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We study the quantum beats in the polarization of the two-pulse photon echo from donor-bound exciton
ensembles in semiconductor quantum wells. To induce these quantum beats, a sequence composed of a circularly
polarized and a linearly polarized picosecond laser pulse in combination with an external transverse magnetic
field is used. This results in an oscillatory behavior of the photon echo amplitude, detected in the o™ and o~
circular polarizations, occurring with opposite phases relative to each other. The beating frequency is the sum
of the Larmor frequencies of the resident electron and the heavy hole when the second pulse is polarized along
the magnetic field. The beating frequency is, on the other hand, the difference of these Larmor frequencies when
the second pulse is polarized orthogonal to the magnetic field. The measurement of both beating frequencies
serves as a method to determine precisely the in-plane hole g factor, including its sign. We apply this technique
to observe the quantum beats in the polarization of the photon echo from the donor-bound excitons in a 20-nm-
thick CdTe/Cdy 76Mg ,, Te quantum well. From these quantum beats we obtain the in-plane heavy-hole g factor

gn = —0.143 £ 0.005.
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Quantum beats are a phenomenon due to resonant coher-
ent excitation of (at least) two discrete quantum-mechanical
states with different energies, leading to a superposition state.
Quantum beats can be manifested by oscillations in the co-
herent optical response of the system due to interference
of the excited polarizations, where the oscillation frequency
corresponds to the energy difference between the levels [1].
A typical example is the oscillations observed in resonant
fluorescence or other coherent spectroscopy techniques from
excitons in semiconductors, which can be represented by V-
type energy level arrangements with a common crystal ground
state that is optically coupled to two split excited exciton states
[2—-15]. Quantum beats on excitons in semiconductors and
their nanostructures have been observed for a large variety
of excited states corresponding to the beating between, e.g.,
heavy- and light-hole excitons [2—4], the exiton states of a
fine-structure doublet with different spin configurations [5-8],
as well as neutral and charged excitons [9-12]. Application
of a magnetic field can be used to split (quasidegenerate)
excitonic states by the Zeeman effect and to observe the
corresponding quantum beats in the polarized optical response
[5,13,14]. In this case, the splitting of the optically active ex-
citon states, having opposite angular momentum projections
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41 onto the quantization axis along which also the magnetic
field is applied, leads to quantum beats in the polarization
rather than the intensity of the emitted light. The period of the
oscillations corresponds to the Zeeman splitting between the
spin levels and can be used for evaluation of the g factors of
the excitons. Another advantage of the Zeeman-effect-induced
quantum beats is given by the possibility to tune and control
the beating frequency by the magnetic field.

Along with neutral excitons which comprise an electron-
hole pair, excitonic complexes such as donor-bound excitons
and three-particle charged excitons (trions) can exist in quan-
tum well (QW) and quantum dot structures [16]. Currently,
these excitonic complexes attract attention for application in
spintronics since they can be used as a pathway to optically
control the spin state of resident carriers in semiconductor
nanostructures [17-20]. The energy level structure of these
complexes is different from the V-type energy level arrange-
ment. The ground and lowest optically excited states are each
represented by a Kramers doublet at zero magnetic field. Each
of the two ground states is optically coupled to one of the
excited states, and the two optical transitions have opposite
circular polarizations, as shown by the two arms in Fig. 1(a).
A magnetic field in Faraday geometry splits the degeneracy
of the doublets, but does not introduce a coupling between
the two arms and, therefore, no quantum beats are observed.
Here, it should be noted that most of the experiments on

©2020 American Physical Society


https://orcid.org/0000-0002-9162-1165
https://orcid.org/0000-0003-0020-3679
https://orcid.org/0000-0001-7963-3860
https://orcid.org/0000-0001-7349-2745
https://orcid.org/0000-0001-6300-5974
https://orcid.org/0000-0002-0893-5949
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.101.081409&domain=pdf&date_stamp=2020-02-18
https://doi.org/10.1103/PhysRevB.101.081409

S. V.POLTAVTSEV et al.

PHYSICAL REVIEW B 101, 081409(R) (2020)

@

Oy

e

i

bt

4

(b)

ot

%

"$a

e @) @) Echo
o - A A
1 <> 2 e
t o d
Quantum

(a)

(312> |-312> ) [ |#32> 32> 5 +' 312> |32 | [ |+312> |-3/2>
o+ - N Ty A T of
LN Q004

pase

— > AR .

[+1/2> 172> [+1/2> 172> [+1/2> 172> [+1/2> 172>

®,T=2n7 ®,T=2n7
@ @ £
Q
<}

(b) , , ‘

[+3/2> |-3/2> [+312> |32 [+3/2> |-3/2> [+312> |32

ot T — Sk Ik Y
IO O0—
= N @i
— =2 _ | 0| & _Y el
> b ST e b e T

®.T=2n+1)n

®.T=2n+1)n

FIG. 1. Photon echo from D°X: (a) Energy scheme of D°X.
Small blue and orange arrows indicate the hole and electron spin
orientations along the z axis, respectively. (b) Timing of PE experi-
ment. (¢c) Geometry of the experiment: Excitation with o™ (k;) and
linearly polarized (k,) pulses results in ™ or o~ PE (2k, — k)
depending on delay t and magnetic field B. Circles with arrows in
(a) and (c) indicate the mixing of states by the magnetic field.

the coherent optical response of excitonic complexes (e.g.,
resonant fluorescence and four-wave mixing) were performed
using the Faraday geometry. Using the Voigt geometry, the
magnetic field leads to doubly coupled A energy schemes
[20-22]. Four-wave mixing (FWM) experiments on trions
in Voigt geometry were performed only recently [21,23-25].
There quantum beats at the Larmor precession frequency were
observed for the intensity of the photon echo. However, no
polarization quantum beats were recorded in this system yet.

In what follows we will demonstrate that quantum beats
can be induced in the polarization of the photon echo (PE)
generated by donor-bound excitons (D°X) by applying a
sequence of circularly and linearly polarized pulses in the
presence of a transverse magnetic field. These quantum beats
carry information about the Larmor precession of both the
resident electron and the heavy hole in DYX . Therefore, the
quantum beats in the PE polarization represent a tool for
measuring both the in-plane electron and hole g factors.

In more detail, we consider the PE generated by an en-
semble of D°X in a QW subject to a transverse magnetic
field. Excitation by two short laser pulses separated by a time
interval t results in PE emission occurring at time t after the
second pulse, as shown in Fig. 1(b).

The D°X can be represented by a four-level system as
displayed in Fig. 1(a). The two ground states have elec-
trons with total angular momentum projections |41/2) on
the z axis parallel to the structure growth direction. The
two excited levels correspond to the DX states with total
angular momentum projections |+3/2), associated with the

FIG. 2. Temporal evolution of D°X energy diagram. The hole
spin precession is neglected (g; = 0). The first pulse is o+ polarized.
(a) The second, linearly polarized pulse shown as a combination
of two circularly counterpolarized pulses arrives after an integer
number n of electron spin precession periods, w,t = 2nm. The
PE is emitted in the o™ polarization. (b) The second pulse ar-
rives after an odd number of electron spin precession half-periods,
w,T = (2n + 1)mr. The PE polarization helicity is inverted to o ~.

heavy-hole spin. The left and right arms of this system can be
independently addressed by circularly polarized light (o and
o 7) as dictated by the optical selection rules.

The external magnetic field is applied in the Voigt ge-
ometry (B || x), as illustrated in Fig. 1(c). Since the basis
states have spin projections perpendicular to the magnetic
field axis, the ground states |[+1/2) are degenerate and mixed.
The electron spins precess about the B direction at the Larmor
frequency w, = |g.|upB/h, where g, is the in-plane electron g
factor, up is the Bohr magneton, and 7 is the Planck constant.
Similarly, the two degenerate DX states with |4+3/2) are
mixed and the hole spins precess at the Larmor frequency
wn = |gn|lusB/h, where gy, is the in-plane heavy-hole g factor.

The emergence of oscillations in the PE amplitude can
be understood with the help of Fig. 2. For simplicity, we
neglect here the hole spin precession (g, = 0), any dispersion
of the in-plane electron g factor (Ag, = 0), and also relaxation
processes. We assume that the pulse duration 7, is short
compared to the Larmor precession period and the delay of
the second pulse: 7, < 27 /w, and 7, K 7.

By the excitation with the first o *-polarized pulse, the en-
semble of coherent superposition states on the left-hand side
of the energy scheme corresponding to the (|+1/2), [+3/2))
states is created. If the electron spins perform an integer
number of full revolutions about the magnetic field until the
second pulse arrival, then the coherent ensemble has returned
to the left-hand side of the scheme, as if no magnetic field was
applied [see Fig. 2(a)]. The linearly polarized second pulse
inverts the populations of the ground and excited states and
starts the ensemble rephasing. This results in a o +-polarized
PE emitted after the same number of electron spin revolutions
as before the second pulse. When the second pulse arrives
after an odd number of Larmor precession half-periods, it
transfers the coherent ensemble from the (|—1/2), |[+3/2))
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to the (|+1/2), |—3/2)) superposition, as shown in Fig. 2(b).
As a result, a o ~-polarized PE is emitted. Variation of either
the magnetic field strength B at T = const or of the delay
at B = const causes a periodic alternation of the PE circular
polarization between o+ and o .

In order to describe this effect analytically and study its
consequences, we employ the spin-optical Hamiltonian, tak-
ing into account the electron and hole spin precession, in the
form

0 we  fre 0
~ hl| o 0 0 frel
H=— A (H
2| fre 0 wp wp
0 foe™it wp, wo

Here, f1 = —2”:’ f d(r)E,=(r, t)d’r are the envelopes of
the circularly polarized components of the light pulse with
E,+ being the electric field amplitudes with the corresponding
circular polarizations, w is the central frequency of the light
pulses, which is close to the DX optical transition frequency,
wo, and d(r) = (+1/2|d(r) [+3/2) = (=1/2[d_(r)|=3/2)
are the components of the electric dipole moment operator.
The Hamiltonian is composed in correspondence with the
level numbering given in Fig. 1(a).

The coherent evolution of the DX ensemble under the
action of the optical and external magnetic fields can be
described using the optical Bloch equations. We use the
rectangular approximation for the optical pulses and neglect
the magnetic field during the pulse action. The in-plane g
factors of the election and hole are considered to be isotropic.

We write down the PE amplitude detected in o+ or o~
circular polarization for two linear polarizations of the second
pulse: H is the horizontal polarization parallel to the magnetic
field (|| B) and V is the vertical polarization orthogonal to it
(L B) [26]:

Prii—o+ & [1+ cos(w, + wy)tle >/,
Py o- < [1 — cos(w, + wh)‘t]e_ZZ/TZ,
@)

Poiy_or X [1 4+ cos(w, — wp)T]e 2/,

Priyog- & [—1 + cos(w, — wp)t]e >/,
where 75 is the pure optical dephasing time.

Figure 3 displays the analytically calculated absolute val-
ues of the PE amplitudes neglecting optical relaxation (7, =
o0). For the H-polarized second pulse, the PE oscillates be-
tween maximum amplitude and zero at the sum precession fre-
quency, @, + wy,. On the other hand, applying the V-polarized
second pulse results in PE oscillations at the difference pre-
cession frequency, w, — wy,. The PE amplitudes detected in
the o polarizations oscillate with opposite phases. Thus,
measuring the PE oscillations for the H- and V-polarized sec-
ond pulse, e.g., in the Py+y_,+ and P,+y_ ,+ configurations,
allows obtaining both the in-plane electron and hole g factors.
The sign of g; can be also obtained, if the sign of g, is known.
Equal signs of the two g factors result in a higher oscillation
frequency in the P,+y_, ,+ configuration than in the Py+y_ o+
configuration, and vice versa. We note that the theory works
also for isolated trions (negative or positive), when many-body

(@
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FIG. 3. Dependence of the absolute value of the PE amplitude on
the 7B product calculated using Egs. (2). The second pulse is (a) H
polarized; (b) V polarized. Here g, = 5g;, and T, = oo is assumed.

effects are sufficiently weak, since they are described by an
energy scheme similar to Fig. 1(a).

Taking into account the finite dispersions of the electron
and hole in-plane g factors, Ag, and Agy, leading to spin
dephasing, results in an exponential damping of the oscillation
amplitude ocexp[—t?u2B*(Ag2 + Ag2)/2h*] for a normal
distribution of the g factors. Thus, applying a sufficiently large
delay t or magnetic field B results in a nonoscillating PE
signal that decays exponentially with the 7, time constant
when the delay 7 is scanned.

We emphasize that we study the primary two-pulse photon
echo, which is determined by the time evolution of the optical
coherence rather than the dynamics of the spatially modulated
spin grating [27,28]. Moreover, the spin-dependent photon
echoes in three-pulse configuration were shown to behave dif-
ferently as compared to the spatially modulated spin gratings
[25].

To verify experimentally described concepts, we used a
20-nm-thick CdTe/Cdg76Mg,,4Te single QW (032112B).
The structure was grown by molecular-beam epitaxy on a
[100]-oriented GaAs substrate. The QW layer sandwiched
between 100-nm-thick Cdg76Mg,4Te barriers contains a
background density of donors of n; < 10'° cm~2. The photo-
luminescence (PL) spectrum of this QW is shown in Fig. 4(a)
and exhibits three features associated with the neutral exciton
(X) at 1.601 eV, the trion (X ) at 1.5980 eV, and the D°X at
1.5973 eV.

The sample cooled down to about 2 K was excited by
a sequence of two 2.3-ps pulses with the central energy
of 1.5973 eV, whose spectrum is shown in Fig. 4(a). The
pulses with the wave vectors k; and k; close to the sample
normal were separated by the time delay r =200 ps and
focused into a spot of about 250 um in diameter. The pulse
intensities were adjusted such that they correspond to about
a /2 pulse area (6 pJ) based on previous studies [29]. The
PE was detected in reflection geometry along the 2k;-k;
direction, as illustrated in Fig. 1(c). A reference pulse delayed
by 2t =400 ps with respect to the first pulse was used for
an interferometric measurement of the PE amplitude. The
reference pulse polarization was setto o+ or o~ to analyze the
PE in the according polarization. The detected signal intensity
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FIG. 4. Summary of experimental results obtained on a 20-nm-
thick CdTe/Cdy 76Mg ,, Te single QW: (a) PL spectrum measured at
2 K temperature (black line). Filled area indicates the laser pulse
spectrum centered at 1.5973 eV. (b) FWM transient measured on
D°X at T = 200 ps (circles) with Gaussian fit (solid line). (c) Mag-
netic field dependences of the PE amplitude measured on DX in
the 6*H — o* and 67V — o* configurations. Pulse delay 7 =
200 ps. Data are normalized to the amplitude of 2. Dotted lines are
model fits.

is I o< |[Re(EpgER,)|, where Epg and Eger are the PE and
reference pulse amplitudes, respectively. The magnetic field
was applied in the QW plane. More details of the experimental
technique can be found in Ref. [30].

For measuring spin-dependent PE we have chosen the D°X
transition since it shows better coherence properties than the
X~ transition. These include longer optical coherence times
up to 7, = 100 ps (~80 ps for X ~) and more robust optical
Rabi oscillations in the PE amplitude [29]. As a result, we
are able to apply higher pulse powers and to set substan-
tially longer delay times 7 (up to 200 ps), avoiding strong
excitation-induced dephasing.

Figure 4(b) illustrates the FWM transient measured by
scanning the reference pulse delay. It exhibits the cross-
correlation of the PE and reference pulses resulting in a
pulse with full width at half maximum of 6.2 ps. The inho-
mogeneous linewidth of the D°X optical transition of about
0.5 meV was estimated earlier for this structure [29].

Measurements of the oscillating spin-dependent PE from
the D°X ensemble are summarized in Fig. 4(c). The oscil-
lations are induced by varying the magnetic field strength,
resulting in a sweep of the electron and hole Larmor frequen-
cies that scale linearly with B. These oscillations correspond
well to the theoretical model: They are opposite in phase for

o *-polarized detection and exhibit different frequencies with
a ratio of about 5:4 for the H- and V-polarized second pulse
(periods of 0.208 and 0.250 T~'), respectively.

These data were analyzed taking into account the heavy-
hole g-factor dispersion Ag;. We assume Ag, < 1% and
thus neglect it [31]. As a result, we find the in-plane elec-
tron and hole g factors to be g, = —1.583 +0.005 and
gn = —0.143 £ 0.005, respectively. The negative sign of the
electron g factor is taken here following the sign-sensitive
studies on bulk CdTe [32,33]. The obtained heavy-hole g
factor dispersion is Ag; ~ 0.07.

We note that scanning of the magnetic field strength instead
of the pulse delay t allows neglecting the relaxation processes
such as pure optical dephasing. Moreover, the diamagnetic
shift of the DX transition within 0.3 meV, which we observe
at B = 3 T, is also negligible.

The in-plane heavy-hole g factor might be notably
anisotropic and thus sensitive to the in-plane orientation of
the applied magnetic field with respect to the crystallographic
axes. The reason for that is the presence of various interactions
due to heavy- and light-hole splitting contributing to g, such
as strain-induced interaction or non-Zeeman interaction due to
the cubic symmetry [34-36]. As a result, the heavy hole ex-
periences an effective magnetic field, which may deviate from
that externally applied. Thereby, the observed oscillations can
be sensitive to the angle of the sample orientation around the
z axis. Here we employ a fixed angle of about 90° between the
magnetic field axis and the [010] crystal direction and do not
study the in-plane g;, anisotropy, which is the subject of future
studies.

To conclude, we have demonstrated that by applying a
sequence of circularly and linearly polarized laser pulses to
an ensemble of donor-bound excitons in a QW and varying
the strength of the applied transverse magnetic field one can
induce quantum beats in the photon echo polarization. As
a consequence, the circular polarization of the photon echo
can be switched between o and o~ in a controllable way
by means of varying either the magnetic field strength or
the pulse delay. From the observed oscillations in the photon
echo amplitude one can precisely extract both the in-plane
electron and hole g factors. This method can be applied in
particular to systems with the hole spin weakly interacting
with the magnetic field, where other optical methods such as
PL spectroscopy, pump-probe Faraday rotation, or spin-flip
Raman scattering are not suitable in this case.
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