
Universal behavior of the electron g factor in GaAs/AlxGa1−xAs quantum wells

I. A. Yugova,1,2,* A. Greilich,1 D. R. Yakovlev,1,3 A. A. Kiselev,4 M. Bayer,1 V. V. Petrov,2 Yu. K. Dolgikh,2 D. Reuter,5

and A. D. Wieck5

1Experimentelle Physik II, Universität Dortmund, 44221 Dortmund, Germany
2Institute of Physics, St.-Petersburg State University, St.-Petersburg 198504, Russia

3A. F. Ioffe Physico-Technical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
4Department of Electrical and Computer Engineering, North Carolina State University, Raleigh, North Carolina 27695-7911, USA

5Angewandte Festkörperphysik, Ruhr-Universität Bochum, D-44780 Bochum, Germany
�Received 28 September 2006; revised manuscript received 9 April 2007; published 5 June 2007�

The Zeeman splitting and the underlying g factor for conduction-band electrons in GaAs/AlxGa1−xAs quan-
tum wells have been measured by spin-beat spectroscopy based on a time-resolved Kerr rotation technique.
The experimental data are plotted as functions of the lowest band-to-band optical transition energy, i.e., the
effective band gap of the quantum wells. The model calculations suggest that in the tracked range of transition
energies E from 1.52 to 2.0 eV, the component of electron g factor along the growth axis follows closely the
universal dependence g��E��0.445+3.38�E−1.519�−2.21�E−1.519�2 �with E given in eV�, and this univer-
sality also embraces AlxGa1−xAs alloys. On the other hand, the in-plane g factor component deviates in a
systematic way from this universal curve, with the degree of deviation controlled by the structural anisotropy.
The experimental data are in good agreement with the theoretical predictions.
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I. INTRODUCTION

The Lande or g factor of carriers in a solid is one of the
fundamental material properties.1–3 For conduction-band
electrons in semiconductors and semiconductor heterostruc-
tures, it may deviate strongly from the free-electron g factor
in vacuum, g0= +2.0023, due to the spin-orbit interaction,
e.g., it is −0.44 in GaAs, −1.64 in CdTe, and can be as large
as −51 in the narrow-band-gap semiconductor InSb.5

The invention of spintronics has increased the interest in
spin manipulation in semiconductor heterostructures2,4 and
therefore in control of the carrier g factors.
GaAs/AlxGa1−xAs heterostructures are very suitable for this
purpose as with increasing carrier confinement the electron g
factor’s value decreases and even crosses zero. Therefore,
the Zeeman splitting can be fully suppressed by a proper
choice of structure design parameters and/or external condi-
tions such as strain, temperature, electric field, and orienta-
tion of the structure in an external magnetic field.6–8

The electron g factor in GaAs/AlxGa1−xAs quantum well
�QW� structures has been measured by various experimental
techniques such as spin-flip Raman scattering,9 optical
orientation,10–13 optically detected magnetic resonance,14,15

and spin quantum beats in emission,16–19 in absorption,20 or
in Kerr rotation.21,22 However, most of these studies have
been limited to certain widths of the quantum wells and only
in a few papers the well width dependence of the g factor has
been reported.10,17,19,22

The first concise analysis of the electron g factor in QWs
was performed in the frame of the Kane model,23 followed
by more detailed considerations.24–27 These model calcula-
tions predict a strong variation of the g factor value, includ-
ing a sign reversal in the GaAs/AlxGa1−xAs heterosystem,
and of its anisotropy with well width. Both quantities are
controlled by the strength of electron confinement in the
QWs determined mostly by the well width and barrier

height. These theoretical predictions were further substanti-
ated by experimental data.19,22,28,29 The published results are
commonly presented as a dependence of the g factor value
on the QW width, i.e., a set of different dependencies corre-
sponding to different barrier heights �controlled by the Al
content� is required to cover the whole range of possible QW
structures. In CdTe/Cd1−xMgxTe heterostructures, whose
band structure is similar to that of GaAs/AlxGa1−xAs struc-
tures, to a good approximation, a universal dependence of
the electron g factor on the heterostructure band gap �i.e., on
the energy of the optical transition between the ground states
of confined electrons �e1� and holes �hh1�� has been
reported:30 the g factor was sensitive mostly to the value of
the band gap itself, but not to the way how this gap has been
obtained by the structure’s design parameters.

The goal of this paper is to check experimentally and
theoretically whether this universality can be extended to
GaAs/AlxGa1−xAs heterosystems, and if yes, what the ori-
gins of this universality are. We present experimental results
for time-resolved pump-probe Kerr rotation, which allow us
to determine the transverse �g�� and longitudinal �g�� com-
ponents of the electron g factor with high accuracy from the
frequencies of the spin precession in an external magnetic
field. Model calculations accounting for the k ·p interaction
between the lowest conduction band and the upper valence
bands have been performed for both components of the elec-
tron g factor in structures with the Al content varied from 0
to 0.45. The experimental data are found to be in good agree-
ment with the model predictions showing that some univer-
sality can be claimed for the GaAs/AlxGa1−xAs heterosys-
tem.

II. EXPERIMENTAL DETAILS

The GaAs/AlxGa1−xAs heterostructures have been grown
by molecular-beam epitaxy on �100� oriented GaAs sub-
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strates. The sample parameters are collected in Table I.
Samples 1 and 2 consist of several single QWs of different
widths �four QWs in each sample� separated by 50-nm-thick
AlxGa1−xAs barriers to prevent electronic coupling between
the wells. These samples have been grown without rotation
and therefore have gradients in QW widths. This is the rea-
son for giving more than four values of g factors and corre-
sponding QW widths and energies for a particular sample in
Table I. The values which differ only slightly from one an-
other have been recorded on the same QW but at different
lateral positions. Samples 3, 4, and 5 contain only one QW.
All structures are nominally undoped, but due to residual
doping of the barriers, presence of background electrons in
the QWs has been established from the observation of emis-
sion by negatively charged excitons. The background elec-
tron density does not exceed 5�109 cm−2.

For optical measurements, the samples were immersed in
pumped liquid helium at a temperature of 1.6 K. The struc-
tures were characterized by means of photoluminescence ex-
cited by 532 nm laser light with an excitation density below
0.3 W/cm2. Magnetic fields up to 7 T could be applied,
which, in most experiments, were oriented perpendicular to
the structure growth axis �Voigt geometry�. To determine the
longitudinal component of the electron g factor, the magnetic
field was applied obliquely to the structure growth axis. The
tilt angle was 45°.

The electron g factor was evaluated from the frequency of
the electron-spin quantum beats corresponding to the Larmor
precession frequency in magnetic field. A pump-probe tech-
nique with polarization sensitivity based on time-resolved
Kerr rotation was used for detection of the spin beats �see,
e.g., Refs. 2 and 31�. A Ti:sapphire laser emitting 1.8 ps
pulses at a repetition rate of 75.6 MHz was tuned in reso-
nance with the QW exciton transition. The pump beam was
circularly polarized by means of an elasto-optical modulator
operating at 50 kHz. The excitation density was kept as low
as possible in the range from 0.2 to 1 W/cm2. The probe
beam was linearly polarized, and its intensity was about 20%
of the pump beam. The rotation angle of the linear polariza-
tion plane of the probe pulse, reflected from the sample due
to the Kerr rotation, was detected by a balanced diode detec-
tor and a lock-in amplifier. The time-resolved Kerr rotation
signal as function of the delay between probe and pump
pulses gives the evolution of the electron-spin coherence
generated by the pump.

III. EXPERIMENTAL RESULTS

A typical photoluminescence spectrum obtained for
sample 2 containing four single QWs of different thicknesses
is shown in Fig. 1. The emission from the GaAs buffer layer

TABLE I. Parameters of the studied GaAs/AlxGa1−xAs QW structures.

Sample, Al content
QW width

�nm� Transition
Laser energy

�eV� �g�� �g��

1 �p343�, x=0.33 16.0 e1-hh1 1.528 0.36±0.01 0.43±0.01

14.3 e1-hh1 1.530 0.34±0.01

11.0 e1-hh1 1.540 0.30±0.01 0.43±0.01

10.2 e1-hh1 1.543 0.27±0.01

7.6 e1-hh1 1.565 0.15±0.01 0.22±0.01

7.3 e1-hh1 1.569 0.13±0.01

4.3 e1-hh1 1.618 0.10±0.01 0.025±0.02

4.2 e1-hh1 1.622 0.06±0.004

2 �p340�, x=0.34 17.2 e1-hh1 1.527 0.40±0.01

13.0 e1-hh1 1.535 0.33±0.01

13.0 e1-hh1 1.542 0.33±0.01

13.0 e2-hh2 1.597 0.32±0.01

11.7 e1-hh1 1.538 0.30±0.01 0.40±0.01

8.8 e1-hh1 1.555 0.20±0.005

7.9 e1-hh1 1.562 0.16±0.01 0.25±0.01

5.1 e1-hh1 1.600 0.00±0.04

3 �p337�, x=0.28 10.0 e1-hh1 1.544 0.26±0.005

4 �11302�, x=0.25 8.4 e1-hh1 1.559 0.17±0.01

GaAs buffer 1.559 0.43±0.005

5 �e294�, x=0.32 8.8 e1-hh1 1.555 0.21±0.01

GaAs buffer 1.515 0.44±0.001

GaAs buffer 1.529 0.44±0.001

GaAs buffer 1.543 0.43±0.006

GaAs buffer 1.553 0.42±0.004
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is presented by the dashed line. The luminescence from the
QWs is dominated by recombination of excitons, whose en-
ergy increases for the narrow QWs due to confinement. The
low-energy shoulders of the excitonic lines are due to the
negatively charged exciton �trion� recombination.32 The trion
consisting of two electrons and a hole is formed by a back-
ground electron and a photogenerated exciton.

An example of time-resolved spin quantum beats in a
10-nm-wide QW detected in a magnetic field of B=1 T
�Voigt geometry� is shown in Fig. 2. The experimental data
are plotted by the black line. The excitation energy of
1.544 eV is resonant with the exciton transition. The periodic
oscillations of the Kerr signal are due to the precession of
coherently excited electron spins about the magnetic field,
with the oscillation period TL given by the spin splitting in
the conduction band �E. Therefore, the Larmor precession
frequency �L=2� /TL allows precise determination of the
transverse component of the electron g factor g� by

�E = �Bg�B = ��L, �1�

where �B is the Bohr magneton �note that the sign of the g
factor cannot be determined, but only its absolute value�. We
fit the experimental spin-beat dynamics by a form for an
exponentially damped oscillation. In case of a single fre-
quency and a single decay time, which gives an appropriate
description for most of the studied structures, this form is
given by the following equation:

y�t� = A exp�− t/��cos��Lt� , �2�

with an amplitude A. � is the decay time of spin coherence,
which, for an electron-spin ensemble, corresponds to the spin
dephasing time T2

* �Refs. 2 and 33�. An example for the
result of a fitting to the experiment is given in Fig. 2 by the
thick gray line. Here, we exclude from the analysis the initial
15–30 ps after the pump pulse, which are contributed by the
fast relaxation of holes.18,34,35

In the inset, the determined Zeeman splitting is plotted as
a function of magnetic field. The corresponding values of the
Larmor frequency are also given on the right vertical axis.
The slope of the B linear dependence gives �g��
=0.26±0.005. The decay time of the spin beats in Fig. 2 is
880 ps and is considerably longer than the radiative decay of
resonantly excited excitons which does not exceed 100 ps in
GaAs/AlxGa1−xAs QWs.36 Therefore, we conclude that the
detected spin beats are provided by background electrons
whose spin coherence is photogenerated by the trion
formation.33 It is beyond the scope of this paper to discuss
the mechanism of optical generation of spin coherency for
the electron gas of low density. We only note here that the
trion formation plays a key role in this process and direct
readers to related studies.33,37

Not in all cases the Kerr signals can be described by a
single frequency and/or single decay time. Figure 3 illus-
trates a more complicated case observed in sample 5 for an
8.8-nm-wide QW. The excitation energy of 1.515 eV is reso-
nant with the exciton transition of the GaAs buffer layer, and
the observed oscillations with �g��=0.44 are in accord with
the known g-factor value of bulk GaAs, g�GaAs�=−0.44
�Ref. 5�. The decay of the spin beats shows two characteristic
times. The fast one, of 360 ps, may be associated with the
exciton lifetime and the long one, which exceeds 3 ns, de-
scribes the dephasing of the background electrons in the
buffer layer.38 The resonant excitation into the exciton states
of GaAs results in the largest amplitude of the Kerr signal.
However, pronounced spin beats can be observed also when
the excitation energy is detuned from the resonance condi-
tion and shifted further up by 14 and 27 meV to energies of
1.529 and 1.543 eV, respectively, which are still below any
QW resonance. The Kerr signal at these energies is provided
by the exciton-polariton reflection spectrum,39 which is gov-
erned by the quantization of polaritons in the GaAs buffer
layer. The spin-beat period is independent of the excitation
energy, as it is determined by spin oriented carriers, which
relax from the excited states to the bottom of the conduction
band and precess there with �g��=0.44. The amplitude of the
Kerr signal, however, decreases, as shown by the open
circles in the inset.
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FIG. 1. Photoluminescence spectrum of a GaAs/Al0.34Ga0.66As
structure containing four single QWs of different widths �sample 2�.
The emission from the GaAs buffer layer is shown by the dashed
line.
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FIG. 2. Time-resolved Kerr rotation for a 10 nm QW �sample 3�
in a magnetic field of 1 T. The black line gives the experimental
data, and the thick gray line is a fit to the data after Eq. �2� using the
parameters �L=23.4 GHz and �=880 ps. The inset shows the Zee-
man splitting �E �left scale� and the frequency of spin beats �L

�right scale� as function of magnetic field. T=1.6 K.
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An increase of the laser energy to 1.553 eV brings it in
resonance with the QW exciton. The beat period increases
about twice corresponding to �g�,1�=0.21. The spin beats are
damped with a decay time �=410 ps. At longer delays ex-
ceeding 1000 ps, the oscillation picture becomes irregular,
suggesting that at least two periodic processes overlap. The
signal was fitted by an equation accounting for two frequen-
cies with different decay times:

y�t� = A1 exp�− t/�1�cos��L,1t� + A2 exp�− t/�2�cos��L,2t� .

�3�

As one can see from the fit in Fig. 3 shown by the gray
line, the experiment can be described by spin beats of QW
electrons with �g�,1�=0.21 superimposed with �g�,2�=0.42
beats. The latter beats can be attributed to electrons precess-
ing in the GaAs buffer. The relative intensities of the ampli-
tudes A1 and A2 are given in the inset of Fig. 3 by closed and
open circles, respectively.

To obtain further insight, a 13-nm-wide QW in sample 2
has been excited resonantly into three optical transitions cor-
responding to the ground state of the heavy-hole exciton �e1-
hh1� and of the light-hole exciton �e1-lh1�, as well as of the
exciton related to the second confined electron and heavy-
hole levels �e2-hh2�. For all cases, spin beats with almost the
same period corresponding to �g��=0.33 have been found
�see Table I�. As the value of the electron g factor should
strongly depend on the electron energy, we therefore con-
clude that the Kerr signal is provided by electrons which
relax to the bottom of the conduction band shortly after pho-

togeneration and precess there. That the e1 electron preces-
sion can be accessed through the e2-hh2 optical transition is
remarkable.

After having given some insight into the general features
of the experimental data and their analysis, we turn to the
problem of the g factor dependence on the carrier confine-
ment conditions. Time-resolved Kerr rotation signals de-
tected with the laser energy resonant to the exciton optical
transitions in QWs of different widths are shown in Fig. 4.
One can see that the spin-beat frequency, which is propor-
tional to �g�� of the conduction-band electrons, decreases
with decreasing well width. Oscillations cannot be resolved
in a 5.1 nm QW with the exciton energy at 1.600 eV. A
further decrease of the QW width down to 4.2 nm restores
the spin-beat oscillations. The determined �g�� values are
given in the figure and are collected also in Table I.

The experimental values for �g�� are plotted in Fig. 5 as
function of resonant excitation energy. We note here that in
our experiments, the sign of the electron g factor has not
been measured. To plot the values, the negative sign for the
wide QWs has been chosen to be in accord with the electron
g factor in bulk GaAs g�GaAs�=−0.44. Most of the data,
except for some results for a 13 nm QW and the GaAs buffer
which were measured for nonresonant excitation, were de-
tected when the laser was resonant with the exciton state
e1-hh1. Measurements on different structures confirm the
monotonic decrease of the g factor absolute value with in-
creasing energy, leading to a sign reversal at 1.600 eV. Our
results are in good agreement with the data of Snelling et
al.10 obtained by the optical orientation technique. They are
also in good agreement with model calculations for Al con-
tents of x=0.3 and 0.35 shown by the solid and the dashed
lines, respectively. Details of these calculations are given be-
low in Sec. IV. We note that the calculated dependencies are
plotted as function of energy of the optical transition be-
tween the confined carrier levels e1 and hh1 without ac-
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counting for the exciton binding energy. The latter may shift
these curves to lower energy by about 8 meV in QWs of
about 20 nm width and by about 13 meV in 4 nm QWs.40

To measure the longitudinal component of the electron g
factor, we have performed time-resolved Kerr rotation ex-
periments with magnetic field tilted relative to the hetero-
structure growth direction. The tilt angle 	 between the
magnetic field and growth direction was 45°. An example of
time-resolved spin quantum beats in an 11-nm-wide QW
�sample 1� is shown by the thin black line in Fig. 6�a�. A fit
by Eq. �2�, which is shown by the thick gray line, allows us
to obtain the quantum beat frequency and evaluate the lon-
gitudinal component of the electron g factor �g�� using the
following equation for the Larmor frequency of electron-spin
beats in tilted magnetic fields:

�L = �BB��g� cos 	�2 + �g� sin 	�2/� . �4�

The measured values of �g�� for samples 1 and 2 are col-
lected in Table I. After resolving the sign ambiguity, g� is
also shown by the circles in Fig. 6�b� together with the re-
sults of model calculations for an Al content x=0.3 for g� and
g� given by the solid and dashed lines, respectively. The
measured values are in reasonable agreement with the mod-
eled dependencies, but the data scattering is obviously more
prominent here and correspondence with theory is not as
striking as it was for the g� in Fig. 5. In particular, one can
see that the differences between experimental and theoretical
values for g� are larger for thinner QWs.

IV. CALCULATION OF THE ELECTRONIC g FACTOR
AND COMPARISON WITH EXPERIMENT

Here, we present results of model calculations for the lon-
gitudinal and transverse components of the electronic g fac-

tor in GaAs/AlxGa1−xAs QWs for a wide range of well
widths from 1 to 30 nm and Al contents 0
x
0.45, which
control the barrier height. In Fig. 7, the calculated g factors
are shown as function of the e1-hh1 optical transition energy.
This provides a convenient comparison with experiment, as
the g factor is addressed in dependence on an easily measur-
able quantity.

To prepare Fig. 7, it was necessary, first, to calculate ac-
curately the lowest quantized states of electrons and heavy
holes for each set of heterostructure parameters and, second,
to evaluate the g factor tensor for the calculated electron
states. To achieve advanced accuracy in the energy levels, we
applied the Kane multiband Hamiltonian, accounting exactly
for the coupling between the lowest conduction band �6 and
the upper valence bands �8 and �7 and retaining also all
remote band terms that notably affect the dispersion of the
relevant quasiparticles in conduction and valence bands. De-
tails were presented elsewhere.41,42 Then, by directly follow-
ing the prescriptions in Ref. 26, two independent compo-
nents of the g factor tensor at the bottom of the first electron
subband in the QW structure can be calculated: the in-plane
g factor g� using Eq. �6� of Ref. 26 and the g factor along
the growth direction g� with the help of Eq. �10� of Ref. 26.
For the simplest case of an unbiased, unstrained, and sym-
metric QW assembled from zinc-blende semiconductors, we
get
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g� = g0 + �gremote − 4	 dzDz�f2�z� �5�

and

g� = g0 + �gremote + 4	 dzD��fh�z� + f2� . �6�

Here, f�z� describes the spatial dependence of the
conduction-band envelope function at the bottom of the elec-
tron subband in the QW and satisfies the equation

−
�2

m0

1

2
+ ��remote + A� fzz� + �V − E�f = 0 �7�

and the homogeneous boundary conditions

f ,�1/2 + ��remote + A�fz� = const �8�

at the heterointerfaces. An auxiliary function h�z� has to be
obtained as solution of the same Eq. �7�, but with the inho-
mogeneous boundary conditions involving the already found
function f ,

h,�1/2 + ��remote + A�hz� + Df = const. �9�

Further,

A =
Pcv

2

3m0

 2

E − V + Eg
+

1

E − V + Eg + �SO
� �10�

and

D = −
Pcv

2

3m0

 1

E − V + Eg
−

1

E − V + Eg + �SO
� . �11�

Here, m0 is the free-electron mass in vacuum, Eg is the semi-
conductor band gap, Pcv is the interband momentum matrix

element, �SO is the spin-orbit splitting in the valence band,
and ��remote and �gremote are the remote band contributions to
the conduction-electron dispersion and g factor, respectively.
In a typical heterostructure, all these material parameters are
piecewise constants. If in the whole structure the electron
state energy E is counted, for example, from the edge of the
conduction band in the well material, the piecewise constant
conduction-band profile V�z� should also be accounted for in
Eqs. �7�, �10�, and �11�. Lastly, the found conduction-band
envelope f should be normalized to satisfy the normalization
condition for the full three-band electron wave function.

Most parameters characterizing the band structure of the
AlxGa1−xAs alloy are well established. The numerical values
for all applicable quantities are collected in Table II for GaAs
and Al0.35Ga0.65As �the data have been taken from Ref. 5�.
The following scheme for parameter evaluation has been
adopted for an arbitrary Al composition x: for most of the
parameters �named basic in Table II�, we use a simple linear
interpolation �extrapolation for x0.35�. This group con-
tains Pcv and �SO. Rigorously speaking, higher accuracy
could probably be achieved if also the bowing constants for
the interpolation curves were known, but for the studied
range 0
x
0.45, linear interpolations are reasonable. As
the only notable exception, we use the common interpolation
equation with bowing term for the AlxGa1−xAs band gap:5

Eg�x� = 1.519 + 1.04x + 0.47x2 �eV� . �12�

Some parameters are obviously model derivatives and we
denote them as composite: the bulk electron effective mass
mbulk and the bulk g factor gbulk are defined by a subset of
basic quantities. These composite parameters are not ex-
pected to follow a linear interpolation law, so we apply a
different approach: when we need the bulk value of a com-
posite parameter for some alloy composition, we directly
calculate it from interpolated basic parameters. For
example,43

gbulk = g0 −
4

3

Pcv
2

m0

�SO

Eg�Eg + �SO�
+ �gremote, �13�

which can also be derived from Eq. �5� or �6� in the limit of
a very wide QW. First, we use Eq. �13� and the specific
numerical values of gbulk from Table II to evaluate �gremote
for GaAs and Al0.35Ga0.65As. The obtained �gremote is treated
hereafter as basic and its value is interpolated. Now, when
necessary, we apply Eq. �13� again to calculate gbulk for any

TABLE II. Band-structure parameters for GaAs and
Al0.35Ga0.65As. Also included is the type of interpolation procedure
for the AlxGa1−xAs alloys. The data have been taken from Ref. 5.

GaAs Al0.35Ga0.65As Interpolation

�SO �eV� 0.341 0.32 Basic, linear

2Pcv
2 /m0 �eV� 28.9 26.7 Basic, linear for Pcv

mbulk/m0 0.067 0.09 Composite

gbulk −0.44 0.58 Composite

mhh/m0 0.45 0.45 Constant

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.67 1.68 1.69
0.05

0.06

0.07

⊥

T=1.6 K 0.4

2.01.91.81.71.6

AlGaAs
g

- - - - g0.15

0.45

0.2

0.3

0.35

0.25

x=0.1

E
le

ct
ro

n
g-

fa
ct

or

Energy (eV)
1.5

FIG. 7. Longitudinal �solid lines� and transverse �dashed lines�
components of the electron g factor as function of the energy of the
lowest optical transition in GaAs/AlxGa1−xAs QWs, calculated for
various barrier compositions and different QW widths. Open circles
show experimental data for bulk AlxGa1−xAs alloys taken from Ref.
45. Inset details the dependencies for the longitudinal g factor,
which closely follow the dependence for AlxGa1−xAs.

YUGOVA et al. PHYSICAL REVIEW B 75, 245302 �2007�

245302-6



alloy composition from a complete set of interpolated basic
parameters. The heavy-hole effective mass mhh is taken to be
independent of the alloy composition. A ratio �EC /�EV
=60/40 for the offsets in the conduction and valence bands
was taken for the calculations.44

Let us now describe in detail the results summarized in
Fig. 7. Here, the two independent components of the g factor
tensor are shown for an electron confined in QWs with dif-
ferent barrier compositions x as function of the e1-hh1 opti-
cal transition energy. The components for magnetic field ap-
plied parallel �g�� and perpendicular �g�� to the structure
growth axis are given by the solid and dashed lines, respec-
tively. For every composition of the barrier material, g�

g�. The lowest energy for the optical transition is achieved
for an infinitely wide QW, for which the energy asymptoti-
cally approaches that of bulk GaAs �1.519 eV at T=1.6 K�
and both g-tensor components converge to meet the electron
g factor value in the bulk: g�GaAs�=−0.44. Therefore, for
each x value, the curves for the two g factor components
form something like a petal with its root corresponding to the
principal band gap and the g factor of bulk GaAs and the tip
corresponding to the values of the AlxGa1−xAs barriers �limit
of a very narrow QW�. As the band gap and the g factor both
grow monotonously with the Al composition, the petal size
also increases and its tip draws, obviously, the line gbulk�Eg�
corresponding to the bulk g factor value for a range of alloy
compositions �shown in Fig. 7 by a thick solid line, and open
circles are experimental data for AlxGa1−xAs alloys45�.

The thick solid line in Fig. 7 is defined by Eq. �13�: as-
suming linear interpolations for Pcv, �SO, and �gremote and
the composition dependence for Eg�x� given by Eq. �12�,
gbulk�Eg� can easily be recovered analytically as a series ex-
pansion. For the GaAs/AlxGa1−xAs heterosystem, the first
terms in the expansion are5

gbulk�Eg� � − 0.445 + 3.38�Eg − 1.519� − 2.21�Eg − 1.519�2,

�14�

with Eg measured in eV.
Quite remarkably, in our three-band Kane model, the

growth direction component g��Ee1-hh1� follows very closely
the AlxGa1−xAs bulk dependence gbulk�Eg� for an arbitrary
barrier composition. The inset in Fig. 7 shows a close-up of
the energy dependence of g� for different x. It illustrates that
the g� values for the whole range of x from 0 up to 0.45
basically coincide, besides minor deviations, with the depen-
dence for bulk AlxGa1−xAs.

Although g� follows generally the same trend, it deviates
notably from the alloy dependence. This deviation is caused
by the structural anisotropy in the heterostructure; therefore,
it depends on the barrier height and strength of spatial con-
finement. However, for the studied GaAs/AlxGa1−xAs QWs,
the maximum deviation of g� from the bulk dependence is
always moderate and never exceeds 0.3. Also, in the imme-
diate vicinity of the petal root �corresponding to the case of
very weak spatial confinement and negligible penetration of
the electron state into barriers�, some universality with re-
spect to different barrier compositions can be spotted for g�.

V. DISCUSSION

In order to assess the meaning and the validity of the
universal dependence of the g factor on the heterostructure
band gap, let us first consider a hypothetical alloy heterosys-
tem AxB1−x. We assume that the system can be accurately
described by the Kane model, in which the two basic param-
eters, �i� the interband matrix element Pcv and �ii� the spin-
orbit splitting of valence band �SO, are plain independent of
the composition �consequently, these quantities will be equal
in the well and barrier layers�. Another assumption is that
�iii� the valence-band offset at the AxB1−x /AyB1−y heteroint-
erface is exactly zero for any compositions x and y. Utilizing
Eqs. �5� and �6� for such a hypothetic heterosystem, a truly
universal dependence of the electron g factor on the e1-hh1
energy in the QW structure is directly obtained. Indeed, the
energy-dependent coefficients A and D are continuous across
the heterointerface and independent of the barrier composi-
tion; the “inhomogeneous” auxiliary function h vanishes ex-
actly; and Eqs. �5� and �6� reduce to the same functional
form, so no g factor anisotropy is present. We would like to
note also that, independent of any of the assumptions above,
some variant of weak universality shows up when the QW
barriers in the heterostructures are extremely high, prevent-
ing a considerable penetration of the electron wave function
into the barriers and, thus, a dependence of the g factor on
barrier material parameters.

In reality, conditions �i�–�iii� are not fulfilled, so that the
degree of the parameter mismatch �along with the extent of
the penetration of a confined electron into the barrier layers�
governs the deviations from the universal behavior when one
changes barrier composition and QW width. The matrix ele-
ment Pcv is modified only moderately from one semiconduc-
tor to another, and the modulation in the value of �SO is
almost negligible in cation-substituted materials, including
the AlxGa1−xAs alloys. However, it can be considerable in
anion-substituted solid solutions.5 Condition �iii� appears to
be most vulnerable, as the valence-band offset accounts for
about 40% of the difference in band gaps for the well and
barrier materials in GaAs/AlxGa1−xAs heterostructures.
However, some approximate universality can be reasonably
expected, with deviation severely limited by the strength of
electron penetration into barriers and, in the worst scenario,
comparable to the g tensor anisotropy g�−g�. The profound
universality revealed theoretically in the behavior of the
growth direction component of the electron g factor, �g��, in
GaAs/AlxGa1−xAs QWs �even though it is not exact� obvi-
ously exceeds these expectations. We found that it appears
due to a fragile and delicate balance in the dependence of the
material parameters on composition: when the band gap in-
creases with Al content, slight reductions of Pcv and �SO
counterplay and mostly compensate the indirect effect of
moderate but nonzero valence-band offset for the type-I band
alignment at the heterointerface; the particular value of mhh
also helps. The experiment seems to support these conclu-
sions; although the measured values of g� shown in Fig. 6 are
in fair agreement with the modeled dependencies, the coin-
cidence is actually far from being perfect.

In summary, the electronic g factor has been studied ex-
perimentally and theoretically in GaAs/AlxGa1−xAs QWs for
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a wide range of well widths and Al contents. The results are
presented as a g factor dependence on the energy of the
e1-hh1 optical transition in QWs, which provides a conve-
nient way for direct comparison of experimental data with
the model calculations. A very good coincidence of experi-
ment and theory is found for the g tensor transverse compo-
nents g�, and a reasonable agreement is established for the
longitudinal components g�. With some reservations, a
universal behavior of the electron g factor has been estab-
lished for GaAs/AlxGa1−xAs QWs. More generally, these ap-
proximate universalities in the g factor behavior can be ex-
pected for cation-substituted alloy heterostructures with a
type-I band alignment and small-to-moderate valence-band
offsets. Heterosystems with these properties are known to
include a number of important III-V and II-VI ternary
semiconductors. However, one should be cautious about an

indiscriminate extension of such conclusions to arbitrary
materials.
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