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Efficiency enhancement of the coherent electron spin-flip Raman scattering through thermal
phonons in (In,Ga)As/GaAs quantum dots
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The spin-flip Raman scattering efficiency of the resident electron is thermally enhanced in singly charged
(In,Ga)As/GaAs quantum dots, for probing the s- or p-shell trions. The Raman shift, polarization characteristics,
and spectral position of the resonant scattering profile are insensitive to the sample temperature up to 50 K.
This indicates a thermally robust mechanism of the coherent electron spin-flip based on exchange interaction.
The background of the scattering spectra, whose intensity increases also by about one order of magnitude
with temperature, is associated with acoustic phonon scattering. We propose that acoustic phonons enhance the
spin-flip probability of the resident electron with growing temperature. The coherent spin-flip Raman scattering
is ultimately suppressed at temperatures, which are a few times lower than that required for thermal trion
dissociation.
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Semiconductor quantum dots (QDs) are considered as an
appealing material system for spin electronics and quantum
technologies due to potential advantages in the availability of
advanced fabrication techniques and, for instance, connectivity
with other semiconductor hardware [1]. The three-dimensional
confinement can moreover lead to rather long coherence times
of confined charges and spins [2,3]. However, multiple inter-
actions in the many-body environment, in particular, thermal
phonons, typically cause a rapid loss of coherence. For exciton
complexes in QDs, the interaction with acoustic phonons
reduces the coherence even at liquid helium temperature [4,5].
For confined carrier spins, the coherence is maintained to
higher temperatures; in self-assembled (In,Ga)As QDs the
electron spin coherence time was found to be constant up
to about 20 K, while dropping fast into the nanosecond range
above it [6,7]. Therefore, also coherent manipulations have
to be performed in this temperature range. Up to now, only
few excitations in solid-state systems exhibit the necessary
robustness to be manipulated coherently at room temperature,
such as nuclear spins or carrier spins localized at deep
defects [8,9].

Coherent phonons have been suggested for establishing an
interaction between quantum states in nanostructures [10,11].
Whether, however, thermal phonons could contribute to ma-
nipulation within the limits set for maintaining coherence has
not been explored so far. Light-matter interaction, whose prob-
ability intrinsically depends on phonons, is the principle of
Raman scattering. As it can be used to flip and thereby orient
spins, it provides an essential step in spin manipulation [12]. In
this respect, one deals with resonant spin-flip Raman scattering
(SFRS), which is a coherent photon-spin scattering process
[13,14].

We observe a thermal enhancement of the SFRS efficiency
for the resident electron in singly charged (In,Ga)As/GaAs
QDs, where the spin flip is mediated by resonant trion exci-
tation. The intensities of the electron-SFRS and background,
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which is assigned to acoustic phonon scattering, increase by
about one order of magnitude with temperature rising from 6
to 28 K, for probing the s- or p-shell trions. The Raman shift,
polarization characteristics, and spectral position of the reso-
nance profile of the electron-SFRS are insensitive to the sample
temperature up to 50 K; hence, the mechanism of the electron
spin-flip based on exchange interaction is considered thermally
robust. We propose that at elevated temperature acoustic
phonons additionally induce the electron spin-flip and mediate
ground-excited-state mixing thus opening spin-flip scattering
channels. At high temperature they may however lead in
combination with charge fluctuations of the QD environment
to pure trion dephasing, which broadens the SFRS line profile
and ultimately quenches the spin-flip process: The coherent
SFRS process is annihilated at temperatures that are a few
times lower than that required for thermal trion dissociation.
The enhancement of the SFRS efficiency highlights that
thermal phonons—rather astonishingly—do not destroy the
coherent spin-flip scattering process, which is appealing for
spin manipulation in III-V semiconductors without the need
of liquid helium temperatures.

We studied two ensembles of self-assembled
(In,Ga)As/GaAs QDs, fabricated by molecular-beam
epitaxy on a (100)-oriented GaAs substrate and thermally
annealed after growth at 920 and 945 ◦C, respectively. The
dots were charged in average by a single electron. Both
samples demonstrate similar results; in the following mainly
the data, which are measured for the QDs annealed at 920 ◦C,
will be presented. The samples were mounted strain free
inside a magnet cryostat that provided magnetic fields up to
10 T. The QDs were excited by a tunable continuous-wave
Ti:sapphire laser with a power density of about 0.5 W/cm2.
The QD emission was resolved by a double monochromator
equipped with a Peltier-cooled GaAs photomultiplier. The
backscattered SFRS experiments were performed in Voigt
geometry (θ = 90◦) and in a tilted geometry, where the
magnetic field B and QD growth axis z enclosed an angle of
θ = 15◦, in order to allow for the electron spin-flip scattering
[13]. The circular polarization of light is denoted by σ±,
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FIG. 1. (a) PL spectra of the singly charged (In,Ga)As/GaAs
QDs for different temperatures; B = 6 T, θ = 90◦. (b) Temperature
dependence of the integrated PL intensity.

where the signs ± are determined by the sign of the photon
angular momentum projection on the optical z axis.

The QD photoluminescence (PL), excited with Eexc =
1.460 eV laser light, is presented in Fig. 1(a) for 6, 40, and
100 K. At 6 K, the QD emission due to ground state trion
recombination is centered at about 1.399 eV, emission from the
first (second) excited state is seen around 1.412 eV (1.425 eV);
they are marked by arrows in Fig. 1(a). The QD PL at 40
K (100 K) is redshifted in energy by approximately 2 meV
(11 meV). It is worthwhile to note that the wetting layer reso-
nance was found at about 1.480 eV at 1.8 K [15]. The PL inten-
sity integrated over the s-, p-, and d-shell spectral range does
not vary significantly with increasing temperature up to about
60 K, as depicted in Fig. 1(b) [16]. For larger temperatures,
the QD emission weakens gradually and vanishes at about
145 K (≈12 meV), which is associated with the thermally
induced dissociation of the trions due to carrier escape from the
QDs [17].

The Stokes and anti-Stokes electron (e) spin-flip lines are
shown in dependence on the sample temperature in Fig. 2(a),
for resonantly exciting the high-energy flank of the s-shell
PL at 6 T in Voigt geometry. Below 10 K the intensities of
the SFRS lines are relatively weak (300 cps), while the peak
intensities significantly rise up to about 1800 cps at 28 K. For
T � 30 K, the e-SFRS line intensities decrease. The ratios
between the Stokes and anti-Stokes intensities do not vary,
e.g., the Stokes scattering signal in the (σ+,σ+) copolarized
configuration is approximately 10% more intense than the
anti-Stokes line for (σ−,σ−) throughout the temperature range
measured. Moreover, the absolute Raman shift remains at
about (185 ± 10) μeV with increasing temperature.

The polarization properties of the electron-SFRS are tem-
perature independent, as is shown in Fig. 2(b) exemplarily for
three different temperatures and the copolarized configurations
in tilted geometry. At all three temperatures the ratios of
the e-SFRS intensities for the polarization configurations
(σ+,σ+):(σ+,σ−):(σ−,σ+):(σ−,σ−) are approximately given
by 1 : 0.19 : 0.27 : 0.19, for the Stokes regime, and 0.19 :
0.30 : 0.16 : 1, for the anti-Stokes regime. Additionally, the
maximum of the resonance profile does not demonstrate a
temperature-dependent energy shift; it remains approximately
at the high-energy flank of the s-shell transition [14], as
illustrated in Fig. 2(c). The temperature independences of the
Raman shift, Stokes-to-anti-Stokes scattering ratio, resonance-
profile spectral position, and optical selection rules indicate
that the SFRS of the resident electron occupying the s shell

FIG. 2. (a) Image plot of the temperature-dependent intensity of
the resident electron-SFRS, for the Stokes and anti-Stokes regime;
B = 6 T, θ = 90◦, Eexc = 1.406 eV. The laser line area from −100
to +100 μeV is excluded from the image plot. (b) Co-circular
polarization properties of the Stokes and anti-Stokes e-SFRS line
at T = 6, 25, and 40 K and B = 6 T; θ = 15◦. The background
was subtracted from the spectra using similar parameters for the
Stokes and anti-Stokes regime. (c) Resonance profiles of the e-SFRS
at B = 6 T and θ = 90◦. (d) Temperature dependence of the e-SFRS
linewidth; the error does not exceed the symbol size.

is probed and the basic spin-flip scattering mechanism is not
altered [18].

As depicted in Fig. 2(d), the width of the e-SFRS line
decreases slightly with rising temperature from 6 to about
20 K, and broadens at temperatures of decreasing e-SFRS
intensity (T > 30 K). In that temperature range the shape of
the SFRS line is well described by a Gaussian profile. The
change of the e-SFRS linewidth is of particular interest, since
it reveals the decline mechanism of the e-SFRS process, as
will be discussed later.

The temperature-dependent enhancement of the e-SFRS
intensity is presented by the solid squares in Figs. 3(a)–3(d)
as function of the excitation energy Eexc that is tuned across
the different QD shells. The enhancement factor displays the
respective intensity normalized to the value measured at 6 K.
The e-SFRS efficiency is most enhanced, up to 6 times, with
increasing temperature for resonantly exciting the trion in the
s shell and the transition range of the s and p shell. For higher
excited states, the thermal enhancement is weaker; for d-shell
excitation, there is no enhancement at all. The e-SFRS intensity
decreases rapidly above about 28 K, independent of Eexc. On
the contrary, the background (BG) in the SFRS spectra rises up
to 40 K, see open circles, reaching values of ηBG ≈ 9 [19]. It
shows a significant enhancement for s- and p-shell excitation.
Both the Stokes as well as anti-Stokes background intensities
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FIG. 3. (a)–(d) Dependence of the enhancement factors of the
e-SFRS intensity ηSF (solid squares) and SFRS-spectrum background
ηBG (open circles), on the inverse temperature for different excitation
energies; B = 6 T, θ = 90◦, logarithmic x axis. Note, for Eexc =
1.392 and 1.399 eV, ηSF(1/T ) is similar to that shown in (a).
Temperature dependence of ηSF at 6 and 10 T in (e) Voigt geometry
and (f) tilted geometry; Eexc = 1.406 eV. The error does not exceed
the symbol size.

demonstrate these dependences. Moreover, they practically
coincide with each other for T � 10 K, as one can see in
Fig. 2(a). Additionally, both enhancement factors demonstrate
a sharp dip at about 18 K, which also manifests itself in the
image plot of Fig. 2(a), showing up only for probing the s-/p-
shell and p-shell trion.

Figures 3(e) and 3(f) indicate that, on the one hand, in tilted
geometry the thermal enhancement of the e-SFRS intensity
is considerably smaller than that in Voigt geometry. On the
other hand, in a given geometry ηSF only weakly responds
to the applied magnetic field strength. Moreover, one may
claim that the dip in ηSF disappears at 10 T in Voigt geometry
and, in tilted geometry, it may shift from 18 to 10 (8) K at
6 (10) T. It is worthwhile mentioning that the suppression of
the e-SFRS intensity occurs at a temperature, which is several
times smaller than the PL quenching temperature.

Let us discuss now the mechanism of the thermal enhance-
ment of the e-SFRS efficiency. The SFRS intensity is generally
determined by the product ISF ∝ Ii Wem τj̄ WSF τj Wabs. Here
the lifetime τ of the trion in a specific state with total
angular momentum j is expected to shorten with increasing
temperature due to additional scattering. The intensity of the
incident light Ii is kept constant and the absorption Wabs and
emission Wem probabilities, depending on the trion resonance
energies, do not change significantly for T < 40 K. Of main
relevance is therefore the scattering probability WSF, which is
governed by Pauli’s exclusion principle and the electric-dipole
selection rules.

In a slightly tilted geometry the electron-spin basis eigen-
states |sz = +1/2〉 = |↑〉 and |−1/2〉 = |↓〉 are mixed; for
B > 0 and a negative electron g factor, the lowest spin state
reads α|↑〉 + β|↓〉 with the mixing coefficients α � β [14].
Resonant σ+ polarized laser light excites the first component of
the superposition state to a trion resulting in α |↑↓⇑〉 + β |↓〉,
where ⇑ denotes the total angular momentum projection
jz,hh = +3/2 of the heavy hole (hh). An electron spin-flip
can then occur in the second component only, so that the
intermediate state reads α |↑↓⇑〉 + β |↑〉; finally, the light is
scattered back with σ+ circular polarization and the resident
electron is left with pure spin-up orientation.

The coherent spin scattering of the resident electron is
primarily mediated by exchange interaction with the pho-
toexcited electron [14,15]. However, the second component
of the resident-electron spin state can also be reversed through
acoustic phonon scattering [13,20]. While its probability is
weak at low temperature, it increases with rising temperature
due to the increase in the density of populated acoustic
phonon modes. Thus, at elevated temperatures both electron-
electron exchange as well as acoustic phonon scattering realize
the e-SFRS. Of relevance for the thermal SFRS efficiency
enhancement at particularly s-shell excitation may be an
acoustic-phonon induced coupling of the energetically lowest
singlet s-shell trion with excited trion states [21], such as
the triplet or singlet p-shell trions. These states are char-
acterized by nonzero orbital angular momentum; hence, the
corresponding mixture of spin and orbital electron states opens
further spin-flip scattering channels yielding an enhanced
e-SFRS efficiency. The acoustic-phonon supported electron-
SFRS modifies neither the Raman shift nor the polarization
of the scattered light because of the unchanged jz,hh. Due to
the spin-orbital state mixing one may expect that, e.g., in the
Stokes regime, the (σ−,σ−) polarized SFRS line becomes
more intense; however, this configuration leads to parallel
e-spin orientation, whose formation is restricted by Pauli’s
exclusion principle. Moreover, for exciting higher lying states
of, e.g., the d-shell trion, the scattering efficiency weakens
significantly, since the spin scattering becomes strongly off-
resonant and the lifetime of these excited states is short.

Our explanation is further underlined by the increase in the
scattering background, which we attribute mainly to acoustic
phonon scattering, while we propose that resonant PL gives
a negligible contribution to the SFRS spectra measured. The
similar Stokes and anti-Stokes BG intensities resemble the
acoustic phonon sidebands of zero-phonon lines in QDs.
Their spectral contribution increases approximately by one
order of magnitude from 10 to 50 K [4,22], which agrees
with our enhancement factors. Due to the broken k-vector
conservation in QDs, the scattering BG is broad and is not
restricted to specific acoustic phonon frequencies [20]. One
may argue in comparison to quantum wells that the QD
in-plane confinement results in a shift of the acoustic-phonon
scattering maximum to the laser line. And, if resonantly excited
PL formed the BG, it would show a temperature dependence
similar to that of the below-wetting-layer excited PL, which is
however not the case.

The e-SFRS line broadening, for T > 30 K, indicates
a process counteracting the enhancement of the coherent
SFRS through the thermal acoustic phonons. We ascribe the
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broadening and intensity reduction of the e-SFRS line to
(i) an acceleration of the transverse electron spin relaxation
and, in particular, (ii) to pure trion dephasing caused by
charge fluctuations in the QD environment and also acoustic
phonon interaction [23–25]. With rising sample temperature,
we thus assign the constructive and destructive effects on
the electron-SFRS to the acoustic phonons. One can expect
that the pure dephasing is only weakly affected by the
magnetic field strength and orientation, as is outlined by the
similar deactivation temperatures of the e-SFRS process. The
decrease in the e-SFRS intensity begins at temperatures, at
which also the linewidth starts to broaden, while the scattering
BG becomes still more intense. The deactivation of the
e-SFRS process occurs at temperatures, where the trion is far
from being dissociated, while the reduction in the BG intensity
can be attributed to the energy shift of the trion resonance with
increasing temperature. On the contrary, the slight narrowing
of the linewidth may hint at a stabilization of the trion
coherence.

For the sake of completeness, we like to discuss
temperature-dependent phenomena in self-assembled QDs
that can be excluded as relevant mechanisms. (i) A thermally
activated transfer of electrons between differently strong
confining, spatially adjacent QDs [26] may cause the increase
in the spin-flip scattering efficiency. This interdot coupling
or tunneling would increase the number of single-charged
dots, in which the e-SFRS could occur, and could also explain
the weakly increased e-SFRS intensity in the tilted geometry
due to the magnetic confinement leading to an enhanced
electron localization. However, this model requires a quite
rare configuration of resident carrier occupations in the QDs,
namely QDs with two and without resident electrons, in order
to achieve a positively balanced number of singly charged dots.
(ii) A thermal activation of trapped or wetting-layer electrons
[27] that relax into undoped QDs would enhance the e-SFRS
scattering efficiency. Nevertheless, this thermal activation
should not depend on the magnetic field geometry, and, for
singly charged QDs, it requires the presence of a large number
of undoped QDs probed at low and high excitation energies.
This can also be neglected for the QD ensembles studied
[28]. (iii) Electron-nuclear hyperfine interaction leading to

an enhanced spin-flip scattering efficiency can be ruled out
already for temperatures above 6 K, as shown in Ref. [15].
In this case one would also expect a shift in the e-SFRS
line position due to a temperature-dependent change in the
Overhauser field [29].

Finally, the focus shall be drawn on the sharp drop in the
e-SFRS and BG intensities at 18 K observed for excitation in
the s-/p- and p-shell ranges. This temperature corresponds to
1.6 meV, which is several times smaller than the lateral confine-
ment energy of the QDs in the conduction and valence band.
One may attribute the intensity drop to a p-orbital splitting
in the conduction band resulting from the noncircular shape
of the QDs, so that a loss channel for the electron spin-flip
efficiency is opened. Since also the scattering BG demonstrates
this intensity dip, it is, however, also possible that the trion
coherence is disturbed by acoustic phonons with energies of
1–2 meV, whose wave functions fit into the QDs having an
average diameter of 20–30 nm, thus leading to a maximum
scattering matrix element. The drop occurs at small tempera-
tures for a strong in-plane magnetic confinement, as depicted
in Fig. 3(f), which on the other hand favors the explanation of
the electron-SFRS damping due to a p-orbital splitting.

In conclusion, the efficiency of the coherent spin-flip
Raman scattering of the resident electron is significantly
increased with rising sample temperature, for resonant trion
excitation in (In,Ga)As/GaAs QDs. Thermal acoustic phonons
enhance the electron spin-flip scattering efficiency, while
pure trion dephasing may suppress the electron-SFRS at
about 50 K. Our results demonstrate that thermal phonons
do not disturb the coherent SFRS process primarily based
on electron exchange interaction, thus emphasizing that it is
worth to pursue coherent spin physics in III-V semiconductor
nanostructures above 10 K aiming for spin applications at
liquid-nitrogen temperature.
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