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Dark-exciton giant Rabi oscillations with no external magnetic field
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Multiphonon physics is an emerging field that serves as a test bed for fundamental quantum physics and several
applications in metrology and on-chip communication, among others. Quantum acoustic cavities or resonators
are devices that are being used to study multiphonon phenomena both theoretically and experimentally. In
particular, we study a system consisting of a semiconductor quantum dot pumped by a driving laser and coupled
to an acoustic cavity. This kind of system has proven to yield interesting multiphonon phenomena, but the
description of the quantum dot has been limited to a two-level system. This limitation restrains the complexity
that a true semiconductor quantum dot can offer. Instead, in this work we consider a model where the quantum dot
can have both bright and dark excitons, the latter being particularly useful due to their lower decoherence rates,
because they do not present spontaneous photon emission. In this setup, we demonstrate that by fine-tuning the
driving laser frequency, one is able to realize giant Rabi oscillations between the vacuum state and a dark-exciton
state with N-phonon bundles. From this, we highlight two outstanding features: first, we are able to create
dark-state excitations in the quantum dot without the usual external magnetic field needed to do so; and second,
in a dissipative scenario where the acoustic cavity and the quantum dot suffer from losses, the system acts as a
phonon gun able to emit N-phonon bundles.
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I. INTRODUCTION

Quantum vibrational modes of solids, described by
phonons, have a great potential to be used in technological
applications in metrology or quantum information processing
[1–6]. Moreover, as the control of individual phonons con-
tinues to improve, the study of phonons and their interaction
with other excitations in many-body quantum systems is also
relevant for testing fundamental physics [7–10]. Analogous to
photons in quantum electrodynamics, phonons can be used
to store, process, and transduce quantum information. The
inclusion of phonons to the quantum toolbox gives a threefold
advantage: first, losses by radiation into the electromagnetic
field vacuum are no longer present, as phonons can only
propagate through some material medium (usually in solid-
state devices); second, phonon energy scales are, in general,
different from the optical energy scale, making phonons es-
pecially suited for on-chip communication [2,4,11,12] in a
variety of characteristic energies, from MHz to THz [13–38];
third, many experimental techniques developed by solid-state
physicists [7,18,39,40] become available for quantum infor-
mation processing tasks with phonons [2,12].

Even though the majority of theoretical and experimental
efforts have been devoted to single-phonon generation and
control, many-phonon states are also required for highly non-
classical sources, useful for quantum sensing and metrology
[3] and quantum technologies such as quantum memories and
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transducers [4–6]. To this end, the recent work by Bin et al.
[11] proposes a physical system in quantum acoustodynamics
composed of a semiconductor quantum dot (QD), modeled
as a two-level system, coupled to the phonon mode of an
acoustic cavity. The QD is coherently pumped by an exter-
nal laser with a frequency that can be tuned to excite giant
Rabi oscillations between a state that is mostly the vacuum
state (no QD excitations and zero phonons in the acoustic
cavity) and a state that is composed of an exciton QD state,
accompanied by N phonons in the acoustic cavity. The authors
then show that dissipative channels allow the emission of
N-phonon bundles, and they analyze the quantum statistics of
this emission, finding out that, depending on dissipative and
Hamiltonian parameters, they can realize a phonon laser or a
phonon gun.

In this work we study a QD coherently pumped by an
external laser and immersed in an acoustic single-mode cavity
[10], but we take into account the richer exciton basis provided
by the different spin alignments of the electron and the hole
that compose the exciton. Thus, the QD is described by a
ground state, two bright-exciton states, and two dark-exciton
states. The inclusion of this richer exciton basis allows the
description of more complex interactions in the system, which
enables the control of interesting phenomena. Therefore, the
main contributions of our work, coming from the more com-
plete exciton basis, are the following: dark excitons can be
excited, taking advantage of the Bir-Pikus interaction [41],
by fine-tuning the laser frequency without the usual need
for an external magnetic field [42,43], which is both experi-
mentally challenging and expensive [42,44]; and giant-Rabi
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oscillations between a vacuum state and a dark-exciton N-
phonon state can be realized to emit N-phonon bundles.

We highlight that the laser-frequency fine-tuning can be
performed to target any desired giant Rabi oscillation for a
wide range of parameters such as decay rates, characteristic
energies and coupling constants. Therefore, the method that
we present can be seen as a recipe to produce giant Rabi os-
cillations. The damping of those oscillations, though, will be
determined by the dissipative nature of the physical realization
of the embedded QD in an acoustic cavity.

The paper is organized as follows. In Sec. II we introduce
the Hamiltonian that models the physical system under con-
sideration. The analysis and discussion of N-phonon bundle
emission is presented in Sec. III. We draw conclusions in
Sec. IV. Throughout the paper, we use parameters similar in
magnitude to those presented in Ref. [11], as this allows us to
build a bridge between our results and theirs, allowing a direct
comparison of the phenomenology that we find. Nonetheless,
some of these parameters are orders of magnitude away from
the state-of-the-art experiments involving the coupling of QDs
to acoustic cavities. This does not invalidate the rich physics
that is described. In fact, as we pointed out, the recipe to
produce giant Rabi oscillations is found to hold for more ex-
perimentally feasible parameters, as we exemplify and discuss
in the Appendix.

II. MODEL

In this work we consider a pumped quantum dot embedded
in an acoustic cavity described by the following Hamiltonian
[11]:

H = HQD + Hlaser + Hcav + Hel-ph. (1)

The bare quantum dot is described by a valence state, |v〉; two
bright-exciton states, |1〉 and |2〉, with antiparallel electron-
hole spins; and two dark-exciton states, |3〉 and |4〉, with
parallel electron-hole spins. The corresponding Hamiltonian,
taking into account the exchange interaction [45,46], and
making use of the ladder operators σi j = |i〉〈 j|, reads [42]

HQD = ωX (σ11 + σ22) + ωd (σ33 + σ44)

+ δ1

2
(σ12 + σ21) + δ2

2
(σ34 + σ43), (2)

where ωX is the bare bright-exciton energy, ωd = ωX −
δ0 is the shifted bare dark-exciton energy, and δ1 and
δ2 split the bright- and dark-exciton energies. Further, the
QD is driven by an external laser that pumps the bright-
exciton states through Hlaser = �1(e−iωLtσ1v + eiωLtσv1) +
�2(e−iωLtσ2v + eiωLtσv2). Here, the relative magnitudes of the
laser amplitudes �1 and �2 depend on the laser polarization
[47]. The time dependence of the whole Hamiltonian is re-
moved in the laser-frequency rotating frame via the unitary
transformation U = exp(iωLt[σ11 + σ22 + σ33 + σ44]). The
acoustic cavity Hamiltonian accounts for the single-phonon
mode energy Hcav = ωbb†b, where b is the phonon annihila-
tion operator. Throughout the paper we use the values δ0 =
0.04ωb, δ1 = 0.036ωb, and δ2 = 0.01ωb, which match the

(a) (b)

FIG. 1. Interactions that cause transitions between different QD
states. Panel (a) shows the interactions portrayed in HQD and Hlaser

with two-directional arrows, and panel (b) shows the interactions
portrayed by Hel-ph with gradient-colored lines, which are mediated
by phonon absorption and emission processes in the acoustic cavity.

values reported by Bayer et al. [46] for ωb = 5 meV. Finally,
we also consider the coupling of the hole spin to the strain
tensor of the QD—described by the Bir-Pikus Hamiltonian
[41,48]—as well as the electron-hole exchange interaction
[49], resulting in an electron-phonon Hamiltonian that is able
to generate phonon-mediated transitions between bright and
dark excitons and between the two bright excitons [50]:

Hel-ph =
{

gbd√
2

[(1 + i)(σ13 + σ14) + (1 − i)(σ23 + σ24)]

+ gbb[σ11 + σ22 + i(σ12 − σ21)]
}

(b† + b) + H.c.,

(3)

where gbb(bd) are bright-bright (bright-dark) exciton coupling
rates through phonons. An illustration of the interactions that
affect the QD state is given in Fig. 1.

III. RESULTS

Such an electron-phonon coupling, accompanied by the
optically driven Stokes process through the laser pump-
ing, allows the excitation of giant Rabi oscillations between
the vacuum state |phonons = 0〉 ⊗ |QD = v〉 (for weak laser
pumping) and an eigenstate of the Hamiltonian shown in
Eq. (1) [11]. In particular, we can select an eigenstate mainly
composed of N phonons and dark excitons. As an example,
we show in Fig. 2 two such eigenstates that will be used as
targets for giant Rabi oscillations.

Giant Rabi oscillations are achieved through a cascading
effect [11], where the system transitions from the vacuum
state |0, v〉 to a QD bright-exciton state (depending on the
laser amplitudes) and then to a (mostly) dark-exciton sym-
metric state with N phonons after the system is guided by
the electron-phonon coupling mechanism. Examples of such
giant Rabi oscillations involving the two- and three-phonon
states shown in Fig. 2 can be found in Fig. 3. Both ex-
amples show that it is possible to tune the laser frequency
to target giant Rabi oscillations between the vacuum state
|0, v〉, and any eigenstate |λ〉 of Eq. (1) by considering a laser
frequency ωL = ωλ − ωg, where ωλ = 〈λ|H |λ〉 and ωg is its
ground-state frequency [51]. It is worth noting that the states

035305-2



DARK-EXCITON GIANT RABI OSCILLATIONS WITH NO … PHYSICAL REVIEW B 106, 035305 (2022)

FIG. 2. Eigenstates of Eq. (1) for weak electron-phonon cou-
pling (g = gbb = gbd ≈ 0.02ωb), pumping (�1 ≈ 0.082ωb, �2 = 0),
and the external laser in resonance with the bright-exciton energy
(ωL = ωX , where the frequency of the QD can be chosen to match
any semiconductor QD exciton energy, e.g., 1.36 eV for GaAs QDs).
These values are used throughout the paper, except for the laser
frequency, which will be fine-tuned. The state |∗〉λ1(2) is mostly
composed by the state |2(3), d+〉, where |d±〉 = (|3〉 ± |4〉)/

√
2 is

the dark-exciton symmetric (+) or antisymmetric (−) state.

|n, d−〉, i.e., with antisymmetric dark-exciton matter states,
are eigenstates of Eq. (1), but they are not accessible from
nondark antisymmetric initial states, as can be easily corrob-
orated by computing 〈m, β|H |n, d−〉 = 0, where |β〉 is any
state spanned by bright-exciton states, and m is some number
of phonons. However, in the presence of dissipation they can
be accessed, as is explored later.

The Hamiltonian analysis so far presented is only rel-
evant to understand the underlying physics of giant Rabi
oscillation production, but to study a realistic setup of the
proposed system it is necessary to describe it as an open
quantum system. Such a description shows that giant Rabi
oscillations can emit N-phonon bundles through dissipative
channels. In the case of weak coupling to the environ-
ment, which leads to the usual Born-Markov approximations
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FIG. 3. Giant Rabi oscillations between the zero-phonon valence
state (solid line) and the states shown in Fig. 2 (dashed line). The
dash-dotted line shows the evolution of the |n, d+〉 state for n = 2
(top panel) and n = 3 (bottom panel). The laser detuning is �/ωb =
(ωX − ωL )/ωb ≈ −1.960 for the top panel and ≈ − 2.961 for the
bottom panel. The same coupling and pumping conditions from
Fig. 2 are used.

[52], we consider four dissipative channels under the Gorini-
Kossakowski-Sudarshan-Lindblad equation for the system’s
density operator [53,54]:

dρ

dt
= i[ρ, H] + κDb[ρ] + γb

∑
j=1,2

Dσv j [ρ]

+ γd

∑
j=3,4

Dσv j [ρ] + γφ

4∑
j=1

Dσ j j [ρ], (4)

where DA[ρ] = AρA† − 1
2ρA†A − 1

2 A†Aρ is the dissipator su-
peroperator of the collapse operator A. The four dissipative
channels considered in Eq. (4) are as follows: phonon escape
from the acoustic nanocavity at a rate κ with a collapse op-
erator b due to unwanted coupling with leaky modes [55,56],
spontaneous emission of the bright excitons at a rate γb with
collapse operators σv j for j = 1 and 2, effective spontaneous
emission of the dark excitons (hole or electron spin flip fol-
lowed by bright-exciton spontaneous emission [57]) at a rate
γd with collapse operators σv j for j = 3 and 4, and pure
dephasing of all exciton states at a rate γφ with collapse
operators σ j j [58].

Solving Eq. (4) using quantum trajectories [59,60] exposes
the N-phonon bundle nature of the excitations that are emit-
ted: the N-phonon bundle behaves as a quasiparticle in the
context of the dynamical process of emission [61]. Figure 4
depicts this concept by showing a single quantum trajectory
that suffers a strongly correlated phonon emission process.
The initial state is the vacuum, as shown in Fig. 4(b), right
before a quantum jump that takes the system to a dark state
with two phonons, as shown in Fig. 4(c). This jump is due to
the pure dephasing dissipative channel with a quantum jump
operator σ44. The state in Fig. 4(b) is, to a good approxima-
tion, c+(t )|0, v〉 + c−(t )|2, d+〉, where |c+(t )|2 + |c−(t )|2 =
1. Before the quantum jump, |c+(t )|2 ≈ 1, meaning that the
system is still in the vacuum state. The dephasing jump takes
the system into a state of two phonons and a dark state, as
shown in Fig. 4(c). Now, the phonon dissipative channel—
with jump operator b—makes the system undergo a quantum
jump through the emission of a phonon, leaving the system in
a dark state, but with only one phonon, as shown in Fig. 4(d).
The quantum trajectory simulation shows that yet another
quantum jump occurs between the points (d) and (e) due to
dephasing. This jump, however, does not affect the phonon
population. Although the phonon-escape mechanism depletes
the cavity phonon-by-phonon, it is shortly after the emission
of the first phonon that the second phonon is also emitted due
to the jump operator b, leaving the system in a dark-excitonic
state with zero phonons, as shown in Fig. 4(e). After the point
(e), there are a couple of further dephasing quantum jumps
that leave the phonon population unaffected because the exci-
ton already occupies the dark states. Finally, the QD emits
a photon due to recombination (jump operator σv3, which
models a random spin flip followed by spontaneous emission),
and the system is allowed to transit the same process once
again. The two-phonon bundle emission process arises in all
quantum trajectories and becomes more common when the
electron-phonon coupling g is increased, at the cost of real-
izing giant Rabi oscillations between the vacuum and states
that have a larger bright contribution. Nonetheless, we point
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(e)(b)(a) (c)(d)

(b) (c)

(d) (e)

FIG. 4. Evolution of a quantum trajectory due to Hamiltonian
dynamics and dissipation-induced quantum jumps. Panel (a) shows
the occupation of the vacuum |0, v〉 state and of the N-phonon
states, i.e., the occupation of

∑
i |N, i〉. Panels (b)–(e) show the state

composition of the system at the times pointed out by an arrow
in panel (a). The laser detuning is the same as in the top panel
of Fig. 3. The dissipative parameters are κ ≈ 7.89 × 10−4ωb, γb ≈
1.869 × 10−5ωb, γd = 0.1γb, and γφ = 4 × 10−4ωb. These parame-
ters are used throughout the paper.

out that for the presented parameters, one-phonon emission
processes are more common [62].

Moreover, as in the work by Bin et al. [11], a signature
of strong correlations of the emitted phonons is found in
the equal-time nth-order phonon correlation function g(n)(τ =
0) = 〈b†nbn〉/〈b†b〉n [63]. They noticed that near the reso-
nances � ≈ −nωb (for n � 2), this correlation function did
not show the superbunching peaks that would intuitively be
expected for multiphonon emission. Instead, there are dips in
the middle of such peaks, as we show in Fig. 5. In their case,
only one dip coinciding with the resonance with the |n, c〉 state
was shown because their model was restricted only to one
conduction |c〉 exciton state, whereas in our case, we present
three different dips corresponding to the resonances with the
bright symmetric and antisymmetric states, as well as the dark
symmetric state.

However, such correlation function is not adequate to in-
vestigate multiphonon properties associated with the emitted
N-phonon bundles. This is due to the fact that the g(2)(τ = 0)
correlation function—normally measured in photonic setups

FIG. 5. Equal-time one- and two-phonon bundle correlation
functions. At � ≈ −2ωb there are dips in the superbunching peak
of the usual correlation function at resonances corresponding to two-
phonon states with bright (anti)symmetric |b(−)+〉 and with the dark
symmetric state |d+〉. The red- and green-shaded regions align with
sub- and super-Poissonian statistics regions.

such as the Hanbury Brown and Twiss interferometer [64]—
is related to the co-occurrence of single-phonon detection
events, as originally derived by Glauber [65]. On the other
hand, the equal-time mth-order N-phonon bundle correlation
function, defined as g(m)

N (τ = 0) = 〈b†NmbNm〉/〈b†N bN 〉m, cor-
rectly describes these multiphonon properties because it treats
the N-phonon bundle as a quasiparticle [61], with associated
creation and annihilation operators b†N and bN , respectively.
In Fig. 5 we show that this generalized correlation function
reaches the sub-Poissonian antibunching regime for some val-
ues of the laser detuning [66]. The resonance associated with
the dark symmetric with the two-phonon state presents the
lowest value of g(2)

2 , well within the antibunching regime. This
shows that the Bir-Pikus mechanism allows the generation
of robust antibunching behavior when the laser frequency is
tuned to target giant Rabi oscillations with the dark symmetric
state, even more so than with the usually accessed bright
states.

Finally, we examine the phonon emission spectrum [see
Fig. 6(c)] to show that the two-phonon emission processes
can be frequency resolved. The phonon emission spectrum
I (ω) can be obtained through the Wiener-Khintchine theo-
rem in analogy to the photoluminiscence spectrum: I (ω) ∝
κ
π

∫ ∞
0 〈b(t )b†(t + τ )〉eiωτ dτ [55,67,68]. We can interpret ev-

ery single peak through the spectral theory of the Liouvillian
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(c)

(a) (b)

FIG. 6. Phonon emission spectrum I (ω). Panels (a) and (b) show
the elements |〈ψ |�|φ〉|2 of the Liouvillian eigenmatrices � that match
the peaks pointed in the phonon emission spectrum in panel (c). The
eigenmatrices show that the peak (a) corresponds to a one-phonon
emission process, whereas the peak (b) corresponds to two-phonon
emission processes. Eigenstates |λ10〉 and |λ11〉 of Eq. (1) are super-
positions of |0, v〉 and |2, d+〉, and eigenstates |λ15〉 and |λ16〉 are
superpositions of |0, v〉 and |3, d+〉. The laser detuning is the same
as in the top panel of Fig. 3.

superoperator L that satisfies Eq. (4), written as dρ

dt =
L[ρ] [69–71]. A formal solution of this equation for a
time-independent Liouvillian is ρ(t ) = ∑

k e�kt Tr[�kρ(0)]�k ,
where �k are the complex eigenvalues of L with correspond-
ing eigenmatrices �k . The eigenvalues are associated with
the emission peaks [72–74] as they show both the peak lo-
cation Im�k and the full-width at half-maximum −Re�k .
On the other hand, the eigenmatrices account for information
about which states are involved in each transition [75]. These
transitions can be systematically studied when they involve
changes in the number of excitations through dissipative pro-
cesses only [76–78]. In our case, such a theory cannot be
used because of the presence of coherent pumping to the QD.
Nonetheless, the examination of the eigenmatrices matrix el-
ements still shows which states are involved in the transitions,
as displayed in Figs. 6(a) and 6(b).

Figure 6(a) shows that the most-prominent peak of the
spectrum matches transitions between dark states with one
phonon and dark states with zero phonons. It is worth noting
that the magnitudes of the matrix elements shown in Figs. 6(a)
and 6(b) do not indicate the contribution of those transitions

to the emission peak. Instead, the excitation of the transi-
tions depends upon the energy injected into the system and
the strength of the interactions that enable certain population
transfers. Further, Fig. 6(b) shows the allowed transitions for
another peak, at a frequency of ω = 2ωb, which matches
transitions between dark states with two phonons decaying to
dark states with no phonons, and also dark states with three
phonons decaying to dark states with one phonon. We high-
light that the emission peak coinciding with the two-phonon
emission is much smaller than the one-phonon emission peak.
However, the corresponding transitions can be differentiated
due to the large energy difference in the spectrum. For in-
stance, an analogous procedure such as the one presented by
Sánchez Muñoz et al. [79] can be proposed for phonons. The
associated side-bands on each major peak are due to transi-
tions between dark and bright states accompanied by zero-,
one-, and two-phonon emission.

IV. CONCLUSIONS

Dark excitons in QDs are more robust to decoherence than
bright excitons, because they cannot couple to leaky optical
modes. It is usually assumed that dark excitons are produced
(and controlled) via external magnetic fields. However, in
this work, we show that dark excitons in a QD coherently
pumped by a laser and coupled with an acoustic cavity not
only can be produced but also can be targeted to realize giant
Rabi oscillations between dark states with N phonons and
the vacuum. These giant Rabi oscillations show a restricted
cascading process that couples states with different phonon
numbers, ultimately resulting in an effective coupling between
the vacuum and a dark-symmetric-exciton state with N
phonons.

In the driven-dissipative scenario, other intermediate states
are activated in the cascading process, culminating in N-
phonon bundle emission, as shown by analysis of quantum
trajectories. Furthermore, we show that N-phonon bundle cor-
relation functions display quantum statistics corresponding to
antibunching for the studied parameters, which is a desired
property to realize N-phonon guns. Moreover, through the
analysis of the emission spectrum, we characterize the acous-
tic transitions of the system, finding out that N-phonon bundle
emission can be frequency resolved, which is an important
feature to experimentally distinguish the phonon quasiparti-
cles that escape the acoustic cavity.

Usually, high magnetic fields are needed to control the
excitation of dark excitons, and producing these fields requires
costly and large apparatuses that endanger the scalability pos-
sibilities of these systems. The system theoretically studied
in this work provides an important alternative for quantum
control in acoustic nanocavities without external magnetic
fields to emit multiphonon states through dark-exciton manip-
ulation.

APPENDIX: EXPERIMENTAL FEASIBILITY

So far, we have chosen Hamiltonian and dissipative param-
eters similar in magnitude to the ones used by Bin et al. [11]
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because they allow us to make direct comparisons between
the phenomenology found in their study and ours. However,
these are parameters that are not backed up with the current
development of technology and are distant from an actual
experimental realization of the proposed N-phonon bundle
emission through the excitation of dark-exciton states. As an
example, it is true that THz acoustic cavities have been built,
but they have not been coupled to QDs. Instead, experiments
such as the one by Wigger et al. [36] or Nysten et al. [80] show
that the state-of-the-art has only coupled GHz acoustic cavi-
ties to semiconductor QDs. In this section, we show that the
phenomenology that we observe still holds for more realistic
parameters close to present experiments.

As mentioned, Wigger et al. [36] show that a ωb = 2.9
μeV surface acoustic wave (SAW) was coupled to 1.36-eV
In(Ga)As QDs (this is the bare bright exciton energy ωX )
embedded in Bragg mirrors and illuminated by an external
laser whose energy can be finely tuned piezoelectrically. This
is exactly the experimental setup needed for the proposal we
make in this work, which is why we assume this value for the
frequency of the acoustic cavity.

The internal structure of the QD remains unchanged, mean-
ing that the δ parameters of the QD [cf. Eq. (2)] are δ0 =
69.0ωb, δ1 = 62.1ωb, and δ2 = 17.2ωb, which, again, match
the values reported by Bayer et al. [46]. Note that the ratios
have changed with respect to those reported in the main text
because we assumed a new value of ωb, but energetically the
values remain the same.

The quality factor of the SAW determines the phonon es-
cape rate from the phonon cavity defined by the SAW. This
rate is associated with an energy κ = 10.9 neV [39], which
can be achieved by further confining the phonon mode using
lateral phononic crystals.

Regarding the external laser, its power can be used to
tune the effective laser amplitude �1. It is well known that
such an amplitude is related to the square of the laser power
[81,82]. Thus, we set �1 ≈ 4.69ωb ∈ [0.1 μeV, 200 μeV],
where the energy range is a reasonable experimental range
according to Kamada et al. [81]. All parameters given in
an interval are tuned to minimize the generalized second-
order two-phonon bundle correlation function, as explained in
Ref. [62].

The dissipative processes involving the QD are exciton
decay and dephasing. As mentioned in Sec. III, the decay rate
of dark excitons is lower than that of bright excitons because it
involves a random spin flip before spontaneous emission can
occur. Moreover, it has been demonstrated that the exciton de-
cay rates (both bright and dark) can be inhibited or enhanced
through optical and electrical control: i.e., embedding the QDs
in different optical cavities, and by controlling electric fields
with external gates [83–86]. Thus, for the bright-exciton decay
rate, we consider it to be γb ≈ 0.01ωb ∈ [0.01ωb, 1.5ωb]. This
is 2 orders of magnitude below the assumed value in the
experiment by Wigger et al. [36]. Nonetheless, we argue that
a better optical cavity that minimizes the coupling of the QD
bright excitons to optical leaky modes [55] (thus, generating
an optical band gap) can allow experimental physicists to
achieve significantly lower exciton decay rates, such as in
the work by Lodahl et al. [86]. As shown in the experiment
by Dalgarno et al. [83], the dark-exciton decay can be tuned
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FIG. 7. Giant Rabi oscillations between the state |0, v〉 and
|λ1〉 ≈ |2, d+〉. As in Fig. 3, we plot the occupation of the states |0, v〉
(solid line), |λ1〉 (dashed line), and |2, d+〉 (dot-dashed line). In this
regime of strong driving and weak coupling, the laser detuning is
�/ωb = (ωX − ωL )/ωb ≈ 57.82.

to be 1 or 2 orders of magnitude lower than that of the
bright exciton, which is why we stick to the assumed value
in Sec. III, i.e., γd = 0.1γb. Finally, the pure dephasing rate
is assumed to be γφ ≈ 0.123ωb ∈ [0.1ωb, 2ωb]. Pure dephas-
ing is associated with the coupling of the QDs’ exciton to
the QDs’ own lattice phonons [87–89]. The low-temperature
broadening has been measured to be on the order of 0.1–1
μeV [90,91]. Perhaps, pure dephasing is the parameter that
is most difficult to control; however, we point out that recent
experiments have shown interesting control mechanisms for
pure dephasing in QDs [92].

Lastly, the coupling between the confined phonon mode
and the QD excitons was assumed to be g = gbb = gbd ≈
0.02ωb ∈ [0.01ωb, ωb], which is in the order of tens of na-
noelectronvolts. A similar, but smaller, magnitude has been
determined in experiments where phonon modes are coher-
ently coupled to QDs [38]. This experiment also displays a
similar frequency-to-coupling constant ratio (only 1 order of
magnitude higher than ours). However, we stress that QD
coupling to SAW modes can reach larger values, depending
on where the QDs are placed: placing them at the nodes
of the phonon cavity will yield no coupling, whereas plac-
ing them at the antinodes will yield the maximum coupling
[80,93].

Given the values of the parameters that specify the physical
system, we show in Fig. 7 that it is also possible to produce
giant Rabi oscillations between a state mostly composed of the
vacuum state |0, v〉 and the two-phonon dark symmetric state
|λ1〉 ≈ |2, d+〉. The reason why the |0, v〉 population shows
an additional oscillation is because, for the specified set of
parameters, |0, v〉 is not an eigenstate of the Hamiltonian.
Instead, the giant Rabi oscillations occur, at a specified laser
detuning, between the degenerate eigenstates |λ0〉—which
has a dominant component |0, v〉—and |λ1〉. Furthermore,
the generalized second-order two-phonon bundle correlation
function has a value of 0.39, which is well within the anti-
bunching quantum regime.
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