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To coherently control a few-level quantum emitter, typically pulses with an energy resonant to the transition
energy are applied, making use of the Rabi mechanism, while a single off-resonant pulse does not result in a
population inversion. Surprisingly, a two-color excitation with a combination of two off-resonant pulses is able
to invert the system. In this paper, we provide an in-depth analysis of two-color excitation schemes within the
dressed-state picture. We show that such schemes can be understood as a driving of the transition between the
dressed states. In the two-level system this allows us to derive analytic expressions for the pulse parameters
yielding a population inversion. We relate our findings to the Swing-UP of quantum EmitteR population
(SUPER) mechanism, where the two pulses are red detuned. Our interpretation also holds in the case where
one pulse is red detuned while the other pulse is blue detuned, as in dichromatic excitation schemes. We extend
our considerations of the SUPER mechanism to the three-level system, where a strong mixing between the
bare states takes place. The insights gained from these results help in finding accessible regimes for further
experimental realizations of two-color excitation schemes.

DOI: 10.1103/PhysRevB.107.035425

I. INTRODUCTION

Extensive efforts are put into finding excitation protocols
for quantum emitters, which can be used for the deterministic
and efficient generation of single photons [1–23] or entangled
photon pairs [24–48], both being essential building blocks
in quantum information technology. While well-established
schemes like resonant excitation, leading to Rabi rotations
[49–51], or adiabatic rapid passage (ARP) [52–56] exist to
excite a quantum emitter, to distinguish the emitted single
photons from the excitation laser pulses one has to em-
ploy cross-polarization filtering, limiting the photon yield to
50% [57,58]. For quantum dots, several schemes have been
introduced that circumvent this problem by allowing excita-
tion using a detuned laser, like phonon-assisted preparation
[59–62], spectrally shaped ARP [63], or excitation via the
biexciton state [64]. The photon loss due to cross-polarization
filtering can also be reduced by embedding the emitter in a
suited photonic structure [65–68].

A radically different approach is the Swing-UP of quantum
EmitteR population (SUPER) scheme [69–73] that exploits
the coherence of the quantum system by using off-resonant
and red-detuned pulse pairs. While SUPER uses two red-
detuned pulses, excitation schemes based on one red- and one
blue-detuned pulse, called dichromatic excitation schemes,
have also been employed to invert the population [74–76].
The SUPER and dichromatic schemes therefore circumvent
the necessity for polarization filtering, without relying on in-
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coherent, or emitter-specific processes like phonon effects in a
quantum dot, because the exciting laser frequency is energet-
ically separated from the signal by several millielectronvolts.

In this paper we analyze the mechanism of a multipulse
scheme in a dressed-state picture. The dressed states are the
eigenstates of a coupled system-light Hamiltonian. Because
the dressed-state description includes the system and its driv-
ing in a single picture, an in-depth understanding on how
a specific scheme functions can be obtained [62,77,78]. We
show how the dressed-state picture is applied to a multipulse
scheme, where the pulses have different detunings with re-
spect to the transition energy of the quantum emitter. We start
with the SUPER scheme and then extend our considerations
to dichromatic cases. The analysis allows us to find analytic
expressions for the pulse parameters for optimal excitation
in two-color excitations. For SUPER, we analyze a two-level
system as well as the three-level exciton-biexciton system,
which is commonly found in semiconductor quantum dots.

A. Dressed states

We start with a brief summary of the concept of dressed
states for a general two-level system with the transition energy
h̄ω0 between the ground state |g〉 and an excited state |x〉,
which is driven by an external source �(t ) = �0(t )e−iωLt hav-
ing a constant frequency ωL and a time-dependent envelope
�0(t ). This yields the standard Hamiltonian in the dipole- and
rotating-wave approximations (RWA),

HTLS = h̄ω0|x〉〈x| − h̄

2
(�(t )|x〉〈g| + H.c.). (1)
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FIG. 1. Two-level system with ground state |g〉 and excited state
|x〉, showing laser energy and detuning. In the dressed-state basis, the
laser leads to an energy splitting with the Rabi energy.

Defining the detuning � = ωL − ω0, the Hamiltonian can be
rewritten in a rotating frame as

HTLS,RF = −h̄�|x〉〈x| − h̄

2
(�0(t )|x〉〈g| + H.c.). (2)

The term dressed states refers to the bare states |g〉, |x〉 that
are dressed with the light field. They are calculated by di-
agonalizing the bare-state Hamiltonian and the electron-light
interaction Hamiltonian. For constant fields, this is commonly
done [79], while for time-dependent fields the transformation
is performed for each point in time.

Diagonalizing the Hamiltonian in Eq. (2) results in

H̃TLS = E+|ψ+〉〈ψ+| + E−|ψ−〉〈ψ−|, (3)

with the dressed states |ψ±〉 and the dressed-state energies E±,

E± = h̄

2

(
−� ±

√
�2

0(t ) + �2

)
, (4)

with their difference being the Rabi splitting,

E+ − E− = h̄�R(t ) = h̄
√

�2
0(t ) + �2. (5)

The splitting of the dressed-state energies in relation to the
bare-state energies is schematically shown in Fig. 1.

The dressed states can be written as superpositions of the
bare states:

|ψ+〉 = c(t )|x〉 − c̃(t )|g〉,
|ψ−〉 = c̃(t )|x〉 + c(t )|g〉, (6)

with the coefficients

c(t ) = �R(t ) − �√
�2

0(t ) + (�R(t ) − �)2
,

c̃(t ) =
√

1 − c2(t ). (7)

Other than in the bare-state picture, where |g〉, |x〉 are time
independent, in the dressed-state picture the time dependence
of the driving is accounted for by the state mixing and the
dressed-state energies E±.

B. Idea of SUPER

The concept behind the SUPER scheme, as it was proposed
in Ref. [69], relies on the usage of two detuned pulses to drive
a transition in a few-level system. The two laser frequencies

lead to a beating effect, giving rise to changes in the excited-
state population. Assuming that the system is initially in the
ground state and the pulse parameters are tuned correctly,
the system experiences a swing-up effect and ends up in the
excited state. The multicolor pulse pair is described by

�X (t ) = �1(t )e−iω1t + �2(t )e−iω2t . (8)

Here, ω j are the central frequencies of the pulses and � j (t )
are the (real) pulse envelopes. Note that the pulses do not have
to fulfill a strict phase relationship, as shown in Ref. [69].
Phonons are known to result in decoherence effects for
state preparation schemes in quantum dots [80], and the
dot-phonon coupling exhibits a nonmonotonic behavior as a
function of energy [81]. Accordingly, for high detuning and
strong driving (as mostly considered in this manuscript), one
is in the regime where the phonon influence is negligible,
while it might become strong for small detuning and/or weak
driving [71]. In order to focus on the interpretation of the
dressed states, we neglect phonons in this paper and leave the
discussion of dissipation for future work.

Essential properties of the laser pulses are their respective
detunings to the transition frequency of the quantum emitter
ω0, defined as

� j = ω j − ω0. (9)

In the following we will refer to the two pulses by the
“first” pulse with detuning �1 and the “second” pulse with
detuning �2. This naming convention refers to the idea that
the parameters for the first pulse are fixed and determine
the parameters of the second pulse. Hence, the naming shall
not necessarily indicate a temporal order. We remind the
reader that the two pulses should overlap in time for SUPER
to work. Most importantly, it was shown in Ref. [69] that
the frequency difference of the pulses should coincide with
the Rabi frequency induced by the first pulse. This means the
pulse energies cannot be chosen arbitrarily but have a fixed
relation to each other. In the following, we show how this
relation can be extracted from the dressed-state picture.

II. DRESSED STATE ANALYSIS
OF A TWO-LEVEL SYSTEM

We begin the study of the influence of the multicolor pulses
on a two-level system by replacing the single laser pulse in
Eq. (1) with the multicolor pulse as defined in Eq. (8), within
the Hamiltonian

H = h̄ω0|x〉〈x| − h̄

2
(�X (t )|x〉〈g| + H.c.). (10)

Because the Hamiltonian now contains two laser frequencies,
the transformation into the rotating frame is somewhat am-
biguous, as several frequencies can be chosen. We decide to
transform the Hamiltonian in Eq. (10) to a reference frame
rotating with frequency ω1 of the first pulse, yielding

HRF = − h̄�1|x〉〈x| − h̄

2
�1(t )(|x〉〈g| + |g〉〈x|)

− h̄

2
�2(t )(eiω�t |x〉〈g| + e−iω�t |g〉〈x|)

= H0 + H�1 + H�2 . (11)

035425-2



DRESSED-STATE ANALYSIS OF TWO-COLOR … PHYSICAL REVIEW B 107, 035425 (2023)

After the rotating frame transformation, H0 + H�1 is purely
real, while H�2 still includes terms oscillating with the fre-
quency difference between the two pulses, which we define as

ω� = ω1 − ω2 = �1 − �2. (12)

Note that ω� is a difference of two frequencies and can take
on negative values.

A. Dressed states including the first pulse

To analyze the energetic splitting induced by the first pulse,
a transformation to a dressed-state basis is performed, includ-
ing only the first pulse and neglecting the second pulse for
now. In some sense, these are partially dressed states. In other
words, we diagonalize H0 + H�1 in Eq. (11), leading to the
energies and states as given in Eqs. (4) and (6).

For illustrative purposes, let us consider a system where
these partially dressed states are approximately time indepen-
dent. We achieve this by assuming a rectangular-shaped pulse,
though such pulses are challenging to realize with state-of-
the-art laser systems [82]. To avoid instantaneous switching of
the pulse that leads to many additional components in the laser
spectrum and to allow for dressing and undressing processes
[62], we consider a switch on/off process of finite duration.
This is modeled using two Sigmoid-type functions to assure
smooth edges:

�1(t ) = �rect
1

(1 + e−κ (τ/2+t ) )(1 + e−κ (τ/2−t ) )
. (13)

This pulse has an approximate plateau duration of τ , while κ

determines the duration of the pulse edges. �rect
1 is a measure

for the amplitude of the pulse during its on state. During the
plateau region of the pulse, the dressed states are essentially
constant, such that we do not have to account for the time de-
pendence of the dressed-state quantities. Noticeable changes
only happen during the dressing and undressing process.

As parameters we choose a detuning of h̄�1 = −5 meV
and an amplitude of h̄�rect

1 = 4 meV. These parameters are
typical when dealing with the optical excitation of quantum
dots, and the excited-state lifetime is about an order of mag-
nitude larger than the pulse duration. Figure 2(a) shows the
dressed-state energies for this rectangular pulse shape with
τ = 40 ps and κ = 1 ps−1. Before and after the pulse, the
energies are split by the detuning h̄�1 of the laser due to
the frame of reference. During the pulse, the branches shift
apart by a constant splitting of 6.4 meV, as described by
Eq. (5). Before and after the pulse, the upper dressed state
|ψ+〉 can be identified with the excited state |x〉, while the
lower dressed state |ψ−〉 can be identified with the ground
state |g〉.

B. Transformation of the second pulse

In the next step we study the influence of the second
pulse, interacting with the system at the same time as the
first pulse. Correspondingly, the interaction Hamiltonian H̃�2

is transformed to the dressed-state picture of the first pulse.
The inverse transformation to Eq. (6) leads to the transformed

FIG. 2. Time evolution of several quantities: (a) Energies of
the dressed states for a rectangular pulse with smoothened edges
with h̄�1 = −5 meV, τ = 40 ps, κ = 1 ps−1, h̄�0 = 4 meV. (b) En-
ergy difference of upper and lower dressed state excluding (violet)
and including (green) the influence of the second pulse. The dashed
black line indicates the detuning of the second pulse, which in the
rotating frame is |h̄ω�|. (c) Dressed-state occupation under the sec-
ond pulse with σ2 = 4 ps, α2 = 9.13π, h̄�2 = −11.46 meV, where
the second pulse is indicated by the dashed line. (d) Occupation of
the excited state in the bare-state picture as well as contributions of
the dressed states.

Hamiltonian:

H̃�2 = h̄�2(t )cc̃ cos(ω�t )(|ψ+〉〈ψ+| − |ψ−〉〈ψ−|)

− h̄

2
�2(t )[(c2eiω�t − c̃2e−iω�t )|ψ+〉〈ψ−| + H.c.].

(14)

On one hand, the Hamiltonian H̃�2 leads to additional energy
shifts due to the |ψ±〉〈ψ±| terms. These energy shifts cause an
oscillation of the dressed-state energies E±,

E± → E±,2 = E± ± h̄�2(t )cc̃ cos(ω�t ). (15)

On the other hand, H̃�2 also leads to transitions between the
dressed states, mediated by the |ψ±〉〈ψ∓| terms. The term ∝
c2eiω�t as well as the term ∝ c̃2e−iω�t in Eq. (14) drives these
transitions. In analogy to the usual two-level system, we arrive
at

H̃ = E+,2|ψ+〉〈ψ+| + E−,2|ψ−〉〈ψ−|

− h̄

2
�2(t )[(c2eiω�t + c̃2e−iω�t+iπ )|ψ+〉〈ψ−| + H.c.].

(16)

This resembles the Hamiltonian of a two-level system, con-
sisting of the two states |ψ+〉, |ψ−〉, driven by the second laser
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pulse, while the driving �2(t ) is modified by the dressed-state
coefficients. An interesting aspect is that it contains both the
positive and the negative frequency component e±iω�t . This is
in analogy to a Hamiltonian where the RWA has not been per-
formed. We remember that in the RWA for the raising operator
|ψ+〉〈ψ−| only terms with e−i|ω|t are considered. However,
because ω� can take positive and negative values, both terms
are important in Eq. (16). We distinguish two cases: (i) driving
based on e−iω�t+iπ , where the additional phase of π will be
neglected in the following, and (ii) driving based on e+iω�t .

For now, we focus on case (i). Similar to a standard two-
level system, the raising operation ∝ e−iω�t is resonant if the
frequency ω� > 0 corresponds to the energy difference of the
two levels, that is,

h̄ω� = E+,2 − E−,2 = E+ − E− + 2h̄�2(t )cc̃ cos(ω�t ). (17)

However, this energy difference is time dependent and de-
pends on ω� itself. In order to find the resonance condition
for the second pulse, we take the mean energy difference,
neglecting the fast oscillations of the dressed-state energies.
Using Eq. (12), this gives us the condition for the detuning of
the second pulse with

ω� = (E+ − E−)/h̄ = �R =
√(

�rect
1

)2 + �2
1

⇒ �2 = �1 − �R. (18)

In this configuration, the second laser pulse is always energet-
ically below the first one.

C. Driving the dressed two-level system

Keeping these results in mind, we now consider the sce-
nario shown in Fig. 2(a) and search for a second pulse to
excite the system. For the second pulse, we use a Gaussian
pulse envelope given by

�2(t ) = α2√
2πσ2

e
− t2

2σ2
2 , (19)

with pulse area α2 and duration σ2. The duration of the second
pulse has to be chosen such that it lies completely inside the
plateau region of the first pulse.

In analogy with the bare-state two-level system, we now
search for a pulse, which results in an inversion between
the dressed states, i.e., which transfers the system completely
from its initial state |ψ−〉 to |ψ+〉. In other words, a π rotation
has to be performed in the dressed-state picture. Looking
at the Hamiltonian in Eq. (16), the pulse area (and Rabi
frequency) of the second pulse is effectively reduced by the
factor c̃2. Due to this renormalization of the pulse area, α2 has
to be scaled by this factor such that c̃2α2 = π , yielding the
condition

α2 = π

c̃2
. (20)

Here we use σ2 = 4 ps. We choose the detuning of the
second pulse to be smaller than the first one, i.e., using the
raising operation ∝ e−iω�t with ω� > 0.

1. Negative �1

As the first pulse has a negative detuning of h̄�1 =
−5 meV, both exciting lasers are below the excited-state tran-

sition. From Eq. (18) using h̄�R = 6.4 meV, we calculate
a detuning of h̄�2 = −11.4 meV for the second pulse. The
necessary pulse area follows from Eq. (20) and evaluates to
α2 ≈ 9.13π . We stress that the first pulse completely deter-
mines the properties of the second pulse needed to perform a
rotation in the dressed-state basis.

Figure 2 shows the effect of this second pulse on the sys-
tem. In Fig. 2(b), the energy difference of the dressed states is
shown in violet, while the green line includes the contributions
of the second pulse. This leads to the additional oscillatory
splitting of the dressed states described in Eq. (15). The black
dashed line indicates the energy of the second laser.

For �2, we determined numerically that an additional shift
of about −0.06 meV is needed to reach optimal excitation, i.e.,
h̄�2 = −11.46 meV, which we attribute to perturbations due
to the strong second pulse. In Fig. 2(c) the time evolution of
the dressed-state occupation is shown alongside the coupling
c̃2 and the second laser envelope (normalized). The dressed-
state occupation performs a Rabi-like oscillation from |ψ−〉 to
|ψ+〉. During the rise of the dressed-state occupation, the oc-
cupation displays an additional low-amplitude high-frequency
oscillation. The latter can be associated with the addi-
tional oscillations in the energy difference E+,2 − E−,2 [see
panel (b)].

Figure 2(d) shows the time evolution of the excited-state
population in purple. As intended, the occupation inverts
during the action of both pulses from the ground to its ex-
cited state. The main rise is during the action of the second
pulse, where also in the dressed-state picture, the second pulse
mimicks a π pulse that inverts the states. In addition, at the
smoothened edges of the first pulse, a rise of the excited-
state occupation of the magnitude of the state mixing of
c̃2 = 0.11 takes place. This adiabatic dressing and undressing
effect is needed to fully invert the system, as has already
been discussed for phonon-assisted state preparation schemes
for excitons in quantum dots [62]. Hence, better results are
obtained for smooth pulses such as Eq. (13), in contrast to
sharp rectangular ones.

The dressed-state picture can also be used for an even
deeper analysis by separating the fast, high-amplitude os-
cillations in the bare states from the mean rise of the
occupation. Expressing the excited-state occupation in terms
of the dressed states reads

〈|x〉〈x|〉 = c2〈|ψ+〉〈ψ+|〉 + c̃2〈|ψ−〉〈ψ−|〉
+ 2cc̃ Re(〈|ψ+〉〈ψ−|〉). (21)

Here, the first line of Eq. (21) can be interpreted as the
contribution of the dressed-state population to the bare-state
occupations due to mixing. The part in the second line de-
pends on the term 〈|ψ+〉〈ψ−|〉, which represents the coherence
between the dressed states. This coherence builds up with the
second pulse and, similar to the coherence 〈|g〉〈x|〉 between
the bare states, gives rise to transitions between the dressed
states. However, additionally, it leads to a contribution to the
bare-state occupation. A sizable influence of this term is the
fingerprint of a nonadiabatic time evolution.

Both parts contributing to 〈|x〉〈x|〉 are shown in Fig. 2(d).
Comparing the two different contributions (green for popula-
tion contribution and orange for the coherence contribution) to
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FIG. 3. Same as Fig. 2 but for a positive detuning of h̄�1 =
+5 meV, which yields as parameters for the second pulse σ2 =
4 ps, α2 = 1.12π, h̄�2 = −1.41 meV.

the exciton occupation 〈|x〉〈x|〉, we see that the mean behavior
of the exciton occupation is determined by the population con-
tribution. This holds in particular for the rise during the second
pulse and the adiabatic dressing and undressing effects at the
smoothened edges of the pulse. The coherence contribution
starts during the second pulse and features a large-amplitude
oscillation, which is also clearly visible in the excited-state
occupation.

2. Positive �1

So far, we focused on the case where both pulses are
tuned below the excited-state energy. However, Eq. (18) also
holds for positive �1 (and still ω� > 0). Such cases were not
considered in the SUPER proposal [69] but were addressed in
dichromatic excitation schemes [74–76].

Choosing the same shape of the first pulse as before, but us-
ing h̄�1 = +5 meV, leads to the dressed-state energies shown
in Fig. 3(a). Now, before and after the pulse, the upper dressed
state corresponds to the ground state and the lower dressed
state corresponds to the excited state. This means that c and c̃
change roles, i.e., now c̃2 = 0.89. With these parameters and
a splitting of the dressed states of h̄�R = 6.4 meV, accord-
ing to Eq. (18) the energy of the second pulse evaluates to
h̄�2 = −1.413 meV, which also agrees with the numerically
found optimal parameters. The necessary pulse area evaluates
to only α2 = 1.12π , as the coupling coefficient c̃2 is large [cf.,
Fig. 3(c)]. Energetically, this also leads to a lower impact of
the second pulse on the dressed-state energies, such that it
is resonant with the dressed-state transition for most of the
time, even during the time it leads to an additional shift [see
green line in Fig. 3(b)]. Figure 3(d) shows the exciton pop-
ulation, and the dressed-state contributions, where both the
dressed-state occupation and the coherences contribute to the

TABLE I. Detunings used for Figs. 2 and 3, also showing the
combinations of detunings, when the second possible raising opera-
tion in Eq. (16) is used. We note that the explicit detunings depend
on the pulse strength.

h̄�2 for h̄�1 = −5 meV �1 = 5 meV

ω� > 0 −11.46 meV (Fig. 2) −1.41 meV (Fig. 3)
ω� < 0 1.41 meV 11.46 meV

behavior of the bare-state occupation. Again, the dressed-state
picture provides a very useful analytic expression, yielding
parameters that lead to a complete occupation of the excited
state.

We relate our findings to the dichromatic excitation
schemes [74,75], which have been experimentally realized. In
these cases small detunings were used, such that strong pulses
lead to cases which appear almost symmetric in the detuning.
In fact, in Ref. [75] it was discussed that totally symmetric
excitation pulses do not lead to an occupation. Our predictions
of the used detunings also agree well with parameters sug-
gested in Ref. [76], where in the theoretical curves also clearly
a swing-up dynamics is observed. Hence, the interpretation
within the dressed-state picture can be applied to both types
of two-color excitation schemes, SUPER and dichromatic.

3. Negative ω�

We remind the reader that Eq. (16) includes two possible
cases for ω� that lead to transitions. The second possible
raising operation, ∝ eiω�t , is resonantly driven if we account
for the opposite sign, i.e., the energetic condition changes to
−h̄ω� = E+,2 − E−,2. This is in agreement with ω� being
able to take negative values and leads to a symmetry in the
possible detunings, which is shown in Table I. The signs of
both detunings can be switched at the same time, under which
the dynamics stay the same, except for a constant phase. Note
that possible environmental effects, such as electron-phonon
interaction in quantum dots, are not symmetric with respect to
the detuning.

D. Gaussian pulses

In the proposal [69] as well as in the experimental realiza-
tion [72], two Gaussian pulses were used, such that also for
the first pulse we now take a Gaussian envelope

�1(t ) = α1√
2πσ1

e
− t2

2σ2
1 , (22)

with the parameter set of Ref. [69] with σ1 = 2.4 ps, h̄�1 =
−8 meV, α1 = 22.65π . The resulting dressed-state energies
are shown in Fig. 4(a). During the pulse, the branches split by
up to 11.163 meV. Using this maximum splitting in Eq. (18)
leads to h̄�2 = −19.163 meV, the value also used in the origi-
nal paper. Here, at the maximum of the first pulse, c̃2 = 0.145.
But due to the continuous change in both pulse envelopes,
the condition for the pulse area α2 as in Eq. (20) cannot be
applied.

The energy difference of the dressed states is displayed in
Fig. 4(b). The violet line depicts the energy difference of the
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FIG. 4. (a) Dressed-state energies E± induced by a sin-
gle off-resonant Gaussian pulse, σ1 = 2.4 ps, h̄�1 = −8 meV, α1 =
22.65π , as indicated by the dashed line. (b) Energy difference of the
dressed states, (violet) without and (green) including the interaction
Hamiltonian H̃�2 (second pulse parameters: σ2 = 3.04 ps, h̄�2 =
−19.163 meV, α2 = 19.29π ). The dashed black line depicts the
energy of the second laser. (c) Dressed-state and excited-state oc-
cupation. The dashed blue line shows the shape of the second pulse.

two dressed states without the interaction Hamiltonian H̃�2 .
When the additional energy shifts due to H̃�2 are included,
the oscillations according to Eq. (14) can be observed, shown
as the green line. The dashed black line, marking the energy of
the second laser in this rotating frame, crosses the green line
several times. As soon as the energy matches, the dressed-
state occupation starts to switch significantly from |ψ−〉 to
|ψ+〉, as visible in Fig. 4(c). The oscillating energy difference
again leads to an oscillation in the dressed-state occupation
as well. Although the second pulse is longer than the first
one, the dynamics only happens in the time interval in which
the energy-matching condition is fulfilled, which means
where the first pulse splits the dressed states. This is in accor-
dance with the observation that a single, highly detuned pulse
does not lead to transitions in a simple two-level system, but
the pulse pair is able to switch the occupation from the ground
to the excited state.

III. THREE-LEVEL SYSTEM

Quantum dots can be used to generate entangled photons
via the biexciton-exciton cascade. For this, a deterministic and
high-fidelity preparation of the biexciton state |xx〉 is required.
Therefore here we analyze, within the dressed-state picture,
how this can be achieved with two red-detuned pulses as used
in SUPER.

Assuming linear polarization of the laser, the Hamiltonian
including the biexciton can be written as a three-level system
by adding the biexciton state |xx〉:

H = h̄ω0|x〉〈x| + h̄(2ω0 − �B)|xx〉〈xx|

− h̄

2
[�X (t )(|x〉〈g| + |xx〉〈x|) + H.c.]. (23)

FIG. 5. Three-level system with ground state |g〉, exciton state
|x〉, and biexciton state |xx〉. The detuning of the first laser is tuned
3 meV below the two-photon resonance (TPR), which is located at
−2 meV.

The energy of the biexciton is decreased by the binding en-
ergy h̄�B compared to double the exciton energy h̄ω0. We
set h̄�B = 4 meV, which is typical for quantum dots used in
recent experiments [72].

Following the procedure from the two-level system, a
transformation to a reference frame rotating with the fre-
quency of the first laser leads to

HRF = − h̄�1|x〉〈x| − h̄(2�1 + �B)|xx〉〈xx|

− h̄

2
�1(t )[(|x〉〈g| + |xx〉〈x|) + H.c.]

− h̄

2
�2(t )[eiω�t (|x〉〈g| + |xx〉〈x|) + H.c.]

= H0 + H�1 + H�2 . (24)

A. Effect of the first pulse

Again, the Hamiltonian H0 + H�1 is diagonalized to ar-
rive at the dressed-state picture, now consisting of the three
dressed states:

|ψ j (t )〉 =
∑

k∈{g,x,xx}
a j,k (t )|k〉, j = 1, 2, 3, (25)

at the energies Ej . The coefficients a j,k (t ) of the bare states
are determined numerically. For a first laser pulse with a
detuning of h̄�1 = −5 meV to the exciton transition, the laser
is red detuned to the two-photon resonance by −3 meV, as
shown schematically in Fig. 5. For a pulse with α1 = 27π and
σ1 = 3 ps, the dressed-state energies are shown in Fig. 6(a).
The three dressed states can be identified with the ground,
exciton, and biexciton state before and after the pulse. During
the pulse, the energy branches bent in such a way that there is a
splitting of 12.31 meV between E3 and E1. The middle branch
bends downward, yielding an energy separation of 5.88 meV
between E2 and E1. The color of the branches in Fig. 6(a)
indicates the mixing of the states. We find that in particular
the mixing between |x〉 and |xx〉 is strong. For example, at
t = 0 the state |ψ2〉, having the middle energy, consists of
26.4 % |g〉, 23.2 % |x〉, and 50.4 % |xx〉, i.e., the middle branch
consists of >50 % |xx〉 at the peak of the first pulse, while it
corresponds to |x〉 before and after the pulse. Having in mind
that the goal is to excite either the exciton or the biexciton,
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FIG. 6. (a) Dressed-state energies E1,2,3 for the biexciton sys-
tem interacting with a single off-resonant pulse, σ1 = 3 ps, h̄�1 =
−5 meV, α1 = 27π . The color indicates how the dressed states mix
from the bare states. (b) Coupling coefficients given in Eq. (27),
corresponding to the pulse in (a) as well as the laser envelope (arb.
units). The time interval as well as the strength of the coupling
is different for all three possible transitions, with the |ψ2〉 ↔ |ψ3〉
transition showing by far the strongest coupling.

it is desirable to find a second laser which induces transitions
between the dressed states |ψ1,2,3〉.

B. Driving the dressed states

To gain more insight into the transitions between the
dressed states, the Hamiltonian of the system is transformed
to the dressed-state basis. Similar to Eq. (14), the interaction
Hamiltonian H̃�2 in the biexciton system not only results in
additional energy contributions to the dressed states, which
lead to the oscillatory behavior visible in Figs. 7(a) and 8(a),

FIG. 7. (a) Energy differences of the dressed states including
the interaction Hamiltonian H̃�2 containing a pulse with σ2 =
3 ps, h̄�2 = −11.83 meV, α2 = 22.8π . The black dashed line de-
picts the energy of the second laser in this frame of reference.
(b) Dressed-state occupations. The dashed blue line indicates the
second pulse. (c) Occupation of exciton and biexciton.

FIG. 8. Same as Fig. 7 but addressing the biexciton. For this, the
detuning and pulse area of the second pulse are changed to h̄�2 =
−10.64 meV, α2 = 17.49π .

but also to a coupling of the dressed states. Here we only
want to consider the terms ∝ |ψ j〉〈ψk|e−iω�t with ω� > 0
for j > k (i.e., |ψ j〉〈ψk| corresponds to a raising operator),
which always leads to transitions driven by �2 < �1. In prin-
ciple, resonances between two dressed states |ψ j〉, |ψk〉 can be
accessed with �2 according to

ω� = �Ejk/h̄

⇒ �2 = �1 − �Ejk/h̄. (26)

Here, �Ejk is the energy difference between two of the
dressed states. In principle, the condition can be chosen to
h̄ω� = �E21 or h̄ω� = �E32, but the strong state mixing pre-
vents a clear final state as discussed below. In the transformed
Hamiltonian H̃�2 , the coupling terms ∝ e−iω�t of the second
laser are

H̃�2 = − h̄�2

2
e−iω�t

[
(a2,ga1,x + a2,xa1,xx )︸ ︷︷ ︸

:=�12(t )

|ψ2〉〈ψ1|

× (a3,ga1,x + a3,xa1,xx )︸ ︷︷ ︸
:=�13(t )

|ψ3〉〈ψ1|

× (a3,ga2,x + a3,xa2,xx )︸ ︷︷ ︸
:=�23(t )

|ψ3〉〈ψ2|
]

+ H.c. + · · · .

(27)

While in the bare-state picture the laser has the same coupling
element for the |g〉 ↔ |x〉 and |x〉 ↔ |xx〉 transitions, in this
picture there are different coupling terms � jk for direct tran-
sitions between the dressed states |ψ j〉 and |ψk〉.

Figure 6(b) shows the time-dependent coupling coeffi-
cients given in Eq. (27) for the first pulse chosen in Fig. 6(a).
The couplings of the three possible transitions show signif-
icant differences, with �23 extending over the longest time
period and having the largest amplitude. The transition cou-
pled with �12 shows about half the coupling strength, while
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�13 only leads to a weak direct coupling of states |ψ1〉 and
|ψ3〉.

Due to these simultaneous transitions between the dressed
states, no clear criteria for high excitation of the exciton or
biexciton state using a second pulse follows from this picture,
so Eq. (26) cannot be used, and we performed a numerical
parameter search.

1. Exciton preparation

To excite the exciton, the dressed state |ψ2〉 has to be popu-
lated by a second pulse, since this state evolves into |x〉 in the
adiabatic undressing process. We use the same first pulse as in
Fig. 6(a). Numerical searching for parameters leads to a sec-
ond pulse with σ2 = 3 ps, h̄�2 = −11.83 meV, α2 = 22.8π .
Figure 7(a) shows the energy separation of the dressed states,
including the effect of the second pulse. The strong second
laser leads to a high-amplitude oscillation of the dressed-state
energies, such that the energy of the second laser (depicted
as the black dashed line) overlaps with the energy differences
of the dressed states in a prolonged time window. Panel (b)
shows the dressed-state occupations. Similarly to the case of
the two-level system, the occupation is transferred between
the dressed states in an oscillatory fashion. However, the trans-
fer starts only after the laser energy matches the splitting of the
dressed states and can drive the transitions |ψ1〉 ↔ |ψ2〉 and
|ψ2〉 ↔ |ψ3〉. While the energy also matches the |ψ1〉 ↔ |ψ3〉
transition, this transition is strongly suppressed, as was shown
in Fig. 6(b). Nevertheless, |ψ3〉 is populated during the dy-
namics due to the stronger |ψ2〉 ↔ |ψ3〉 coupling. With the
selected parameters, the occupation switches to the dressed
state |ψ2〉, which after the pulses corresponds to the exciton
state. The bare-state populations [panel (c)] show that during
the pulses, both the exciton and biexciton state are addressed
by the process, before the population switches to the exciton
state.

2. Biexciton preparation

Next, we analyze the dressed-state dynamics for a sec-
ond pulse that results in complete population transfer to the
biexciton state. The first pulse is the same as used before,
only the detuning and pulse parameters of the second pulse
are changed to h̄�2 = −10.64 meV and α2 = 17.49π . The
dressed-state analysis for this case is shown in Fig. 8. Now, the
second detuning is slightly lower than in the previous case, so
in panel (a) the energy of the second laser (black dashed line)
does not cross the energy difference E3 − E1 anymore but lies
more centrally towards the energies needed for the |ψ1〉 ↔

|ψ2〉 and |ψ2〉 ↔ |ψ3〉 transitions. Looking at the dressed-state
occupations in panel (b), the occupation is first transferred
from |ψ1〉 to |ψ2〉, similar to the previous case. Subsequently,
the occupation is fully transferred to the dressed state |ψ3〉.
After the undressing resulting from smoothly switching off
the pulse, this corresponds to the biexciton state. Accordingly,
in Fig. 8(c) we see that during the pulse again both the exciton
and biexciton are addressed, while after the pulse only the
biexciton is populated.

As such, the scheme can also be used to off-resonantly
excite the biexciton, which of course is also possible using
two-photon resonant transitions [83]. However, it was shown
recently that this hinders optimal entanglement generation
[84], so other options to excite the biexciton can be beneficial
in the future.

IV. CONCLUSION

In this work we analyzed the impact of two simultaneous
laser pulses on a quantum emitter that are detuned to the tran-
sition energy. A red-detuned pulse pair is used in two-color
excitation like the SUPER scheme, as proposed theoretically
[69] and implemented for quantum dots [72] to populate
the excited state in a two-level system. A pulse pair with a
red- and a blue-detuned pulse has been used in dichromatic
schemes [74–76].

Using the dressed-state picture, we find that choosing one
pulse uniquely determines the optimal parameters for the
other pulse. For the two-level system, we provide analytic for-
mulas [see, for example, Eq. (18) together with Eq. (20)] for
the second pulse for optimal preparation of the excited state.
We have demonstrated that many combinations of positive and
negative detunings can lead to an occupation of the excited
state, leading to flexibility in the design of future experiments.
Further, we discussed that in a three-level system, the two-
pulse excitation can be used to selectively excite the exciton or
biexciton. These results enable the operation of single-photon
or entangled photon sources relying on two-color excitation
schemes.
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