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Spin-flip Raman scattering of the resident electron in singly charged (In,Ga)As/GaAs
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Highly efficient spin-flip Raman scattering of the resident electron spin is found in singly charged
(In,Ga)As/GaAs quantum dots. The applied magnetic field induces a symmetry reduction for the negatively
charged exciton, which serves as intermediate scattering state, thus making the spin-flip Raman scattering of
the resident electron allowed. Electron-electron exchange interaction mediates the electron spin-flip. Above a
threshold magnetic field that depends on the dot size and experiment geometry, the efficiency of the scattering
cross section is spectrally shifted with increasing field. This shift, which follows the electron cyclotron energy,
is assigned to a hybridization of s-shell singlet and p-shell triplet states of the negatively charged exciton.
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Semiconductor quantum dots (QDs) have aroused remark-
able interests in most diverse scientific fields. In particular,
they open new opportunities in spin-electronics and quan-
tum information technologies [1-3]. A major possibility of
implementing solid-state quantum information applications is
offered by carrier spins in ensembles of QDs [4]. In order to
realize such applications a robust spin coherence is a major
requirement. In this respect, excitons, while being considered,
are less prospective due to their short lifetime than resident
electrons as being present in singly charged QDs [5,6]. As
example, for preparation and read-out of spin coherence at
high frequency, optical methods based on ultrashort laser
pulses in subpicosecond range are used [7]. These pulses
generate spin oriented electron-hole pairs in QDs which
already possess a resident electron. The generation of spin
coherence for the resident electron is mediated by the charged
exciton complex (negatively charged trion). Hereby, not only
the ground singlet state of the trion but also its excited states
can be involved [8,9]. Therefore, the energy and spin structure
of this exciton-electron complex and its spin dynamics need
to be understood in great depth. Various optical methods have
already been exploited for such studies, among them high-
resolution spectroscopy showing its strength for single-dot
studies and time-resolved pump&probe techniques of Faraday
rotation mainly used for ensemble measurements [6,10—12].

Resonant spin-flip Raman scattering (SFRS) of resident
spins in quantum dots subjected to an external magnetic field is
a tool for their coherent manipulation. SFRS is also a powerful
experimental technique that delivers information on Zeeman
splittings of carriers and excitons and on the selection rules,
which give insight into the spin structure of exciton complexes,
their symmetries and spin interactions [13]. This technique
is demanding in experimental realization, since the spin-flip
signals are needed to be measured in the immediate vicinity
of the laser line being separated from it by few hundreds
of ueV only. Most probably because of that, despite the
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comprehensive information that can be gathered by the SFRS,
there are only rare examples of its use for investigation of
self-assembled QDs [14,15]. Open questions until now are
related to the cross section of single spin-flip Raman scattering
of a confined carrier and the symmetry requirements in QD
structures, namely the magnetic field configuration, for the
allowance of a respective process.

In this paper, the electron spin-flip scattering under res-
onant excitation is studied in ensembles of singly charged
(In,Ga)As/GaAs QDs. The analysis of the selection rules
for the spin-flip line measured in different configurations of
external magnetic fields highlights the role of the charged
exciton complex as an intermediate scattering state for the
spin-flip of the resident electron. Isotropic electron-electron
exchange is revealed as the main interaction mechanism. We
further show that the spin-flip process becomes possible by
magnetic-field-induced symmetry reduction. In that context,
the scattering efficiency for the negative trion is compared with
that for the neutral exciton, where the electron spin is scattered
by an acoustic phonon. In slightly oblique magnetic field
geometry and above a threshold field strength, a considerable
shift of the maximum of the SFRS efficiency is found in weakly
confining QDs. It is attributed to the mixing of s-shell singlet
and p-shell triplet trion states and their repulsion which is
defined by the electron cyclotron energy.

Three samples with self-assembled (In,Ga)As/GaAs QDs
were fabricated from one structure grown by molecular-beam
epitaxy on (001)-oriented GaAs substrate. They contain 20
layers of lens-shaped QDs with a density of 10'° dots per
cm?. A charging by about one electron per dot was provided
by modulation doping with Si donors 20 nm below each QD
layer. After growth, the samples were annealed at different
temperatures of 900°C (#1), 945°C (#2), and 980°C (#3)
leading to different QD sizes and composition profiles [16].
Detailed optical studies of such QDs can be found in Ref. [17].
A reference sample with undoped (In,Ga)As/GaAs QDs,
which were annealed at 960°C and showed a photolumi-
nescence (PL) spectrum with maximum at 1.401 eV, was
also studied; see details on the sample in Ref. [18]. For the
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FIG. 1. (Color online) (a) PL spectra of the singly charged
(In,Ga)As/GaAs QD samples excited at an energy of 1.54 eV above
the band gap of the wetting layer, excitation density is 0.5 W/cm?;
T =6 K, and B =0 T. The arrows mark the s- and p-shell peaks
for sample #1. (b) Dispersion of electron g factor across the QD
ensembles of studied samples at B = 8 T is demonstrated for § = 15°
and 90°. Symbol colors correspond to that for the PL spectra shown
in (a). The inset illustrates the tilting angle 6 between the QD growth
z-axis and magnetic field direction B.

SFRS experiments performed at a temperature of 7 = 6 K,
the samples were attached strain free to a rotation holder and
were exposed to external magnetic fields B up to 10 T. The QDs
were excited by a tunable continuous-wave Ti:Sapphire laser
with a typical power density of 5 W/cm?. The scattered light
was analyzed by a triple spectrometer equipped with a liquid-
nitrogen cooled charge-coupled-device camera or a cooled
GaAs photomultiplier. The backscattered SFRS experiments
were performed in the Faraday (6 = 0°) and Voigt (6 = 90°)
geometries as well as in tilted geometries, where the magnetic
field B and QD growth axis z enclosed an angle 0° < 6 < 90°
within the xz plane, as illustrated in the inset of Fig. 1(b).

Photoluminescence spectra of the singly charged
(In,Ga)As/GaAs QDs are shown in Fig. 1(a). PL peaks of each
QD ensemble are attributed to s-shell trions, and high-energy
shoulders belong to p-shell trions; both are marked by arrows
exemplarily for sample #1. The s-shell peak energies for
the samples #1, #2, and #3 are 1.341, 1.396, and 1.439 eV,
respectively. Diffusion of gallium atoms from the barrier
material into the QDs during the annealing increases the band-
gap energy which results in the high-energy shift of the PL
bands. The QD size was also increased thus reducing the
role of carrier quantum confinement within the plane of the
annealed QDs.
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FIG. 2. (Color online) SFRS Stokes spectra of sample #2 for
Faraday, tilted (8 = 15°), and Voigt geometries in crossed linear
polarization, excited at 1.396eV; T =6 K, B=10T.

An SFRS spectrum consists of lines which shift from the
laser excitation energy, taken as zero value of the Raman shift,
and usually describes the Zeeman splitting of spin states. As
an example, in Fig. 2 SFRS spectra for sample #2 are shown
for the excitation energy 1.396 eV corresponding to the PL
maximum. Spectra of the other samples are similar to these for
sample #2. One can see in Fig. 2 a strong electron-SFRS line
in the Voigt geometry at B = 10 T measured in crossed linear
polarizations. The Raman shift of this line A Esg = 0.31 meV
corresponds to the in-plane electron (e) g factor |g2| = 0.54.
The latter is calculated by AEsp = |gt|n, B, where p,
is the Bohr magneton, and agrees well with pump&probe
measurements for (In,Ga)As/GaAs QDs [17,19].

The spectral dependence of the electron g factor over a
wide energy range resulting from probing the e-SFRS in all
three samples is given in Fig. 1(b). One clearly observes that
the electron g factor smoothly varies with energy, not only for
a single sample, but also the data for the different samples
smoothly connect to each other. This underlines previous
studies showing that the electron g factor is mostly determined
by the band gap [20]. The in-plane value |g;"| varies from 0.67
at 1.33 eV down to 0.50 at 1.47 eV, while the quasilongitudinal
|ge| at 8 = 15° follows it with an offset changing from 0.08
to 0.02. A weak anisotropy is characteristic of the electron
g factor in QDs, in contrast to the strong anisotropy of the
heavy-hole and exciton g factors [19].

In the Faraday geometry an SFRS signal is absent; only a
PL background is detected, see Fig. 2. An e-SFRS line appears,
as soon as the magnetic field is tilted relative to the z axis, as
seen by the red curve in Fig. 2 for the rather small tilting angle
of 6 = 15°. Since the QDs have, to a good approximation,
rotational symmetry about their growth axis, their symmetry
can be described by the irreducible representation D,; which
is comparable to that of quantum wells. Accordingly, the
e-SFRS becomes allowed in tilted geometries, where the
in-plane component of the magnetic field induces a mixing of
the electron spin basis eigenstates [13,15,21]. The maximum
possible symmetry breaking by the applied field is achieved
in Voigt geometry thus explaining the highest e-SFRS line
intensity. In the following, the SFRS mechanisms will be
discussed in detail.
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FIG. 3. (Color online) Circularly cross- and copolarized SFRS
spectra of sample #2 for the excitation energy of (a) 1.396 eV and (b)
1.404eV;0 =15°,B=6T,and T =6 K.

Let us now discuss the exact Faraday case in dependence
on the circular polarizations of the incident and scattered light.
We assume for the beginning that the valence-band ground
state has heavy-hole character, despite that the admixture of
light-hole is well established for the QDs studied, as evidenced
by the nonzero heavy-hole in-plane g factor [19]. By using
ot polarized light, an electron-hole pair with electron spin
opposite to the optical axis (s, = —1/2), in the following
denoted by ||), and a hole with total angular momentum
+3/2, denoted by |{}), can be excited. This excitation can
take place only if the resident electron spin has a component
pointing upward, |1), otherwise it is blocked by the Pauli
exclusion principle. The two electron spins then form a singlet
state, so that spin flips are not possible. Indeed, we do not
find indications for an SFRS process at & = 0° in the Raman
spectrum recorded at B = 10 T, shown in Fig. 2. In principle,
the heavy-hole (hh) may also flip its spin, for which we find,
however, no evidence in the experiment, independent of the
field configuration.

Information on the spin-flip Raman mechanism is provided
by the fact that for close-to-Faraday configurations the e-SFRS
line is mostly observed in cocircular polarization, i.e., the
backscattered light has dominantly the same circular polar-
ization as the incident light, as one can clearly see in Fig. 3(a).
Backscattering with countercircular polarization also occurs,
but its intensity is considerably reduced. In tilted magnetic
field, the spin state of the resident electron can be written as
a|t) + B|4) with |a|? + |B|* = 1, using the spin basis eigen-
states along the QD growth direction. The mixing coefficients
depend on the tilting angle 6, and we assume that || > |B|
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for < 45°. With o+ polarized light only the first component
in the superposition state can be excited to a trion resulting
in «[ft} 1) + Bl{). A spin-flip can then occur in the second
component, so that the intermediate state reads «|ft1) +
B11). The spin scattering of the resident electron is mediated by
isotropic exchange interaction with the photo-excited electron.
Finally, the light is scattered back, and when the hole spin
has remained unaffected, this light has obviously the same
polarization and the resident spin has become oriented.

This scenario explains the observation of the e-SFRS
with strong intensity in cocircular polarization, but does not
explain the observation of a resonance - despite being weaker
- in the countercircular polarizations (6 ~,0%) and (o,07)
for the Stokes and, respectively, anti-Stokes scattering [22],
as shown in Fig. 3(a). For such a process the hole spin has
to become reversed. If this would occur solely in the trion
component through acoustic phonon interaction, one would
observe a hole spin-flip, which is not the case. We suggest that
such a hole spin-flip is initiated by the anisotropic exchange
interaction between electron and hole which is proportional
to the product of the electron spin times the third power of the
hole (h) angular momentum, S, - J3. This interaction couples
the hole spin in the trion component and the nonexcited
electron spin, so that the superposition state after the flip-flop
is given by «|{| 1) + B|1). The scattered light then has o~
polarization, and the final state is the one of a reversed electron
spin, «||) + B|1), compared to the initial state. Moreover, the
light-hole contribution facilitates the action of the anisotropic
electron-hole exchange. By comparing the cross-polarized
SFRS line intensities in the Stokes and anti-Stokes regimes in
Figs. 3(a) and 3(b), one can clearly see that these intensities are
larger at higher excitation energy. We propose that at higher
energies the light-hole states are more strongly admixed to the
heavy-hole states; hence, the spin-flip process leading to scat-
tered light with reversed circular polarization becomes more
probable.

In the reference undoped QDs an e-SFRS line is not found
neither for Faraday geometry nor tilted geometry with 6 = 15°,
as depicted for 10 T in Fig. 4(a). In the Voigt geometry an
e-SFRS line is observed; however, its intensity is about three
orders of magnitude weaker than that of the corresponding
e-SFRS process for the singly charged dots. The Raman shift
AEsp = 0.32 meV corresponds to the transverse electron
g factor of about 0.55 that is in agreement with previous
results [19,23]. The linear magnetic field dependence of the
electron Raman shift (squares) is shown in Fig. 4(b). A
further SFRS line is observed in Voigt geometry with A Egp =
0.25 meV which corresponds to the absolute transverse g factor
of 0.43. It is similar to that of the neutral exciton, see Ref. [19].
Moreover, the magnetic field dependence of the Raman shift
of this line, measured at & = 15° [see exemplary spectrum for
10 T in Fig. 4(a)], demonstrates a zero-field offset of about
0.08 meV by linearly extrapolating the data points (circles),
shown in Fig. 4(b). This offset can be assigned to the exciton
exchange energy [19], which defines the splitting between the
bright and dark exciton states in the neutral exciton [24]. Both
the Raman shift values as well as the zero-field offset evidence
that this SFRS line belongs to the neutral exciton (X). Thus, we
can conclude that in the reference undoped dots the e-SFRS is
performed within the X complex.
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FIG. 4. (Color online) (a) SFRS Stokes spectra of undoped
(In,Ga)As/GaAs QDs for different tilt angles 6. The spectra were
measured at the excitation energy of 1.384eV; T =6K, B=10T.
(b) Magnetic field dependences of the electron and exciton Raman
shifts in the undoped QDs.

The mechanism of the electron spin-flip differs for the
neutral and negatively charged exciton. While the spin-flip
is caused by electron-electron exchange interaction in the
negative trion, in the neutral exciton the electron spin is
scattered by an acoustic phonon [15]. In contrast to the negative
trion, in the exciton the SFRS process competes with the
electron-hole exchange, which stabilizes the electron spin
along the QD growth axis [25]. In Voigt geometry at the
applied magnetic field of 10 T, the Zeeman splitting of the elec-
tron spin states is approximately three times larger than the
electron-hole exchange energy. Accordingly, the probability
of an electron spin-flip is increased. We propose that it is
mediated by an acoustic phonon, while the definite type of the
electron-phonon interaction cannot be determined; it may be
attributed to deformation-potential, piezoelectric coupling, or
interface motion [26,27]. Note that in the anti-Stokes regime
the e-SFRS line is also observed (not shown here), its intensity
is about twice smaller than that of the Stokes line. By consid-
ering the Bose-Einstein distribution function for the phonon
statistics [28], the intensity ratio demonstrates that the electron
spin temperature corresponds to the sample temperature of 6 K.

Beside the strong symmetry dependence of the e-SFRS
and the spin rearrangement by SFRS in the singly charged
QDs, we need to discuss the efficiency of the interaction
mechanism in detail. Hence, we now turn to the SFRS
resonance profile which is the dependence of the e-SFRS
line intensity on the excitation energy tuning across the
inhomogeneous distribution of transition energies for the QD
ensemble. The SFRS resonance profiles of all three studied
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FIG. 5. (Color online) (a) and (b) SFRS resonance profiles at
B =10 T for samples #3 and #2, the tilting angle varies. The PL
(black solid line) is shown for 10 T and 10°. In (a) the SFRS resonance
profile at @ = 10° and 6 T is additionally demonstrated (green solid
squares). In (c) the resonance profiles for sample #1 measured at 7
and 10 T are shown, 6 = 10°. Dashed lines are guides for the eye.

QD samples are shown in Figs. 5(a)-5(c) where the symbols
connected by dashed lines indicate the SFRS intensities while
the black solid lines give the PL spectra. In the following, we
compare the energies of the PL maximum with the energies
at which the SFRS efficiency is maximum. Independent of the
magnetic field strength in Voigt geometry, the SFRS efficiency
basically coincides with the PL intensity in this configuration.

When tilting the field by small angles only, for example
6 = 10°, considerable differences show up. For QD sample
#1 with the strongest lateral confinement, the maxima of the
two distributions still coincide over the whole magnetic field
range studied. This is also true for the two other samples, but
only at low fields. At high fields the maximum of the SFRS
efficiency is shifted toward higher energies as compared
to the PL maximum. This is shown in detail in Figs. 6(a)
and 6(b) by the solid symbols, evidencing as well that this
high-energy shift is stronger for the QD sample with smaller
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FIG. 6. (Color online) Magnetic field dependences of energy
shifts for s-shell PL (triangles) and SFRS profiles (circles and squares)
maxima measured for different geometries and the singly charged
(In,Ga)As/GaAs QD samples. PL data of all samples are for & = 10°.
The uncertainty in § Esr value primarily results from the width of the
resonance profile. In the inset of panel (a), the anticrossing of the
s- and p-shell states in tilted magnetic field is sketched.

lateral confinement as compared to the one with stronger
confinement. The energy shift for the s-shell PL is denoted
by §Epr and that for the Raman profile by 6 Esp, while the
zero-energy value in the Figs. 6(a)-6(c) corresponds to the
s-shell PL maximum at B =0 T.

For all samples, the PL bands measured at small tilt
angle 6 = 10° close to the Faraday geometry show weak
diamagnetic shifts (B?) with increasing magnetic field,
which are characteristic of confined exciton complexes. The
diamagnetic shift, as expected, is larger for dots with larger
in-plane size. In sample #1 with the smallest dots, the Raman
profile and PL. maxima at & = 10° coincide in the studied field
range up to 10 T, see Fig. 6(c). In large-diameter dots, however,
such a coincidence is fulfilled only below some threshold
magnetic field, which is about 8 T for sample #2 and 6 T
for sample #3. Above the threshold field a strong shift of
the Raman profile maximum takes place, as demonstrated in
Figs. 6(a) and 6(b). The difference to the PL maximum at B =
10 T reaches 5.3 meV in sample #3 and 2.3 meV in sample #2.
It is interesting that such unexpected behavior is very sensitive
to the magnitude of the tilting angle; in sample #2, e.g., it
disappears for 8 > 25°, see blue squares. The strong shifts
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can approximately be described by a linear dependence with a
slope of (1.8 = 0.1) meV/T, which is very much comparable
with the cyclotron resonance energy hw. = heB/m. for an
electron mass of m. = (0.064  0.004)m( with m being the
free electron mass. The mass is in agreement with the expected
in-plane value for the electron in (In,Ga)As QDs [29,30].

Next, we have to clarify the origin of the high-energy shift
of the e-SFRS efficiency whose maximum moves toward the
excited state transition energies, compare the PL spectra in
Fig. 1(a). Our data, however, also show that the excitation of
higher lying states does not facilitate spin-flip scattering in
general, as the respective scattering efficiency goes to zero,
even though restrictions from the Pauli blocking do not exist
for such transitions. This may be expected as the spin scattering
is then no longer a resonant process but becomes off-resonant.
Also, the lifetime of the excited states is shorter than that of
the ground state which reduces the SFRS efficiency.

The observation that the shift starts at smaller magnetic
fields for QDs with weaker in-plane confinement, which, in
turn, corresponds to smaller QD-level splittings, suggests that
the origin of the efficiency shift is a magnetic-field-induced
state mixing in which the ground and first-excited states
are involved. This state mixing becomes possible through
the tilted field geometry by which terms proportional to
(e?B?/m,)sin(20)xz appear in the single-particle Hamilto-
nian [31,32], where magnetic field components along the z
and x axis are considered. Obviously the importance of these
terms enhances strongly with magnetic field.

When the field is applied along the QD growth direction or
in an oblique configuration with small tilt angle, the confined
electron and hole orbital levels evolve in accordance to the
Fock-Darwin (FD) spectrum [33]. The field component along
the z axis leads to a splitting of states with positive and negative
orbital angular momentum m. The first-excited state with m =
—1 is most relevant for the mixing with the ground state of
zero angular momentum. The splitting between these states is
given by [34]

2
AE =h w§+(%> —lha)c, (1)
where huw) characterizes the lateral confinement energy of the
electrons. It can be estimated from the splitting between the
PL peaks as roughly 14 meV, 8.5 meV, and 6 meV for samples
#1,#2, and #3, respectively. With increasing magnetic field the
level splitting decreases, so that their mixing by the in-plane
field component becomes significant, as stated in the previous
paragraph. For very high magnetic fields (not reached in our
studies) the levels converge to form Landau levels. The B field
at which the mixing reaches relevance depends, however, on
the quantum dot confinement. For the most strongly confining
QDs it is apparently irrelevant, while it becomes the more
important the less confining the dots are. Due to the mixing
the levels repel each other, where the repulsion energy is
determined by the mixing term given above, containing the
cyclotron energy of the electrons, as observed in experiment.
We suggest that it is this level mixing and repulsion, namely a
hybridization of an s-shell and a p-shell state, which leads to the
shift of the e-SFRS efficiency to higher energies starting from
a magnetic field where the cyclotron energy is comparable
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to the lateral confinement energy. This level anticrossing is
sketched in the inset of Fig. 6(a). For the Voigt geometry,
the separation between the ground state and the excited levels
remains basically unchanged, so that the SFRS efficiency is
also not altered.

For a complete, quantitative description, this single-particle
discussion has to be extended by considering excitonic
complexes. Accordingly, the SFRS efficiency shifts for the
weakly confining QDs due to the hybridization of the s-shell
trion singlet and p-shell trion triplet in slightly tilted magnetic
field geometry. The observed Raman shifts correspond to
pure spin-flips without involving relaxation between different
quantum states or scattering between singlet and triplet spin
configurations. Note that for ground-state excitation only the
trion spin singlet can be excited, while for a laser energy tuned
to the transition energy of the first-excited state, both trion spin
triplets and singlet can be excited. For the p-shell trion, at zero
magnetic field the spin singlet state is lying a few meV higher
in energy than the triplet states [8]. In our tilted magnetic field
geometry these spin states could also be mixed, which may be
considered to describe the pure single electron-SFRS.

In conclusion, we have demonstrated that in singly charged
(In,Ga)As/GaAs QDs after the resonant excitation of a negative
trion the spin-flip scattering of the resident electron is
realized by isotropic electron-electron exchange interaction.
Anisotropic electron-hole exchange interaction and light-
heavy-hole mixing, which is enhanced at higher excitation
energies, lead to weakly efficient electron-SFRS in cross-
circular polarization configurations. The major requirement
for the allowance of the single spin-flip scattering process
is the reduction of the trion symmetry by a magnetic field
tilted with respect to the QD growth axis. The spin scattering
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based on isotropic exchange is much more efficient than the
acoustic-phonon-mediated SFRS of the electron in the neutral
exciton, whose Raman shift at B =0 T corresponds to the
exciton exchange energy &o. We have further shown that, when
the magnetic confinement dominates against the lateral QD
confinement above a threshold magnetic field, the maximum
efficiency of the resident electron spin-flip scattering strongly
shifts with increasing magnetic field, whereby the shift is
described by the electron cyclotron energy. This surprising
behavior is observed in large-diameter QDs and close-to-
Faraday geometries. We have suggested as explanation that
the s-shell singlet and p-shell triplet with m = —1 of the
negative trion are hybridized, and the repulsion of their levels
is defined by the electron cyclotron energy. On the whole,
resonant SFRS is a promising experimental tool to investigate
in detail spin-flip scattering mechanisms in low-dimensional
semiconductor structures, particularly due to its sensitivity to
the symmetry and type of the probed exciton complex.
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