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Magnetoabsorption and spin polarization inversion in GaAs/AlGaAs quantum wells
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The impact of the growth orientation on spin dynamics in GaAs/AlGaAs quantum wells (QWs) is explored
through magnetophotoluminescence measurements. Samples grown on both (100) and (311)A GaAs surfaces
exhibit intensity oscillations at high magnetic fields, characteristic of magnetoabsorption arising from interband
transitions between Landau levels when excited near resonance. Notably, the (311)A surface reveals optical
responses rarely observed on the conventional (100) surface, including an inversion in circular polarization
degree influenced by both excitation power and temperature. To elucidate these findings, we develop an
eight-level model encompassing electron and hole excited states. Our analysis demonstrates that thermalization
is the primary and sufficient factor responsible for reproducing spin inversion with external parameters.

DOI: 10.1103/PhysRevB.110.035417

I. INTRODUCTION

Spin manipulation in semiconductors has garnered at-
tention in recent years, driven by the growing interest in
spintronics and quantum information. The precise control of
spins is essential for the advancement of these applications,
emphasizing the pivotal role of semiconductor materials in
facilitating breakthroughs in spin-related technologies [1–3].
Numerous studies have demonstrated the manipulation of spin
through external parameters, including electric field [4,5], ex-
citation power [6,7], and thermal annealing [8]. Spectroscopic
techniques, such as magnetophotoluminescence (MPL), offer
a means to analyze the predominant spin character. It en-
ables the determination of Zeeman splitting and the degree of
circular polarization (DCP), providing insights into the spin
properties and dynamics under investigation [9,10].

The influence of lattice mismatching on spin and the
corresponding electronic structure can vary significantly de-
pending on the semiconductor structure. In bulk materials,
strain induced by lattice mismatch leads to a reduction in crys-
tal symmetry, thereby breaking certain degeneracies [11,12].
Quantum heterostructures, including quantum dots [13],
nanowires [14,15], and quantum wells (QWs) [16,17], exhibit
alterations in their electronic and optical characteristics under
strain. While traditionally grown on [100]-oriented substrates,
past research suggests that high-index substrates may offer
superior optical qualities [18,19], potentially serving as viable
alternatives for spin-photon interfaces. For instance, whereas
strain’s impact on GaAs/AlGaAs heterostructures grown on
(100)-oriented GaAs substrates is minimal (typically below
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1%), high-index orientations introduce complexities in the
valence band structure and result, for example, in reduced
effective masses [20,21]. These factors could substantially
modify the optical, electronic, and spin properties of such
structures.

In this study, we investigate the impact of magnetoabsorp-
tion on exciton spin relaxation in a GaAs/AlGaAs quantum
well (QW) system grown on both (100) and (311)A GaAs
substrates. We observe marked oscillations in the integrated
photoluminescence intensity at high magnetic fields, par-
ticularly when the excitation energy closely matches the
resonance of the quantum well emission, attributed to in-
terband transitions originating from Landau levels (LLs).
Notably, on the (311)A QW surface, we observe a reversal
in the degree of circular polarization under the influence of
a magnetic field, with this effect becoming more pronounced
with increased excitation power and/or temperature. We inter-
pret this phenomenon as evidence of a thermalization process
taking place within the system, prompting us to propose al-
ternative explanations compared to the existing assumptions
found in the literature [22]. This new perspective sheds light
on the underlying mechanisms driving the observed changes
in the DCP under the influence of a magnetic field, offering
fresh insights into the dynamics of exciton spin relaxation in
our GaAs/AlGaAs QW system.

II. METHODS

Two multiquantum well samples of GaAs/Al0.36Ga0.64As
(5.5 nm well), and GaAs/Al0.33Ga0.67As (5.2 nm well) were
simultaneously grown by molecular beam epitaxy on (100)
and (311)A GaAs surfaces, respectively. Magnetophotolumi-
nescence measurements in Faraday geometry from 3.6 to
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FIG. 1. (a) Photoluminescence spectra of the GaAs/AlGaAs
QWs grown in different substrate orientations: GaAs (100) (blue) and
GaAs (311)A (black), respectively. The excitation power is 0.5 µW
and the temperature is 3.6 K. Integrated PL intensity and calculated
magnetoabsorption coefficient of the GaAs QW vs magnetic field
for samples grown on (b) (100) and (c) (311)A GaAs substrates. The
origin of the shoulder at 2 T for the σ− integrated intensity for the
(100) sample is presented in Ref. [28].

60 K were performed using a helium-closed cycle cryostat
(Attocube/Attodry 1000). The samples were optically inves-
tigated by means of a confocal microscope setup, with an
excitation laser energy at 1.698 eV (PicoQuant-LDH-730)
with a constant power of 0.5 µW (unless otherwise stated)
focused on a spot diameter of 1 µm. A set of polarizers were
used to excite the samples in linear basis and turn the emitted
luminescence in σ+ and σ− circular components, which were
dispersed by a 75 cm spectrometer and detected by a silicon
CCD (Andor/Shamrock-Idus).

III. RESULTS AND DISCUSSION

The photoluminescence spectra of the examined structures,
obtained at a temperature of 3.6 K, are illustrated in Fig. 1(a).
The emissions from the quantum wells are notably centered at

1.615 eV (with a full width at half maximum of 5.2 meV) for
the GaAs (100) substrate orientation, and at 1.608 eV (with a
full width at half maximum of 5.6 meV) for the GaAs (311)A
substrate orientation [23]. The shift between the PL spectra
of the QWs results from the generation of piezoelectric fields,
effective mass anisotropy, and the interface roughness due to
the density of the growth steps for the (311)A surface [24–27].

The integrated intensity of each photoluminescence (PL)
emission, plotted against the applied magnetic field for both
samples, is depicted in Figs. 1(b) and 1(c). As the ap-
plied magnetic field increases, there is a discernible splitting
of the two circular emission components, accompanied by
pronounced oscillations at higher magnetic fields. These os-
cillations are interpreted as arising from interband transitions
between Landau levels. Under an applied external magnetic
field along the sample growth direction (z), electrons and
holes experience the Landau quantization of the oscillatory
motion in the x-y plane [29,30]. When the energy (h̄ω) of the
excitation photon matches the energy of a LL subband, a max-
imum of absorption is expected. Hence, exciting close to the
QW emission is vital to observe such a behavior (see Fig. S1
from the Supplemental Material [31] where no oscillations are
found for a higher energy excitation), otherwise this resonant
effect becomes damped by additional interference of scatter-
ing and relaxation mechanisms. In the right axis of Figs. 1(b)
and 1(c) we present the result of a model based on the mag-
netoabsorption, where the carrier photogeneration α can be
calculated as [32]

α(h̄ω, B) ∝ |ep±
cv|2B

h̄ω

×
∑

N

√√
F±(N, B)2 + δ2 + F±(N, B)√

F±(N, B)2 + δ2
, (1)

where |ep±
cv| is the optical transition matrix element, δ =

3.5 meV is a lifetime energy broadening, and F±(N, B) =
h̄ω − (E±

c (N, B) − E±
v (N, B)), where E±

c (N, B) − E±
v (N, B)

is the energy difference between LLs indexed by N in the
conduction and valence bands with a given spin, under an ap-
plied magnetic field. In order to calculate the conduction and
valence band energies for both samples, we used the in-plane
hole effective mass, electron, and hole g-factor parameters as
m∗

h = 0.11m0, ge = 0.44, and gh = −2.6, respectively [33].
Moreover, we extracted an electron effective mass of m∗

e =
0.077m0 and 0.071m0 for the growth GaAs-surfaces (100) and
(311)A, respectively.

The panels in Fig. 2 illustrate the variation of the degree
of circular polarization with respect to the magnetic field in
the Faraday geometry for both samples. The DCP is defined
as the difference between the integrated intensities of the σ+
and σ− spin components divided by their sum, expressed as
DCP = Iσ+−Iσ−

Iσ++Iσ− . Here, Iσ± represents the integrated intensity
of the corresponding PL spectrum for each spin component.
Figure 2(a) showcases the variation of the DCP for the (100)
sample at a temperature of 3.6 K, under various excitation
laser powers. Notably, the polarization degree exhibits nega-
tive values, peaking at an absolute maximum around 1.8 T.
This distinct feature emerging around 1.8 T has been re-
cently elucidated as a consequence of the interplay between
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FIG. 2. Magnetic field dependence of the degree of circular po-
larization measured for various values of incident laser power (left
panels) and temperature (right panels) for the samples grown on
GaAs substrates oriented along the (100) [(a) and (b)] and (311)A
[(c) and (d)] surfaces. The temperature for the excitation power
dependence was kept constant at 3.6 K while the excitation power
for the temperature ramp was set at 0.5 µW.

short-range interactions and spin-flip scattering, a modulation
governed by the momentum relaxation time as discussed in
Ref. [28]. Moreover, at high magnetic fields and under intense
excitation powers, discernible oscillations are observable. It’s
noteworthy that the overall magnetic behavior remains con-
sistent even with an increase in laser power. In contrast, as
the temperature rises, the DCP exhibits an almost linear in-
crease, as depicted in Fig. 2(b). The temperature increment
results in the suppression of both the shoulder around 1.8 T
and the oscillatory behavior observed at high magnetic fields,
indicative of a breakdown in coherence. As the temperature
elevates, such as at 60 K, the DCP diminishes until reaching a
fully depolarized state at 100 K (not illustrated here).

To contrast optical and spin memory, the DCP was exam-
ined in a GaAs/AlGaAs (311)A multi-QW under the same
conditions as the (100) sample and depicted in Figs. 2(c)
and 2(d). Surprisingly, in this scenario, the DCP exhibits
a strong dependence on the excitation power, as illustrated
in Fig. 2(c). It reaches a depolarized state near 0.5 µW and
displays a monotonic inversion as the laser power increases.
At a constant excitation power of 0.5 µW and various temper-
atures [Fig. 2(d)], a temperature rise (approximately around
10 K) results in an unpolarized state, followed by a monotonic
inversion of the DCP’s sign at higher temperatures. Eventu-
ally, at 60 K, saturation occurs, leading to depolarization.

According to Figs. 1(b) and 1(c), the intensity of the
emitted light follows the magnetic field quantization of the
bulk energy states where the main photogeneration of elec-
trons and holes takes place. The correlation of the absorption
quantization and the PL emission indicates that the mag-
netic field quantization of the excited states and the amount
of photogenerated carriers during resonant absorption im-
pacts the thermalization taking place at the conduction and
valence band ground states. This introduces additional, yet
relevant, ingredients to the whole spin dynamics that can
produce an inversion of the spin polarization with incoming
power and temperature as illustrated in Figs. 2(c) and 2(d),
respectively.

Let’s first note that the polarization inversion by increasing
incident power and temperature has already been reported. In
Ref. [22], the authors describe the PL polarization behavior
in type-II InSb/InAs nanostructures. At low excitation rates
and temperatures below 10 K, where only ground electron
and hole states are populated, they observe nearly 100% PL
polarization. This high polarization is explained by the total
spin alignment of electrons in the InAs conduction band and
heavy holes in the InSb layer, attributed to the Zeeman effect
and selection rules for optical transitions. As temperature or
excitation power density increases, causing the population
of higher-energy states, there is an anticipated decrease in
the observed polarization degree. Intriguingly, however, an
inversion of polarization eventually occurs. The authors noted
that this observed polarization inversion cannot be straight-
forwardly explained by a simple thermal population model.
To reconcile experimental data and theory, they put forward
a conjecture involving contrasting recombination efficiencies
for optical transitions with distinct spin sublevels. They argue
that in the studied type-II system, where the oscillator strength
is affected by the spatial separation of electron and hole
wave functions and the potential profile near the interface,
modulated by temperature and excitation rate, could play a
role. Furthermore, the authors suggest that the recombination
and spin dynamics of “bright” and “dark” excitons could
contribute to the observed phenomena. However, they clarify
that the paper does not delve into an accurate treatment of
these aspects. Instead, they employ phenomenological pa-
rameters to describe the relative recombination efficiency of
optical transitions involving electrons with spin “up” and spin
“down.”

However, we can now unequivocally demonstrate that
the effect they observed can extend even to more tradi-
tional materials, such as GaAs/AlGaAs systems, where no
band inversion is anticipated, confirming that thermaliza-
tion is indeed the predominant factor. Therefore, there is no
necessity to hypothesize a spin imbalance in the recombina-
tion efficiency to explain the polarization inversion observed
with either temperature or power. The factors necessary for
these effects are adequately elucidated in the subsequent
discussion.

The most basic model we can formulate to account for the
full effects here described has been represented in Fig. 3(a):
two Zeeman spin-split excited states within each band, with
energies E↑↓

ex and E↑↓
hx for electrons and holes, respectively,

and the respective spin-split ground states, E↑↓
e0 and E↑↓

h0 , from
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FIG. 3. (a) Eight-level system diagram, being the four upper levels the conduction band (E↑
e0 and E↓

e0 corresponding to ground states, E↑
ex

and E↓
ex corresponding to excited levels) and the four lower levels the valence band (E↑

h0 and E↓
h0 corresponding to ground states, E↑

hx and E↓
hx

corresponding to excited levels), indicating optical recombination times and energy levels variation. DCP vs temperature for α values from 0.1
to 3.0 for excitation powers equals to (b) 1 μW and (c) 10 μW. Both for τ e

s = 0.1τ0, τ h
s = ατ e

s , and �Eh = −�Ee. DCP vs excitation power
for (d) α values from 0.1 to 10.0 and T = 2 K, and (e) α = 0.1 and different values of T . Both for τ e

s = 0.1τ0, τ h
s = ατ e

s , �Ee = 1.0 meV and
�Eh = −1.0 meV.

which the optical recombination takes place at a rate 1/τ0

(independently on spin).
Each pair of Zeeman split states in the conduction (va-

lence) band may undergo spin flips at rates 1/τ e(h)
s . In turn,

the energy relaxation between excited and ground states may
take place through spin-coherent processes characterized by
1/τco or incoherent spin-flip transitions 1/τinco. The DCP os-
cillations measured at high fields are unequivocal proofs of the
presence of coherent relaxation channels. Thus, the spin dy-
namics and electron-hole pair recombination can be emulated
by solving the following set of stationary equations introduc-
ing a CW pumping rate, R, with four equations for each band
(conduction and valence, respectively):

dn↑
ex

dt
= R − n↑

x

(
1

τco
+ 1

τinco

)
− n↑

x

τ e
s

f
(
�Ex

e , t
)

+ n↓
x

τ e
s

f
( − �Ex

e , t
) − n↑

x

τ ex
= 0, (2)

dn↓
ex

dt
= R − n↓

x

(
1

τco
+ 1

τinco

)
− n↓

x

τ e
s

f
( − �Ex

e , t
)

+ n↑
x

τ e
s

f
(
�Ex

e , t
) − n↑

x

τ ex
= 0, (3)

dn↑
e0

dt
= n↑

x τco + n↓
x

τinco
− n↑

0

τ e
s

f (�Ee, t ) + n↓
0

τ e
s

f (−�Ee, t )

− n↑
0

τe0
− n↑

0 p↑
0

τ0
= 0, (4)

dn↓
e0

dt
= n↓

x τco + n↑
x

τinco
+ n↑

0

τ e
s

f (�Ee, t ) − n↓
0

τ e
s

f (−�Ee, t )

− n↓
0

τe0
− n↓

0 p↓
0

τ0
= 0, (5)

dn↑
hx

dt
= R − p↑

x

(
1

τcop
+ 1

τincop

)
− p↑

x

τ h
s

f
(
�Ex

h , t
)

+ p↓
x

τ h
s

f
( − �Ex

h , t
) − p↑

x

τ ex
= 0, (6)

dn↓
hx

dt
= R − p↓

x

(
1

τcop
+ 1

τincop

)
− p↓

x

τ h
s

f
( − �Ex

h , t
)

+ p↑
x

τ h
s

f
(
�Ex

h , t
) − p↑

x

τ ex
= 0, (7)

dn↑
h0

dt
= p↑

x τcop + p↓
x

τincop
− p↑

0

τ h
s

f (�Eh, t )

+ p↓
0

τ h
s

f (−�Eh, t ) − p↑
0

τe0
− n↑

0 p↑
0

τ0
= 0, (8)
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dn↓
h0

dt
= p↓

x τcop + p↑
x

τincop
+ p↑

0

τ h
s

f (�Eh, t ) − p↓
0

τ h
s

f (−�Eh, t )

− p↓
0

τe0
− n↓

0 p↓
0

τ0
= 0. (9)

Note that we have also considered incoherent relaxation times
to account for any additional relaxation or recombination ef-
fect beyond the transition between the eight levels described in
Fig. 3(a). There are, a priori, no spin-asymmetric parameters,
as presumed in Ref. [22], but the thermalization induced by
the magnetic field which is tuned by the spin splitting and
ruled by the Boltzmann factor [ f (x, T ) = e− x

kT for x � 0 and
equals to 1, otherwise]. This model also allows exploring the
asymmetry between conduction and valence band parameters
that is proven to play a major role in the contrasting thermal-
ization of electrons and holes [34]. Finally, the PL intensity

is considered proportional to the terms P↑↓ = n↑↓
0 p↑↓

0
τ0

and the

DCP is given by DCP = P↑−P↓
P↑+P↓ .

Before discussing in detail the solutions of Eqs. (2)–(9),
we must state that a simple thermalization in the spin-split
ground states, as described by Eqs. (4), (5), (8), and (9), could
in principle produce an inversion of the DCP with temperature
by just considering asymmetric Zeeman splittings and spin
relaxations between the conduction and valence bands. This
is fully disclosed in the Supplemental Material of this work
[31]. However, no power induced DCP inversion is attained
in such a simplified system. Thus, this reinforces the need of
considering the excited states too that, as we already demon-
strated, are contributing to the relaxation dynamics.

By assuming inverted Zeeman splitting in the conduction
and valence bands, �Ee0 = −�Eh0 and �Eex = −�Ehx, the
eight-level system provides a tuning of the DCP with temper-
ature as shown in Fig. 3(b). To assess the impact of differing
valence and conduction band parameters, we introduced the

symmetry parameter α = τ h
s

τ e
s
. Note that this ratio is what en-

ables the occurrence of a sign inversion with temperature, T .

The effect can also be tuned with incident light power, as
displayed in Fig. 3(c) for the same set of intrinsic parameters
as in panel (a). In this case, a nonmonotonic function emerges
as a function of temperature, exhibiting a peak in the DCP
before collapsing to zero. In Fig. 3(d), we have plotted the
DCP vs excitation power for a fixed temperature. The value of
the symmetry parameter α determines whether the functional
dependence with power shrinks or grows and if an eventual
DCP inversion is present. The shift with temperature in this
case has also been shown in Fig. 3(e).

Now, we are able to compare the model and the experimen-
tal results. To emulate the experimental results of Fig. 4(a),
the best energy values were �Ee = −0.06 meV and �Eh =
0.1 meV. The excitation power dependence of the DCP shows
a sign inversion at low temperature and there is a good con-
vergence for 8 K. As discussed in Ref. [28], the effective
temperature is expected to rise with incident power. On the
other hand, the excitation power values used to fit the exper-
imental results for DCP vs temperature, in Fig. 4(b), varied
between 1 to 100 µW, where the best convergence was for
10 µW, at least for temperatures up to 40 K. For higher tem-
peratures none of the values of excitation power could fit the

FIG. 4. Experimental (dots) and theoretical results (lines) for
DCP vs (a) excitation power for different temperatures and (b) tem-
perature for different excitation powers. Both using τ e

s = 0.1τ0 and
τ h

s = 3τ e
s . The presented results are the best combination for temper-

ature (a) and excitation power (b) with �Ee and �Eh values on an
eight-level system.

experimental results. We can ascribe this to the temperature
dependence of the rates of incoherent mechanisms which is
a factor that the current model is neglecting by assuming all
the parameters constant with temperature. As reported in Ref.
[28], incoherent processes can be boosted with increasing T,

further reducing the DCP.
The four-level model is elaborated and depicted in the

Supplemental Material [31] (refer to Fig. S2 therein) to
demonstrate that a simplified dynamics fails to replicate the
primary experimental trends, necessitating the utilization of
the eight-level system. We also underscore that strain was
dismissed as a hypothesis for interpreting the disparate spin
responses on the (100) and (311)A substrates, as no significant
discrepancies were observed in the x-ray diffraction measure-
ments for both samples also described in the Supplemental
Material (refer to Fig. S3 and Tables S1 and S2) [31].

IV. CONCLUSION

In conclusion, our investigation delved into the spin re-
sponse of GaAs/AlGaAs multiquantum wells (MQWs) grown
on both (100) and (311)A GaAs substrates, comparing their
optical properties under an applied external magnetic field. In
both samples, we observed intensity oscillations at high mag-
netic fields, which were successfully described by the magne-
toabsorption model. This model elucidates how the alignment
between the excitation photon energy and the Landau level
subbands leads to absorption maxima. This underscores the
significant contribution of coherent spin relaxation from ex-
cited states in this phenomenon. Furthermore, we explored the
influence of external parameters on the magneto-PL measure-
ments. Remarkably, we discovered that the QW grown on the
(311)A surface exhibited a reversal in the degree of circular
polarization (indicative of spin dominance) with increasing
excitation power and temperature, a phenomenon absent in
the (100) substrate. To explain these experimental findings,
we developed an eight-level system that incorporates not only
ground state transitions but also electron and hole excited
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states that were experimentally proven relevant. Our model
unequivocally demonstrates that thermalization plays a piv-
otal role in reproducing the inversion of spin character, elim-
inating the necessity for arguments based on spin-dependent
relaxation rates, as previously suggested in the literature. This
insight sheds new light on the mechanisms governing spin
dynamics in semiconductor nanostructures and underscores
the importance of considering complex energy level structures
in interpreting experimental observations.
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