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The exciton recombination and spin dynamics are studied in monolayer-thick (In,Al)As/AlAs
quantum wells characterized by an indirect band gap and a type-I band alignment. The exciton
recombination time and the photoluminescence intensity are strongly dependent on strength and
orientation of an applied magnetic field. In contrast to no effect of an in-plane field, at a temperature
of 1.8 K a magnetic field applied parallel to the growth axis drastically slows down the recombination
and reduces the intensity of photoluminescence. The magnetic-field-induced circular polarization
of photoluminescence is studied as function of the magnetic field strength and direction, as well as
sample temperature. The observed nonmonotonic behavior of these functions is provided by the
interplay of bright and dark exciton states contributing to the emission. Taking into account the
magnetic-field-induced redistribution of the indirect excitons between their bright and dark statesm
we evaluate the heavy-hole longitudinal g factor of 3.6, the radiative recombination time for the
bright excitons of 0.13 ms, the nonradiative recombination time of the bright and dark excitons of
0.43 ms, as well as the spin relaxation times of electron of 25 us and heavy-hole of 16 us, bound in

the exciton.
I. INTRODUCTION

At present, much attention is paid to the study of spin-
dependent phenomena in semiconductor structures that
could be interesting from the viewpoint of both basic
physics and potential applications [1-3]. Since one of the
key obstacles for spin-based quantum information pro-
cessing is the spin relaxation, the search for objects with
long spin lifetimes and their study are of great interest
for spintronics and quantum information [1-8]. As it was
shown theoretically, a slow down of the spin relaxation
can be reached by carrier localization that suppresses the
mechanisms determining the relaxation of freely moving
particles [9, 10]. The spin relaxation time of localized
electrons can, indeed, reach milliseconds, as confirmed
experimentally [11]. Therefore, to study localized exci-
ton spin dynamics experimentally, it is necessary to use
heterostructures with long exciton lifetimes. As we have
show recently, quantum wells (QWs) with an indirect
band gap formed on basis of III-V semiconductors [12-
11] provide a very long exciton lifetimes (up to millisec-
onds), so they can serve as model systems for these pur-
poses [15-18].

The spin dynamics of localized excitons is related to
the redistribution of exciton population between opti-
cally bright and dark states, and manifests itself in a
magnetic-field-induced circular polarization [19]. Tt was
studied recently in GaAs/AlAs QWs with an indirect
band gap and a type-II band alignment [20, 21]. How-
ever, the magnetic-field-induced polarization and the re-
lated spin dynamics of excitons in indirect band gap QWs
with type-I band alignment have been weakly studied so
far [18].

In this paper, we investigate the effects of a magnetic
field on the exciton recombination and spin dynamics in
ultrathin (In,Al)As/AlAs QWs with indirect band gap
and type-I band alignment. The exciton photolumines-
cence (PL) intensity and the circular polarization degree
(P.) of the PL, induced by a magnetic field, show an
unusual behavior. In the Voigt geometry, the magnetic
field practically does not affect the PL, whereas in the
Faraday geometry it induces a strong suppression of the
PL intensity combined with an increase of the exciton
recombination time. In tilted magnetic field, | P.| demon-
strates a monotonic increase with saturation in high
fields, whereas in the Faraday or close-to-Faraday ge-
ometry |P.| shows a nonmonotonic behavior as function
of magnetic field. Namely, the modulus of the polariza-
tion degree increases in low magnetic fields until reaching
a maximum, beyond which it decreases in strong fields.
These experimental data are explained in the framework
of a developed theoretical model [21-23], which takes into
account the exciton distribution over the bright and dark
states.

The paper is organized as follows. In Sec. II, the
studied samples and the experimental techniques are de-
scribed. In Sec. ITI we present the experimental data on
the exciton dynamics obtained in external magnetic field
by time-integrated and time-resolved PL. Moreover, we
present the corresponding circular polarization degrees of
PL, induced by the external magnetic field. In Sec. IV we
compare the data to the model, based on the approach
developed in our previous work [21, 22], which allows
us to evaluate the bright and dark exciton lifetimes, the
carrier spin relaxation times and the g factors. The con-
clusions are given in Sec. V.



II. EXPERIMENTAL DETAILS

The (In,Al)As/AlAs QW structure studied in this pa-
per was grown by molecular-beam epitaxy on a semi-
insulating (001)-oriented GaAs substrate in a Riber Com-
pact system. The structure consists of an InAs QW layer
embedded between 30-nm-thick barrier layers of AlAs,
grown on top of a 200-nm-thick GaAs buffer layer [24].
The substrate temperature (Ts) during growth of the
buffer and AlAs layers was 600°C. The InAs QW layer
was deposited with a nominal thickness of 1.4 monolayers
(ML) at Ts = 480°C with a rate of 0.04 ML per second,
as calibrated in the center of the wafer using reference
samples. To prevent InAs evaporation, the growth tem-
perature was not increased during the deposition of a
few initial monolayers of the second AlAs layer covering
the QW. A 20-nm-thick GaAs cap layer protects the top
AlAs layer against oxidation.

Commonly, thin QWs, for example in the GaAs/AlAs-
system [22], are described as thin slabs with abrupt het-
erointerfaces. However, the strong intermixing of the
well and barrier materials for thin InAs QWs embed-
ded in an AlAs matrix due to the strain-driven In seg-
regation was directly demonstrated by scanning tunnel-
ing microscopy [25] and scanning transmission electron
microscopy with visualization of the chemical elements
distribution [26]. Thus the indium composition profile
across the QW is not abrupt, but can be described us-
ing the phenomenological model of Muraki et al. [27].
Taking into account the amount of deposited InAs (N
is the nominal thickness of InAs in monolayers) and the
segregation coefficient of R = 0.77 for In in AlAs [25],
we calculated the profile of the In concentration in the
IngAl;_,As alloy for a QW with N = 1.4 ML, as shown
in Fig. 1(a). One can see that the peak In fraction z in
the intermixed layer does not exceed 0.25.

The spatial profile of the band alignment calculated
for this diffused QW in our previous study [17] is shown
in Fig. 1(b). The structures have type-I band align-
ment with the lowest electron state belonging to the X,
minimum of the QW conduction band. The indirect-
in-momentum space band gap structure and the type-I
band alignment of thin (In,Al)As/AlAs were experimen-
tally confirmed in our recent study [26]. Additionally, it
was determined that the characteristic (Urbach) energy
tails in the state densities of electron and hole, formed
due to fluctuations in QW thickness and alloy composi-
tion, are equal to 1.5 meV [20].

The sample was placed in a split-coil magnet cryostat
and exposed to magnetic fields up to B = 10 T. The an-
gle 6 between the magnetic field direction and the QW
growth axis (z axis) was varied between 0° (Faraday ge-
ometry) and 90° (Voigt geometry). For measurements in
tilted geometry we fixed the magnetic field direction and
rotated the sample. The emission was collected either
in the direction along the field direction in the Faraday
geometry for 0° < § < 45° or perpendicular to the field
direction in the Voigt geometry for 45° < 6 < 90°. The
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FIG. 1. (a) Segregation profile of In in a diffused

(In,Al)As/AlAs QW with a nominal amount of deposited
InAs of N = 1.4 ML (shown by cyan) along the QW growth
axis, calculated according to Ref. [27]. (b) Band alignment
of the diffused QWs along the growth direction. From top to
bottom: I' and X, conduction band minima, and heavy-hole
(hh) valence band levels. The red arrow marks the optical
transition of the exciton to the ground state of the QW.

sample was in contact with pumped liquid helium or he-
lium gas and its temperature was varied from 7' = 1.8 K
up to 16 K. The PL was excited by the third harmonic
of a Q-switched Nd:YVO, laser (3.49 eV) with a pulse
duration of 5 ns. The pulse energy density was kept be-
low 100 nJ/ecm? and the pulse-repetition frequency was
varied from 500 Hz up to 1 kHz [28]. The emitted light
was dispersed by a 0.5-m monochromator. For the time-
integrated measurements the photoluminescence was de-
tected by a liquid-nitrogen-cooled charge-coupled-device
(CCD) camera and for the time-resolved measurements
a GaAs photomultiplier combined with a time-correlated



photon-counting module was used. In order to monitor
the PL decay in a wide temporal range of up to 1 ms, the
time resolution of the detection system (i.e., the binning
range of the photon counting events) was varied between
3.2 ns and 6.4 us.

The exciton spin dynamics were analyzed from the PL
by assessing the circular polarization degree P, induced
by the external magnetic field. P. was evaluated from
the PL data by:

I+ — I -

Po=—
Iov +1,-

(1)
where I,+ and I, are the intensities of the o™ and
o~ polarized PL components, respectively. To deter-
mine the sign of P., we performed a control measure-
ment on a diluted magnetic semiconductor structure with
(Zn,Mn)Se/(Zn,Be)Se quantum wells, for which P, > 0
in Faraday geometry [29)].

III. EXPERIMENTAL RESULTS
A. Time-integrated photoluminescence

A time-integrated photoluminescence spectrum of the
ultrathin (In,Al)As/AlAs QW at zero magnetic field is
shown in Fig. 2(a) by the black line. The spectrum is
contributed by several emission processes. It contains a
no-phonon (NP) line and several lines of phonon-assisted
recombination involving optical and acoustic phonons of
InAs and AlAs. The lines associated with the transverse
acoustic (TA) phonons of AlAs (12 meV) and the longi-
tudinal optical (LO) phonons of InAs (25 meV) and AlAs
(48 meV), all at the X point of the Brillouin zone [30],
can be clearly identified. The lines are broadened due
to the roughness of the QW interface [17, 26]. An ex-
emplary fit of the PL spectrum with four contributing
Gaussian curves, each having the same width of 23 meV,
is shown in Fig. 2(a) by the red dashed line. The en-
ergies of the phonon-assisted lines are shifted from the
position of the NP line at 2.111 eV by the corresponding
phonon energies. The deviation of the fitted spectrum
from the experimental one in the low-energy region may
result from two-phonon transitions that are not taken
into account in the fitting procedure.

From Fig. 3(a) it is seen that in the Voigt geometry
the magnetic field has very little effect on the photolu-
minescence intensity. However, in the Faraday geometry
the PL intensity (Ipr,) decreases strongly with increasing
magnetic field strength, as one can see from comparing
the spectra in Figs. 2(a) and 2(b). Let us take a closer
look at the magnetic field effects on the no-phonon and
phonon-assisted emission lines. From fitting the PL spec-
tra in magnetic field with the four Gaussian lines, see the
examples in Figs. 2(a) and 2(b), the time-integrated in-
tensities of these lines as functions of the longitudinal
magnetic field are obtained, as shown in Fig. 3(b). Inter-
estingly, the NP line and the phonon-assisted lines show
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FIG. 2. Time-integrated PL spectrum of the ultrathin
(In,Al)As/AlAs QW (black line) fitted with four Gaussian
lines corresponding to the exciton recombination channels
without and with involvement of phonons. The green, blue,
cyan, and orange solid lines are the no-phonon line, the
TA a1as, LOmas and LOajas phonon lines, respectively. The
red dashed line is the fitted spectrum composed of the four
lines. (a) B=0T, (b) B=9 T for Faraday geometry. (c)
Spectral dependence of the circular polarization degree of the
PL induced by a longitudinal (6 = 0°, black) and a tilted
(0 = 45°, red) magnetic field of 10 T.

very different behaviors. The intensity of the NP line
is about constant, it decreases only by about 5% up to
B = 9 T. By contrast, the intensities of the phonon-
assisted lines are reduced by a factor of 3. The identi-
fication of the origin of the NP line has not been fully
completed so far. A similar line was observed for ul-



trathin GaAs/AlAs QWs and possibly relates to emis-
sion from trions, i.e. charged excitons, each formed from
a photogenerated electron-hole pair and a resident QW
carrier [22]. Therefore, we exclude the NP line from the
further analysis and will focus on the properties of the
phonon-assisted lines.
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FIG. 3. Time-integrated PL spectra of the ultrathin
(In,Al)As/AlAs QW measured in the Voigt geometry at dif-
ferent magnetic fields. (b) Normalized PL intensity of the NP
line and the phonon-assisted lines as function of the magnetic
field applied in the Faraday geometry. The solid line shows
the results of a modeling for the LLO o145 phonon-assisted emis-
sion line with the parameters given in Table I.

B. Time-resolved photoluminescence

The photoluminescence dynamics measured for the
NP, TAajas, and LOgjas lines are shown in Fig. 4(a).
At T =18 K and B = 0 T the recombination occurs
during two different stages: a fast non-exponential de-
crease during the first microsecond after the excitation
pulse (presented in the inset of Fig. 4(a)), followed by an
exponential decay with the time 7pr, = 0.21 ms, which
is the same for all PL lines. Since more than 95% of
the intensity in the time-integrated spectra is collected
in the time range exceeding one microsecond, we focus
in our analysis on the long-term dynamics. All emission
lines show similar changes in their dynamics with vary-
ing temperature, magnetic field and sample orientation,
so that we present and discuss below the typical behavior
of the LOa1as line which is the strongest in intensity.

A magnetic field up to 10 T applied in the Voigt geom-
etry does not affect the PL dynamics, as one can see in
Fig. 4(b). On the contrary, strong changes are observed
in the Faraday geometry. Here, the decay time increases
from 0.21 ms to 0.45 ms with increasing magnetic field
from 0 up to 10 T. The magnetic field dependence of the
decay time is depicted in Fig. 5.

The integrated PL intensities measured at B = 0 T
and 9 T at different temperatures are shown in Fig. 6.
At zero magnetic field, the PL intensity, integrated over
the LOajas line, monotonically decreases by about one
order of magnitude while the temperature increases from
2 K up to 15 K. This decrease is related to nonradiative
centers at the heterointerfaces, which capture excitons
more efficiently at elevated temperatures, because the
exciton diffusion length increases with increasing tem-
perature [31, 32].

In the Voigt geometry, an increase of the magnetic field
up to 10 T has no effect on the temperature dependence
of the PL intensity (not shown). For application of the
magnetic field in the Faraday configuration, the temper-
ature dependence changes drastically. The PL intensity
increases by a factor of 2 with increasing temperature
from 1.8 K up to 6 K (Fig. 6). It is surprising that such
small changes in temperature result in a recovery of the
PL intensity that was suppressed by the magnetic field
in the Faraday geometry. A further temperature increase
up to 15 K results in a monotonic decrease of the PL in-
tensity.

The temperature increase leads to a recovery of the
fast PL intensity decay in longitudinal magnetic field.
One can see in Fig. 5, that already at T" = 10 K the
magnetic field dependence of 7py, is nearly absent, while
it is strong at 1.8 K.

C. Magnetic-field-induced circular polarization

The application of the magnetic field results in polar-
ization of the emission, as shown in Fig. 2(c) for B =
10 T in the Faraday geometry # = 0°. One can see, that
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FIG. 4. (a) Decays of the NP (green), TAaias (blue) and

LOaias (orange) PL components, measured at B =0 T. The
inset shown initial time range up to 5 us for the TA Ajas com-
ponent. (b) Dynamics recombination of the LOajas emission
line at B = 0 T (black) and 10 T in the Faraday (red) and
Voigt (cyan) geometries. The blue and green solid lines are
the results of modeling with the parameters given in Table I.

P, is negative (i.e., it is dominated by the o~ polarized
PL component) and varies spectrally. The absolute value
of P, equals to 0.09 for the NP line and increases up to
0.14 and 0.15 for the TA a1as and LO a1 phonon-assisted
lines, respectively.

The magnetic field dependencies of P. measured at the
maximum of the LOajas line in the Faraday geometry
for two different temperatures are shown in Fig. 7. The
P.(B) at 1.8 K has an unusual non-monotnic behavoir.
The modulus of the polarization degree increases in low
magnetic fields, reaches a maximum absolute value, and
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FIG. 5. PL decay time of the LOajas line measured at T =
1.8 K (closed circles) and 10 K (open circles) as a function of
magnetic field in the Faraday geometry.
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FIG. 6. Normalized intensity of the integrated PL of the
LOaias line as a function of temperature: B = 0 T (open
circles) and B = 9 T (closed circles).

then decreases in strong fields. The maximal value of
the polarization degree, | P maqz| = 0.29, is achieved at
B = 3.8 T. With increasing temperature the slope of
the polarization rise decreases monotonically and the
| Pz maz| value shifts towards stronger magnetic fields
above 10 T.

For the longitudinal magnetic field fixed at 9 T, P.(T)
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FIG. 7. Magnetic-field-induced circular polarization degree of
the LOA1as line, measured at the temperatures of 1.8 (closed
circles), and 8 K (open circles). The lines show the results of
modeling with the parameters given in Table I.

demonstrates an unexpected nonmonotonic dependence,
as shown in Fig. 8. |P.| increases from 0.15 up to 0.29
with increasing temperature from 1.8 up to 4.2 K. Then,
it steadily decreases down to 0.095 with further temper-
ature increase up to 14 K.
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FIG. 8. Magnetic-field-induced circular polarization degree of
the LOajas line at B =9 T as function of temperature. The
circles are the experimental data. The line is the modeling
result with the parameters given in Table 1.

strongly on the experimental geometry, as shown in
Fig. 9. It behaves nonmonotonically in the Faraday ge-
ometry, while a finite angle 6 between the magnetic field
direction and the QW growth axis unexpectedly sup-
presses the decrease of | P.| in high magnetic fields. For a
field tilt of @ = 45° |P.(B)| increases monotonically and
saturates at 0.44 for 10 T.

To analyze the angular dependence of the polarization
degree in more detail, we measured it at "= 1.8 K for
B =4and 10 T, and at T = 7.5 K for B = 10 T.
These results are shown in Fig. 10. One can see that
|P.| increases for 0° < 6 < 30°, changes insignificantly
in the range of 30° < 6 < 60°, and drops to zero for
0 enlarged further towards 90°. For any magnetic field
an increase of € beyond 90° results in a change of the
polarization sign; the PL is dominated then by the o+
polarized component. With increasing temperature up to
7.5 Kat B =10 T, the polarization | P.(6)| monotonically
decreases when 6 is varied from 0° to 90°.

The time evolution of P, after pulsed excitation mea-
sured at B = 8 T is shown in Fig. 11. Its dynamics is
unusually nonmonotonic. During the stage of the initial
rise that is extended over 150 us, P, reaches —0.35 and
then it tends to zero for time delays up to 1 ms. It needs
to note that the change in magnetic field strength results
in a modification of the maximal value of the polariza-
tion degree only, while unexpectedly 75 remains similar in
the whole range of magnetic fields. Recently we observe
similar behavior of the spin relaxation times on magnetic
field in ultra-thin QWs GaAs/AlAs [21]. That is still an
unclear but experimentally confirmed phenomenon since
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FIG. 9. Magnetic-field-induced circular polarization degree of
the LOajas line, in the longitudinal (closed red circles) and
tilted by 45° (open blue circles) field configuration as function
of the field strength. The lines are modeling results with the
parameters given in Table I.
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FIG. 11. Dynamics of the circular polarization degree of the
LOajas line measured at 7' = 1.8 K in the Faraday geometry
for B = 8 T. The line shows model results with the parameters
given in Table I.

drastic magnetic-field dependence of the spin relaxation
times was observed for electrons [11] and heavy holes [33]
localized in Ga(In)As/GaAs and (In,Al)As/AlAs QDs,
respectively. We hope that future studies on another
thin indirect bandgap QWs would help to resolve this
ambiguity.

In conclusion of this section, we summarize the most
important experimental findings:

(i) The intensity and dynamics of the exciton radia-
tive recombination depend strongly on the magnetic field
strength in the Faraday and tilted-field geometries. This
effect is absent in the Voigt geometry. Therefore, we con-
clude that it is caused by the magnetic field component
parallel to the z axis.

(ii) A quite small temperature increase destroys the
effect of the magnetic field on the exciton PL intensity
and decay times. Thus, we conclude that nonradiative
recombination plays an important role for the exciton re-
combination dynamics in ultrathin (In,Al)As/AlAs QWs.
Changes of the temperature or longitudinal component
of the magnetic field can drastically affect the exciton
distribution between the radiative and nonradiative re-
combination channels.

(iii) In the Faraday (and close-to-Faraday) geometry
the absolute value of | P.| increases in low magnetic fields,
but decreases in strong fields. However, in tilted mag-
netic field |P.(B)| demonstrates a monotonic increase
with saturation in strong fields.

(iv) In the Voigt geometry the circular polarization
degree P.(B) = 0. Varying 6 from 90° by a few degrees
leads to a rapid increase of | P.|.

(v) The temperature dependence of |P,| is also non-
monotonic. In high magnetic fields it increases with
increasing temperature from 2 up to 4.2 K, and then
it monotonically decreases with further temperature in-
crease.

(vi) The dynamics of | P,.| is strongly nonmonotonic in
time. The |P.| is rising up to a maximum value during
hundreds of microseconds and then drops down to zero.

IV. DISCUSSION

To explain the experimental findings we use the the-
oretical model developed in our recent papers [21, 22].
The model accounts for the population and spin dynam-
ics of the quartet of bright and dark exciton states Below
the main features of this model are presented. According
to this model, an indirect-in-momentum space exciton in
an (In,Al)As/AlAs QW with type-I band alignment is
formed by a I'-point heavy hole with angular momentum
j = 3/2 and an electron with spin s = 1/2 in the X
valley of the conduction band. Both carriers are local-
ized within the (In,Al)As layer. The band diagram of the
(In,Al)As/AlAs QW with indirect band gap and type-I
band alignment along the growth direction z is shown
schematically in Fig. 1(b).

The exciton fine structure multiplet consists of four
states, after accounting for the angular momentum cou-
pling of electron and hole. The two exciton states char-
acterized by the angular momentum projections +1 onto
the z axis are bright and the two states with the projec-
tions +2 are dark [21, 22]. The bright excitons can emit
light, while for the dark excitons radiative recombination
is forbidden by the spin selection rule for optical transi-
tions. The dark excitons recombine with a certain nonra-
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FIG. 12. Scheme of the exciton spin structure in a mag-
netic field, applied in the Faraday geometry, B || z. The blue
lines show the optically dark (spin-forbidden) states. The
red lines show the bright (spin-allowed) states that result in
o™ (solid line) and o~ (dashed line) polarized emission. The
arrows indicate electron (hole) spin-flip processes increasing
(dash-dotted) and decreasing (solid) the carrier’s energy, re-
spectively. For definiteness, the case of positive g. and gnp
with gnn > ge, which provides an explanation of the main ex-
perimental findings, is shown. The definitions ++, ——, —+,
and +— correspond, respectively, to exciton states with spin
projection +2;, —2, +1, and —1. Note, that the electron-hole
exchange interaction in our indirect band gap structures is
negligible, due to the weak overlap of the wave functions of
the X-electron and the I'-hole in momentum space, as it was
shown theoretically [35, 36] and experimentally [37, 38].

diative decay rate, since phonon-assisted optical recom-
bination of them prohibited as it was shown theoretically
by L. E. Golub and E. L. Tvchenko [34] and experimen-
tally in our recent study [5]. Thus, dark excitons have a
longer lifetime so that they can accumulate to form an
exciton reservoir.

In a magnetic field the excitons undergo the Zeeman
splitting, as shown schematically in Fig. 12. The hole
eigenstates are still characterized by the z-component of
the angular momentum, j, = £3/2, and denoted in short
by the state vectors | + 3/2),. The electron eigenstates
|s)B are characterized by the spin projection s = +1/2
onto the (arbitrary) magnetic field direction. The exciton
spin state is given by the product of the electron and
heavy-hole eigenstates

sjz) = |8)Bljz) -

The occupancies, fs;,, of the exciton Zeeman sublevels
are controlled by the interplay between recombination
processes and spin flips of either electron or hole, which
provide exciton spin relaxation between its (Zeeman)
sublevels. The occupancies can be described by a set

of kinetic equations given in Ref. [21]:

dfsjz
dt

+ (W§75 + W;z-,jz) fsjz - stgf‘;jz B sz-jzfsjz
T Rfsj. = G- (2)

Here 5 = —s, j. = —j., Wi (W;_ ;) are the electron
(heavy-hole) spin-flip rates for the transitions s’ — s
(j. — j2), the operator R describes the radiative and
nonradiative recombination of excitons, and Gs;_ is the
exciton generation rate in the state |sj,) [21].

The rates of the spin-flip transitions from the lower to
higher and from the higher to lower Zeeman sublevels are
different and can be interrelated as

ge/LBB
Wi 10 =W_ —— 3
1/2,—-1/2 1/2,1/2 GXP< kT >7 (3)
_ _ gnhpiBB:
W3/2,—3/2 = W—3/2,3/2 exp ( kT ) .

Here pp is the Bohr magneton, g. and gy are the elec-
tron and heavy-hole Landé factors, B is the total mag-
netic field, B, is its z component. In the experiment,
the Zeeman splittings can become comparable with the
thermal energy, kgT'. In accordance with the notation of
Ref. [21], W_1/271/2 = We and W_3/273/2 = Wh.

In the frame of the model developed in Ref. [21], the
exciton photoluminescence intensity and polarization are
governed by the following set of parameters: (i) the val-
ues and signs of the electron and hole g factors (in combi-
nation with the strength and orientation of the magnetic
field), (ii) the radiative (7,.) and nonradiative (7,,) re-
combination times, the spin relaxation rates (w. = 75!,
wyp, = Ts_hl, where 75 and 7s, are the spin relaxation
times for electrons and heavy holes, respectively), de-
scribing the spin-flip rates for downward transitions, i.e.,
from an upper to a lower Zeeman sublevel, and (iii) the
temperature, which determines the ratio of the upward
and downward transitions.

A deviation of the optical selection rules that results in
depolarization of the PL can be described in the following
manner [21]:

_ §f+1 — -1+ Ca(f-2 — f42)
fri+ o1+ C(foa+ fro)

where fi1 and fio are the occupancies of the bright
and dark exciton states, respectively, £ is the depolariza-
tion factor, and the positive coefficients Cyq, C}, < 1 ac-
count for the emission of the dark states. Setting £ = 1
and Cy,C5 = 0, we come back to the strict selection
rules, where exciton radiative recombination occurs via
the bright states only. The parameters £ and Cq, C, < 1
can depend on the phonon involved in the replica forma-
tion. For example, due to interface effects, the coupling
of excitons to the short-wavelength phonons involved in
the indirect photoemission can depend on the localization
site (e.g., through the localization energy and, therefore,

P

(4)



the localization length) and this dependence can be dif-
ferent for the TA and LO phonons. It is possible that
spectral dependence of P, (see Fig. 2 (c)) is a result of
differ in the heavy-light hole mixing strength that de-
temines the PL depolarization factor £ for the TA- and
LO-assisted photoluminescence processes. In the follow-
ing, for simplicity, we set Cy = CJ. The details of the
model to describe the recombination and spin dynamics
of the excitons are presented in Ref. [21].

The model has a fair number of parameters. However,
it was previously demonstrated that some of these pa-
rameters can be directly measured in experiment, and
others can be unequivocally evaluated from fits to vari-
ous experimental dependencies [18, 21, 22]. Due to the
large band gap at the X point, the spin-orbit contribu-
tion to the electron g factor is vanishingly small [39-41].
As a result, the electron g factor, g., is isotropic and
its value almost coincides with the free-electron Landé
factor of +2.0 [412, 43]. The recombination times of the
bright and dark excitons were unambiguously determined
from the best fits to the PL intensity and PL decay at
different temperatures and magnetic field strengths in
the Faraday geometry (Figs. 4 and 8). Other parame-
ters can also be obtained from the dependencies shown
in Figs. 3, 7, 9, 10, and 11, similar as it has been done
for GaAs/AlAs QWs [18, 21]. These parameters from
best fits that are shown in the corresponding figures are
collected in Table I.

One can see that the experimental data can be well
described by the model. Only for the dynamics of the
circular polarization degree shown in Fig. 11 we find a de-
viation between the calculation results and experimental
data at the initial stage, while for the long-time range we
have good agreement. This deviation can be corrected by
suggesting a strong decrease of the hole spin relaxation
time 75,. However, only a small deviation (about 10%)
from the obtained values of 74, and 74 abandons the
fit quality of all dependencies presented in Figs. 3, 8, 9,
and 10. Thus, we suggest that the appearance of circular
polarization at the initial stage of the PL decay is due
to processes that are not taken into account in the used
model. We observed a similar appearance of polariza-
tion at the initial stage of the PL decay upon nonreso-
nant unpolarized excitation in a strong longitudinal mag-
netic field in structures containing (In,Al)As/AlAs QDs
(unpublished). Probably, this effect is due to polariza-
tion during the process of energy relaxation of electrons
and holes, or their spin-dependent capture into localized
states of the QW. Clarifying the causes of this initial
polarization is beyond the scope of this study.

It is interesting to compare the parameters obtained
for the ultrathin (In,Al)As/AlAs QW with that for a ul-
trathin GaAs/AlAs QW [21] and (Ga,Al)(Sb,As)/AlAs
QW [18], see Table I. The values of the heavy-hole longi-
tudinal g factors, as well as the bright exciton lifetime 7.
and the factor describing the radiative recombination of
dark excitons Cy are close to each other in all systems.

We explain the decrease of the depolarization pa-

-
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FIG. 13. (a) Linearly polarized PL components measured
along the z || [110] (red line) and y || [110] (blue line) crystal
axes. (b) Linear polarization degree of the exciton emission
along the crystal axes = || [110] and y || [110] for a temperature
of 1.8 K and at zero magnetic field.

rameter ¢ from 0.75 in GaAs/AlAs down to 0.65 in
(In,Al)As/AlAs QWs by the increase of light-hole and
heavy-hole mixing, caused by the increase of the alloy
composition inhomogeneity in the (In,Al)As/AlAs QW.
Indeed, the value of the depolarization parameter de-
creases drastically down to 0.25 in ultrathin indirect band
gap (Ga,Al)(Sb,As)/AlAs QWs with strong fluctuations
in composition and well width [18].

The light-hole and heavy-hole mixing leads to the ap-
pearance of linear polarization of the exciton emission in
QWs under nonresonant excitation in zero magnetic field,
as it was shown for various semiconductor heterostruc-
tures [23, 44, 45]. Linearly polarized PL components
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TABLE I. Parameters for the studied (In,Al)As/AlAs QW evaluated from the best fits to the experimental data. The parameters
for a GaAs/AlAs QW, taken from Ref. [21], and a (Ga,Al)(Sb,As)/AlAs QW, taken from Ref. [18], are given for comparison.

Parameter Value Value Value Comment
(In,Al)As/AlAs GaAs/AlAs [21] (Ga,Al)(Sb,As)/AlAs [18]
Je +2.0 +2.0 +2.0 [42, 43]
Ghh| +3.6 £0.1 +3.5£0.1 +2.5+£0.1 best fit
Tr 0.13 £ 0.02 ms 0.34 ms 0.32 ms best fit
Tor 0.43 £+ 0.02 ms 8.5 ms 2.1 ms best fit
Tsh 16 £1 us 3+0.5 us 30+2 ns best fit
Tse 25+ 1 ps 33+ 1 pus 100 =5 ns best fit
13 0.65 4+ 0.05 0.75 0.25 best fit
Cyq 0.0015 + 0.0002 0.001 0.002 best fit

and the linear polarization degree of the exciton emis-
sion along the crystal axes z || [110] and y || [110] are
shown in Figs. 13(a) and 13(b), respectively. The emis-
sion is collected along the QW growth axis (z axis). The
linear polarization degree, P, is evaluated from the data
using the standard expression:

L —1,

P:
1 Im‘f'ly,

where I, and I, are the intensities of the PL compo-
nents along the x and y axes. The emergence of intrin-
sic linear polarization confirms the light-hole and heavy-
hole state mixing, implying a decreasing point symmetry
of the studied structure that is induced by nonequiv-
alent interfaces [23, 46-48]. Since the difference be-
tween the upper and lower interfaces is stronger in the
(In,Al)As/AlAs QW with In segregation (see Fig. 1(a))
than in the GaAs/AlAs QW, a smaller value of the depo-
larization factor (stronger depolarization of the PL) for
(In,Al)As/AlAs QW seems reasonable.

Unexpected differences are, however, also observed
in the parameter comparison: (1) The recombination
time of the dark exciton 7,, decreases by a factor of
20 for (In,As)As/AlAs QW compared to that for the
GaAs/AlAs QW and by a factor of 5 compared to that
for the (Ga,Al)(Sb,As)/AlAs QW. (2) The heavy-hole
spin relaxation time is surprisingly 5 times longer for the
(In,As)As/AlAs QW than for the GaAs/AlAs QW, de-
spite a similar electron spin relaxation time in both sys-
tems.

The decrease of the dark exciton lifetime is due to a
higher concentration of defects - centers of nonradiative
recombination in the (In,Al)As/AlAs QWs. Indeed, the
probability for the formation of such defects in A3B5
heterointerfaces increases with a decrease in diffusivity of
adatoms on the growth surface, as was shown for different
heterosystems: InAs/AlAs [49, 50], InSb/AlAs [15, 52],
AlSb/AlAs [15], and GaAs/GaP [51]. Note that under
similar growth conditions, the addition of indium atoms
on the AlAs growth surface increases the adatoms diffu-
sivity and improves the heterointerface quality [53]. How-
ever, we observe an increase of the nonradiative recom-
bination rate in our structure and this feature is a result

of the decrease in diffusion of the adatoms with a de-
crease of the temperature of epitaxial growth [49, 50, 54].
For the studied (In,Al)As/AlAs QW the growth tem-
perature was 480°C, which is by 120°C lower than the
600°C that was used for the GaAs/AlAs QWs growth
in Ref. [22], and is 20°C lower than the 500°C used for
(Ga,Al)(Sb,As)/AlAs QWs. The decrease in growth tem-
perature of the (In,Al)As/AlAs QW was used to prevent
desorption of In atoms and strong intermixing taking
place at temperatures above 500°C [50, 55].

The second feature - the increase of the spin re-
laxation time of the heavy-hole looks surprising. For
(Ga,Al)(Sb,As)/AlAs QWs, with the same band struc-
ture leading to an indirect band gap and a type-I band
alignment, 755, is about three orders of magnitude shorter
and equals to 30 ns! Moreover, our measurements of the
heavy-hole spin relaxation time in (In,Al)As/AlAs QDs
with the same band structure also show 74, shorter than
1 s for fields larger than 8 T [33]. To clarify this differ-
ence in the heavy-hole spin relaxation times, additional
studies are required.

V. CONCLUSION

The recombination and spin dynamics of excitons that
are indirect in momentum space and involve electrons
from the X, , valleys were investigated experimentally
in an ultrathin (In,Al)As/AlAs quantum well. In this
system an indirect band gap and a type-I band align-
ment are realized. In longitudinal magnetic fields and at
low temperatures, when the Zeeman splitting of the exci-
ton levels exceeds the thermal energy kg7, the relaxation
from the bright to the dark exciton states results in a de-
crease of the exciton emission intensity, which is accom-
panied by an increase of the exciton recombination time.
A recovery of the recombination time and the emission
intensity is observed in the presence of a transverse mag-
netic field component, which mixes the dark and bright
exciton states and for a temperature increase resulting in
thermal population of the bright states. An unexpected
feature obtained in this structure is the strong increase
of the heavy-hole spin relaxation time. In order to clarify



this feature we plan to extend our studies of long-lived
localized excitons to other indirect band gap QWs based
on A3B5 compounds.
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