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Magneto-optical spectroscopy of excitons and trions in charge-tunable quantum dots
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We investigated the magneto-optical properties of charge-tunable GaAs quantum dots (QDs). Photolumines-
cence (PL) spectra change greatly with charge states of the QDs, and the PL lines of excited trions show
complex magnetic field dependencies, which are quite different from that of the lowest radiative trion. A
simulation using the configuration-interaction method supports the assignment of the PL emissions, and the
effects of electron-electron and electron-hole interactions on shell and spin configurations of excited trions are

discussed.
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Spin states in semiconductor nanostructures are expected
to act as quantum information carriers in solid-state
systems.'=> One approach that allows us to access each spin
is to use negative trions, which are composed of two elec-
trons and one hole, in semiconductor quantum dots (QDs).
An optically active trion in a QD serves as an intermediary
for the initialization*> and readout®’ of single-electron spin,
using the optical selection rule that critically depends on the
spin states of the trion and the resident electron. Because the
spin properties of trions are characterized by the shell and
spin configurations of the constituent electrons and a hole,
Coulomb and exchange interactions and resultant energy
structures are of particular interest.

Several optical spectroscopy techniques such as micro-
photoluminescence on single QDs, time- and polarization-
resolved spectroscopies, and those employing electrically
charge-tunable structures have supported the assignment of
different charge states of QDs and enabled detailed studies of
each of these states to be undertaken. Most experimental
studies have, however, focused on their lowest radiative
states, although a few recent reports have shown photolumi-
nescence (PL) emissions related to excifed states of trions:
the PL of charged biexcitons (XX~),3!0 the polarized fine
structure in PL excitation (PLE) spectra,!' and the quantum
beats in PL emissions from an ensemble of excited trions'?
have been reported. While the lowest state of the trion has all
its electrons and its hole in ground shells (s shells), the ex-
cited trion has more than one electron or hole that occupies
higher shells. These excited states mutually interact via Cou-
lomb and exchange interactions, giving a rich variety of con-
figurations. Furthermore, the carrier correlations in such ex-
cited states strongly depend on the external magnetic field,
which in turn induces shell- and spin-dependent changes in
energy and oscillator strength. In this respect, the spectrum
of the trion excited states, which continuously evolves with
increasing magnetic field, will provide an efficient way to
assign the configurations in QDs.

In this study, we investigate the magneto-PL properties of
a charge-tunable QD. We detected PL emissions from the
excited radiative states as well as the lowest-lying state,
probably because of partial spin blocking that may slow
down the nonradiative energy relaxation. These emissions
allowed us to overview their energy and oscillator strengths
as functions of the magnetic field. Our experimental results
and simulation using the configuration-interaction (CI)
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method reveal the roles of the direct Coulomb and exchange
interactions and their effects induced via off-diagonal contri-
butions to the excited trions in the QD.

Our sample consists of a 2.8-nm-thick GaAs single quan-
tum well (QW) embedded in an n-i-Schottky diode grown on
an n-GaAs substrate by molecular beam epitaxy [Fig. 1(a)].
A single electron, a neutral exciton, and a negative trion are
created by tuning the bias voltage and/or by photoexcitation,
all of which are confined within a potential minimum corre-
sponding to a monolayer-thick island in the QW introduced
by the growth interruption technique.'® The lateral extent of
the resulting QDs is estimated to be several tens of nanom-
eters and their density is about 10° cm™2. A Au/Ti film with
small apertures of 0.25X0.25 um? processed on top of the
sample was used for area-selective spectroscopy of indi-
vidual QDs and was also used as an electrode for applying a
bias voltage between the surface and the substrate.

For micro-PL measurements, the sample was cooled to 6
K in a helium gas-flow cryostat placed in a superconducting
magnet. A Ti:sapphire laser with a power density of about
10 W/cm? excited QDs within an aperture in the metal
mask/electrode. The collected PL was then dispersed in a
triple-grating monochromator and detected with a cooled
charge-coupled device array. For magneto-PL measurements,
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FIG. 1. (a) Sample structure. (b) PL spectra obtained in a bias
range of —0.2<V,<+0.4 V at B=0. The excitation energy was set
to 1.6986 eV. The PL lines labeled X° and X~ are assigned to the
lowest-lying neutral exciton and trion emissions, respectively.
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an external magnetic field B was applied to the sample in the
Faraday geometry and circular polarizations of the excitation
and the PL were independently controlled with sets of polar-
izers and retarders.

Figure 1(b) shows typical PL spectra obtained in a bias
voltage (V,) range of -0.2<V,<+0.4 V at B=0. The PL
line labeled X° (X) that appears as V,<025 V
(V,>0.25 V) is assigned to the lowest-lying neutral exciton
(negative trion). The energy of the X~ line is 3.8 meV lower
than that of the X° line, which is consistent with previously
reported values.'*!5 Further support to these assignments is
obtained from linear-polarization-resolved PL spectra (not
shown), where a fine energy splitting of about 30 ueV due
to the anisotropic e-h exchange interaction is visible for X°,
whereas X~ shows no detectable splitting. The lowest-lying
trion, which has two s-shell electrons, is known to show no
energy splitting because the two electron spins are paired
off.1%17 Thus, the spectra shown in Fig. 1(b) are specific to
the lowest exciton and trion emissions in axially asymmetric
QDs.

The application of a magnetic field B provides us addi-
tional information about the carrier correlations and spin
properties of excitons and trions in QDs. The color-scale plot
in Figs. 2(a)-2(c) shows the B evolution of the polarization-
resolved PL spectra at V,=0, 0.25, and 0.3 'V, respectively.
The polarization of the excitation was switched between o™
and o~ and the PL with the same polarization was detected.'®
The lowest-lying exciton (X°) and the trion (X~) emissions
exhibit a diamagnetic shift with increasing |B| and the corre-
sponding coefficients are obtained as y(X°)=18.7+ 1.0 and
¥(X)=13.0= 1.1 ueV/T? respectively. The fairly large
difference in 7y reflects the substantial difference in the e-e or
e-h correlation energy of the excitons and trions. We also
found a small Zeeman splitting between two peaks with op-
posite polarizations shown as red and blue lines, which in-
creased linearly with increasing |B|. The obtained effective g
factors are g(X°)=1.18£0.06 and g(X)=1.29 +0.08. Their
magnitudes are similar because they are determined by the
difference between the g factors of the electron and hole. In
addition to the lowest-lying exciton and trion emissions, we
found several PL lines (labeled A, B, C, and D) at V,=0.25
and 0.30 V [Figs. 2(b) and 2(c)], most of which exhibit much
more complex B dependencies. [We also found line E, which
is too weak to be recognized in Fig. 2. It will be discussed
later with the enhanced graph that is shown in Fig. 4(f).] The
most noteworthy is line A, whose energy decreases as |B]
increases. This huge decrease, which happens for both polar-
izations, is probably associated with the nonzero angular mo-
mentum of the electron or hole envelope function. Lines B
and C also clearly deviate from simple parabola, and the
intensity of line C decreases continuously with increases in
|B|. For a more strongly charged condition at V,=0.3 V
[Fig. 2(c)], we find an additional parabolic line 2 meV below
the X~ line (labeled D) and weak PL lines similar to A, B,
and C at 0.25 V (but B dependencies are not exactly the
same). We thus tentatively attribute these lines to some of the
excited states of the negative trion.

For the excited-state PL. emissions to be observed, the
excited states need to retain small but nonvanishing popula-
tions within a time interval of the energy relaxation time. A
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previous report has shown that the energy relaxation rate of
excited states via exciton-acoustic phonon interaction is 19
ps.! If we assume that the recombination lifetime of excited
trions is the same order as that of ground excitons which has
been reported as 100-230 ps,2 we can observe the lumines-
cence from the excited trion with the intensity 1 order of
magnitude weaker than the ground-state emission.

We next consider the spin states of two electrons and one
hole. If we assume a pseudospin approximation and no inter-
action between different configurations, the basic structures
are determined by the requirement of Pauli’s exclusion prin-
ciple, in which two electrons act as two indistinguishable
fermions.?! For the ground state, we have two electrons in an
s shell that form a spin singlet (T,],—],T,). For the excited
states, on the other hand, two electrons reside in different
shells (e.g., s and p shells) and could form both spin-singlet
and -triplet (1,T,, T,l,+1,T,, and | ],). These singlet and
triplet are separated by an amount equal to the e-e exchange
energy. Furthermore the isotropic e-h exchange interaction
splits the triplet into three Kramers doublets at B=0 T.

This simple picture of basic spin configurations gives us
additional hints to understand emissions of excited trions.
Optically active excited states T, pU or lslpﬂ, in which two
electrons in different shells have the same spin direction,
require a spin flip in order to relax to a ground singlet
(TSL_Y—LSTX)ﬁ or (1,l,=1,7)T. The energy relaxation rate
governed by the spin-flip rate is slow enough to compete
with that of spontaneous photon emission. As a result, PL
from the excited states can be more intense.

It is not easy to identify the reason why the intensities of
PL lines from the excited trions (lines A-D) vary between
0.25 and 0.30 V. We may point out that the phenomenon is
causally related to (i) the excitation energy that possibly
causes V,-dependent absorbing level energy shifts due to the
change in longitudinal QW potential, (ii) the electron tunnel-
ing rate that changes with internal electric field,”” and (iii)
the trion formation process, which does not always proceed
with initial electron occupation (in the ground shell) fol-
lowed by light-induced e-h creation; it also proceeds with
e-h creation (in excited shells) and subsequent electron
capture.23 At present, however, such relevance and their in-
terplay are unclear; thus, we need further an experiment to
elucidate the mechanism of V,-dependent excited trion
emissions.

Figure 3(a) shows the schematic representation of the
trion and electron energy levels and radiative transitions. The
expression (eje,) ) describes the main part of shell con-
figurations with two electrons (e,e,) and a hole (k) and sub-
script #(s) represents spin-triplet (-singlet) states of two elec-
trons. The excited states are split into singlet and triplet, and
the triplets are split into two bright (solid lines) and one dark
(dashed lines) levels. The ordering of the levels is deter-
mined by e-e and e-h interactions, which depend on B. In
addition, because the interaction energies are the same order
of magnitude as the kinetic energies, they are given as gen-
eralized Coulomb matrix elements represented by
(i,J|Ve-e(e-mlk, 1) for e-e (e-h) scattering in a basis of Slater
determinants constructed from all possible shell and spin oc-
cupations. This introduces off-diagonal as well as diagonal
elements in the Hamiltonian, and as a result, different
configurations mix.
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FIG. 2. (Color) Magnetic field evolution of the polarization-
resolved PL spectra at bias voltages of (a) 0, (b) 0.25, and (c) 0.3 V.
The density plots of the logarithm of the intensity for o* (expressed
by depth of red) and o~ excitations (blue) overlap in each graph.
The excitation energy was set to 1.6750 eV.

To understand trion configurations in a magnetic field
qualitatively in more detail, we carried out a CI calculation.
We model the QD confinement with a two-dimensional para-
bolic potential U, (x, y)=me(h)(w§(h)1xx2+ wi(h)’yyz)/ 2. When
the QD potential is axially symmetric (@, =@, ).,
single-particle energies and envelope functions are of well-
known Fock-Darwin states.>*2> Tn actual QDs, however, the
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FIG. 3. (Color online) (a) Energy diagram for a single electron
and a negative trion at B=0 T. Labels s and 7 denote the singlet and
triplet configurations for two electrons. (b) Calculated total energy
vs B. The parameters are assumed as m,=0.067, m;,=0.112, fiw,
=10 meV, Ai(Sw)=0.5 meV, and Aj=0.4 meV.
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symmetry is reduced (w, .7 @e(),)- Thus we used the
eigenfunctions for the elliptic QDs derived by analytical
procedures.?®?’ In the simulation, we considered parameters
wy and dw, which gave w, (,=my/(m,+my)(w)* dw) and
Wpx(y) =M/ (M +my)(wy + dw), keeping the symmetry
MW, () =M@y 1(,)->* We took account of the shells of the
electron and hole up to the d shell and disregarded the Zee-
man splittings and anisotropic parts of the e-h exchange in-
teractions for simplicity. The diagonal and the off-diagonal
e-e and e-h Coulomb matrix elements were obtained by
numerical integration.?’

The electron and trion energies as a function of B are
shown in the bottom and top graphs in Fig. 3(b), respec-
tively. For the electron, we name the shells s,p-.,d, + for the
following discussion. As seen in the graph for the trion, as
the energy increases, the states become more crowded. We
mainly focus on the six types of configuration from the low-
est as indicated by the arrows in Fig. 3(b).

From the obtained eigenstates and energies we can calcu-
late the oscillator strength for a given set of initial and final
states, which are the mixture of several configurations.?® This
is calculated according to Fermi’s golden rule, I(w)
=|<\I’f|13i|\I’,-)|25(E,-—Ef—hw), where subscript i (f) repre-
sents the initial trion (final electron) state, respectively. The
interband polarization operator 13i for o= polarization is

given by P.=2(b; -1, d; +12), Where d; <1 (bj+1,0) is an
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FIG. 4. (Color) (a) Density plot of calculated oscillator strength
as a function of photon energy Eppqon and B for several transitions.
Ephoton 18 Offset so that the energy for sss—s at B=0 T becomes 0
meV. Some other transitions are plotted in (b). (¢)—(f) Parts of the
experimental data are replotted from Fig. 2 for comparison. En-
hanced color is used for weak signals in (e) and (f).
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annihilation operator that removes the electron (hole) in the
jth shell with a pseudospin of F1/2. Several calculated
spectra are displayed in Figs. 4(a) and 4(b) as functions of B,
where the oscillator strengths are represented by the density
of the lines.

Now we compare the simulated results and the experi-
mental data shown in Figs. 4(c)-4(f). For the radiative ex-
cited triplet (174 or | | 1), we consider the following three
transitions: in the simulation [Fig. 4(a)], the transition
(sp_),p_—s, which shifts to a lower energy with increasing
|B|, reproduces the experimentally obtained line A until it
anticrosses with the (sd_),s—s line at B~ *=1.5 T. The
transitions (sp.),s— p+, which are located at an energy
lower than sss— s, well explain the observed PL line D. We
also plot (sd,),s—d., as the transition that is close to line B.

For the excited singlet [(1|—-| DT or (11-17){],
(sp_)ss—p_ is one of the possible assignments for the PL
line C, which appears as |[B|<2 T, although there still exists
discrepancy in their B dependencies. Furthermore this as-
signment requires a mechanism for the suppressed energy
relaxation that depends on B, e.g., the phonon bottleneck
effect in QDs.?? When we again focus on the enhanced data
at V,=0.25 V in Fig. 4(f), we notice a weak line E that
traces the simulated transition (sp,)s— p, in Fig. 4(b) and
there may be singlet-triplet anticrosses at B=~ =2 T. As
seen above, although there are still numerical discrepancies,
the model can explain large parts of our experimental PL
spectra qualitatively.

Finally we remark on the generality of the observed phe-
nomena. We have investigated another QD that has similar
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PL lines that emit from an excited trion, but the B depen-
dence is not exactly the same: although we can find lines
corresponding to lines A, B, and C with similar energy struc-
tures as above, the intensity of line B disappears rather than
that of line C as |B| increases. We tentatively attribute this to
the carrier correlation, which is sensitive to the QD potential
or other factors. In fact, in the present sample, the B depen-
dence of line C varies with V, [Figs. 2(b) and 2(c)]. This is
probably because the ratio of the e-e and e-h interactions,
which is set to 1 in the simulation, is affected by an electric
field induced by V,.

In conclusion, we have observed PL emissions from a
single exciton and a negative trion in a charge-tunable QD.
The PL spectra change greatly with the charge states of the
QDs, and the PL lines of excited trions show complex mag-
netic field dependencies, which are quite different from that
of the lowest radiative trion. From a simulation using the
elliptic Fock-Darwin model, we speculated on the origin of
the trion PL emissions, in which off-diagonal elements of the
e-e and e-h interactions have significant roles to determine
the shell and spin configurations in the trion system. We
believe that the present work opens the possibility of devel-
oping a scheme for the optical control of single-electron
spins using the excited states of trions in QDs.
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