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Abstract—Mechanisms of the suppression of the electron-hole exchange interaction in nonradiative excitons
with a large in-plane wave vector in high-quality heterostructures with quantum wells are analyzed theoreti-
cally. It is shown that the dominant suppression mechanism is exciton-exciton scattering accompanied by the
mutual spin f lips of like carriers (either two electrons or two holes), comprising the excitons. As a result, the
electron spin polarization in nonradiative excitons may be retained for a long time. The analysis of experi-
mental data shows that this relaxation time can exceed one nanosecond. This long-term and optically con-
trollable spin memory in an exciton reservoir may be of interest for future information technologies.
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1. INTRODUCTION
It was demonstrated in [1] that, in high-quality

heterostructures with quantum wells based on direct-
gap semiconductors like GaAs, the accumulation of a
reservoir of nonradiative excitons with a large in-plane
wave vector exceeding the wave vector of light in the
quantum-well material is possible under optical exci-
tation. The exciton density in this reservoir may
exceed by several orders of magnitude that of radiative
excitons with wave vectors within the light cone. The
large difference in the densities of radiative and nonra-
diative excitons is related to a difference in their life-
times. The radiative lifetime of excitons with small
wave vector is very short, ∼10 ps. At the same time,
nonradiative excitons in high-quality heterostructures
may live tens of nanoseconds [1].

Although nonradiative excitons do not interact
with light, their optical probing is possible via the
effects they cause on radiative excitons. In particular,
the scattering of radiative and nonradiative excitons
causes a broadening and an energy shift of the exciton
resonances in reflectance spectra. Moreover, our
recent study has shown [2] that the shift of exciton
states is sensitive to the excitation polarization. Under
the excitation of a sample by circularly polarized radi-
ation, the shift of the exciton resonances is different in
the co- and cross-circular polarizations of detection.
This observation indicates the conservation of spin
polarization in a reservoir of nonradiative excitons.

The dynamics of the spin polarization of an exciton
reservoir was studied in [2] by the pump-probe
method with both spectral and polarization resolution
in a magnetic field applied across the heterostructure-
growth axis (Voigt geometry). A high-quality hetero-
structure with a 14-nm GaAs quantum well grown by
molecular-beam epitaxy was studied. An example of
the reflectance spectrum of this heterostructure in the
region of optical transitions to the quantum-confined
states of heavy-hole (Xhh) and light-hole (Xlh) exci-
tons is shown in Fig. 1. The observed exciton reso-
nances are well described in the framework of the
standard reflectance model [3–6]. This allows one to
determine with high accuracy the spectral position
and the broadening of the exciton resonances. Under
excitation by pump pulses, the exciton resonances are
broadened and slightly shifted, which allows one to
study the dynamics of the shift and the broadening by
detecting the reflectance spectra of the probe pulses
delayed in time relative to the pump pulses. Examples
of such dependences for the Xhh resonance are shown
in Fig. 2. As seen from the figure, a sharp red shift of
the exciton resonance and its considerable broadening
are observed when the pump pulse arrives. Then, a rel-
atively slow decrease in the shift and in the excess
broadening is observed for several nanoseconds. This
behavior is explained by the creation of nonradiative
excitons by pump pulses followed by gradual depopu-
lation of the reservoir of these excitons [2].
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Fig. 1. Reflectance spectrum of a sample with a 14-nm
quantum well (points) and its fit in the framework of the
standard model (solid line). Resonances of the reflectance
corresponding to optical transitions with the creation of
heavy-hole (Xhh) and light-hole (Xlh) excitons are clearly
seen. The sample temperature T = 6 K.
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Fig. 2. Energy shift of a heavy-hole exciton (a) and broad-
ening of the Xhh resonance (b) as functions of the delay
between the pump and probe pulses. Magnetic field Bx =
0.5 T. The oscillations of the exciton-energy position are
clearly seen (a). They are absent in the dynamics of the
broadening (b).
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Fig. 3. Dynamics of the exciton-shift difference measured
upon excitation by circularly polarized pump pulses to the
heavy-hole exciton transition and signal detection in co-
and cross-circular polarizations (noisy curve). Magnetic
field Bx = 0.5 T. Dashed curve shows the fit by function:

, with the parameters:

T2 = 1.36 ns, ω/(2π) = 2.5 GHz. The inset shows the oscil-
lation frequency as a function of magnetic field Bx
(points). Solid line is the approximation by linear func-
tion, δE = gμBB, where μB is the Bohr magneton and g =
0.365.
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When a transverse magnetic field is applied and the
heterostructure is excited by circularly polarized pump
pulses, a component of the exciton resonance shift
which oscillates in time is observed in the reflectance
spectrum (see Fig. 2a). The phase of the oscillating
shift is opposite in the co- and cross-polarizations rel-
ative to the polarization of the pump beam. An exam-
ple of the difference between these shifts is shown in
Fig. 3. It is experimentally found that the oscillation
frequency linearly depends on the magnetic field
applied, . The value of the factor g agrees
well with the free electron g factor for a quantum well
of this width, known from publication [7]. It would
seem that this fact indicates the presence of a reservoir
of spin-polarized free electrons in the heterostructure
under study. The exchange interaction of radiative
excitons with polarized electrons should result in an
energy shift of the exciton peak. Moreover, the sign of
the shift should depend on the mutual orientation of
the exciton and electron spins. The electron-spin pre-
cession in an external magnetic field with the Larmor
frequency should, therefore, lead to an oscillating
exciton shift.

However, there are no free electrons in the quan-
tum well under study, as was verified in [2] by addi-
tional experiments. There are electrons coupled with
holes in nonradiative excitons. The spins of these elec-
trons experience an exchange interaction with the
spins of holes, which should lead, in general, to a non-
linear frequency dependence of the oscillations [8]. It
is claimed in [2], however, that the fast relaxation of
hole spins in an ensemble of nonradiative excitons
promotes electron-spin conservation. Due to relax-
ation, the electron spins do not experience the
exchange interaction with holes at the time scale in

=� Bω μ xg B
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tens and hundreds of picoseconds. They freely
undergo precession in an external magnetic field,
which is an order of magnitude smaller than the effec-
tive field of the exchange interaction. In the current
paper, we present detailed substantiation of this state-
ment.

2. MODEL

Let us consider the exchange interaction of an elec-
tron and a hole in an exciton. The magnitude of this
interaction is characterized by the energy splitting δ0
between exciton states with the total spin ±1 (which
are bright excitons if their wave vector is inside the
light cone) and the exciton states with spin ±2 (the
dark excitons at any wave vector). Estimates show [2]
that δ0 ≈ 20 μeV, which is much smaller than the ther-
mal energy, kBT ≈ 430 μeV, at the sample temperature
T = 5 K. Hence, hole polarization in nonradiative
excitons can relax rather quickly [9]. However, even a
nonpolarized hole can noticeably affect the electron-
spin dynamics in an exciton because the exchange
interaction of an electron with a hole exceeds its inter-
action with an external magnetic field of a strength rel-
evant to this study. Nonpolarized holes create a f luc-
tuating effective magnetic field, which can cause
dephasing of the electron-spin precession in the
ensemble. Let us consider this process in more detail.

The spin of a nonpolarized hole can be J = ±3/2
with equal probabilities. Although the average value of

the hole spin k
ρ
Jl = 0, averaging of the spin squared

gives rise to a non-zero value, . Therefore
the electron is affected by the f luctuating effective
field of the hole, which is parallel to the z axis and has
root-mean-square (rms) amplitude  defined by the
relation , where ge is the electron g factor
and μB is the Bohr magneton. The correlation time τh,
during which the electron spin “feels” the unchanged
field , is governed by two processes. First, the hole
spin is efficiently coupled with lattice vibrations via its
orbital component and, therefore, changes its orienta-
tion rather quickly, τh1 ∼ 100 ps [9]. Second, exciton-
exciton collisions in the reservoir cause mutual spin
flips of like carriers (either two electrons or two holes)
in the excitons. As a result, effective averaging of the
exchange field of holes occurs. This is a well-known
effect frequently called “motional narrowing”, which
is observed in various spin processes [10, 11]. The
characteristic time of this process, τh2, can be esti-
mated in our case from the broadening of the exciton
resonance after pulsed excitation (see Fig. 2b): ħΓNR ≈

0.1 meV. Correspondingly,  ps. These

estimates show that motional narrowing is the domi-
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nant process for suppression of the effective field of
hole-spin fluctuations: τh = (1/τh1 + 1/τh2)–1 ≈ τh2 ∼ 3 ps.

The effective field of hole-spin f luctuations is
directed along the z axis therefore it does not cause
relaxation of the electron-spin z component. Relax-
ation of the Sx and Sy components in the mode of
motional narrowing is described by the well-known
expression [11]: , where ωh =

. This expression can be explained as
follows. During the correlation time τh, the electron
spin rotates around the z axis by the angle

(1)

where Texch = h/δ0 ≈ 200 ps. The component Sz of the
electron spin does not change during such precession.
The component Sy, which appears as a result of regular
electron-spin precession in an external magnetic
field Bx, decreases in the time τh by

(2)

We assume that the directions of electron-spin
rotation in the field of hole-spin f luctuations are not
correlated on a time scale exceeding τh. Correspond-
ingly, the relaxation rate of this spin component is

(3)

where  ps is the characteristic

relaxation time. A similar expression is also valid for
the x component of the electron spin.

Dynamic equations for regular electron-spin pre-
cession in an external magnetic field taking into
account relaxation of the Sy component are easily
derived:

(4)

Here the precession frequency is determined by the
equation . The removal of Sy from these
equations gives rise to a second-order differential
equation for Sz:

(5)
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A solution of Eq. (5) is easily obtained by the
substitution of a trial solution in the form:

. This substitution leads to a
quadratic equation for parameter λ,

(6)

with the roots:

(7)

To provide oscillating Sz(t), as observed experi-
mentally, the roots λ± should contain an imaginary
part. From this requirement we obtain the condition:

(8)

The condition (8) imposes a restriction on the fre-
quency of Larmor precession in an external magnetic
field, for the oscillation behavior of the spin polariza-
tion to be observed:

(9)

This is a relatively weak restriction compared to the
frequencies observed experimentally (see Fig. 3). The
corresponding restriction for an external magnetic
field is:

(10)

We note that the minimal value of the external
magnetic field is much smaller than the effective field
of electron-hole exchange interaction in the exciton:

(11)

If the hole spin were retained for a long time, the
electron spin would precess in the total field,

, with the frequency [8, 12]:

(12)

Hence, the precession frequency would nonlin-
early depend on the external magnetic field and it
would be limited from below by the frequency of
precession in the effective exchange field,

 GHz. The frequen-
cies observed in the experiment are below this limit
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(see Fig. 3), indicating efficient depolarization of the
hole spin and efficient averaging of its f luctuations.

We note that, for the case , the solu-
tion (7) gives rise to the following temporal depen-
dence for the electron-spin polarization: Sz(t) =

. This dependence describes
well the observed oscillations, see Fig. 3. The decay
time of these oscillations, 2τy ≈ 1.4 ns, is very close to
the value obtained from the fit of the curve in Fig. 3,
T2 = 1.36 ns.

3. CONCLUSIONS

Our analysis shows that the main process effi-
ciently suppressing electron-hole exchange interac-
tion in nonradiative excitons is the scattering of these
excitons followed by the mutual spin f lips of like carri-
ers (either two electrons or two holes). The character-
istic time scale at which such scattering occurs in the
experiments under discussion is units of picoseconds.
During this time, the electron spin, undergoing pre-
cession in the effective field of a hole, does not notice-
ably change its orientation. Scattering results in the
efficient averaging of hole-spin f luctuations, which is
similar to the motional narrowing effect discussed in
publications [10, 11]. As a result, the electron spins in
nonradiative excitons undergo precession in an exter-
nal magnetic field almost as free electron spins. Some
traces of the exchange interaction are seen in the relax-
ation of spin polarization, which, as the analysis
shows, is caused by this interaction rather than by
interaction with phonons.
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