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Manipulation of optical coherence of quantum-well excitons by transverse magnetic field
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We have studied experimentally spin-dependent photon echoes from excitons in an InGaAs/GaAs quantum
well subject to a transverse magnetic field (Voigt geometry). Larmor precession of the spins of the electron
and heavy hole in an exciton leads to a periodic transfer of coherence between bright and dark exciton states.
The increase in dephasing time due to the transition to the dark states could be useful for coherent control
development. A comprehensive analysis shows a good agreement between a four-wave mixing experiment and
the predictions of a theoretical treatment based on a five-level exciton model comprising a ground state and
two pairs of bright and dark states. The extracted optical dephasing time of bright and dark excitons is equal
to 30 and 130 ps, respectively. Exploiting the photon echo reveals evidence of electron Larmor precession with
in-plane g factor |ge,⊥| = 0.44 ± 0.05 and heavy hole precession as well. The precession frequency of the latter
depends nonlinearly on the applied magnetic field, and the corresponding g factor reaches a value of |gh,⊥| ≈ 0.3
at B = 6 T. Estimates for the heavy hole g-factor spreading as well as the isotropic exchange interaction constant
are provided.
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I. INTRODUCTION

Protocols based on the photon echo (PE) in the presence
of a transverse magnetic field could be used to store the
optical coherence in elementary excitations of semiconductor
heterostructures and to recall it on demand. The initial step
in all of these protocols is the optical coherence transfer
between states with different total spin projections by the
precession in the magnetic field. To carry out this operation,
the system should satisfy the condition T2 > 2π/�, where
T2 is the optical dephasing time of the initial state and �

is the angular precession frequency. For moderate magnetic
fields (≈1 T) the suitable systems in low-dimensional het-
erostructures are charged exciton complexes, such as trions
[1,2] or donor-bound excitons [3], which exhibit long T2 and
reasonably high g factors. However, the use of neutral excitons
for these purposes has not yet been successful due to short de-
phasing times [4] or the absence of oscillations in a magnetic
field.

In this paper, we propose excitons as elementary ex-
citations suitable for optical coherence manipulation with
spin state control. Here and below, by optical coherence we
mean the preservation of phase relations between the vacuum
ground state and the excited state of the semiconductor. Spin
coherence means the conservation of phase between differ-
ent spin states of the exciton. We show that in high-quality
InGaAs/GaAs quantum wells (QWs) with low indium content
[5] the T2 of excitons could be at least as long as 30 ps, which
allows us to observe several periods of magnetic-field-induced
precession in a spontaneous two-pulse PE experiment.

*i.a.soloviev@spbu.ru

The fundamental difference between excitons and their
charged complexes is the inaccessibility by light of one of the
states involved in the precession, the so-called dark exciton
state. In the case of GaAs-based nanostructures, such states
are spin-forbidden excitons with total spin projections Sz =
±2, and the quantization z axis usually coincides with the
growth axis of the structure. Optical incoherent emission from
dark exciton states was observed in transition metal dichalco-
genide monolayers by application of a transverse magnetic
field of several tens of teslas [6,7] and by the near-field cou-
pling to surface plasmon polaritons [8]. Brightening of dark
exciton states in QWs [9], quantum dots (QDs) [10], and
carbon nanotubes [11] was also reported. Coherent precession
[12] as well as deterministic writing and control [13] of dark
exciton spin via biexcitonic excitation without magnetic field
was demonstrated in a single-QD system. In four-wave mix-
ing (FWM) experiments, population transfer between bright
and dark states was observed as a sequence of spin flips in
GaAs/AlGaAs QWs [14] and in CdSe/CdS colloidal QDs
[15]. Several studies have been carried out on the effects of
a magnetic field on the exciton coherent dynamics on the
femtosecond scale [16,17].

The PE protocol involving dark excitonic states promises
additional possibilities for coherence storage and control. A
special theoretical treatment was developed to describe these
experiments [18]. Using this approach, in this paper we suc-
cessfully untangle the temporal behavior of the spontaneous
PE signal in different polarization geometries and transverse
magnetic fields. Dephasing times of bright and dark exciton
states were determined, as well as electron and hole g factors,
and the roles of the exchange interaction and g-factor spread-
ing were estimated. The PE protocol is the only method that is
able to access all of these material parameters separately with
sub-meV spectral resolution utilizing picosecond laser pulses.
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II. EXPERIMENTAL DETAILS

The system under study is a high-quality single QW.
Sample P551 was grown by molecular beam epitaxy on a
(100)-oriented GaAs wafer with rotation during growth. A
1000-nm-thick GaAs buffer layer was grown followed by the
InGaAs QW with a thickness of 3 nm and indium concen-
tration of 3–4% which was capped by a 170-nm-thick GaAs
layer.

For optical characterization the sample was mounted in
closed-cycle helium cryostats and kept at 10 K during re-
flection and at 4 K during photoluminescence (PL) studies.
The laser excitation spot size on the sample surface was 50 ×
50 μm in PL and 150 × 50 μm in reflectivity measurements.
We exploited reflection spectroscopy in the Brewster geome-
try, which allows us to suppress the nonresonant background
reflection from the sample surface. Following the approach of
Refs. [5,19], in the case of low inhomogeneous broadening
the observed resonance in the reflectance spectrum could be
fit by a Lorentzian curve:

R(ω) = �2
0 cos2 ϕ

(ω − ω0)2 + (�0 cos ϕ + �NR)2
, (1)

where �0 and �NR are the radiative and nonradiative decay
rates of excitons, respectively, ω is the angular frequency of
light, ω0 is the exciton resonance angular frequency, and ϕ

(≈16◦) is the angle of light incidence onto the QW layer.
Measurement of both the amplitude of the peak R(ω0) =
�2

0 cos2 ϕ/(�0 cos ϕ + �NR)2 and its half-width at half max-
imum (HWHM) � = �0 cos ϕ + �NR lets us obtain �0 and
�NR.

In photoluminescence (PL) measurements the circularly
polarized excitation was tuned to the bulk GaAs exciton
resonance E = 1.515 eV. The degree of circular polariza-
tion (DCP) of the PL signal was calculated in the following
way: DCP = I+−I−

I++I− , where I+ (I−) is the PL intensity at
co-circularly-polarized (cross-circularly-polarized) excitation
and detection. In order to investigate the coherent dynamics
of excitons, we exploited the time-resolved degenerate FWM
and two-pulse (spontaneous) PE techniques. The sample was
kept at 1.5 K in liquid helium in a variable-temperature
inset of a closed-cycle helium cryostat (Cryogenic) with a
superconducting magnet being able to apply the transverse
magnetic field up to 6 T. The sample was excited by a se-
quence of two linearly polarized laser pulses with a duration
of 3 ps generated by a Spectra-Physics Tsunami Ti:sapphire
laser. The sample excitation was carried out in a geometry
close to normal with wave vectors �k1 and �k2 of the first and
second laser pulses, respectively [see Fig. 1(a)]. The excitation
spot diameter was 200 μm. The coherent FWM signal with
�kFWM = 2 �k2 − �k1 is collected in the reflection geometry. The
cross correlation between the FWM signal and the reference
laser pulse is detected by a balanced photoreceiver. Optical
delay lines are used to tune the arrival times of the second
exciting and the reference pulses relative to the first exciting
pulse, denoted as τ and τRef , respectively.

The polarization configuration of the PE experiment is
denoted hereinafter as XY → Z , where X and Y are po-
larizations of the first and second exciting pulses and Z is
the reference pulse (detection) polarization. The transverse

FIG. 1. (a) Sketch of FWM experimental setup. PD, photode-
tector; Ref, reference pulse. (b) Schematic representation of exciton
energy states and interaction of the exciton with light in a transverse
magnetic field. Solid black arrows correspond to circularly polarized
optical transition, while dashed ellipses represent Larmor precession
of electron (blue) and heavy hole (red) spins

magnetic field lying in the QW plane (Voigt geometry) sets
the direction of the main polarizations: The horizontal (H)
one is parallel to the field, and the vertical (V) polarization
is perpendicular to it [Fig. 1(a)].

Optical heterodyne detection was implemented. The first
and reference pulses are frequency shifted by dual acousto-
optical modulators by f1 = −81 MHz and f2 = +80 MHz,
respectively, so that cross correlation between the FWM and
the reference pulse is modulated at | f1 + f2| = 1 MHz. Ad-
ditionally, the first pulse is mechanically chopped at f =
1 kHz for the second locked-in detection. Finally, we detect
a background-free signal proportional to the absolute value of
the FWM amplitude.

We applied the recently developed PE polarimetry method
to confirm the excitonic nature of the studied resonance
[20,21]. Since excitons and trions have different PE responses
to the polarization configuration of excitation, we are able to
use this feature for determination of the exciton transition.
Particularly, when exciting pulses are linearly polarized and
their polarization planes are rotated relative to each other by
the angle ϕ, the PE from excitons is also linearly polarized and
collinear with the second pulse with the amplitude ∝ cos(ϕ)
[21].

Femtosecond laser excitation with a spectral width of about
20 meV was previously used to study the FWM and PE from
QWs [16,22–25]. Such spectrally wide excitation generally
induces simultaneous transitions between the ground state
and several exciton states, exciton complexes, and biexcitons,
which leads to the observation of complex temporal beats in
the time-resolved PE signal even without a magnetic field.
In this paper, using picosecond laser pulses with a typical
spectrum width of 1 meV, we succeeded in selectively ad-
dressing the exciton transition and eliminating many-body
effects. Thus biexciton states could be excluded from theo-
retical consideration.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Linear spectroscopy of an isolated exciton in a QW

A typical reflectivity spectrum of the QW sample at low
temperature plotted in terms of energy units on the x axis
is shown in Fig. 2(a). It is dominated by the resonance of a
heavy hole exciton in the QW (X) with a spectral position
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FIG. 2. (a) Typical reflectivity spectrum measured in the Brew-
ster geometry (solid curve), approximation of reflection spectrum
by a Lorentzian curve (long-and-short-dashed curve), and excitation
laser spectrum (short-dashed curve) used for the FWM experiment.
(b) PL spectra for σ+-polarized excitation and copolarized (red) and
cross-polarized (blue) detection and DCP spectrum (triangles).

EX = 1.510 eV, amplitude of 0.1, and HWHM of 105 μeV.
From fitting we obtained values of the radiative width h̄�X

0 =
35 ± 3 μeV and the nonradiative broadening h̄�X

NR = 70 ± 3
μeV. The nonradiative broadening is only twice larger than
the radiative width, which indicates the high quality of the
sample and efficient optical coherence transfer between light
and excitons [5].

PL spectra at T = 4 K are shown in Fig. 2(b). The red and
blue curves correspond to co-circularly-polarized and cross-
circularly-polarized detection, respectively. The exciton peak
in PL spectra (X) shows almost no Stokes shift in compari-
son to the reflectivity spectrum. At high excitation intensity,
an additional peak emerges at EXX = 1.509 eV which we
identify as a heavy hole biexciton (XX) emission. DCP mea-
surement [Fig. 2(b), triangles] shows that exciton PL retains
the excitation polarization while biexciton emission is almost
unpolarized. Such behavior is typical for an exciton-biexciton
system [26]. The extracted energy splitting Eb(XX ) = 1.1 ±
0.2 meV is generally consistent with the biexciton binding
energy reported for GaAs/AlGaAs and InGaAs/GaAs QWs
[22,26,27]. Thus the usage of spectrally narrow picosecond
excitation allowed us to isolate the exciton resonance and to
be sure that no other states are excited by a laser pulse. The
following studies of the FWM were performed with the laser
tuned to the X resonance.

B. PE from excitons

1. Zero magnetic field

The time-resolved FWM signal measured in the absence
of a magnetic field in the HH → H geometry is shown in
Fig. 3(a) for different time delays between exciting pulses τ.
The FWM response has the form of a peak centered at time
τRef = 2τ, which is a clear manifestation of the conventional
two-pulse PE from an inhomogeneously broadened exciton
ensemble [28–30]. The waveform tends to a Gaussian curve
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FIG. 3. (a) Temporal profiles of FWM signal from excitons in
a QW measured at different time delays τ. (b) Experimental (solid
curve) and theoretical (dashed curve) [21] dependencies of PE am-
plitude at τ = 15 ps on angle ϕ between first and second excitation
pulse polarizations with the H-polarized first pulse and H- (blue) and
V-polarized (red) detection.

with 20 ps temporal width as τ increases. It should be noted
that the presented signal is the cross correlation of the FWM
and a 3-ps reference pulse. Nevertheless, the large PE tempo-
ral width allows us to assume that the presented data reflect
the near-true profile of the PE and the effect of broadening
due to convolution of the PE with the reference pulse during
registration can be neglected. Such a long duration of the PE
corresponds to a comparably low inhomogeneity of the exci-
ton ensemble with a spectral width of 92 μeV. The PE peak
amplitude decays exponentially with characteristic optical de-
phasing time T2 = 30 ps. Furthermore, we will focus only on
this maximum of the PE amplitude, i.e., the cross-correlation
signal detected at τRef = 2τ. The polarimetric measurements
presented in Fig. 3(b) show the PE amplitude dependence on
ϕ when detection polarization is parallel and perpendicular to
polarization of the first pulse, correspondingly. The visually
striking property of the excitonic PE is its polarization along
the second-pulse polarization direction and the cosine depen-
dence of the PE amplitude ∝ cos(ϕ). Curve Hϕ → H exhibits
two equal maxima, while curve Hϕ → V has four equal max-
ima, the amplitude of which is almost two times smaller than
in the Hϕ → H geometry as predicted theoretically [21] for
an exciton level structure. The measurements coincide quali-
tatively with theoretical modeling and additionally prove that
this is a pure neutral exciton system.

2. PE decay in a magnetic field

The key experiment is the measurement of PE amplitude
as a function of τ, which we call PE decay. Figure 4 illus-
trates PE decays in HH → H and VV → V geometries with
the application of the transverse magnetic field B. At zero
B the signal decays exponentially in the same way for both
geometries with dephasing time of bright excitons T b

2 = 30 ps
as additionally shown in Fig. 5. Spectrally narrow picosecond
excitation makes it possible to observe the pure excitonic
signal without evidence of exciton-biexciton quantum beat-
ings [25] and allows us to exclude the biexciton state from
theoretical consideration.

The application of the transverse magnetic field B paral-
lel to H polarization (Voigt geometry) changes the picture
dramatically. The PE decay becomes oscillating for both
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FIG. 4. PE decays from excitons in transverse magnetic field.
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geometries. In the HH → H configuration the oscillation fre-
quency rises with increasing B, while in VV → V the curve
weakly depends on field at B � 2 T. At high magnetic field the
oscillation amplitude is damping with rising τ. An unexpected
behavior is observed at B = 1 T in the HH → H geometry
and magnetic fields from 1 to 6 T in VV → V. In these
cases, instead of periodic oscillations, a nonperiodic regime is
observed, in which the PE signal passes through a minimum
only once and then slowly decays with time much longer than
T b

2 . Thus the observed complex dependence of the PE signal
on the τ, magnetic field, and polarization geometry requires
the construction of a special theoretical model describing it.

3. Model and discussion

The spectral isolation of the exciton transition in the QW
makes it possible to omit biexcitonic states and consider a
more straightforward five-level model, shown in Fig. 1(b). It
includes the ground state and four heavy hole exciton states:

two optically active bright states with the projection of total
angular momentum Sz = ±1 and two optically inactive dark
ones with Sz = ±2. More details about the exciton fine struc-
ture are provided in the Appendix.

Let us clarify that oscillations in the PE decay are caused
by the action of a magnetic field on excitons. The transverse
magnetic field causes Larmor precession of electron and hole
spins in the exciton (see the Appendix), which is schemati-
cally illustrated in Fig. 1(b) with dashed ellipses. As a result,
it mixes bright and dark exciton states during the time of
formation of the PE [1,2].

Such a PE experiment can be modeled analytically by the
solution of the Lindblad equation for the density matrix in
the rotating wave approximation considering infinitely short
optical excitation; see the Appendix for details. It is important
to take into account the dephasing rates of bright γb and dark
γd excitonic states and isotropic exchange interaction δ0 as
well. The expression for the PE amplitude P in the case of
collinear polarizations of the exciting pulses and detection
takes the following form:

P(α) ∝ e−2γτ |RH cos2 α + RV sin2 α|2︸ ︷︷ ︸
R

, (2)

where γ = γb+γd

2 is the average dephasing rate and α is the
angle between the polarization plane of light and the magnetic
field. The two components RH,V are defined in the following
way:

RH,V = cos(�H,V τ) + i δ0
2h̄ − �γ

�H,V
sin(�H,V τ), (3)

where �H,V is the effective Larmor precession angular fre-
quency,

�H,V =
√

�2
0H,V +

(
δ0

2h̄
+ i�γ

)2

, (4)

�0H,V = ωe ± ωh

2
, �γ = γb − γd

2
. (5)

Here, ωe and ωh are the electron and hole Larmor precession
angular frequencies. P has the simplest form when α = 0◦
[HH → H geometry; see Fig. 1(a)] and α = 90◦ (VV → V)
that determines the choice of these polarization configurations
for measurements.

The derived expression (2) fits properly PE decays for
the whole range of magnetic fields. We will discuss below
the most significant features of the model in comparison to

0 50 100 150
10−3

10−2

10−1

100

 (ps)

P
E

 (
ar

b
.u

n
it

s)

B = 0 T 

B = 0 T fit

B = 1 T 

B = 1 T fit

0 50 100 150
10−3

10−2

10−1

100

 (ps)

P
E

 (
ar

b
.u

n
it

s)

B = 6 T

B = 6 T fit 

T = 1.4 K, HH H
(a) (b)
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the experimental data. To do this, we will refer to Fig. 5, where
the most illustrative cases are shown.

At zero field B, expression (2) is reduced to monoexpo-
nential decay P ∝ e−2γbτ corresponding to the conventional
case of a PE from a bright exciton ensemble as shown in
Fig. 5(a). At B > 0 the oscillating term R induced by Larmor
precession is superimposed on exponential decay. Shuffling
the coherence between bright and dark excitons with different
dephasing rates γb,d leads to significant changes: Henceforth
the precession frequency �H,V depends also on the difference
�γ . The term R could be divided into oscillating and decay-
ing terms that determine the PE temporal behavior. However,
when the difference in rates is quite small compared with the
Larmor frequency �γ � |�0H,V | and δ0/h̄ → 0, the behav-
ior is very close to the product of exponential decay and a
single-frequency harmonic function. If γb = γd , expression
(2) coincides with the result of the modeling considered in
Ref. [20]:

PH,V ∝ e−2γbτ

(
cos2(�H,V τ) + δ2

0

4h̄2

sin2(�H,V τ)

�2
H,V

)
. (6)

A similar situation with correction of decay time is realized
at high fields B � 3 T in the HH → H geometry (Fig. 4).
The most characteristic case of such behavior at B = 6 T and
its theoretical fit are shown in Fig. 5(b). In other cases, the
behavior is quite different, and the impact of �γ has to be
considered.

We provided a detailed theoretical analysis of the spin-
dependent PE from excitons in a QW in the case of different
dephasing rates for bright and dark excitons and negligible
exchange interaction in Ref. [18]. The main unexpected result
is a transition to a nonperiodical regime when �γ � |�0H,V |,
manifesting itself as a single bounce in the PE decay curve
separating segments with decay rates close to γb and γd .
Transfer of coherence from fast-relaxing bright exciton states
to long-lived dark ones is the origin of such nontrivial dy-
namics. Such a regime with nonharmonic decay is realized at
moderate fields B � 1 T in the HH → H geometry [Fig. 5(a)]
and almost at the whole available range of fields in the
VV → V geometry (Fig. 4).

The basic model (6) from previous work [20] states that
oscillating PE decay is always limited from above by monoex-
ponential decay with a characteristic time of bright excitons.
In contrast, we observe an increase in signal by almost an
order of magnitude at B = 1 T and τ ≈ 100 ps as shown
in Fig. 5(a). The advanced model [see Eq. (2)], which in-
cludes the impact of �γ , describes such an effect as a
manifestation of the coherent dynamics of long-lived dark
excitons. From fitting we obtain dark exciton dephasing time
T d

2 = 130 ± 30 ps. Our recent measurements reveal that at
lower magnetic field B = 0.4 T, T d

2 even exceeds 200 ps,
which is around six times longer than T b

2 [18]. The main
reason for such a difference in dephasing times must be the
absence of a radiative channel of energy relaxation for spin-
forbidden dark states, which limits phase relaxation. As a
result, one could apply such a mixing of bright states with
long-lived dark onesto increase the dephasing time of the
system.

Under condition �0H = �0V , PE decays in collinear con-
figurations should coincide; however, in Fig. 4 we clearly see
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sion angular frequencies extracted from PE decays as a function
of magnetic field amplitude with corresponding linear and cubic
approximations.

different behavior, revealing that both electron Larmor pre-
cession and heavy hole Larmor precession take place during
the PE experiment under the action of the transverse magnetic
field. Therefore it is worth measuring the PE decay in both
the HH → H and VV → V geometries to get rich information
about electron and heavy hole spin dynamics.

Frequencies ωe and ωh obtained from fitting of experimen-
tal data are depicted in Fig. 6 as a function of the applied
transverse magnetic field. The electron Larmor frequency
depends linearly on the magnetic field, which allows us to ex-
tract the in-plane electron g factor |ge,⊥| = 0.44 ± 0.05 from
the fit with the equation ωe = ge,⊥μBB

h̄ . The obtained value of
the g factor coincides with that for bulk GaAs [31–33] and is
in line with values for thin InGaAs/GaAs QWs [34,35]. This
indicates that the electron wave function is distributed mostly
in GaAs barriers, which is expected due to the low percentage
of indium in the QW layer and small QW thickness.

Along with electron spin oscillations we managed to ob-
serve heavy hole Larmor precession. Moreover, the frequency
ωh depends nonlinearly on the applied transverse magnetic
field. The corresponding in-plane heavy hole g factor becomes
comparable to the electron one at B = 6 T and reaches a
maximum value of |gh,⊥| ≈ 0.3. The value of gh,⊥ is usually
assumed to be very small or even zero for simplicity (see
the Appendix). However, there are several reports of nonzero
gh,⊥ where it was mainly determined by the Luttinger coeffi-
cient q [36] or both cubic anisotropy and other low-symmetry
perturbations [37–39]. The obtained value of |gh,⊥| is within
the range 0.15–0.6 of values measured in InGaAs/GaAs QDs
where both strain and an admixture of light holes in a heavy
hole state take place [40,41]. A dependence of the in-plane
heavy hole g factor on the magnetic field in III–V structures
was recently reported as a result of both the interface and
magnetic-field-induced mixing of the heavy hole and light
hole states [42]. In addition, the third-order perturbation the-
ory also predicts a contribution to heavy hole splitting [43].
Experimental data are well approximated by a cubic function
as shown in Fig. 6. However, the coefficient of the cubic
term defined by heavy-hole–light-hole splitting is a thousand
times less than the value we obtain from fitting. In our case,
any of the above-mentioned contributions to gh,⊥ are admis-
sible, and we are not able to distinguish between different
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mechanisms with the available data. Additional experiments
as in Refs. [38,39] might be helpful for identification of indi-
vidual contributions, and this is the subject of further work.
It is worth noting that the advantage of the PE method is the
observation of the sum and difference of Larmor frequencies
of charge carriers, which, in contrast to other techniques,
makes it possible to determine both frequencies with high
accuracy even at low magnetic fields and in the case of a small
difference between frequencies.

Our measurements provide only absolute values of g fac-
tors, and we see that both of them have the same sign. Relying
on previous reports of a negative electron g factor in similar
structures [34,35], it follows that the hole g factor is also
negative in our description.

The zero of the PE signal is expected when there is no
polarization in the optically accessible states (ρ01 = ρ02 = 0)
at the arrival time of the second rephasing pulse τ. It is
clear from Figs. 4 and 5 that oscillating decays do not reach
zero value. At least two mechanisms lead to such behavior.
The first one is the isotropic exchange interaction responsi-
ble for bright-dark splitting. The fitting of experimental data
presented in Fig. 5 provides an estimate for the value of
δ0 � 10 μeV. The second mechanism is attributed to inho-
mogeneous spreading of g factors, which is known to be as
high as one-third of the g-factor modulus for heavy holes in
InGaAs/GaAs quantum dots [44]. The inhomogeneity leads
to smoothing of oscillations in the vicinity of PE zeros and
to a decrease in the oscillation contrast at long time delay
and high field as well. This spreading could be taken into
account by convolution of the PE signal with the Gaussian
distribution function of heavy hole g factors in the studied

ensemble of excitons: P� ∼ ∫
Pe

− (gh−gh0 )2

2�g2
h dgh, where P� is

the integrated PE polarization, P is the PE polarization from
the subensemble with gh, gh0 is the mean g factor, and �gh is
the g-factor spreading. Figure 5 shows the best fit for �gh

gh
=

0.03. It should be noted that both the exchange interaction and
g-factor spreading manifest in experiment similarly in the case
of their small values, so we can obtain only upper estimates
for these parameters.

IV. CONCLUSIONS

In this paper, we have shown the possibility of manipulat-
ing the optical coherence of excitons in InGaAs/GaAs single
QWs using a transverse magnetic field, thus placing neutral
excitons on par with trions and donor-localized excitons as
candidates for creating optical devices based on PE protocols.
The presence of optically inaccessible dark excitonic states
leads to the appearance of modes of the PE kinetics in a mag-
netic field that are unattainable in charged exciton complexes.
To explain the full temporal, magnetic field, and polarization
dependence of the two-pulse PE signal from excitons, we
constructed a theoretical model that takes into account the
difference between the dephasing times of bright and dark
excitons, the Larmor precession frequency of charge carriers,
the isotropic exchange interaction, and the distribution of g
factors. Only a complete consideration of all these processes
made it possible to obtain a satisfactory description of the
experimental results. The nonlinear field dependence of the

heavy hole g factor was revealed owing to the high accuracy of
the spin-dependent PE method in the range of small magnetic
fields.
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APPENDIX: ADDITIONAL THEORETICAL ASPECTS

1. Exciton Larmor precession

In the classical picture an electron traveling in a circular
orbit around the nucleus has a magnetic dipole moment �m
proportional to an electron angular momentum �L through the
gyromagnetic ratio. The external magnetic field �B induces
rotation of �m about the vector �B at the Larmor frequency.
Considering quantum objects, in addition to �L there is an
intrinsic angular momentum spin �S [46], and the �m of charged
quasiparticles is related to total angular momentum (also
called spin) �J = �L + �S through the g factor [32,44,47]. In the
trivial case of a single electron with initially degenerate states
characterized by spin projection on the fixed axis sz = ±1/2,
applying transverse magnetic field �B = (Bx, 0, 0) leads to os-
cillation of the average value of 〈sz〉 between +1/2 and −1/2
at the Larmor frequency determined by Zeeman splitting of
electron states �E = gμBBx similar to the classical case.

The lowest exciton state in GaAs-based nanostructures
is formed of an electron in the conduction band with spin
je = se = 1/2 (le = 0, se = 1/2) and a heavy hole in the
valence band with jhh = 3/2 (lhh = 1, shh = 1/2) [32,47–49].
In Voigt geometry, oscillation of the average value of the
electron spin projection on the growth direction (z) se

z = ±1/2
leads to mixing of the optically accessible bright exciton state
Jz = +1 (Jz = −1) with the optically inaccessible dark state
Jz = +2 (Jz = −2), while oscillation of the heavy hole spin
projection jhh

z = ±3/2 mixes state Jz = +1 (Jz = −1) with
state Jz = −2 (Jz = +2) [48,50,51].

The heavy hole g factor is known to be strongly anisotropic
in confined GaAs-based nanostructures [37] since lowering
of dimensionality leads to splitting of heavy and light holes
with corresponding spin projections ±3/2 and ±1/2. As a
result, heavy hole Zeeman splitting in a transverse magnetic
field is zero because of the zero matrix of operator Jx =
Jy = 0 [34,35,51]. Non-Zeeman interaction of hole spins with
magnetic field which is admissible by the symmetry of the
Luttinger Hamiltonian is described by cubic terms J3

x , J3
y with

Luttinger parameter q [37,43]. The latter is usually assumed
to be very small or even zero for simplicity.

2. Spin-dependent PE from excitons

In order to describe optical coherent dynamics of exci-
tons in a QW subject to a transverse magnetic field, we
follow the theoretical approach used for the description of
spin-dependent photon echo from trions [1,38]. We consider
a five-level exciton system: the ground state of the crystal
with spin projection onto the growth direction (z) Sz = 0,
two optically bright exciton states with Sz = ±1, and two
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optically dark ones with Sz = ±2. The energy scheme of the
unperturbed system is illustrated in Fig. 1(b). At zero mag-
netic field the exchange interaction between electron and hole
spins determined by the spin mutual orientation causes split-
ting of exciton states. The energy space between bright and
dark exciton doublets is defined by the isotropic exchange in-
teraction constant δ0. Anisotropic exchange interaction causes
additional splitting of these doublets. We set anisotropic ex-
change interaction constants δ1,2 to zero for simplicity due
to their smallness. The detailed analysis of the exciton fine
structure was done for GaAs-based QWs [51] and QDs [48].

The temporal evolution of the exciton ensemble is de-
scribed by the Lindblad equation for the exciton density

matrix:

ρ̇ = − i

h̄
[Ĥ, ρ] + �, (A1)

where Ĥ is the Hamiltonian of the exciton system and �

is the relaxation term introduced phenomenologically which
contains phase relaxation terms only.

The Hamiltonian includes three contributions which char-
acterize the unperturbed exciton system, interaction of light
with bright excitons, and action of a transverse magnetic
field. The total Hamiltonian has the following form in basis
Sz = {0; +1; −1; +2; −2}:

Ĥ = h̄

2

⎛
⎜⎜⎜⎜⎜⎝

0 f ∗
+eiωt f ∗

−eiωt ; 0 0

f+e−iωt 2ω0 + δ0/h̄ 0 ωe ωh

f−e−iωt 0 2ω0 + δ0/h̄ ωh ωe

0 ωe ωh 2ω0 − δ0/h̄ 0

0 ωh ωe 0 2ω0 − δ0/h̄

⎞
⎟⎟⎟⎟⎟⎠. (A2)

Here, ω0 is the exciton resonance angular frequency, and ω is the angular frequency of exciting electromagnetic field. f± is
proportional to the smooth envelope of the circularly polarized component σ± of the excitation pulse and to the matrix element
of the transition dipole moment between the vacuum and bright exciton states ±1. The rotating wave approximation is used to
get rid of fast-oscillating terms in Ĥ [52]. Macroscopic polarization in the form of a PE pulse is obtained by integration over the
ensemble of excitons with inhomogeneously broadened resonant frequency ω0.

Calculations can be significantly simplified by separating in time the action of the magnetic field and the interaction with
light pulses. Such a procedure is suitable since at the considered magnetic field amplitudes the Larmor precession period is
much longer than the pulse duration of about 3 ps and the Zeeman Hamiltonian may be omitted during the action of the laser
pulses [1–3,20]. The resulting expression for the PE amplitude in collinear geometry is the following:

P ∝ e−(γb+γd )τ (|R1|2 + |R2|2 cos2(2α) + 2 cos(2α)Re{R1R∗
2})︸ ︷︷ ︸

R

, (A3)

R1,2 = cos(�+τ) ± cos(�−τ) + i(δ0/h̄ + i(γb − γd ))
2

(
sin(�+τ)

�+
± sin(�−τ)

�−

)
, (A4)

�± = 1

2

√
(δ0/h̄ + i(γb − γd ))2 + (ωe ± ωh)2. (A5)

Equation (2) can be obtained from Eq. (A3) after some algebra.
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