly de-
generate at B = 0), labeled p;. The initial states of multi-
exciton configurations are shown to the right of Fig. 4(a)
for a total QD electron spin of §, = 0 (ground state) and
S, = —1 (excited state). For S, = 0, the calculated EL
emission feature associated with the filled s shell is unpo-
larized, i.e., o and o~ are equal. For S, = —1 the emis-
sion shows two features, a redshifted peak [identified as
feature A in Fig. 3(a)] and a blueshifted feature, initially
forbidden, which becomes weakly allowed through mixing
with higher-energy configurations. There is no clear evi-

(b) 2mA,1.92V B c -
A D .
Ay M W] 0

EL Intensity (arb. u.)
(%) uonezuejod

1200 1240 1280 1320

Energy (meV)

1360

FIG. 3 (color online). EL spectra and P, vs photon energy at
T =5 K, B= 3T with electrical bias of (a) 0.32 mA, 1.65 V,
(b) 2 mA, 1.92V, and (c) 30 mA, 3 V. The thicker black lines are
the EL spectra and the solid red lines are the circular polariza-
tion.
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FIG. 4 (color online). Emission spectra calculated in the
configuration-interaction approach at magnetic field of 3 T.
Emission of the cases of unpolarized (upper panel) and polarized
(lower panel) electrons for (a) the biexciton, and (b) the six-
exciton system. Black color denotes o~ polarization while red
color denotes o™ polarization. The ground-state initial configu-
rations of the system are shown schematically on the right of the
figure (blue: s shell, brown: p shell, green: d shell). Closed
(open) arrows indicate the spin of the electrons (holes).
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dence in our data for the blue-shifted feature due to its low
intensity and inhomogeneous broadening of the EL peaks.
The peak at 1273 meV in Fig. 3(a) is associated with the
emerging p shell EL feature at this bias. At this low
occupation the polarization maximum nearly coincides
with the p shell EL peak.

For N =2 the experimental value of the redshift of
feature A with respect to the s shell is 7 = 2 meV, in
reasonable agreement with the calculated value of
5.7 meV. The calculation shows that this shift is approxi-
mately equal to the average exchange energy between
electrons in the s and p shells, and we conclude that
Vx(sp) is 7 = 2 meV. Although feature A is predicted to
be 100% polarized as o, the experimental data show a
much lower polarization. We attribute the low polarization
observed to the fact that the electrons injected into the QDs
are only partially polarized and thus the experimental data
are best described by a convolution of features from both
panels of Fig. 4(a) (S, =0, S, = —1).

Higher bias results in significant occupation of the p
shell and partial occupation of the d shell (threefold degen-
erate at B = 0), as shown in Fig. 3(b), producing a larger
redshift due to contributions from p-d exchange. The
calculated emission spectra in the vicinity of the p shell
for six electron-hole pairs per QD (N = 6) for §, =0
(unpolarized electrons) and S, = —1, —2, and —3 (spin-
polarized electrons in the s, p, and d shells) are shown in
Fig. 4(b). As the total net spin of the confined electrons is
increased, the calculation predicts larger redshifts with
respect to the p shell energy position. At a bias of
1.92'V, 2 mA [Fig. 3(b)], the s and p shells are completely
filled while the d shell has just begun to be occupied. Thus
the calculated spectra in Fig. 4(b) can be compared directly
with the experimental results shown in Fig. 3(b). Feature B
in the experimental data, redshifted by 13.5 = 1 meV from
the p shell intensity peak, is best described as a convolu-
tion of the calculated features for S = —1, —2, and —3
shown in Fig. 4(b). We point out that the features at
67 meV for S, = —1 and S, = —2 have a near-zero net
circular polarization when summed. Thus we expect that
the polarization peak labeled B is dominated by the S, =
—3 feature at 62.5 meV. The calculated redshift
(=12.9 meV) for this feature is reasonably close to the
measured red shift (13.5 meV) of feature B. The calcula-
tion shows that this shift is approximately equal to the
average exchange energy between electrons in the p and
d shells, and we conclude that Vy(pd) for N = 6is 13.5 *
I meV. The calculation also predicts the presence of
weaker spectral features that are blueshifted with respect
to the p shell. The convolution of the blueshifted features
in Fig. 4(b) could be associated with the low energy
shoulder of feature C appearing around 1292 meV in
Fig. 3(b), although an unambiguous identification is not
possible.

At a bias of 3 V [Fig. 3(c)], the f shell has just begun to
be occupied, leading to an increase in the redshift of the

polarization peaks relative to the intensity peaks due to
contributions from additional exchange channels (e.g., d-f
exchange). However, we cannot extract a value for V,.(df)
because the large number of excitons makes this
intractable.

In summary, the redshift of the QD shell EL polarization
provides a quantitative measure of intershell exchange
energies.
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