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Magnetic field effects on the valence band of AlGaAs and InGaAsP parabolic quantum wells
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The influence of the valence band structure on the optical properties of quantum wells with a parabolic
potential, consisting of AlxGa1−xAs and In1−xGaxAsyP1−y alloys, is studied and compared. The distribution of
photogenerated carriers over the parabolic potential is found to be responsible for specific selection rules: the
recombination due to only odd-indexed confined levels is observed. The reason for this is the accumulation
of photogenerated holes at the center of the parabolic potential, which results in interband electron-hole
recombination occurring at the center of the parabolic quantum wells. Furthermore, a specific valence band
structure is found to be responsible for the magnetic-field-induced change in the photoluminescence circular
polarization. In particular, at a certain magnetic field, the hybridization of the states of a heavy hole and a light
hole results in the intersection of Landau levels with different spins, which leads to the observed change in the
circular polarization of photoluminescence. The processes of long-term spin relaxation of heavy holes in both
studied parabolic quantum wells are demonstrated, and the corresponding times are obtained.
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I. INTRODUCTION

Wide semiconductor parabolic quantum wells (PQWs)
have been suggested and realized as structures where a high
mobility of quasi-three-dimensional confined electrons can be
achieved due to a remote doping [1,2]. Later, several specific
properties of the parabolic potential important in device ap-
plications were found. Under an applied electric field, PQWs
reveal optical rectification (when a light sinusoidal electric
field turns into a DC polarization) [3]. Electrically and op-
tically pumped coherent THz emission has been observed
in PQWs [4,5]. Such a nonlinear optical performance of
PQWs has the potential for device applications in laser ampli-
fiers, photodetectors, high-speed electro-optical modulators,
etc. [6,7]. Moreover, an efficient electrical spin manipulation
can be achieved in PQWs subject to the magnetic field and
electric bias through the relativistic mechanisms of spin-orbit
coupling [8–11]. Such a spin-orbit interaction tuning is one of
the key ingredients for spintronic devices. As a consequence
of the generalized Kohn’s theorem [12], the excitation energy
spectrum of the ideal PQW is independent of the electron-
electron interaction and therefore, it is very robust against
variation of the number of electrons [13] and any external per-
turbations that change the electron concentration. This results
in stability of electronic devices based on PQWs. Until now,
all the reported realizations of the PQW potential profile were
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based on AlxGa1−xAs alloy, except for the AlxGayIn1−x−yAs
and Ge/SiGe PQWs reported in Refs. [14] and [15],
respectively.

The effect of electron screening on the potentials of the
conduction and valence bands in a wide PQW is shown in
Fig. 1. In the insulating case, the energy levels confined to the
conduction and valence band of the PQWs form uniformly
spaced levels which reflect harmonic oscillator-like electron
and hole levels. In a metallic PQW, electrons from donors
located in barriers enter the PQW and screen the parabolic
potential of the conduction band, forming a square quan-
tum well with the corresponding quantized levels, while the
parabolicity of the potential in the valence band becomes even
stronger. To date, most of the related works were focused on
investigation of the electron properties of PQWs. However,
given the optical response in the most commonly used n-
doped PQWs [4,5,7,10,16,17], the electrons in the conduction
band are inert with respect to optical properties. In this case,
the energy structure of the valence band becomes of great
importance. Information about the valence band structure and
its effect on the optical polarization is central for spin manip-
ulation in spintronic devices based on PQWs, especially those
using spin injection by holes [18,19]. In such n-doped PQWs
the circular polarization of the optical emission is determined
by processes of spin hole relaxation. Information about the
processes of spin relaxation in the valence band of the PQW
can be obtained using measurements of circularly polarized
photoluminescence (PL). To the best of our knowledge, no
such data have been published so far. In this paper, we report
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FIG. 1. Schematic of insulating (black lines) and metallic (blue
lines, with Fermi level in red) PQWs of width W with corresponding
quantized levels. �CB and �VB are conduction and valence band
quantum well depths related to the insulating case, respectively.
Directions Y and Z used in Sec. IV are shown.

on the study of the valence band structure and its impact
on polarization properties of the PQW based on AlxGa1−xAs
ternary and In1−xGaxAsyP1−y quaternary alloys. In addition,
the processes of spin relaxation of holes are studied.

The article is organized as follows: details of the experi-
ment, including a description of the structure of the samples,
a presentation of the technical setup, and an explanation of
the observed optical processes, are given in the next Sec. II.
The calculated energy structure of the samples under study
and their optical and magneto-optical characteristics are given
in Sec. III. The analysis of the obtained results together with
time-resolved PL data is presented in Sec. IV, and the conclu-
sions are summarized in Sec. V.

II. EXPERIMENTAL DETAILS

The samples studied here were selectively doped 240 nm
thick AlxGa1−xAs and 70 nm thick In1−xGaxAsyP1−y PQWs,
both grown on (100) semi-insulating GaAs substrates. The
PQWs were sandwiched by short-period GaAs/AlAs super-
lattice doping structures containing Si delta-doped layers. Two
δ-doped Si layers were placed on both sides of the PQW in
the superlattice barriers leaving undoped 12.4-nm-thick spac-
ers separating the PQW and dopant Si atoms. An additional
δ-doped Si layer was inserted between the doping δ layer and
the sample surface in order to screen the surface charge. The
AlxGa1−x As PQW was grown by molecular beam epitaxy
with a 45-nm Al0.36Ga0.64As buffer layer. The composition
x of the AlxGa1−xAs PQW was continuously changed from
0.24 to 0 and then to 0.24 in order to achieve a gradual
parabolic potential profile with Ga and Al fluxes controlled
by individual temperatures of the effusion cell, at a constant
As pressure. The densities of the doping and the additional
screening δ Si layers were 1.8 × 1012 and 2.0 × 1012 cm−2,
respectively. The In1−xGaxAsyP1−y PQW was grown by gas
source molecular beam epitaxy with a 50-nm GaAs layer
followed by a 45-nm Al0.36Ga0.64As buffer layer. In this
case the PQW bandgap varied parabolically from 1.9 eV

(In0.49Ga0.51P layer) down to 1.42 eV (GaAs layer) and then
returned to 1.9 eV (In0.49Ga0.51P) in digital steps comprised
of 49 layers, each 1.43 nm thick. During the growth In, Ga,
and Al compositions were controlled by separate effusion
cell temperatures, while As and P compositions were set by
the mass flow control of AsH3 and PH3 precursors to a gas
cracker (producing As2 and P2), while maintaining a lattice
match to GaAs. The density of the doping and the additional
screening δ Si layers were 2.2 × 1012 and 2.5 × 1012 cm−2,
respectively. The centers of both PQWs are mostly formed
by GaAs, whereas the sides are different, composed of either
AlxGa1−xAs or In1−xGaxAsyP1−y alloys.

PL measurements were carried out at the temperature 1.6 K
in the range of the magnetic field 0 -10 T applied perpen-
dicular to the surface plane. The samples were excited by a
diode laser (Pico Quant - LDH-730) emitting at 470 nm in a
continuous mode. The PL was collected by an Ocean Optics
Inc. HR4000 high-resolution spectrometer. In order to mea-
sure the time-resolved PL, the samples were pumped by the
same diode laser emitting at 730 nm, which generated 70 ps
pulses at the frequency 80 MHz. The signal was dispersed by
a SPEX 500M spectrometer. The PL transients were detected
by a PicoQuant Hybrid PMT detector. Separation between
the right (σ+) and left (σ−) circularly polarized components
was achieved using a quarter-wave plate and a linear polarizer
setup placed in front of the sample.

The analysis of the symmetry of optical transitions based
on the general group theory shows that in zinc-blende crystals,
optical transitions occur at the point � predominantly between
the �15 states of the valence band and the �1 states of the
conduction band [20]. The optical selection rules are based on
the conservation of energy, momentum and angular momen-
tum. Consideration of the angular momentum is fundamental
in the case of circularly polarized absorption and emission.
When a circularly polarized photon is absorbed, its angular
momentum is distributed between the photoexcited electron
and hole according to the selection rules determined by the
band structure of the semiconductor. In the PQWs studied,
the circularly polarized PL spectrum originates from the re-
combination between the electrons (Je = 1/2, jez = ±1/2),
heavy holes (hh) (Jh = 3/2, jhz = ±3/2), and light holes
(lh) (Jh = 3/2, jhz = ±1/2), where Je(h) and je(h)z denote the
electron (hole) band-edge Bloch angular momentum and its z
component, respectively.

The PL circular polarization was changed by inverting the
direction of the magnetic field. The circular polarization of PL
emitted from confined levels can be determined by the usual
formula:

Pσ = I− − I+

I− + I+ , (1)

where I+ and I− are the integrated PL intensities related
to confined levels measured in σ+ and σ− polarizations,
respectively.

III. SAMPLE CHARACTERIZATION

The potential energy profiles around the AlxGa1−xAs and
In1−xGaxAsyP1−y PQWs (without additional δ-doped Si layer)
are shown in Figs. 2(a) and 2(b). The electron and the heavy
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FIG. 2. The calculated AlxGa1−xAs (a) and In1−xGaxAsyP1−y

(b) PQW band energy structures and the wave functions of the three
relevant lowest confined levels of the conduction and heavy hole
valence bands (black lines). The wave functions of the lowest energy
light hole confined levels are shown by black dashed lines. The
energy gaps between the relevant levels are shown on the respective
panels. The distribution of the electron density in the conduction
bands is shown by cyan lines. Blue and red lines show the energy
potential profile of the structures under investigation and the position
of the Fermi level, respectively.

hole wave functions of three relevant confined energy levels
below the Fermi level are shown. The charge density and the
potential are calculated self-consistently using a one-electron
one-dimensional Schrödinger-Poisson equation solver [21].
In the course of calculations, the discretized parabolic po-
tentials were constructed from a sequence of corresponding
alloy layers with a thickness of 2 nm and 1.43 nm each
for AlxGa1−xAs and In1−xGaxAsyP1−y PQWs, respectively.
At each layer boundary the effective mass discontinuity was
determined according to the finite difference method, while
the eigenvalues and eigenfunctions close to the bottom of the
PQW potential profile were calculated numerically from the
discrete Schrödinger equation. In both PQWs, the electro-
static repulsion among electrons results in a nearly square
conduction band potential profile. As a consequence, the elec-
trons are confined to the effective square potential. In the
AlxGa1−xAs PQW, an approximately uniform electron distri-
bution is located in the central region of about 100 nm, while
in the In1−xGaxAsyP1−y PQW electrons are almost uniformly
distributed over the entire width of the PQW. At the same

FIG. 3. Unpolarized PL spectra measured for the AlxGa1−xAs
(red line) and In1−xGaxAsyP1−y (blue line) PQWs at the temperature
1.6 K in zero magnetic field. A black line is the PL spectrum of
the In1−xGaxAsyP1−y PQW measured in the magnetic field 2 T. The
arrows indicate the calculated recombination energies related to the
corresponding confined levels. The peak e-A0 relates due to the
recombination of the conduction band electrons with the holes bound
on neutral carbon acceptors.

time, the valence band potential remains parabolic, which
leads to the fact that holes are located predominantly in the
center of the PQW. As will be shown below, such different
distribution of the electron and hole densities drastically af-
fects the recombination determined by selection rules. The
corresponding electron density distribution, built up from a
superposition of wave functions for three populated confining
levels below the Fermi level, is shown in Figs. 2(a) and 2(b)
by cyan lines. The calculations show the comparable effec-
tive widths of both PQWs (about 100 and 70 nm for the
AlxGa1−xAs and the In1−xGaxAsyP1−y PQWs, respectively)
established by the spatial distribution of the electron density
along the growth direction.

Unpolarized PL spectra of both PQWs studied here mea-
sured in zero magnetic field are depicted in Fig. 3. Each PQW
emits three distinct PL lines. The low energy line at 1.495 eV
(e-A0) is due to the recombination of the conduction band
electrons with the holes bound on neutral carbon acceptors
(free to bound transition) [22]. The most intense PL lines
EHH

1 are caused by the recombination of the electrons and
photogenerated heavy holes confined to the lowest energy
levels e1 and hh1, respectively. According to the calculation,
in both PQWs the PL line ELH

1 due to the lowest energy light
hole confined levels lh1 is found in close proximity to the EHH

1
energy. Therefore the recombination of light holes is spectro-
scopically indistinguishable in the AlxGa1−xAs PQW, while it
appears to be a shoulder, or a weak peak for In1−xGaxAsyP1−y

PQW for zero and 2-T magnetic field, respectively. A slightly
larger gap between the hh1 and lh1 confined levels found
in the In1−xGaxAsyP1−y PQW (5 meV versus 2.2 meV in
the AlxGa1−xAs PQW) results in their separation when the
magnetic field is applied. In both the PQWs the calculated
energy EHH

3 of the recombination between the e3 and hh3
levels is lower than the observed third PL peak position.
Several reasons may cause larger energy gap between the
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TABLE I. Experimentally determined and calculated energies
of optical transitions observed in the PL spectra of AlGaAs and
InGaAsP PQWs.

AlGaAs InGaAsP

Transition Expt., eV Calc., eV Expt., eV Calc., eV

EHH
1 1.531 1.533 1.524 1.524

ELH
1 - 1.535 1.529 1.529

EHH
3 1.553 1.539 1.560 1.544

observed EHH
1 and EHH

3 PL peak positions. Among them are
the effect of exchange interaction on the gap between quantum
well subbands [23] and different excitonic binding energies
for different pairs of conduction and valence band confined
levels [24], which were not considered in the band structure
calculations. For clarity, the photoluminescence peak posi-
tions observed in the AlxGa1−xAs and the In1−xGaxAsyP1−y

PQWs, together with the corresponding calculated values, are
given in Table I. The observed PL spectra reveal no lines
which may be assigned to the recombination between the
even confined levels e2 and hh2. An absence of the detectable
emission from the even-indexed confined levels is a conse-
quence of different confining regions for electrons and holes.
As shown in Fig. 2, the holes are confined to a much narrower
region in the center of a PQW where the density of even
confined electrons vanishes. Therefore the probability of the
recombination between the spatially separated even confined
levels of an electron and a hole is small as compared to the
odd levels. Such a character of the recombination reduces
a number of recombination channels in PQWs and makes
emissions from the odd confined levels stronger.

Furthermore, as follows from the results of calcula-
tions presented in Fig. 2, a significant number of electrons

FIG. 4. PL spectra measured with different circular polariza-
tions in the magnetic field 10 T in the AlxGa1−xAs (a) and
In1−xGaxAsyP1−y (b) PQWs at the temperature 1.6 K.

FIG. 5. The energies of the differently polarized PL lines (red -
σ+, blue - σ−) corresponding to the levels confined to the AlxGa1−x

As (a) and In1−xGaxAsyP1−y (b) PQWs, measured as a function of the
magnetic field at T = 1.6 K. Solid lines were calculated according to
Eqs. (2) and (3) with the reduced exciton effective masses 0.068m0

(a) and 0.064m0 (b), respectively. Dashed lines are high magnetic
field extrapolations according to Eq. (3).

reside in the barrier GaAs/AlAs short-period superlattice in
the AlxGa1−xAs PQW, while no electrons were found in the
barrier superlattice in the In1−xGaxAsyP1−y PQW. Accord-
ingly, a weak PL line observed in the AlxGa1−xAs PQW
around 1.6 eV emerges from recombination in the barrier
GaAs/AlAs superlattice, while no such emission was detected
in the In1−xGaxAsyP1−y PQW.

The PL spectra measured in both studied PQWs with dif-
ferent circular polarizations are shown in Fig. 4. These data
demonstrate a significant magnetic-field-induced polarization
of the observed optical transitions, which will be analyzed and
discussed below in Sec. IV. It is worth noting that the applica-
tion of a magnetic field to the In1−xGaxAsyP1−y PQW reveals
a new PL line approximately 5 meV below the EHH

1 line,
which may belong to DX centers (exciton bound to neutral
donor). The energies of all the PL lines measured with differ-
ent circular polarizations in the PQWs studied here are shown
in Figs. 5(a) and 5(b) as a function of the magnetic field. The
exciton diamagnetic shift causes nonlinear dependence of the
observed PL energies as a function of the magnetic field [25]
according to the following expressions [26]:

E (B) = E0 + Eex

B2
c

B2, for B < Bc = 2h̄

ea2
B

, (2)

E (B) = E0 − Eex + 2Eex

Bc
B, for B > Bc, (3)
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where E0 is the transition energy without magnetic field, the
exciton binding energy Eex = h̄2/2μexa2

B, aB is the effective
Bohr radius, and μex is the reduced exciton mass. Thus, fitting
the transition energies measured as a function of the mag-
netic field makes it possible to determine the exciton binding
energy.

Clear diamagnetic shifts are observed for the EHH
1 and EHH

3
transitions in the AlxGa1−xAs PQW and for the EHH

3 transition
in the In1−xGaxAsyP1−y PQW. The uncertainty in determin-
ing the energy of the EHH

1 transition in the In1−xGaxAsyP1−y

PQW, caused by the close location of the ELH
1 transition,

does not allow one to observe the corresponding diamagnetic
shift. Moreover, in this PQW the recombination ELH

1 vanishes
already in the magnetic field above 4 T due to depopulation
of the related light hole confined level. Therefore the exciton
binding energy in the In1−xGaxAsyP1−y PQW was determined
using the PL peak positions of the EHH

3 transition. The results
of the best fits are shown in Fig. 5. The resulting exciton
binding energies are about 2 meV in both PQWs studied.
This value is much lower than the exciton binding energies of
about 10–15 meV expected in both PQWs [27,28]. The lower
binding energies of excitons obtained in the PQW studied
here are due to the screening of the electron-hole Coulomb
interaction by free electrons in the conduction band, which
form a metallic electron system. The reduced exciton masses
obtained from the fits of the data shown in Fig. 5 are 0.068m0

and 0.064m0 in the AlxGa1−xAs and In1−xGaxAsyP1−y PQWs,
respectively. The exciton heavy hole effective mass in GaAs,
equal to 0.058m0, was calculated with the corresponding elec-
tron and heavy hole effective masses [29]. Using the data
presented in Refs. [30–34], the reduced exciton masses ex-
pected in Al0.24Ga0.76As and In0.49Ga0.51P corresponding to
the PQW boundaries are estimated as 0.075m0, and 0.078m0,
respectively. Comparison of the experimentally obtained and
calculated reduced masses of excitons indicates that the op-
tical transitions observed in the PQWs studied here probably
occur in the middle region of the PQW, which mainly consists
of GaAs. In both PQWs, an effective Bohr radius of about
17 nm was obtained. In the next section, circular polarizations
of PL radiation from confined levels will be determined in
accordance with Eq. (1) and analyzed as functions of the
magnetic field, taking into account the structure of the valence
band, calculated both in AlxGa1−xAs and In1−xGaxAsyP1−y

PQWs.

IV. RESULTS AND DISCUSSION

A multiband k · p formalism was developed based on the
standard Kohn-Luttinger and parabolic Hamiltonian models
to probe the electronic structure of holes and electrons, re-
spectively. Exciton effects were not taken into account in the
calculation, since the exciton binding energy determined in
the previous Sec. III is considerably smaller than the changes
in the energies of the confined levels of the valence band
calculated as a function of the magnetic field. The electron
and hole Hamiltonians are Hh = HKL + (V h

⊥(z) + Hh
z )I and

He = H0 + (V e
⊥(z) + He

z )I , where HKL is the 4 × 4 Kohn-
Luttinger Hamiltonian, while H0 = h̄ωca†a is spanned in the
electron Bloch functions. Hh

z = −h̄ωc(κ jhz + q j3
hz ), where

the cyclotron frequency ωc = eB/m0 and He
z = −geμB jezB,

refer to hole and electron Zeeman energy terms, respectively.
Here, q and κ are the magnetic Kohn-Luttinger parameters
which define the g factor of holes, while ge is the g factor of
electrons and μB is the Bohr magneton. Finally, V e(h)

⊥ (z) is the
vertical confining potential for electrons (holes) and I is the
identity matrix. The relevant y and z directions are shown in
Fig. 1.

The influence of the magnetic field on the band structure
was calculated similarly to the variational method described
in detail in Ref. [35], using the zero field wavefunctions
and energies of the valence band confined levels calcu-
lated in Sec. III. Then, solving the eigenvalue problem
(Hh − Eh

v )�h
v = 0, we get the eigenenergies Eh

v and eigen-
vectors C jz

n,s of hole states:

�h
v =

∑

n,s, jz

C jz
n,s	n(y)hs(z)| jhz〉, (4)

where n is the Landau level (LL) index and 	n(y) states
the 1D harmonic oscillator motion in the y direction. The
subband eigenfunctions hs used in the k · p calculations were
found by a self-consistent numerical solution of the system
of Schrödinger-Poisson equations for the parabolic potential
described in the previous section.

The Kohn-Luttinger band parameters (γi, q and κ) nec-
essary for calculating the valence band structure in the
AlxGa1−xAs and In1−xGaxAsyP1−y PQWs were obtained
using linear interpolation between the parameters of the
respective alloy components, taken from [34,36–41]. The
Landau fan diagrams of the valence band thus obtained in
the AlxGa1−xAs and In1−xGaxAsyP1−y PQWs are shown in
Figs. 6(a) and 6(b) respectively, where, for the sake of clar-
ity, only the relevant spin-polarized LLs of the heavy-hole
HH+/−

01 , HH+/−
03 and light-hole bands LH+/−

01 , where super-
scripts “+/−” refer to spin down/up, which make the largest
contributions, are shown. The first and second subscripts
indicate the numbers of the LL and the confined level, re-
spectively. The hybridization between the heavy-hole and
light-hole states causes a nonlinear dependence of the cor-
responding LL energies as a function of the magnetic field,
resulting in the observable intersections between the states
with different spins. Such intersections are the causes of the
magnetic field-induced changes in the circular polarization Pσ

emitted from corresponding confined levels shown in Fig. 6.
In the case of n-doped AlxGa1−xAs and In1−xGaxAsyP1−y

PQWs, the Fermi-electron system is inert, while the PL cir-
cular polarization is determined by hole transitions between
the levels of the valence band and is thus defined by the
energy structures shown in Figs. 6(a) and 6(b). In this case,
the hole polarization can be calculated according to the equa-
tion [42,43]:

Ph = tanh
(

�s
2kT

)

1 + ζ
, (5)

where �s is the valence band Zeeman splitting, ζ = τs/τ0

and the term (1 + ζ )−1 follows from a consideration of
the spin relaxation dynamics in a system of two differently
spin polarized states that decay to the ground state with
the rate τ−1

0 , and there is a spin relaxation between the
excited levels at a rate τ−1

s . The condition τs < τ0 ensures
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FIG. 6. The valence band LLs calculated in the AlxGa1−xAs
(a) and In1−xGaxAsyP1−y (b) PQWs as a function of the magnetic
field. The arrows indicate the intersections between LLs with differ-
ent spin polarizations associated with the observed changes in the
circular polarization of the corresponding confined levels caused by
the magnetic field.

fast thermalization of holes into spin-polarized LL with the
lowest energy and, consequently, different populations of
spin-split LLs. The corresponding transitions are shown in
Fig. 7. The spin polarizations of LLs were calculated using
Eq. (5) with the magnetic field dependent Zeeman splittings
�s of the corresponding LLs shown in Fig. 6. The calculated
LL polarizations were fitted to the related experimentally ob-
served circular polarizations. As a consequence, the parameter
ζ was obtained, which is subsequently used to determine the
spin relaxation time τs.

FIG. 7. Transfer processes of holes between LLs in AlxGa1−xAs
and In1−xGaxAsyP1−y PQW. The solid red and black vertical arrows
show the radiative interband and nonradiative intraband transitions,
respectively. The interlevel energy relaxation time τ0 and the spin
relaxation time τs are responsible for the transfer between equally
and differently spin polarized valence band LLs, respectively, while
τ1(2) is the corresponding interband recombination time.

FIG. 8. Circular polarizations of the EHH
1 transitions measured

in AlxGa1−xAs (a) and In1−xGaxAsyP1−y (b) PQWs as a function of
the magnetic field. The corresponding polarizations of heavy hole
LLs calculated by Eq. (5) with different parameters ζ are shown by
solid and dashed lines. The arrows show the experimentally observed
changes in the circular polarizations.

The circular polarizations of the optical transitions EHH
1

obtained according to Eq. (1) in the AlxGa1−xAs PQW and
the In1−xGaxAsyP1−y PQW are shown in Fig. 8 as a func-
tion of the magnetic field. The low spectral definition of the
ELH

1 and EHH
3 PL lines does not allow for determination of

related polarizations. As noted above, the inversions of the
optical polarization observed in both PQWs are due to the
intersections between the corresponding valence band LLs
with different spin polarizations. It is worth mentioning that
the observed incomplete circular polarization of hole-confined
levels is due to the effects of spin relaxation which are taken
into account by the parameter ζ in Eq. (5). The best fits of
the measured circular polarizations in the AlxGa1−xAs and
In1−xGaxAsyP1−y PQWs were obtained with ζ = 0.5 and 2, re-
spectively. Thus, knowing the parameter ζ and the time of the
interlevel transition τ0 responsible for the energy relaxation
of photogenerated holes, one can estimate the spin relaxation
time of holes τs.

The interlevel transition time τ0 was determined using the
nonpolarized time-resolved PL measurements. In this case,
the optical transition dynamics can be described by a simple
three-level model, similar to that shown in Fig. 7, where inter-
band transitions of photogenerated holes occur between two
levels in the valence band with the corresponding populations
p1 and p2 (spin is ignored) and a level in the conduction band
at rates 1/τ1 and 1/τ2, respectively. For simplicity, optical
transitions involving neutral carbon acceptors or DX centers,
which can cause a long delay in PL, are not taken into account.
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When limiting to only two levels in the valence band, which
were clearly observed in both PQWs, the rate equations re-
lated to the radiative interband recombination have the form

d p1

dt
= − p1

τ1
+ p2

τ0
, (6)

d p2

dt
= − p2

τ2
− p2

τ0
. (7)

The hole populations p1 and p2 are proportional to the
intensities of the PL lines I1 and I2, respectively, where I1 and
I2 correspond to EHH

1 and EHH
3 transitions in the AlxGa1−xAs

PQW and EHH
1 and ELH

1 transitions in the In1−xGaxAsyP1−y

PQW. The solutions of the rate Eqs. (6) and (7) determine the
time evolution of the populations of the considered levels of
the valence band as

p1(t ) = C1e− t
τ1 − Ae− t

τ∗ , (8)

p2(t ) = C2e− t
τ∗ , (9)

where 1/τ ∗ = 1/τ0 + 1/τ2, A = C2
τ1τ2

τ1τ2+τ0τ1−τ0τ2
, and C1, C2

are the constants. Finally, the interlevel transition time τ0 can
be expressed in terms of characteristic times and constants as
follows:

τ0 = C2

A

τ1τ
∗

τ1 − τ ∗ . (10)

Equations (8) and (9) were used to fit the experimental PL
decay and thus, to determine the constants A and C2 and the
characteristic times τ0, τ1, and τ2.

The PL transients measured in the absence of a magnetic
field in both PQWs at the energies of optical transitions at-
tributed to the relevant confined levels are shown in Fig. 9,
where the black dashed lines represent the best fits obtained
by Eqs. (8) and (9). The small initial shoulder observed with
increasing PL intensity is associated with the response of the
detector used, which, at high pump power and short recombi-
nation time, can show two peaks in the instrument response
function (IRF) due to its specific design. It should be noted
that the solutions of Eqs. (8) and (9) contain the interlevel
transition time τ0, which is responsible for the transfer of holes
between the neighboring valence band confined levels. First,
the high-energy confined level p2 is filled. Then the filling of
the low-energy confined level p1 occurs during the time of the
interlevel transition τ0 from the confined level p2. This process
causes a response delay which is experimentally observed as
an initial increase in the PL intensity.

The PL transients measured in both PQWs reveal a weak
long time delay, which is likely caused by neutral carbon
acceptors or DX centers. As noted above, their contribution
to the recombination dynamics was not considered, while
monoexponential fast PL transients are attributed to radiative
interband recombination and were fitted by Eqs. (8) and (9).
The times τ0, τ1, and τ2 obtained by best fits as a function
of the magnetic field are shown in the insets to Figs. 9(a)
and 9(b). In this case, the errors in determining the charac-
teristic times do not exceed 2%.

As shown in the insets to Figs. 9(a) and 9(b), sim-
ilar recombination times that are practically independent
of the magnetic field were obtained in the AlxGa1−xAs
and In1−xGaxAsyP1−y PQWs. Using the average interlevel

FIG. 9. PL transients measured without a magnetic field at
T = 1.6 K in the AlxGa1−xAs (a) and In1−xGaxAsyP1−y (b) PQWs.
The black dashed lines represent the best fits obtained by Eqs. (8)
and (9). The insets show the corresponding recombination times as a
function of the magnetic field.

transition times τ0 = 0.95 ns and 1.25 ns obtained in the
AlxGa1−xAs and In1−xGaxAsyP1−y PQWs, respectively, and
the related previously obtained parameters ζ , spin relaxation
times of heavy holes were calculated: τs = 0.48 ns and 2.5 ns
in the AlxGa1−xAs and In1−xGaxAsyP1−y PQWs, respectively.
Both these values are larger than the hole spin relaxation time
of 30–60 ps reported in GaAs QWs [44–46]. In InGaAs/InP
QWs an even shorter spin relaxation time as fast as 2–5 ps was
measured [47,48]. However, the obtained long spin relaxation
times are in good agreement with the spin relaxation time
of about 1 ns obtained in similarly doped bulk GaAs [49].
This is consistent with the fact that PQW is considered as a
quasi-three-dimensional structure. The spin relaxation times
obtained in both studied PQWs, which are close to those of
GaAs, are due to similar GaAs-like centers in both PQWs, in
which recombination mainly occurs.

It is worth mentioning that the obtained heavy hole spin re-
laxation time is expected to be related to the Dyakonov-Perel
interaction, which is the dominant mechanism of carrier spin
relaxation in III–V semiconductors [50,51]. The Dyakonov-
Perel mechanism regards the spin-flip processes as a result
of the asymmetry of the constituent atoms in the zinc-blende
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structure. The spin-orbit interaction in conjunction with the
lack of inversion symmetry causes the spin splitting which
acts as an effective magnetic field resulting in the spin-flip
of carriers [52].

V. CONCLUSION

The optical properties of the quantum wells with parabolic
potential composed of AlxGa1−xAs and In1−xGaxAsyP1−y al-
loys were studied. The parabolic shape of the potential energy
results in accumulation of the photogenerated holes in the
center of the PQWs, while the electrostatic repulsion among
electrons forms a nearly square quantum well in the conduc-
tion band. As a consequence, the recombination between the
photogenerated carriers takes place in the center region of
the PQW. This causes two effects: (i) the center regions of
both PQWs studied here are composed of GaAs; therefore, the
spectral characteristics of both PQWs are found to be similar
and (ii) holes mainly concentrated in the center of the PQW
cause the radiation from even confined states to disappear.
Thus, the discussed effect of the disappearance of radiation
from even confined states is the result of the specific structure

of the conduction band and the valence band, which leads to
a different spatial distribution of electrons in the conduction
band and photogenerated holes in the valence band. More-
over, at a certain magnetic field the hybridization between
the heavy-hole and light-hole states results in intersections
between the LLs with different spins which was found to
be responsible for the observed change in the PL circular
polarization. Fitting the calculated circular polarization to the
measured one, together with time-resolved PL analysis, made
it possible to estimate the characteristic spin relaxation time of
holes in both PQWs under study. The resulting spin relaxation
time turned out to be much longer than expected in GaAs
QWs, but close to bulk GaAs.
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