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High magnetic field spin splitting of excitons in asymmetric GaAs quantum wells
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Low-temperature photoluminescence from high-quality GaAs quantum wells, asymmetrically doped with
carbon, are investigated under high magnetic fields (up to 20 T) directed along the [001] growth axis. At
higher fields, in the o~ polarized emission, we observe two well-resolved lines which are attributed to the
recombination of neutral (X) and charged (X*) excitons. In contrast, only the neutral exciton line is observed
for the o™ polarization. From the difference of the X line positions for the two polarizations we determine the
effective Zeeman splitting of neutral excitons and then the g factor g, of confined holes. We find that g, depends
substantially on the well size and changes the sign at moderate magnetic fields. To explain the experimental
results, the valence Landau levels are calculated using the Luttinger model beyond the axial approximation. We
demonstrate that mainly the excited hole levels contribute to the excitonic state at higher magnetic fields. Due to
their light-hole character, resulting from the valence-band mixing, the excited hole states have a sizable overlap
with the electron states confined far from the doped barrier. The calculated values of g, are in an excellent

quantitative agreement with the experimental data.

DOLI: 10.1103/PhysRevB.86.245401

I. INTRODUCTION

Excitons which dominate the optical spectra of two-
dimensional systems have been intensively studied during the
last decades. However, the spin structure of bound electron-
hole complexes has received only a marginal attention from
researchers. It used to be assumed that the exciton spin
splitting was unaffected by the interaction between charged
particles. Recent observations of an anomalous magnetic field
dependence of the g factors for neutral and charged excitons'
have revised this opinion and revealed some open issues.
Furthermore, the spin properties of exciton complexes have
currently attracted considerable interest due to their possible
applications in the field of spintronics.’

The spin splitting of excitons in GaAs quantum wells
was investigated using different experimental methods, such
as polarization-resolved photoluminescence,'**%8 quantum-
beat spectroscopy,”'® spectral hole burning technique,!!
magnetoreflectance,'? reflectance difference spectroscopy,'?
optically detected magnetic resonance,'*!> and spin-flip Ra-
man scattering.'® Even early measurements®’ revealed that the
Zeeman splitting of heavy-hole excitons, linear in a magnetic
field B in narrow wells, departs from linearity as the well width
exceeds approximately 10 nm. In particular, the exciton g
factor in wide structures was shown to exhibit a sign reversal as
a function of B. Glasberg et al.? investigated the spin splitting
of both neutral and charged excitons measured within the same
wide quantum well. They observed that the g factors of all
exciton complexes strongly depend on the magnetic field and
change sign as the field is increased. Moreover, the Zeeman
splittings of charged and neutral excitons were found similar
at very low fields but significantly different at larger B.

The nonlinear behavior of the exciton spin splitting was
explained as due to the effect of valence-band mixing which
modifies the hole g factor. Indeed, the state of the hole involved
in the exciton is not a pure heavy-hole state, but contains an
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admixture of a light-hole component which increases with an
increasing magnetic field. And since the heavy and light holes
have very different g factors, the exciton spin splitting changes
nonlinearly with B, which corresponds to a field-dependent
effective g factor. The mixing is especially effective in wide
quantum wells, where the energy splitting between the valence
subbands is small. Traynor et al.® compared the low-field
exciton g factors, measured for a series of quantum wells
with different widths, with the results of eight-band & - p
calculations, which included the valence-band mixing but
ignored the Coulomb coupling of the electron and hole.
They found a good agreement only for the narrowest wells,
where the sign reversal of g is not observed. For the wider
wells the theory predicted the sign inversion, however, at
much lower magnetic fields than observed experimentally.
More detailed calculations'”!® showed that the electron-
hole interaction shifts the crossing of the exciton ground
states (which results in the sign reversal of g) towards
higher magnetic fields. Nevertheless, the calculated values
of the crossing field were significantly higher than observed in
the experiment. In a recent work, Castelano et al.* extended the
theory to include both neutral and charged excitons. They also
considered the GaAs quantum wells grown along two different
crystal directions. The results agreed qualitatively with the
experimental data in the case of the [110] well, however, the
calculated crossing fields were about two times higher than
the measured ones. Unfortunately, for the [001] wells, the
theory of Castelano et al. was inconsistent, even qualitatively,
with the results of Ref. 2. Therefore, although a consensus
exists that the nonlinear behavior of the exciton Zeeman
splitting results from the valence-band mixing, the mechanism
of this effect is still not fully understood.

The works cited above consider excitons in undoped
heterostructures under low or moderate magnetic fields. In the
present paper we investigate the high-field exciton Zeeman
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splitting in p-doped GaAs quantum wells of different widths.
The built-in electric field present in doped structures is
known to change the subband energies and to reduce the
excitonic binding due to the spatial separation of electrons
and holes. We show that it also modifies the spin properties of
confined excitons. Polarization-resolved photoluminescence
measurements are used to determine the exciton Zeeman
splitting and the g factor of holes. The experimental results
are compared with detailed band-structure calculations based
on the Luttinger model. Our theory includes a realistic model
of charge distribution in doped quantum wells and the effects
of the cubic anisotropy of hole subbands. We show that in
wide asymmetric wells the spin properties of the heavy-hole
excitons are governed by the excited valence-band Landau
levels with a light-hole character. The calculated g-factor
values are in excellent agreement with the experimental data.

II. SAMPLE DETAILS AND EXPERIMENT

We have examined a selection of high-quality asymmet-
rically doped quantum wells with widths w of 18, 22, and
25 nm. The structures were grown by molecular beam epitaxy
(MBE) on a (001)-oriented semi-insulating GaAs substrate,
employing the following growth sequence: 100 nm GaAs, 5 nm
AlAs, 200 nm GaAs, 150 nm Gag g5Alj 35As, the superlattice
consisting of 33 repetitions of 2 nm GaAs and 1 nm AlAs,
57 nm Gagg5Alp35As, w-wide GaAs quantum well, 40 nm
Gag 5Alp35As, carbon §-doping, 80 nm Gage5Alg35As, and
the 5 nm carbon §-doped GaAs cap. The low-temperature
hole mobility x ~ 10° cm?/V-s was nearly the same for all
samples. The quantum Hall effect measured in the van der
Pauw geometry (concurrently with the photoluminescence)
was used to estimate the concentration p of holes. In the
dark, p varied slightly from sample to sample in the range
of 1.8-2.4 x 10" cm~2. Under laser illumination, the con-
centration decreased linearly with an increase of the excitation
power density. In the actual experimental conditions, however,
p has changed by less than several percent.

Photoluminescence (PL) was excited by the red 720-nm
line of a titanium sapphire tunable laser with the photon energy
below the barrier band gap. The measurements were performed
in a bath liquid helium cryostat, at temperatures varying from
T = 1.8 to 4.2 K. The magnetic field applied in the Faraday
configuration was changed with a small step AB = 0.05 T,
up to the maximum value of B = 20 T. We used a fiber-optic
system with a linear polarizer and a quarter-wave plate placed
close to the sample. The o~ and o " helices were switched by
reversing the field direction. The spectra were analyzed using
the 1.0-m long monochromator and a nitrogen-cooled CCD
camera.

III. RESULTS AND DISCUSSION

A. PL spectra in high magnetic fields and
the determination of hole g factor

For zero magnetic field a single line was observed in
the photoluminescence spectra of all investigated samples,
independent of the laser excitation power. This observation
is in contrast to our previous studies of a symmetrically
doped 15-nm quantum well with a similar concentration of
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FIG. 1. (Color online) Photoluminescence from the 25-nm well
measured at selected magnetic fields in different circular polariza-
tions. Inset shows the trion binding energy determined in the o~
polarization.

two-dimensional (2D) holes.'® In the symmetric structure, at a
low excitation power, we also observed a single PL peak which
was attributed to positively charged excitons. However, as the
excitation level was increased, an additional line appeared at
higher energies, which resulted from the neutral exciton re-
combination. In the case of the asymmetric wells studied here,
a similar double-peak structure was observed only at high mag-
netic fields (above 6 T). Furthermore, as can be seen in Fig. 1,
the second line appeared only in the o ~ polarized emission.

Figure 1 presents the magnetic field evolution of the PL
spectra of the 25-nm well, which is representative for all
studied samples. We attributed the lines observed in the o~ po-
larization to the recombination of positively charged excitons
in the singlet state (X, the lower-energy peak) and to that of
neutral excitons (X, the higher-energy peak). The magnetic
field dependence of the trion binding energy, determined
from the splitting of the two lines, is shown in the inset to
Fig. 1. The binding energy of X state is significantly smaller
than that observed in symmetric structures,!® and consistent
with the results of theoretical calculations®® performed for
similar asymmetric structures. By the extrapolation of ex-
perimental data to zero magnetic field we found that the
trion binding energy quickly vanishes and the additional hole
becomes unbound as the field is decreased. This explains the
observation of a single peak in the low-field PL spectra and
supports our interpretation of the observed lines. In the o
polarization a single peak was observed for all fields up to
20 T and was attributed to the neutral exciton recombination.
Trion emission was not observed in this polarization.

From the energy difference between the exciton lines in
both polarizations, we determined the effective g factor gx of
neutral excitons using the equation

AEyx = Ex(c%)— Ex(c™) = uggxB, (1)

where g is the Bohr magneton. Our description of the spin
properties of free carriers and excitons is based on the notation
and sign conventions proposed recently by Bartsch et al.?' This
schematic is quite similar to that proposed by van Kersten
et al.'"* The only difference is that the sign of the g factors
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FIG. 2. (Color online) The scheme of the spin structure and
optical transitions (emission) for neutral excitons in external magnetic
fields. Short arrows show carriers spin, filled for electrons and empty
for holes. The total spin of each state is additionally given by numbers.

for the hole and exciton are reversed. The schematic diagram
of the optical transitions for the recombination of heavy-hole
excitons is given in Fig. 2. We see that the effective g factor
for the bright exciton with spin £1 is

8X = &h — &e ()

independent of the mutual size of the electron (g.) and hole
(gn) g factors. Equation (2) allows to determine the g factor
for confined holes from the experimental values of gx. The
electron g factor was evaluated using the well-established
empirical formula®

g(E) = —0.445+3.38 - (E —1.519) —2.21 - (E — 1.519)*,
3)

where E (in eV) is the transition energy. The final results are
presented in Fig. 3(b). For all studied samples g, increases with
increasing magnetic field and tends to saturate at the highest
values of B. The hole g factor is negative in low fields and
changes to positive at some value of B, which depends on the
well size.

B. Theoretical framework

To explain the observed properties of the hole spin splitting
we evaluated the energies and wave functions of carriers
confined in the investigated structures. The Landau levels of
two-dimensional electrons and holes were calculated using the
numerical method, developed previously?? for p-doped single
heterojunctions and adapted for quantum wells. As a first step,
the energies of the hole subbands and the potential distribution
V(z) in the well were determined by self-consistently solving
the Schrodinger and Poisson equations at zero magnetic

pP+q+ ik !
0o n? It pP—q+
o 2m,L? mt 0
0 mt
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FIG. 3. (Color online) (a) Measured magnetic field dependence
of exciton spin splitting. (b) Hole g factor calculated (solid lines) and
measured experimentally (symbols) in the investigated samples as a
function of the magnetic field. Dotted line shows the results obtained
in the axial approximation for the 18-nm well.

field. The contribution of mobile holes to the potential was
calculated in the Hartree approximation and the hole states
were represented by exact eigenfunctions of the Luttinger
Hamiltonian. The potential created by the immobile charge
was computed assuming that the background doping of MBE-
grown GaAs is of p type. We used the following values of
valence-band parameters®* y; = 6.85, y» = 2.10, y3 = 2.90,
and « = 1.2 for GaAs and y; = 3.45, y, = 0.68, y3 = 1.29,
and x = 0.12 for AlAs. Linear interpolation was applied
for Al,Ga;_,As. The value of the valence-band offset was
determined as 35% of the difference in band gaps in two
adjacent layers. The concentration of residual donors was taken
tobe 5 x 10" cm™3.

In the next step, the potential V(z) was used to calculate
the energies and wave functions of hole Landau levels in the
magnetic field normal to the quantum well plane. To improve
the accuracy of results, the calculations were extended beyond
the axial approximation employed in Ref. 23. The Luttinger
Hamiltonian was written as the sum H = H,, + H.y,, with
the axial and cubic parts given by

m 0
0
. + V(2), (4a)
pP—q— 3K -l
—I* p+q—3K
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Here K = —i% + (e/hc)g is the kinetic momentum operator, o™ (red) polarized light.23 Since the number of photoexcited

A is the vector potential, a™ = (L/ﬁ)(KX F iK,) are the cre-
ation and destruction operators, L = /hic/eB is the magnetic
length, and my is the free-electron mass. At first, we solved
the Schrodinger equation for the axial Hamiltonian

Haxquf:x = Er[zmqu?x’ ®)

using the transfer matrix method introduced in Ref. 23. The
axial eigenvectors have the form

Fl (Z)anfl

wor = F(2)¢n ’ ©)
F3(2)Pnt1
Fa(2)Pu2

where the harmonic oscillator functions ¢, satisfy a®¢, =
Vn+1¢,41 and a~¢, = \/ng,_;. The index n runs over
the values n = —2, — 1,0,1, ... and the envelope functions
F;(z) are automatically zero for those components which have
harmonic oscillator functions ¢, with n negative. Next, the
accurate hole energies were calculated by treating the cubic
Hamiltonian, Eq. (4b), as a perturbation. We diagonalized the
Hamiltonian matrix

Hyn = (ll’[:,lf |H|\I’[Zx> = sz(smn + <lpax|chb|\ny>s 7

m

written in the basis of axial states W/*, which were regarded
as near-degenerate states. An inspection of Eq. (6) shows that
H_,, couples the axial Landau levels with n differing by 4. The
accuracy of calculations was checked by varying the number
of axial states used in the diagonalization.

C. Analysis and discussion of results

Figure 4(a) presents the calculated magnetic field depen-
dence of the energies of the topmost valence-band levels in the
25-nm well. All the states shown in the graphic belong to the
ground heavy-hole subband. They are labeled by the index n of
the largest axial component of the wave function. For n > +1
there are two axial levels with the same number # in each
subband, distinguished by the letters a and b. Colors mark
the optically active states, from which holes can recombine
with photoexcited electrons with the emission of o~ (blue) or

electrons is small, they all occupy only the n = 0 conduction
band Landau level.

It seems natural to assign the transitions observed in our
low-temperature photoluminescence spectra to the optically
active hole states with the highest energies. However, the g
factor calculated from the energy difference of the levels la
and —2 is significantly greater than the measured one and
positive in the whole range of magnetic fields. Surprisingly,
g, obtained from the experiment agrees well with the energy
splitting of hole states with somewhat lower energy. The full
lines in Fig. 3(b) show the g factor determined from the energy
difference of the hole levels 15 and —1. The calculated values
closely reproduce the measured dependence of the hole spin
splitting on both the magnetic field and the size of the well. It
is therefore clear that the observed optical transitions involve
excited hole Landau levels and not the ground ones.

This feature can be understood from the excitonic character
of the transitions. In a simple model, excitonic transitions in
the limit of strong magnetic fields can be regarded as Landau
level transitions perturbed by the Coulomb interaction between
electron and hole.”> A larger overlap of electron and hole
states results in a larger Coulomb coupling, and thus, in a
larger exciton binding energy. An inspection of the envelope
functions for the topmost valence-band levels, presented in
Fig. 4(c), shows that the ground states 1a and —2 are localized
near the doped barrier, whereas the excited states 1» and —1
are localized much closer to the center of the well. Therefore,
the excited hole states have a larger overlap with the electron
wave function shown in Fig. 4(b).

We made an estimation of the binding energies of the
excitons associated with the hole states shown in Fig. 4(c).
Calculations were based on the adiabatic method proposed
by Leavitt and Little?® and later extended by Peyla et al.?’
to include magnetic fields. The exciton binding energy was
calculated as

E, = / da / dnlf P EPIEP G — 2B,
+00 +o0
(8a)
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FIG. 4. (Color online) (a) Calculated energies and (c) envelope functions of the topmost hole Landau levels in the 25-nm well. Colors mark
the optically active states in the o~ (blue) and o (red) polarizations. Panel (b) shows the envelope function of conduction band electrons.

where f, and f, are the electron and hole envelope functions,
respectively [f, was approximated by the optically active
component of vector (6)], and E*P(Z,B) is the ground
eigenvalue of the two-dimensional Hamiltonian

292
Vi e’ N eszpz
2y 4me/p2+ 272 8wy

Here p =|p. — pn| and _Z = |z, —z;| are the relative
electron-hole coordinates, V), is the component of the gradient
with respect to p, and p, is the in-plane reduced effective
mass. For the 25-nm shown in Fig. 4 at the magnetic field
B =20 T, we obtained the following values of the binding
energy: 11.7 meV (la exciton), 15.8 meV (I/b), 12.8 meV
(-2), and 14.4 meV (-1). Clearly the 15 (-1) exciton has a
lower energy than the la (-2) one since the gain in binding
energy due to the larger overlap exceeds the energy difference
between the hole levels involved in different excitonic states.
That is why the excitons related to the excited hole levels are
observed in the low-temperature photoluminescence.

The simplified picture of excitonic transitions as the
Coulomb-perturbed Landau level transitions is not really
justified under our experimental conditions. Since the exciton
binding energy exceeds the Landau splitting of hole levels,
the true exciton state contains a mixture of topmost valence
band states. One can expect, however, that the excited levels
1o and —1 will dominate the exciton state because of their
larger overlap with the electron state.

The calculated results, shown in Fig. 3(b), reproduce
remarkably well the g factor measured in all investigated
samples, in particular at higher magnetic fields. At lower
fields and in the narrower wells the agreement with experiment
decreases. This is due to the fact that as the field is reduced, the
envelope functions of all heavy-hole levels become similar and
they contribute equally to the excitonic state. For this reason, in
low magnetic fields, the Zeeman splitting of exciton emission
cannot be related to the energy splitting of a single pair of
valence Landau levels.

Our theory shows that the characteristic features of the
exciton spin splitting observed in the experiment, such as

H?P = (8b)

the change of sign of g factor and its saturation at the
largest fields, result from a peculiar behavior of hole Landau
levels. To reproduce the experimental results, it was necessary
to perform detailed calculations of the valence band states
in a doped quantum well. In particular, as can be seen in
Fig. 3(b), the inclusion of the usually ignored cubic terms in the
Luttinger Hamiltonian significantly improved the agreement
with experiment.

The results presented here clearly confirm the effect of
valence-band mixing on the exciton Zeeman splitting. The
excited hole levels 15 and —1, which were shown to govern
the exciton g factor at high magnetic fields, have light-hole
character even though they belong to the ground heavy-hole
subband. And because of a small effective mass, their envelope
functions extend over the whole well and overlap significantly
with the electron states. The effect of valence-band mixing
is most important for wide quantum wells and becomes
negligible for narrow ones, as the energy separation between
the heavy- and light-hole subbands increases. Furthermore,
as the electron-hole distance decreases in narrow wells, the
electron-hole overlap becomes comparable for valence states
of the light- and heavy-hole types.

Our theory concerns asymmetric heterostructures and can-
not be directly applied to undoped quantum wells studied in the
previous works.!*%-!8 However, some remarks can be made
with regard to these systems. Previous calculations*®!7:18 of
the exciton spin splitting used the simple rectangular well
model. In a rectangular well, all states in the ground valence
subband are localized at the well center and have a similar
overlap with the electron state. Therefore, the spin properties
of excitons are governed by the valence levels of heavy-hole
character, with higher energies. The rectangular well model
is, however, not very realistic. Indeed, a p-type background
doping, although small, is present in nominally undoped
MBE-grown heterostructures. It produces a band bending,
which localizes the states of heavy-hole type closer to the
interfaces, and thus removes them from the electron state.
Besides, in recent experiments>* laser illumination was used
to generate excess carriers in the quantum well structures. This
produced an additional electric field which further separated
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the electrons and holes.? The above factors, which influence
the shape of the well, should be taken into account in realistic
calculations of the exciton spin splitting. Our results clearly
show that the g factor of exciton is very sensitive to the spatial
distribution of potential.

IV. CONCLUSION

We investigated both experimentally and theoretically the
exciton spin in asymmetrically doped quantum wells under
high magnetic fields. The nonlinear field behavior of spin split-
ting and its dependence on the well size, observed in the photo-
luminescence measurements, were explained as the results of
the valence-band mixing. In particular, we demonstrated that at

PHYSICAL REVIEW B 86, 245401 (2012)

high fields the properties of heavy-hole excitons are governed
by the excited hole Landau states which have light-hole
character. Excellent agreement was obtained between the
theory and experiment. The observed dependence of spin
splitting on the potential profile across the structure suggests
that an external electric field (applied, e.g., using a gate bias)
can be used as a simple tool to manipulate the exciton spin.
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