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The exciton dynamics in transverse magnetic field is investigated both experimentally and theoretically in
two-monolayer-thick GaAs/AlAs quantum wells with an indirect band gap and a type-II band alignment. The
observed linear polarization of the quantum well photoluminescence has two contributions, one of which arises
from the crystalline structure of the quantum well. It does not depend on temperature and demonstrates a strong
spectral dependence across the emission band. The other one is induced by a transverse magnetic field. It strongly
decreases with increasing temperature, has no spectral dependence, and demonstrates an unexpectedly long-time
dynamics. The experimental findings can be explained in the framework of the developed theoretical model
which accounts for the quantum well anisotropy, the Zeeman effect of electrons and holes in the transverse
magnetic field, and the redistribution of excitons over the spin sublevels. It provides quantitative agreement with
the experiment and allows us to evaluate, for the studied structure, the heavy-hole in-plane g-factor tensor, which
turns out to be extremely anisotropic with principal values of opposite signs and the same magnitude of 0.25.
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I. INTRODUCTION

Electron-hole pairs or excitons determine the optical prop-
erties of semiconductors [1,2]. Excitons in semiconductors
approaching the limit of two-dimensional behavior like in
monolayer crystals [3], stacking faults in III-V and II-VI
semiconductors [4,5], and quantum wells (QWs) of mono-
layer thickness [6,7] attract increased attention nowadays due
to their unusual fine structure of the energy level spectrum,
nontrivial kinetics, and spin dynamics.

In this regard, type-II heterostructures with spatially sep-
arated electrons and holes are particularly promising due to
the long lifetimes of excitons. A very special case is realized
in indirect band-gap heterostructures with type-II band align-
ment which demonstrate exciton lifetimes up to milliseconds,
owing to the combination of electron-hole separation both in
energy and momentum space [6–9]. Therefore, in this type
of structure one can study long-lived exciton spin dynam-
ics without the usual limitations imposed by the radiative
decay of the electron-hole pairs in QWs with type-I band
alignment.

Recently, we demonstrated that the magnetic-field-induced
circular polarization and the related spin dynamics of excitons
in type-II GaAs/AlAs QWs are the result of the redistribution
in exciton population between optically bright and dark states.
The population can be controlled both by thermodynamical
parameters, i.e., the ratio of the exciton Zeeman splitting
and the thermal energy, and by kinetic parameters, i.e., the
relation between the various relaxation and recombination
times in the system, that depend also on temperature and
magnetic field [6,7].

The circular polarization of the exciton emission studied
in Ref. [7] is induced by a longitudinal component of the
magnetic field, normal to the QW. It follows from symmetry
arguments that the transverse magnetic field, by contrast, does
not result in any circular polarization, but should give rise to
a linear polarization of emitted light. However, this effect has
not been studied so far in corresponding QWs.

In this paper, we investigate the effects of a transverse
magnetic field on the exciton “alignment.” Namely, we mea-
sure the degree of linear polarization in ultrathin GaAs/AlAs
QWs with indirect band gap and type-II band alignment.
Two contributions to the linear polarization degree (Pl ) of
the QW exciton photoluminescence (PL) are found: (i) one
comes from the QW crystalline structure and (ii) the other
is induced by the transverse magnetic field. Unexpectedly, Pl

demonstrates a long-lasting temporal dynamics in magnetic
field. To explain the experimental data, we extend the model
developed in our previous work [6,7] by taking into account a
small, but nonzero in-plane g factor of the heavy holes.

The paper is organized as follows. In Sec. II the studied
sample and the used experimental techniques are described.
In Sec. III we present the experimental data on the linear
polarization of the time-integrated and time-resolved photo-
luminescence recorded in external magnetic field. The devel-
oped model is presented in Sec. IV. The experimental data are
analyzed and discussed in Sec. V.

II. EXPERIMENTAL DETAILS

The ultrathin GaAs/AlAs QW structure was grown by
molecular-beam epitaxy on a semi-insulating (001)-oriented
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FIG. 1. (a) Time-integrated PL spectrum of the ultrathin
GaAs/AlAs QW (black line) fitted with five Gaussian lines corre-
sponding to the exciton recombination with and without involvement
of phonons. The green, blue, cyan, orange, and olive solid lines are
the no-phonon, TAAlAs, LOGaAs, LOAlAs, and 2LOAlAs phonon lines,
respectively. The red dotted line is the fitted spectrum composed
of the five lines. The inset shows the schematic band alignment
of the structure with the QW in the middle. The red arrow marks
the optical transition of the indirect exciton to the system ground
state (see Ref. [6] for details). (b) Spectral dependence of the linear
polarization degree of the exciton emission in the x ‖ [11̄0] and
y ‖ [110] crystalline axes frame for temperatures of 1.8 and 7 K and
at zero magnetic field.

GaAs substrate in a Riber Compact system. The sample con-
sists of the GaAs QW layer embedded between 50-nm-thick
layers of AlAs grown on top of a 200-nm-thick GaAs buffer
layer [10]. The substrate temperature during the growth was
600 ◦C. The GaAs QW layer was deposited with a nominal
thickness of two monolayers. A 20-nm-thick GaAs cap layer
protects the top AlAs layer against oxidation. Further growth
details are given in Ref. [9]. The GaAs/AlAs QW has a type-II
band alignment with the lowest conduction-band states at
the Xx and Xy minima of the AlAs conduction band and the
heavy-hole (hh) states in the GaAs valence band [9,11,12].
A schematic band diagram of the structure and the optical
transition of the indirect exciton to the system ground state
are presented in the inset of Fig. 1(a).

The sample is placed in a split-coil magnet cryostat and
exposed to magnetic fields up to B = 10 T. The temperature
is varied from T = 1.65 up to 7 K. The photoluminescence
is excited by the third harmonic of a Q-switched Nd : YVO4

laser (3.49 eV) with a pulse duration of 5 ns. The pulse energy
density is kept below 100 nJ/cm2 and the pulse-repetition

frequency is varied from 20 Hz up to 1 kHz [6]. The emit-
ted light is dispersed by a 0.5-m monochromator. For time-
integrated measurements the photoluminescence is detected
by a liquid-nitrogen-cooled charge-coupled-device (CCD)
camera. For time-resolved measurements a GaAs photomulti-
plier combined with a time-correlated photon-counting mod-
ule is used. In order to monitor the PL decay in a wide tem-
poral range of up to 1 ms, the time resolution of the detection
system (i.e., the binning range of the photon-counting events)
is varied between 100 ns and 10 μs.

The angle θ between the magnetic field direction and the
QW growth axis ([001] direction that are denoted here as z
axis) is selected to be equal to 90◦ (Voigt geometry). The
crystallographic directions [11̄0] and [110] in the QW plane
are denoted as x and y axes, respectively. These are the main
crystallographic axes of our studied structure, which has C2v

point symmetry. The emission is collected along the QW
growth axis (z axis).

In order to determine direction and degree of the PL linear
polarization the intensity of emission is studied as function
of the orientation of a half-wave plate introduced in front of
the analyzer (Glan-Taylor prism) which is mounted along the
[001] direction of the QW. The angle ϕ = 0◦ corresponds to
the orientation of the half-wave plate axis along the magnetic
field direction and rotation of half-wave plate axis on the angle
of 45◦ corresponds to ϕ = 90◦. For zero magnetic field mea-
surements at ϕ = 0◦ half-wave plate axis was oriented along
the x axis. The sample is rotated around the z axis and the
angle between the magnetic field direction and the x ‖ [11̄0]
axis in the QW plane is ϕB. The linear polarization degree Pl

is evaluated from the data using the standard expression

Pl = Ix − Iy

Ix + Iy
,

where Ix and Iy are the intensities of the PL components along
the x and y axes. As the excitation energy is well above the
recombination energy, no effect of the excitation polarization
on the PL polarization is found in our experiments.

III. EXPERIMENTAL RESULTS

A time-integrated photoluminescence spectrum of the ul-
trathin GaAs/AlAs QW is shown in Fig. 1(a) by the black
line. The spectrum is composed of several lines correspond-
ing to the contributions from several emission processes:
It contains the no-phonon line (NP) and several lines of
phonon-assisted recombination involving optical and acoustic
phonons of GaAs and AlAs. The replicas associated with the
transverse acoustic (TA) phonons of AlAs (phonon energy of
12 meV) as well as the longitudinal optical (LO) phonons
of GaAs (30 meV) and AlAs (48 meV), all at the X point
of the Brillouin zone [13], can be resolved. An additional
feature can be assigned to the two AlAs LO-phonon assisted
emission. The lines are broadened due to the roughness of the
QW interfaces and fluctuations of the alloy composition and
material amount [9,14]. An example of fitting the PL spectrum
by five contributing Gaussian curves, each with the same full
width at half-maximum of 19 meV, is shown in Fig. 1(a) by
the red dotted line [6]. The deviation of the fitted spectrum
from the experimental one in the low-energy region may result
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FIG. 2. Zero-field in-plane angular dependencies of the PL in-
tensity selected by a linear polarization analyzer for (a) the NP
transition, and its phonon replicas corresponding to the (b) TAAlAs,
(c) LOGaAs, and (d) LOAlAs phonons. T = 1.8 K. The axes choice
is x ‖ [11̄0] and y ‖ [110]. The angle ϕ = 0◦ corresponds to the
orientation of the half-wave plate axis along x axis. The red solid
lines show the fitting results with the parameters given in the text.

from two-phonon transitions involving acoustic phonons that
are not taken into account in the fitting procedure.

Even at zero magnetic field, the PL emission is linearly
polarized. We call it an intrinsic linear polarization to dis-
tinguish from the polarization induced by external magnetic
field. The intrinsic Pl has a strong spectral dependence across
the emission band as is shown Fig. 1(b). The Pl measured in
the frame of the (xy) axes equals to 3.5% for the NP line. It
decreases down to 0 for the TAAlAs phonon-assisted line and
increases again up to 9.5% for the LOAlAs phonon-assisted
line. The polarization degree practically does not change with
temperature in the range from 1.8 to 7 K.

The angular dependencies of the emission intensity, se-
lected by a linear polarization analyzer, for the NP and its
phonon-assisted recombination lines are presented in Fig. 2.
One can see that the emission of the TAAlAs phonon-assisted
recombination line is not polarized and the polarization of the
emission related to the NP [Fig. 2(a)] and LOGaAs [Fig. 2(c)]
lines is oriented along the x axis, while the polarization of
the LOAlAs [Fig. 2(d)] phonon-assisted recombination line is
slightly rotated by an angle of 15◦ from the x axis, possibly
due to structure imperfections [15].

The application of a transverse magnetic field strongly
changes the linear polarization of the emission as shown by
the absolute |Pl | value in Fig. 3. In magnetic field, the spectral
dependence of Pl across the emission band remains the same,
while the polarization degree increases. Let us consider that
in more detail for different emission lines.

We start with consideration of the TAAlAs line which
intrinsic linear polarization at zero magnetic field is absent.
Magnetic-field-induced linear polarization appears with in-
creasing magnetic field and is oriented along the y axis. The

FIG. 3. Spectral dependence of the absolute value of the linear
polarization degree Pl in the x ‖ [11̄0] and y ‖ [110] crystal axes
frame as a function of magnetic field strength at temperature 1.8 K.
The black line shows the PL spectrum of the QW.

degree of linear polarization at a fixed field strength does not
depend on the angle between the crystallographic direction
[11̄0] (x axis) and the direction of the magnetic field ϕB, as
one can clearly see in Fig. 4, where ϕB is changed from 0◦
to 45◦ and then to 90◦. One can also see in Figs. 5(a) and
5(c) that the main axes of Pl are linked to the crystallographic
directions, with Pl maximum along the y axis, irrespective
with the magnetic field strength and orientation as well as
with sample temperature. Here, ϕL is an angle between the
main axis of the linear polarization diagram having maximal
PL intensity and x axis.

The absolute value of the magnetic-field-induced polar-
ization degree of the TAAlAs line increases monotonically
with increasing field strength up to 40% for B = 10 T at
T = 1.65 K [Fig. 5(e)]. The |Pl | value at fixed magnetic field
decreases with increasing temperature. For example, at B =
10 T an increase of temperature from 1.65 to 5 K results in a
decrease of |Pl | from 40% down to 13% [see Fig. 5(e)].

The polarization of the emission at the NP, LOGaAs, and
LOAlAs lines is also modified by the magnetic field. These
lines have a finite intrinsic Pl at zero magnetic field, which
is oriented along the x axis. While the magnetic-field-induced
Pl is oriented along the y axis, similar to what we have
seen for the TAAlAs line. The properties of Pl in magnetic
field are controlled by the competition of the intrinsic and
magnetic-field-induced contributions. All these PL lines show
similar changes in the polarization degree and orientation
with varying temperature, magnetic field strength, and sample
orientation. Therefore, we present and discuss below the
typical behavior of the LOAlAs phonon-assisted line that is the
strongest in intensity.

The in-plane angular dependencies of the LOAlAs line
intensity, selected by a linear polarizer and measured at T =
1.8 K for different magnetic fields oriented along the x axis,
are shown in Fig. 6. In contract to the TAAlAs line, the LOAlAs

emission has an intrinsic polarization along the x axis at zero
magnetic field [Fig. 6(a)]. In strong field of 10 T, where
the magnetic-field-induced contribution dominates, the Pl is
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FIG. 4. In-plane angular dependencies of the emission intensity selected by a linear polarization analyzer for the emission of the TAAlAs

line measured at T = 1.8 K and B = 4 T for different angles between the magnetic field and the crystallographic direction x ‖ [11̄0], ϕB:
(a) 0◦, (b) 45◦, and (c) 90◦. The axes assignments are x ‖ [11̄0] and y ‖ [110]. The red solid lines show the results of fitting with the parameters
given in the text.

aligned along the y axes [Fig. 6(e)]. In intermediate fields
the Pl value shows nonmonotonic behavior with changing
sign, which reflects the rotation of Pl from x axis to y axes
[Fig. 5(f)]. The rotation of the polarization direction is clearly
seen from ϕL(B) dependence in Fig. 5(b). Note, that similar
to the TAAlAs line the polarization direction and degree of the
LOAlAs line are determined by magnetic field strength and do
not depend on the field orientation angle ϕB.

The temperature increase weakens the magnetic-field-
induced Pl , but has no effect on the intrinsic Pl . One can see
that in Fig. 5(d), where ϕL, e.g., at B = 8 T changes from 90◦
back to 0◦ with temperature change form 1.8 up to 6.2 K.
The polarization degree Pl (B) also demonstrates diminishing
of the magnetic-field-induced contribution for higher tem-
peratures [Fig. 5(f)]. Note that temperature dependencies of
Pl (B) for LOAlAs line just repeat the dependencies of TAAlAs

line with a constant offset, which is equal to the intrinsic
polarization degree [compare Figs. 5(f) and 5(e)].

The information on the relative time scales of the spin
and recombination dynamics is very important to understand
redistribution dynamics of exciton population between bright
and dark exciton states. The temporal dynamics of the LOAlAs

line intensity in a magnetic field of 6 T for the two linear
polarized components Ix and Iy corresponding to the x and
y main axes, respectively, and the dynamics of the linear
polarization degree Pl (t ) for different magnetic field strengths
are shown in Figs. 7(a) and 7(b), respectively.

In zero magnetic field the intrinsic polarization degree
does not change with time, while the magnetic-field-induced
contribution to Pl has dynamics with surprisingly long times
up to 100 μs [Fig. 7(b)]. The absolute value of the polarization
degree saturates at a value that depends on the magnetic

FIG. 5. Angle ϕL between direction of the linear polarization of the emission and x axis as a function of the magnetic field strength
measured for different angles ϕB between the magnetic field and the crystallographic direction [11̄0] (x axis) and temperatures. ϕL = 0◦ and
90◦ correspond to the linear polarization directions along the x axis and y axis, respectively. (a), (b) ϕB = 0◦, 45◦, and 90◦ at T = 1.8 K,
(c), (d) ϕB = 0◦ at T = 1.8, 4.2, and 6 K for the TAAlAs (a), (c) and LOAlAs (b), (d) lines. Linear polarization degree Pl as a function of the
magnetic field measured at T = 1.65, 2.2, and 5 K for (e) TAAlAs line and (f) LOAlAs line. The solid lines show the results of modeling with
the parameters given in the text.
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FIG. 6. In-plane angular dependencies of the PL intensity se-
lected by a linear polarization analyzer for the emission at the LOAlAs

phonon line, namely, at 2.042 eV, measured for T = 1.8 K, at various
magnetic field strengths: (a), (b) 0 T, (c), (d) 3 T, and (e), (f) 10 T.
The magnetic field is oriented along the crystallographic direction
x ‖ [11̄0]; the y axis is parallel to [110]. The red solid lines show the
results of fitting with the parameters given in the text.

field strength. This experiment clearly shows the different ori-
gins of the intrinsic and magnetic-field-induced contributions
to Pl .

Let us summarize the most important experimental find-
ings: (i) In zero magnetic field there is an intrinsic linear
polarization of the emission that is nonmonotonic across the
PL spectrum of the GaAs/AlAs QW. The absolute value of the
linear polarization degree changes from zero for the TAAlAs

phonon-assisted line up to 9.5% for the LOAlAs phonon-
assisted line. (ii) Transverse magnetic field induces an ad-
ditional contribution in linear polarization of the emission
that is uniform across the PL spectrum. The orientation of
the magnetic field in the QW plane does not affect the po-
larization of the emission. The linear polarization degree of
emission is determined by the magnetic field strength and the
temperature only. (iii) The linear polarization degree demon-
strates an unusual long-lasting (in the microsecond range)
dynamics in magnetic field; the Pl does not change with time
at B = 0.

FIG. 7. (a) PL recombination dynamics of the LOAlAs phonon
line in a magnetic field 6 T for the two linear polarized components
Ix and Iy directed along the x ‖ [11̄0] and y ‖ [110] axes, respectively.
(b) Dynamics of the linear polarization degree Pl (t ) for different
magnetic field strengths of 0, 4 and 8 T. T = 2 K. The solid lines
show the results of fitting with the parameters given in the text.

IV. THEORY

A. Symmetry analysis

Quantum wells grown from zinc-blende lattice semicon-
ductors along the cubic axis z ‖ [001] can possess the D2d

or the C2v point symmetry group: the former is realized
in heterostructures with symmetric potential, while the lat-
ter is typical for quantum wells with asymmetric poten-
tial, nonequivalent interfaces, or in presence of an in-plane
anisotropy caused by elastic strain [16,17]. The D2d point
symmetry group contains the rotoreflection axis S4 ‖ z, which
forbids any linear polarization of emission in absence of
an external magnetic field, in particular, for the no-phonon
emission. Our experimental data demonstrate that the exciton
emission is linearly polarized even at B = 0, implying the
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lower C2v point symmetry of the studied structure [7] being
induced by nonequivalent interfaces [14]. The nonequivalent
interfaces and strain induce the mixing of the heavy and light
holes [18–20]which breaks equivalence of X and Y orbital
Bloch functions of the valence band. As a result, the linear
polarization of emission appears.

In the C2v point symmetry group the components Bx and
By of the in-plane magnetic field transform, respectively, like
the vector components y and x. The combination B2

x − B2
y is

invariant. The analysis shows that the linear polarization of
emission in the (xy) set of axes can be written as [21]

Pl = P0 + B1
(
B2

x + B2
y

) + B2
(
B2

x − B2
y

)
, (1)

where P0 is the intrinsic linear polarization, B1 and B2 are
coefficients. Here and following in this section, we keep only
contributions to the linear polarization that are quadratic in
magnetic field. The parameters P0, B1, and B2 can depend,
in general, on the phonon replica, on temperature, as well
as on time (under conditions of pulsed excitation) [22]. A
complete description of the linear polarization of emission
requires another parameter, the linear polarization in the set
of axes (x′y′) rotated by angle π/4 with respect to the (xy)
frame. The axes (x′y′) correspond to the cubic axes [100] and
[010] in the QW plane. Accordingly, the linear polarization in
the (x′y′) axes can be recast in the from

P′
l = 2B′BxBy, (2)

with B′ being another independent coefficient.
Let ϕB be the angle between the magnetic field and the x ‖

[11̄0] axis in the QW plane and let ϕ/2 be the angle between
the main axis of the half-wave plate and the magnetic field.
We write the polarization degree of emission detected by the
half-wave plate as

P(ϕB, ϕ) = Pl cos (2ϕB + 2ϕ) + P′
l sin (2ϕB + 2ϕ), (3)

where according to Eqs. (1) and (2)

Pl = P0 + B1B2 + B2B2 cos 2ϕB, (4a)

P′
l = B′B2 sin 2ϕB. (4b)

These expressions allow for direct comparison of the
model and the experimental data shown in Figs. 2, 4, and 6
(see Sec. V for details).

Note that rising the symmetry up to the D2d point group
leads to P0 = 0, B1 = 0 and equalizes the coefficients B2 and
B′. In this case, the linear polarization is solely induced by
the magnetic field. The orientation of the linear polarization
follows the direction of the magnetic field in the QW plane:
P(ϕB, 0) = B2B2.

The situation becomes very rich in C2v point symmetry
structures [21] where, in general, all parameters P0, B1, B2,
and B′ are independent. Our experimental data on the linear
polarization orientation can indeed be accurately described by
this model with a simple set of parameters: P0 and B1 being
nonzero and B2 = B′ ≡ 0. In this particular case,

P(ϕB, ϕ) = (P0 + B1B2) cos (2ϕB + 2ϕ). (5)

Indeed, the data reported in Sec. III demonstrate a nonzero
value of the intrinsic linear polarization P0 �= 0, and also
confirm that the magnetic field affects only the magnitude

(and sign) of the linear polarization Pl in the (xy) axes frame,
while linear polarization in cubic axes frame does not occur
at all. Such, at first glance surprising, behavior is typical
for quantum wells (see, e.g., Refs. [21,23]). The analysis
performed in these works demonstrates that this situation cor-
responds to an “extreme” in-plane anisotropy, which results
from the in-plane heavy-hole g-factor anisotropy.

In fact, in our type-II indirect band-gap GaAs/AlAs struc-
ture the electron states correspond to the Xx,y valleys of AlAs,
where the spin-orbit interaction is reduced compared to the �

point. This makes the electron g factor practically isotropic
(formally, the three principal values of the electron Landé
factor tensor g(e)

xx ≈ g(e)
yy ≈ g(e)

zz ≡ ge ≈ 2) [24]. By contrast,
the hole states are formed in the vicinity of the � point of
GaAs where the spin-orbit coupling is important. Moreover, in
our two-monolayer thin QW interface effects are expected to
be very important, and the interfaces are inherently nonequiv-
alent [14]. The Zeeman effect for heavy holes in an in-plane
magnetic field B = (Bx, By, 0) is described by the effective
Hamiltonian

H(h)
B = 1

2

∑
αβ

gαβ σ̂ (h)
α Bβ. (6)

Here, α, β are Cartesian indices, σ̂ (h)
α are the heavy-hole

pseudospin Pauli matrices, gαβ are the components of the
Landé factor tensor of the holes. In this work we map the
hole state with angular momentum component Jz = + 3

2 onto
the pseudospin j = + 1

2 state and vice versa in accord with
Refs. [21,25,26]. The principal values of the g-factor tensor
are gxx and gyy in the coordinate frame with x ‖ [11̄0] and
y ‖ [110] as used here. Calculations show that the leading
contributions to the parameters have the form [21,23]

B2,B′ ∝
(

μB

kBT

)2

ge(gxx + gyy), (7a)

B1 ∝
(

μB

kBT

)2

ge(gxx − gyy). (7b)

Here, kB is the Boltzmann constant. We assume that kBT 	
	lh−hh, where 	lh−hh is the splitting between the light- and
heavy-hole states [9]. Since fitting of the experimental data
shows that B2 and B′ are equaled to zero within the exper-
imental accuracy (see Sec. V for details), we can conclude
that gxx = −gyy. Rough estimates of the parameters in the
framework of the model of interface-induced or deformation-
induced heavy-hole–light-hole mixing provide the following
relation between the zero-field linear polarization and the
anisotropic contribution to the heavy-hole g factor:

|gxx| = |gyy| = 6|κ|P0, gxx = −gyy, (8)

where κ is the magnetic Luttinger parameter [27].

B. Microscopic model

We apply the same formalism as developed in previous
works [6,7], where the magnetic-field-induced circular polar-
ization was studied.

We denote the electron states by their spin components
s = ± 1

2 onto the magnetic field axis and the hole spins by
their pseudospin components j = ± 1

2 along the effective field
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∑
β gαβBβ . In what follows, for simplicity, we assume that

gxx and gyy have opposite signs and equal absolute values as
discussed above.

The kinetic equations for the occupancies of the exciton
quadruplet take the form [7]

dfs j

dt
+ (

W (e)
s̄,s + W (h)

j̄, j

)
fs j − W (h)

j, j̄
fs j̄ − W (e)

s,s̄ fs̄ j + R fs j = Gs j .

(9)
Here, as in previous works, s̄ = −s, j̄ = − j, the quantities
Gs j describe the exciton generation rates, W (e)

s,s′ and W (h)
j, j′

are the electron and hole spin-flip rates, respectively, and
the operator R describes the recombination of excitons. In
the following, we simplify the notation for the occupation
probability and replace fs jz (s = ± 1

2 , j = ± 1
2 ) by fi j with

i = ± and j = ±, indicating the signs of s and j, respectively.
Neglecting the lateral anisotropy of the QW structure

one has R fs j = (1/τr + 1/τnr ) fs j , where τnr and τr are the
nonradiative and radiative recombination times of excitons:
Indeed, in the Voigt geometry all four exciton states have the
same oscillator strengths if the heavy-hole–light-hole mixing
is disregarded. In the presence of an intrinsic anisotropy, the
radiative transition rates for excitons emitting light linearly
polarized along the x ‖ [11̄0] and y ‖ [110] axes are different
and the operator R takes the form

R f++/−− =
(

1 + P0

2τr
+ 1

τnr

)
f++/−−, (10a)

R f+−/−+ =
(

1 − P0

2τr
+ 1

τnr

)
f+−/−+, (10b)

where the subscript − + / + − means −+ or +−, and P0 is
the intrinsic degree of linear polarization. Finally, the linear
polarization degree in the xy-axes frame, Pl , can be expressed
in the form

Pl = (1 + P0)( f++ + f−−) − (1 − P0)( f+− + f−+)

(1 + P0)( f++ + f−−) + (1 − P0)( f+− + f−+)
. (11)

In Sec. V we present and analyze the full solution of the
kinetic equations (9). Here, we present simplified analytical
solutions which can be readily obtained for P0 = 0 and for
small P0. At P0 = 0 the linear polarization degree of exciton
emission can be recast as

Pl = 4sesh, (12)

where se and sh are the mean spin components of the electron
and the hole,

se =
∑

s j

s fs j, sh =
∑

s j

j fs j . (13)

Here, we have made use of the following representation for the
distribution functions: f++ = (1/2 + se)(1/2 + sh), f−− =
(1/2 − se)(1/2 − sh), and f+−/−+ = (1/2 ± se)(1/2 ∓ sh).

Moreover, under the experimental conditions τnr � τr , we
neglect in the analytical solution the nonradiative processes
completely. Thus, we obtain

si = (
s0

i − 〈si〉
)
e−t/τ̃s,i + 〈si〉 (i = e or h). (14)

Here, s0
i is the initial mean spin component of the electron or

hole (it can be nonzero due to spin polarization in the course
of energy relaxation toward the localized states) and 〈si〉 is the

thermal spin polarization of the corresponding charge carrier

〈si〉 = −1

2
tanh

(
	i

2kBT

)
, (15)

with 	e,h being the Zeeman splittings of the electron spin and
hole pseudospin sublevels. In Eq. (14) we have introduced
the effective spin relaxation times τ̃s,e and τ̃s,h of the charge
carriers in accordance with

1

τ̃s,e
=

∑
s=±1/2

W (e)
s,s̄ ,

1

τ̃s,h
=

∑
j=±1/2

W (h)
j, j̄

, (16)

and we use the following definition of the transition rates:

W (i)
1/2,−1/2 = 1

2τs,i
exp

(
− 	i

kBT

)
,

under the assumption of 	i > 0. Hence, we assume that the
spin-flip rates vary as functions of magnetic field only due
to the exponential Boltzmann factors and neglect the weaker
power-law dependence of the prefactors τ−1

s,i on the magnetic
field [28,29].

Correspondingly, the temporal dynamics of the linear po-
larization degree is given by

Pl (t ) = 4
[(

s0
e − 〈se〉

)
e−t/τ̃s,e + 〈se〉

]
× [(

s0
h − 〈sh〉

)
e−t/τ̃s,h + 〈sh〉

]
. (17)

In particular, if the charge carriers are initially unpolarized,
s0

e = s0
h = 0, we have

Pl (t ) = 4〈se〉〈sh〉(1 − e−t/τ̃s,e )(1 − e−t/τ̃s,h ). (18)

It follows from Eq. (18) that the linear polarization dynamics
for initially unpolarized carriers is controlled by the longest
relaxation time.

One can also derive an approximate expression for the
polarization degree in the presence of an intrinsic linear
polarization:

P̃l (t ) ≈ Pl (t ) + P0

1 + P0Pl (t )
, (19)

where Pl (t ) is given by Eq. (17). The product P0Pl (t ) in the
denominator is small as compared to unity and should be,
strictly speaking, neglected. However, its inclusion provides
better agreement with the full numerical calculation after
Eqs. (9) and (10) for the experimentally relevant values of
parameters.

In the steady state one can readily determine the polariza-
tion degree taking into account that the photoluminescence
decays as exp (−t/2τr ). One then has

Pst
l =

∫
dt

e−t/2τr

2τr
Pl (t )

= 4

[
〈se〉〈sh〉 +

(
s0

e − 〈se〉
)(

s0
h − 〈sh〉

)
1 + 2τr

τ̃s,e
+ 2τr

τ̃s,h

+
(
s0

e − 〈se〉
)〈sh〉

1 + 2τr
τ̃s,e

+
(
s0

h − 〈sh〉
)〈se〉

1 + 2τr
τ̃s,h

]
. (20)

Typically, the first term in the brackets provides the dominant
contribution since τr � τ̃s,e, τ̃s,h in the experiment. This is
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typical because for long lifetimes of the excitons the steady-
state value of the polarization is simply given by the equilib-
rium value (15). Again, taking into account the intrinsic linear
polarization we approximately have

P̃st ′
l ≈ Pst

l + P0

1 + P0Pst
l

. (21)

Note that in weak magnetic fields where |	i|/kBT 	 1, the
product 〈se〉〈sh〉 can be recast as

〈se〉〈sh〉 =
(

	e	h

4kBT

)2

∝ B2, (22)

in agreement with the phenomenological expressions (1) and
(2).

V. DISCUSSION

We start the analysis of our results by addressing the
dependence of the linear polarization of exciton emission on
the magnetic field strength and orientation. First, we address
the data in Fig. 2, where the dependence of the intensity on the
orientation of the polarizer is shown for B = 0. In agreement
with Eqs. (3) and (4) the intensity as a function of the angle ϕ

is given by

I = I0

2
(1 + P0 cos 2ϕ). (23)

Here, I0 is the total intensity of the emission. The resulting
PL intensity as a function of the analyzer angle ϕ has a
characteristic twofold rotational symmetry with extrema at
ϕ = 0, π/2, π and 3π/2. For P0 > 0 the intensity is maxi-
mal at ϕ = 0 and π and minimal at ϕ = π/2 and 3π/2, in
agreement with experiment.

This expression accurately fits the data shown in Fig. 2 with
the value of P0 being different for different lines. We also note
that in order to reproduce the slight shift of the distribution
in Fig. 2(d) an offset of about 15◦ should be added to ϕ. This
offset can be related to the fact that the actual symmetry of our
structure is lower than C2v due to sample imperfections.

Second, we analyze the data in Fig. 4, where the magnetic
field is applied in the sample plane and the three panels show
the intensity distribution as a function of the magnetic field
orientation with respect to the crystalline axis. In Fig. 4(a) the
magnetic field angle ϕB = 0◦, in 4(b) 45◦, and in 4(c) 90◦.
Accordingly, for the intensity after the polarizer we obtain

I = I0

2
[1 + (P0 + B1B2 + B2B2) cos 2ϕ], (24a)

I = I0

2
[1 − (P0 + B1B2) sin 2ϕ + B′B2 cos 2ϕ], (24b)

I = I0

2
[1 − (P0 + B1B2 − B2B2) cos 2ϕ], (24c)

for Figs. 4(a), 4(b), and 4(c), respectively. The fit of the exper-
imental data shown in Figs. 5(e) and 5(f) after Eqs. (24) allows
us to set B2 = B′ = 0 within our experimental accuracy. Thus,
the magnetic field affects only the magnitude of the linear
polarization for the TAAlAs line, while the eigenaxes of linear
polarization are fixed by the crystallographic directions [11̄0]
and [110].

TABLE I. Parameters of the studied ultrathin GaAs/AlAs QWs.

Parameter Value Comment

ge +2.0 [7]
gxx +0.25 ± 0.01 Best fit
gyy −0.25 ± 0.01 Best fit
τr 0.34 ms [7]
τnr 8.5 ms [7]
τsh 3 ± 0.5 μs [7]
τse 33 ± 1 μs [7]
P0 0 ÷ 0.1 Zero-field data
p0

e +0.5 ± 0.05 Best fit
p0

h +0.5 ± 0.05 Best fit

Third, we address the data in Fig. 6, where emission inten-
sity at different magnetic fields is presented. For B ‖ [11̄0] we
set ϕB = 0 and from Eqs. (3) and (4) we obtain

I = I0

2
[1 + (P0 + B1 + B2)B2 cos 2ϕ]. (25)

The experimental data for LOAlAs line can be accurately repro-
duced by Eq. (25) with B2 = 0 as well as B1 and P0 having op-
posite signs. That is why at some particular value of magnetic
field, namely, B = 3 T, a compensation of the intrinsic and the
magnetic-field-induced contributions to the linear polarization
occurs, making the intensity distribution practically isotropic.
Its weak anisotropy observed in Figs. 6(c) and 6(d) can be
accounted for by a slight offset of the angle ϕ and could
be related, as already mentioned, to a symmetry lowering due
to sample imperfections. Thus, the symmetry analysis of the
emission intensity allows us to conclude that the studied QW
structure is characterized by an extremely anisotropic hole g
factor: |B2,B′| 	 |B1| implying |gxx − gyy| � |gxx + gyy|. As
a result, we take gxx = −gyy for our further analysis.

Let us now turn to the modeling of the magnetic-field-
induced polarization and the quantitative description of the
experimental data. To that end we have numerically solved
the rate equations (9) after the general equation (11). We
fixed the electron g factor, the radiative and nonradiative
decay times of excitons, as well as the spin-flip times for
electrons and holes. We take them from our previous work
on magnetic-field-induced circular polarization measured for
the same sample [7] (see Table I). From the fitting of the time-
integrated polarization [see solid lines in Figs. 5(e) and 5(f)],
we obtain the intrinsic value of the linear polarization P0 and
the heavy-hole g-factor component, gxx = −gyy = 0.25 (see
Table I). We also note that for the parameters in question, the
simplified analytical expression (21) with Pst

l = 4〈se〉〈sh〉 and
Eq. (15) accurately reproduces the experimental data as well.

With the very same set of parameters we perform calcula-
tions of the temporal dependence of the emission polarization
shown in Fig. 7(b). The only additional ingredient of the
model is the initial value of the spin polarization of the charge
carriers s0

i , which can be acquired by the electrons and holes
during their energy relaxation toward the emitting states. We
use expressions similar to Eq. (15):

s0
i = −1

2
tanh

(
p0

i 	i

2kBT

)
, (26)
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FIG. 8. Dynamics of the linear polarization degree Pl (t ) calcu-
lated at B = 10 T, T = 1.8 K and for the QW parameters from
Table I for partial electron (p0

e) and hole (p0
h) spin polarization:

(a) p0
e = 0 and various p0

h, (b) p0
h = 0 and various p0

e, (c) p0
e = −0.5

and various p0
h, (d) p0

e = 0.5 and various p0
h.

with the fitting parameters −1 � p0
e � 1 and −1 � p0

h � 1 to
model this initial polarization. As a result, with two additional
parameters p0

e and p0
h (see Table I) we can nicely describe

the data in Fig. 7(b). In particular, the inclusion of s0
e , s0

h �= 0
allows us to reproduce the unusual temporal dynamics of the
linear polarization.

In order to address the role of the initial polarization in
more detail, we simulate the dynamics of the linear polariza-
tion degree. The dependencies Pl (t ) calculated at B = 10 T,
T = 1.8 K and for the QW parameters taken from Table I
for partial electron (p0

e) and hole (p0
h) spin polarization are

shown in Fig. 8. The time during which the polarization of
the emission reaches its maximum value is mainly determined
by the electron spin polarization p0

e, that was obtained in the
energy relaxation process. Indeed, one can see from Fig. 8(a)
that in the case of unpolarized electrons (p0

e = 0) a change
in hole spin polarization does not effect the dynamics of PL
polarization. On the other hand, for unpolarized holes (p0

h =
0) shown in Fig. 8(b) it is seen that a variation of the initial
electron spin polarization significantly changes this dynamics.
When both electrons and holes obtain partial polarization
during energy relaxation, the dynamics is determined by the
ratio of their polarization degrees, as shown in Figs. 8(c) and
8(d). That is why the strong dependence of the dynamics
on p0

e and p0
h allows us to unambiguously determine their

signs and values from fitting the experimental data shown in
Fig. 7(b). The best fits are obtained for p0

e = +0.5 ± 0.05 and
p0

h = +0.5 ± 0.05.
Thus, despite having quite a few model parameters, our

analysis allows us to fix most of them from independent
analyses and describe accurately the experimental data. The
resulting values are quite realistic. Indeed, as discussed in

Sec. IV A and Ref. [23] the intrinsic linear polarization can
be related with an anisotropic contribution to the heavy-hole
in-plane g factor under the assumption that both effects re-
sult from the heavy-hole–light-hole mixing. It follows from
Eq. (8) that for P0 ∼ 5% . . . 10% and the magnetic Luttinger
parameter |κ| ranging from 0.12 (AlAs) to 1.2 (GaAs) [30]
we obtain absolute values of gxx = −gyy in the range from
0.004 to 0.72 with the experimental value of 0.25 being within
this range. Additionally, the anisotropic contribution to the
heavy-hole Landé factor can arise from in-plane localization
of the excitons.

VI. CONCLUSIONS

We have investigated experimentally and theoretically
the magneto-optical properties of a two-monolayer-thick
GaAs/AlAs quantum well, which is indirect both in real and in
momentum space, as function of magnetic field strength and
orientation.

We have found the following features of the linear po-
larization degree of the QW exciton photoluminescence: (i)
Already at zero field nonzero linear polarization appears. Its
absolute value has a strong spectral dependence across the
emission band of the QW being about 3.5% for the no-phonon
(NP) line, zero for the (TA) phonon-assisted recombination
line, 9.5% and 6% for the (LO) and (2LO) phonon-assisted
recombination lines, respectively. (ii) The effect of the mag-
netic field applied in the Voigt geometry on the orientation
of the linear polarization with respect to the crystallographic
axes of the QW and its degree is determined only by the field
strength for all observed PL lines at a fixed temperature and
does not depend on the field orientation in the QW plane. (iii)
Unexpectedly, the linear polarization degree demonstrates a
long-lasting temporal dynamics in magnetic field.

A very good quantitative description of all experimental
data is obtained using a model with just a few variable
parameters, which can be unambiguously determined from
the data. The developed approach can readily be used for
investigation of the spin dynamics in semiconductor quan-
tum well and quantum dot structures with indirect band
gap either in real or in momentum space, or in both of
them.
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