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We propose a theoretical control protocol designed for the dynamic synthesis of single-qubit and four-level
qudit quantum gates using external parameters, such as photonic Gaussian pulses and magnetic fields, in a
microcavity-quantum well system. Our approach takes advantage of tunable coherent light-matter interactions
that can be modulated by the magnetic field between the exciton and negative trion coupled to the lowest
photonic mode. We demonstrate that it is possible to achieve precise manipulation of populations of encoded
quantum states through the unitary evolution of the system. In particular, we illustrate our optimization method
for generating a single-qubit gate with a mean fidelity of 99.99 as well as the realization of an iswap gate in the

four-level qudit case with a fidelity of 99.6.
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I. INTRODUCTION

Exciton polaritons are quasiparticles formed from a statis-
tical blend of cavity photons and bound electron-hole states
within a mesoscopic semiconductor system. These quasipar-
ticles exhibit intriguing properties owing to their bosonic
nature [1] and the small effective masses derived from their
photonic components. The most notable properties are the
Bose-Einstein condensation near room temperature [2,3], po-
lariton lasing [4], and vorticity in the quantum fluid regime
[5]. Furthermore, exciton polaritons are expected to function
in the quantum regime [6], theoretically displaying entangle-
ment and quantum correlation signatures [7,8], which makes
them promising candidates for applications in quantum com-
putation [9-12] or quantum simulators. Recent studies have
focused on manipulating the quantum properties of polari-
tonic systems by applying an external magnetic field. This
manipulation influences the excitonic component of the po-
lariton, allowing for the tuning of the exciton energy, altering
the Zeeman splitting [13,14], and enhancing the exciton os-
cillator strength [15]. The quantum characteristics of this
platform can be further enhanced by considering the many-
body effects induced by the Coulomb interactions within the
semiconductor. This can lead to the emergence of more exotic
quasiparticles, such as trions, in doped semiconductors [16].
Trions, which are the bound states of three fermions, have
also been shown to coherently interact with the light modes
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confined within a cavity [17,18]. This opens up the possibility
of magnetic tuning (electrons, excitons, and trions) inside the
microcavities, enabling the use of exciton-trion systems as
multilevel qudits. In recent years, there has been consider-
able interest in generating quantum gates on semiconductor
platforms and achieving quantum control using external pa-
rameters, for example, spin-photon hybrid systems, which are
considered electron-spin qubits in quantum dots within optical
microcavities [19-21], photonic systems with more than one
degree of freedom in charged quantum dots inside optical
microcavities [22], and qubits based on conduction-band elec-
tron spins in quantum dots embedded within a microcavity
[23]. Recently, researchers demonstrated the feasibility of
implementing quantum gates through controlled parametric
interactions between the control and target polariton modes
[24-26]. However, few theoretical studies have focused on the
influence of external magnetic fields and ultrashort pulse engi-
neering on microcavity-quantum well systems and how they
can be utilized to control quantum state transitions [27-29].
The aim of this study is to introduce a theoretical approach for
synthesizing single-qubit and four-level qubit quantum gates
through the quantum evolution of a trion-exciton-polariton
system utilizing external magnetic fields and a set of coher-
ent pumping pulses as the physical control parameters. The
remainder of this paper is organized as follows. In Sec. II,
we present a theoretical model for describing a semiconductor
quantum well (QW) immersed in an optical cavity within the
framework of a finite system. Specifically, we examined the
properties of exciton and trion states using a finite-system
Hamiltonian model. In addition, we discuss the optimization
algorithm for the quantum gates in detail. In Sec. III, we
provide a detailed analysis of the numerical results, focusing
on the effects of the magnetic field on the Coulomb interaction
energy, exciton and trion energies, and the synthesis of single-
qubit and four-qudit gates. Finally, concluding remarks are
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FIG. 1. Illustration of the physical system: A single QW is im-
mersed in a semiconductor microcavity formed by two distributed
Bragg reflectors (DBR) and exposed to a perpendicular magnetic
field. Within this material, trion and exciton resonances can emerge
owing to the interaction between the charged carriers and the con-
fined lowest photonic mode. For the interpretation of the colors
in the figure(s), the reader is referred to the web version of this
article.

presented in Sec. V. In Appendix A, we present the mathe-
matical details of Coulomb matrix element computation. The
single-particle-state ordering used in this study is briefly dis-
cussed in Appendix B.

II. THEORETICAL FRAMEWORK
A. Finite-system Hamiltonian

The system considered in this study consisted of a single
QW embedded in a planar semiconductor microcavity sub-
jected to an external perpendicular magnetic field. Exciton
and negative trion states can arise in semiconductor systems
owing to the Coulomb correlation between the electrons and
holes. Both quasiparticles can interact with the lowest pho-
tonic mode confined inside the cavity, as shown in Fig. 1.
We limit our consideration to the tight confinement limit in
QW and ignore band mixing effects. Furthermore, we explic-
itly included the spin degree of freedom of the particle in
our model to consider the optical selection rules that govern
the light-matter interaction in the system. Using basis states
composed of the direct product of the Landau levels and QW
lowest z subband wave functions, we can write the system
Hamiltonian in the second quantization framework as follows

[30]:
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where ¢; and hy are the fermionic annihilation operators for
the electrons and holes, respectively. The subscript j labels
the single-particle states {|n;, [;, s;)}, where n; is the radial
quantum number, /; is the z projection of the angular momen-
tum, and s; is the z component of the jth spin particle. Note
that the overline notation denotes the states for holes; that
is, I = —19 and s = —s'“. In addition, a corresponds to
the annihilation operator of the lowest photonic mode with
left circular polarization. The Hamiltonian described in Eq.
(1) encompasses several processes. The first part considers
the single-particle energies, which incorporate the effects of
the cyclotron, Zeeman, and QW subband energies for both
electrons and holes, expressed as follows:
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In this context, E, represents the energy gap, whereas
@M = eB/m, represents the cyclotron frequency of elec-
trons (holes). The effective gyromagnetic factor for electrons
(holes) is denoted by g,y and 1 p denotes the Bohr magneton.
The width of the quantum well is denoted by L. The masses
of the electrons and holes are represented by m, and my,
respectively. The second part of the Hamiltonian accounts for
the Coulomb interaction between electrons and holes. Impor-
tantly, this interaction term is influenced by the magnetic field
through the Coulomb amplitude strength f and the matrix
elements (ij|V|kl) (refer to Appendix A), which are defined
as follows:

IV Ist) = 81001 / dq Fo@)s(@)5(0). ()
0

Here, o denotes the dimensionless scale ratio L/1;,, where [, is
the magnetic length, ¥, 5(q) are integral terms involving radial
contributions, and F, (g) is the form factor given by

12203 72q + 3¢5 + 327 (g + €71 — 1)]

Fa(Q) =
@2(4m2q + a2¢?)’

“
Finally, the last line of the Hamiltonian involves the light-
matter interaction between the electron and hole pairs and
the photonic mode confined inside the cavity with an am-
plitude of g. Using an exact diagonalization technique, we
can investigate the structure of the excitons of the system
and the negative trion resonances. Such properties can be
achieved using a suitable bare-state basis to diagonalize the
system Hamiltonian. Furthermore, owing to the conservation
of total angular momentum, a block-diagonal approach can
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be employed to perform the diagonalization process in a
fixed angular momentum subspace. For excitons, we use an
electron-hole pair basis, represented by |Wy) = |i)e ® | /).
Conversely, negative trion states can be obtained by em-
ploying a set of states, V) = |i, j). ® |k),. This proposal
accounts for the initial residual electron density in the semi-
conductor conduction band. For both cases, we constructed a
set of states with a fixed total angular momentum. In addition,
we established a cutoff criterion for single-particle states (see
Appendix B) based on the convergence of the first few excited
states of the system.

B. Trion-exciton polariton effective model

Understanding the properties of a finite system is chal-
lenging because of the numerous energy levels involved in
Hamiltonian formulation. However, under certain experimen-
tal conditions, it is possible to excite the system to produce
exciton ground state (X) and negative trion (7) singlet bright
states in the QW. To develop a simpler model that retains the
Coulomb correlation information of matter quasiparticles, we
can employ an effective Hamiltonian model to account for
the interaction of X and T with the photons inside the cavity.
Assuming a sufficiently large mean spatial separation between
the X and T states, the Coulomb interaction between these
states can be disregarded. In our theoretical approach, this can
be achieved by computing the eigenstates corresponding to the
exciton and trion ground states, using the Hamiltonian given
by Eq. (1). Consequently, we can express the matter-dressed
states as

1X) = D ex(i, j)ej 10} @ 0}, &)
iJ
IT) = ¢r(. j. k)eelhl|0), @ [0). 6)
i,jk

Here, we denote |0), () as the corresponding vacuum state
for electrons (holes), and ¢x 7y as the linear combination
coefficients of the Coulomb correlated states for the exciton
and negative trion, respectively. Considering that the bright
trion singlet has well-defined spin symmetry, this state de-
cays to |1 |) after the electron-hole combination through
the recombination channel with left-polarized light. There-
fore, we can describe the light-matter state basis spanned by
lo) ® |B) ® |n), where |n) € {|0), ..., IN)}, |a) € {|G), |X)},
and |B) € {|1 {),|T)}, where |1 |) is the electron state in the
first orbital with a down z-spin component, and 7 corresponds
to the photon number. The effective Hamiltonian system can
be represented as follows (7 = 1):

Hep = wa'a + (6x + a))oTU + (6r + a))‘L’T‘C
+ gxPx(B)(o'a+a'o)+ grPr(B)(z'a+a'r)
+ Q@) (e a’ + et a), (7)

where w is the photonic mode frequency. Here, §y = wx — @
is the energy detuning between the exciton and the photonic
mode. ér = wr — w, — w is the energy detuning between
the trion reference energy and the photonic mode. Fur-
thermore, wy, wr, and w, are the eigenfrequencies of the
exciton, trion, and electron ground states, respectively. The
raising and lowering operators for matter are defined as

o =1G)X|®Ir®I, and v =1Ix ® |1 {)(T| ®I,, which
connect the excited state with the corresponding ground
state of each quasiparticle. The effective Hamiltonian given
by Eq. (7) includes terms such as the free energy of pho-
tons, exciton energy, and trion energy measured for the
free electron state. Furthermore, the effects of the magnetic
field on the light-matter interaction amplitudes were consid-
ered using dipole transition matrix elements [31,32]. This
is because Px(B) = (0l ® (Oluh; €1 |X) and Pr(B) = (1 |
| ® (Olnh; €ir|T) together with the corresponding effective
light-matter interaction constants gx and gr. Note that, in
our model, these effective interaction constants are consid-
ered different, as reported from experimental and theoretical
perspectives [17,33]. Finally, the last term in the effective
Hamiltonian refers to external coherent photonic pumping
with frequency w; and time-dependent amplitude profile 2(¢)
acting on the system. It is noteworthy that, in our model, we
consider the same physical system capable of implementing
either a qubit or a qudit, contingent on the experimental con-
ditions and the subspace chosen for dynamic control. In the
qubit regime, we concentrate on a reduced two-level subspace
formed by either exciton-photon or trion-photon coupling,
depending on which excitation is resonantly targeted. In fact,
it has been experimentally demonstrated [34] that exciton and
trion states in quantum wells can be selectively excited using
resonant optical pumping owing to their distinct energies and
selection rules. In the qudit regime, the system can be si-
multaneously populated under optical doping or nonresonant
excitation conditions [35].

C. Optimization algorithm for quantum gates

In this subsection, we consider the effective Hamiltonian
to explore how the magnetic field and external coherent pho-
tonic pumping can be used to perform controlled quantum
operations on the system. To achieve this, we restrict the
Hilbert space of our effective model to a four-qudit-state
basis using the following state mapping: |G, 1 |, 0) — |0),
|G, T,0) — |1), |X,1],0) — |2), and |X, T, 0) — |3). Ad-
ditionally, a quantum control method was applied to determine
the best set of parameters for external pulses. More precisely,
for external pulses given by a train of Gaussian pulses, it is
defined as

M PRy
Q)= A;exp (—%) ®)

i=1
where parameters such as A;, ;, and &; denote the amplitude,
center, and width of the ith Gaussian pulse, respectively. Fig-
ure 2 shows a flowchart of the optimization algorithm used
to obtain the quantum gate. Basically, each qudit bare basis
state |I) € {|0), |1), |2), |3)} is numerically evolved using the
time-dependent Schrédinger’s equation, with an initial arbi-
trary set of parameters for the external pulse and magnetic
field in the effective Hamiltonian model. The time-evolution
operator is then obtained by projecting the final states onto
their corresponding initial states, expressed as Uy = (I(t =
0)|J(t = ty)), where |I(t)) represents the state of a two-qubit
basis at time 7. We evaluated the quantum infidelity function
J =1—|Tr[UV]|>/N?, where V is the target quantum gate
and N is the number of quantum states involved in the op-
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FIG. 2. The flowchart illustrates the stages involved in the opti-
mization algorithm for a quantum gate. For the interpretation of the
colors in the figure(s), the reader is referred to the web version of this
article.

eration (two qubits and four qudits). It is important to note
that we incorporate a penalty term to reduce the presence of
states k € ST, where ST represents states that are not part of
the qudit. The Nelder-Mead [36] multidimensional optimiza-
tion algorithm is employed to iteratively update the pumping
parameters and magnetic field to minimize the quantum
infidelity J.

III. RESULTS AND DISCUSSION

A. Exciton and negative trion resonances

In this subsection, we discuss the impact of the external
magnetic field on the Coulomb interaction in detail. In partic-
ular, we focus on its direct consequence on both the energy
spectrum and configuration of the exciton and trion states. For
this task, we consider that the electron states are confined to
the initial three Landau levels, specifically n = 0, 1, 2, within
the conduction band. Similarly, hole states are limited to the
n =0, 1, 2 Landau levels in the heavy-hole valence band. The
Fermi level is precisely defined as the midgap reference point.
Additionally, we consider for our numerical simulations the
typical parameter values reported for GaAs QW systems [37].
More precisely, E, =1500meV, B = 3.184/B meV, L =
10 nm, m, = 0.0665mq, m;, = 0.235my, g.(B) = —0.01667 +
0.0052B, gn(B) = —0.05B, gx = 3meV, and gr = 0.5meV.
We begin evaluating the impact on the Coulomb interaction
when the magnetic field is changed through the form factor
given by Eq. (4). Figure 3(a) shows the form factor distribu-
tion as a function of g coordinates with different values of the
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FIG. 3. Panel (a) shows the form factor F,(g) as a function of
g coordinates for different values of the o length ratio. The case
of @ = 0 corresponds to the two-dimensional limit. Panel (b) shows
the dependence of Coulomb matrix elements (ii|V |ii) on the external
magnetic field. We considered the first three single-particle states at
each level. Label i refers to the corresponding Landau-level basis
ordering. For the interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.

characteristic length scale ratio «. In general, it was found that
the form factor decreased significantly, whereas « increased
because of the confinement effect exerted by the magnetic
field on the particles. Consequently, Coulomb matrix elements
are attenuated. Therefore, the form factor behaves as an am-
plitude that modulates the contributions of the radial function
integrals. It is worth noting that o« — 0 recovers the two-
dimensional limit, in agreement with other theoretical results
[38—40]. Further analysis of the Coulomb matrix elements is
presented in Fig. 3(b). In particular, we show Coulomb matrix
elements of the form (ii|V'|ii) as a function of the magnetic
field for the first three single-particle states at each Landau
level. Interestingly, we observed that the matrix elements de-
creased, in agreement with the behavior of the form factor,
as shown in Fig. 3(a). However, it is worth noting that the
potential energy of the system increased as the magnetic field
increased because the Hamiltonian [see Eq. (1)] incorporates
Coulomb strength through g term. Figure 4 shows the ground-
state energy for the negative trion in subspaces with angular
momentum /, = 0 (singlet state with energy Eg) and [, = —1
(triplet state with energy E7), as well as the ground-state
energy for the exciton plus a free electron (Ex .- ) in the QW
system. We observed that at low magnetic fields, the Coulomb
interaction energy is comparable to the cyclotron energy, as is
well known in semiconductor physics [41]. In contrast, at high
values of the magnetic field, it was found that the cyclotron
energy dominates the Coulomb interaction energy; therefore,
the system becomes uncoupled with an energy spectrum ac-
cording to the Landau energy levels. The inset shows the
trion binding energies Elf(T) = Esry — Ex4.- for a singlet or
triplet state as a function of the applied magnetic field. We ob-
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FIG. 4. Lowest-energy states of the negative trion in a GaAs QW
as a function of the magnetic field. The main panel shows the triplet
Er, singlet Es, and exciton plus free electron energies Ey,.-. The
inset shows the numerical calculations for the binding energies E;
(blue circle line) and E (red circle line) of the negative trion states
relative to the exciton ground state and the free electrons as a function
of the magnetic field. Extrapolation of the numerical results for the
binding energies E; and E; are shown as blue and red dashed lines,
respectively. A crossing between these two energies is predicted at
B =~ 42T. For the interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.

serve that both energies increase monotonically, in complete
agreement with experimental observations [35,42,43]. Addi-
tionally, we extrapolated the numerical results for the binding
energies E; (blue dashed line) and E; (red dashed line) in the
high-magnetic-field regime. Interestingly, we found that our
proposed model captures important features, such as the cross-
ing between the binding energies at B &~ 42 T, which predicts
a change in the negative trion ground state from the singlet
to triplet state. This phenomenon has been reported both ex-
perimentally [35] and theoretically [44]. This analysis shows
that by modifying the Coulomb interaction, the magnetic field
influences both the energy spectrum and the configuration of
the exciton and trion states. These tunable features enable
precise control of the quantum behavior of the system, which
is essential for designing and implementing specific quantum
gates. In particular, the ability to adjust energy levels and
light-matter coupling strength via magnetic fields provides a
robust mechanism for tailoring gate operations.

B. Single-qubit quantum gates

The following demonstrates how photonic pulses and an
external magnetic field can be used for the gate synthesis.
More precisely, we applied the optimization method described
in Sec. IIC to determine a set of optimal parameters A;, t;,
and §;, as well as the external magnetic field B that tunes
the system evolution in a specific quantum gate. To achieve
this, we label the qubit states as |G, 1) — |0), |X,0) — 1)
for the exciton, and |1 |, 1) — |0), |T, 0) — |1) for the trion.
The quantum average infidelity was also considered using the

]- 00 T T T T T T T
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1072 |
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Gate

{ 2]
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—e- Trion °

1

1

FIG. 5. Numerical results for the quantum average infidelity us-
ing the optimization technique for creating single-qubit quantum
gates for excitons (depicted by the blue circle line) and trions (repre-
sented by the red circle line). Error bars correspond to the standard
deviation over the N = 1000 random initial states. For the interpre-
tation of the colors in the figure(s), the reader is referred to the web
version of this article.

following expression:

_ 1 & . 5
I—l—ﬁ;]wnw Vi) ©9)

Figure 5 shows the quantum average infidelity of the single-
qubit gate synthesis process. Here, we computed the quantum
average infidelity over N = 1000 random initial states |v,) =
cos(6,/2)|0) + exp(ig,) sin(6,/2)|1), where 6, € [0, 7] and
¢, € [0, 2]. It is noteworthy that (y,|U T corresponds to the
quantum evolution of the initial state under the Hamiltonian
given by Eq. (7) and the optimal parameters obtained using the
optimization algorithm. The term V|y,) corresponds to the
evolution of the initial state through the target quantum gate.
In particular, we consider the maximum number of pumping
pulses M = 5 to study the following gates: identity (/), Pauli-
X (o0y), Pauli-Y (o), Pauli-Z (o), square root of Z (S), 7 /8
gate (T'), and Hadamard gate (H). It should be noted that in
both cases, quantum average infidelity was close to zero. This
implies that the action of the photonic pumping pulse and the
external magnetic field is optimal for controlling the desired
states. For example, an interesting situation occurs when a
photonic pumping pulse is neglected. The Pauli-X gate can be
obtained by transforming the effective Hamiltonian [Eq. (7)]
to Pauli matrix. In this representation, the temporal evolution
of the state is determined by rotation around a unitary vector
on a modified Bloch sphere. This vector can be written as

1 dx
n=-— GXaoa? )
VGx + (8x/2)?

where Gx = gxPx(B) is the light-matter amplitude and &y
is the detuning between the light and exciton states (a sim-
ilar for the vector n can be obtained for the trion-photon
case). The unitary vector n living in the XZ plane can be
reoriented by applying an optimized magnetic field. Thus, the
system reaches the resonance condition, inducing a dynamic

(10)
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FIG. 6. Panel (a) shows the time evolution of the initial state
[yo) = cos(rr/5)|G, 1) + sin(r /5)e’™/3|X, 0) on the modified Bloch
sphere for obtaining the optimal Pauli-Y gate. The undisturbed trajec-
tory corresponds to the time evolution of the initial condition with an
optimal magnetic field B = 2.51 T without photonic pumping. The
trajectory goes inside the Boch sphere because intermediary states
are activated during the time evolution via the pumping action. Panel
(b) shows fidelity as a function of the external magnetic field. The
vertical dashed lines indicate the optimal magnetic field for each
gate. For the interpretation of the colors in the figure(s), the reader
is referred to the web version of this article.

rotation around the X axis. However, in order to produce rota-
tions around an arbitrary orientation on the modified Bloch
sphere, the system must be perturbed by an external pho-
tonic pumping pulse. The general situation is illustrated in
Fig. 6(a), where we consider as the arbitrary initial state
[ o) = cos(r /5)|0) + €™/ sin(;r /5)|1) and the time evolu-
tion on the modified Bloch sphere is tracked [45]. When
the photonic pumping pulse is neglected and the optimized
magnetic field takes the value B = 2.51 T, a circular trajectory
(undisturbed trajectory) on the modified Bloch sphere is reg-
istered around a unitary vector on the XZ plane. Conversely,
when the optimal photonic pumping pulse was considered,
the registered trajectory on the modified Bloch sphere became
significantly more complex. Initially, the trajectory followed
the corresponding rotation as if it had no photonic pumping

0.04 4
0.975
0.02 +
) - T
wp 0-00 0.950 =
—0.02
0.925
—0.04

—0.04 —0.02 0.00 0.02 0.04
0A (meV)

FIG. 7. Numerical results of the quantum average fidelity map
for the o, gate. The optimal magnetic field B is fixed, whereas the
amplitudes A; and widths & of the photonic pulses are perturbed
around their optimal values: A; — A; + A and §; — & + 8. Fur-
thermore, the center of each Gaussian pulse was randomly shifted
and the mean fidelity was computed by averaging over 200 samples.
The inner region, delimited by the white dashed lines, shows the 0.99
tolerance region.

pulse; then, the trajectory was obtained in the modified Bloch
sphere. This behavior is a consequence of population transfer
to other states on a computational basis. Finally, the trajectory
reached the surface of the modified Bloch sphere, success-
fully producing a rotation on Y axis. Figure 6(b) shows the
quantum fidelity as a function of the external magnetic field
F = |(YolUT(B)V|¥0)|>. It was found that, in general, the
fidelity approaches one for a limited region of the applied
magnetic field, implying that is very sensitive to changes in the
magnetic field, except for Hadamard or Pauli-Z gates, which
are more robust to changes in the magnetic field because the
quantum fidelity is approximately one for a wide range of
magnetic field values. Similar results, not shown here, were
obtained in gate synthesis when the trion-photon contributions
were considered [46]. Figure 7 shows the average fidelity
map F(8A, 8¢) as a function of the small deviations in the
amplitudes A and widths & of the optimal photonic pulse,
corresponding to the synthesized o, gate, with the optimal
magnetic field value at B = 2.51 T. Each data point in Fig. 7
is computed as a numerical time average over a random
deviation of the pulse centers around the optimal values ¢,
which are allowed to vary within 5%. The results show that,
while the gate performance is sensitive to changes in the pulse
parameters, the degradation of fidelity is smooth and continu-
ous, and a broad plateau of high fidelity (F > 0.99) remains
clearly identifiable. This plateau, which is bounded by dashed
white lines in Fig. 7, defines a robust operating region in the
parameter space where the gate operation is preserved with
minimal infidelity.

C. Qudit quantum gate

We numerically investigated the production of the iswap
four-level-qudit gate by controlling the detunings §x and
dr, and the modulation terms of the light-matter amplitudes
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FIG. 8. Panel (a) shows the optimal amplitude profile of a pho-
tonic pumping pulse. Panel (b) shows the time evolution of the qudit
populations with the initial condition |¢¢) = %(H) + i|2)) together
with all the optimal parameters (A;, #;, &, B) for the corresponding
iswap gate. The quantum state |G, 1 |, 1) acts as an intermediary
state, facilitating the coherent transfer of the population generated by
the pumping pulse toward the qudit states. Panel (c) shows the fidelity
as a function of time. Panel (d) shows the fidelity as a function of the
external magnetic field together with the optimal photonic pumping
pulse. The vertical dashed line indicates the optimal magnetic field
for which quantum fidelity is maximized. Panels (e) and (f) show
the real and imaginary parts of quantum state tomography for the
time-evolved state U |¢y). For the interpretation of the colors in the
figure(s), the reader is referred to the web version of this article.

gxPx (B) and gy Pr(B) through the magnetic field and pho-
tonic pumping pulse. Figure 8(a) shows the amplitude profile
(t) as a function of time. The amplitude profile shown by
the solid red line corresponds to an asymmetric Gaussian
shape acting on the system. This shape profile is the result
of the optimization algorithm for each term in the train of
Gaussian pulses, shown as gray dashed lines. Figure 8(b)
shows the time evolution of the populations when the initial
state is considered as |¢g) = f(| 1) +i|2)) together with the
optimized amplitude profile mentioned above and the optimal
magnetic field B =2.22T. We observe that the occupation
probability of states |1) and |2) shows a coherent exchange
behavior influenced by the occupation of the auxiliary state
|G, 1], 1), whereas the states |0) and |3) remain with negli-
gible occupation probability. This fact evidences how control
of qudit states can be achieved through the light-matter inter-
action with intermediary states. Furthermore, it was found that
the time evolution of fidelity as a function of time between the
target quantum gate and the dynamically synthesized gate ex-
hibits quasiperiodic behavior, reaching a maximum of 0.996
att = 7.5 ps, as shown in Fig. 8(c). However, Fig. 8(d) shows
the fidelity as a function of the external magnetic field and it is
found that it depends strongly on the applied magnetic field.
There are values for which the fidelity takes values close to
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FIG. 9. Panel (a) shows the time evolution of the system popula-
tion for the initial condition |¢y) = f(IO) + 1) + |2) + |3)). Panel
(b) shows fidelity as a function of time. Panels (c) and (d) display
the real and imaginary parts of the quantum state tomography of
the system state when the fidelity reaches its maximum. For the
interpretation of the colors in the figure(s), the reader is referred to
the web version of this article.

unity. For example, ' = 0.996 at B =2.22T and F = 0.991
at B = 8.5 T, which confirms that the optimization procedure
was successfully used to achieve the proposed quantum gate.
Figures 8(e) and 8(f) show the real and imaginary parts of
quantum state tomography for the time-evolved state U |¢) at
t =7.5ps when the quantum gate is successfully achieved.
At this time, the time-evolved state exhibits the expected
quantum structure of the iswap operation, because both the
populations and phases of the state are recovered. It should be
noted that the time-evolution operator U should be obtained
through an optimization procedure.Additionally, we test the
optimization method on the qudit gate by considering a four-
level pure state as an initial condition. Figure 9(a) illustrates
the temporal evolution of the populations associated with the
initial state |¢g) = \/LZ(|O) + |1) + |2) + |3)) under optimized
control parameters for the iswap gate. Figure 9(b) shows the
fidelity as a function of time. Here, the fidelity remains practi-
cally close to one. Figures 9(c) and 9(d) show the quantum
state tomography of the final state that closely aligns with
the anticipated outcome of the ideal iswap operation. This
effectively confirms that the synthesized gate functions as a
genuine qudit operation, rather than merely facilitating a two-
level population exchange. We validated the performance of
our method for the synthesized gate by successive applications
of the time-evolution operator U on the states |1) and |2)
[47] as shown in Figs. 10(a) and 10(b). It is confirmed that
the population interchanges between |1) and |2) states, as
is well known in the iswap gate. We observed a systematic
reduction in the occupations during successive applications of
the U operator as a consequence of numerical errors in the
optimization algorithm. While the current manuscript focuses
on idealized unitary evolution, it is worth mentioning that in
realistic systems, several effects should be incorporated into
the theoretical model, such as the finite lifetimes of excitons
and trions, photon leakage due to finite cavity reflectivity,
and decoherence effects that inevitably degrade quantum co-
herence. Therefore, all of these effects reduce the achievable
fidelity of the gate operations and it could be investigated by
incorporating some of these environmental effects into our
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FIG. 10. Panels (a) and (b) show the performance of the iswap
synthesized gate through numerical calculations of the populations
for the quantum states |1) and |2) along each application of the
U operator. For the interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.

control framework. More precisely, the time evolution of the
system can be modeled as an open quantum system within the
Lindblad master equation approach, with different collapse
operators describing the corresponding irreversible processes.
In particular, the proposed optimization method should in-
clude the time evolution of the density matrix up to the final
gate time, which defines a nonunitary quantum channel U,
that can be determined by the applied control parameters, for
example, the pulse train A;, #;, & and the magnetic field B.
The figure of merit is the average gate fidelity between the
target unitary gate V and the actual channel U, , restricted to
the computational subspace of dimension d. This theoretical
extension, utilizing a master equation approach, delineates a
clear methodology for integrating realistic loss mechanisms
and optimizing control under conditions pertinent to exper-
imental settings. An initial numerical investigation, which
considers dissipative channels, demonstrates that the coherent
dynamics of our polariton-based gates are influenced by the
population loss of quantum states. However, further explo-
ration of this aspect is planned as part of our future research.

IV. EXPERIMENTAL FEASIBILITY

The proposed protocol for generating quantum gates using
polariton-based systems in AlGaAs/GaAs cavities with em-
bedded GaAs quantum wells is experimentally feasible based
on current technological capabilities. The system relies on co-
herent ultrafast optical pumping and external magnetic fields
to manipulate negative trion states [48,49]. Experimental evi-
dence supports the achievability of key parameters, including
Rabi splittings of 4-15meV [50], optical pulse durations in
the picosecond range [51,52], and drive amplitudes around
0.3meV [53,54]. The required magnetic field strengths of
2-5T are also within practical limits, with recent experiments
demonstrating submillitesla precision in field measurements
[55]. While dissipative effects due to finite lifetimes of
excitons, trions, and cavity photons can degrade gate fidelities,
state-of-the-art cavities with quality factors around 10° have
achieved polariton lifetimes of approximately 270ps [56].
This is significantly longer than the proposed gate times of
around 10 ps, suggesting that the protocol can be implemented
within the coherence time of the system. However, further
optimization may be necessary to address fidelity degrada-
tion caused by dissipative effects. Potential solutions could
involve developing a dissipative version of the optimization
approach to achieve a dynamical equilibrium regime, thereby
compensating for losses and maintaining high gate fidelities.
While superconducting transmon qudits offer high fidelity and
longer coherence times [57], they operate at extremely low
temperatures and have slower gate operation times compared
to optical platforms [47]. In contrast, quantum-dot exciton-
biexciton systems and the proposed exciton-trion polariton
platform achieve much faster operation times in the picosec-
ond range, but currently face challenges with lower fidelity,
shorter coherence times, and limited experimental validation
[58]. Table I provides an approximate comparison of oper-
ation times, coherence times, and the number of operations
achievable by each platform.

V. CONCLUSIONS

In this study, we introduced a theoretical control protocol
to synthesize single-qubit and four-level quantum gates using
the Hamiltonian dynamics of a trion-exciton-polariton system
in semiconductor QWs. Our approach leverages the effects
of external electromagnetic fields on charge carriers within
the active media of an optical cavity to manipulate the phase

TABLE I. Comparison of the number of gate operations that can be executed within the coherence time across various experimental
platforms. Superconducting transmons, for instance, offer coherence windows that accommodate approximately 1000 operations. In contrast,
exciton-based photonic platforms, despite their ultrafast nature, are currently restricted to just a few tens of operations due to short polariton
lifetimes and radiative decay. Values for the operation and coherence times were taken from literature as follows: for the exciton-trion (GaAs
QW), operation time was obtained from our numerical computations and coherence time from Ref. [56]; for the exciton-biexciton platform,
both the operation and coherence times were obtained from Ref. [58]; and in the superconducting transmon case, the operation and coherence

times were obtained from Refs. [47,57,59].

Coherence time T No. of operations

Platform Operation time ()
Exciton-trion (GaAs QW) ~1-10ps
Exciton-biexciton (QDs) ~5-10ps
Superconducting transmon ~10-150ns

2-135 ps (cav. photon lifetime) 2-13
5-130ps (exciton lifetime) 1-13
50-300 us ~10°
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and amplitude of the encoded state populations. For qubits,
we encoded the states into the lowest polariton, whereas for
qudits, we selected the lowest matter states without photon
contributions. We found that our methodology enables precise
modeling of the Coulomb interactions between charge carriers
and allows incorporation of the effects of the magnetic field
on the system properties with high fidelity. We examined the
behavior of the Coulomb matrix elements in the QW system as
a function of the magnetic field, and found that the amplitude
of each matrix element depends significantly on the behavior
of the form factor F,(g), resulting in blue shifts due to the
applied magnetic field in the exciton and trion energies, as
well as in their corresponding ground-state structures. It was
also demonstrated that the fidelity is sensitive to magnetic
field changes for each quantum-controlled gate, underscoring
the importance of magnetic control in the synthesis process.
In particular, we constructed an iswap gate in a four-level
qudit with 99.6% fidelity, confirming that the light-matter
interaction can be controlled by the magnetic field and allows
population transfer between qudit states to achieve the desired
interchange in gate operation.
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APPENDIX A: COMPUTATION OF COULOMB
MATRIX ELEMENTS

Let us consider the Hamiltonian that describes the elec-
trostatic interaction of charge carriers inside a semiconductor
QW, together with the presence of an external magnetic field.
In particular, we introduce dimensionless particle coordinates

-

FIG. 11. The schematic illustrates the geometry of the system,
wherein the charged particles are confined within the QW under
the influence of an external perpendicular magnetic field, denoted
as B. The radial coordinate r and transverse coordinate z define the
particle positions. The figure on the right shows the scaling of the
dimensionless coordinates. For the interpretation of the colors in
the figure(s), the reader is referred to the web version of this article.

(ry, z), as shown in Fig. 11:

0’ 1

V(i —r) = ’
'Y dreeol VIepn —rpl? + oz — )2

(AD)

where [, = /2h/OB denotes the in-plane magnetic length, «
is defined as the ratio of the width of the QW to the mag-
netic length L/l;,, Q is the fundamental electron charge, B is
the magnetic field intensity, € is the relative permittivity of
the material, and ¢ is the electrical permittivity of vacuum.
Considering the second quantization framework, we choose
as basis functions the product of the eigenfunctions of a single
electron subject to an external perpendicular magnetic field
to describe the in-plane problem and the ground state of an
infinite symmetric QW in the transverse direction, as follows:

2 .
$i(r) = e e™ T L) (7' cos(r2)

= Cuy Ry 1 (N 2 (2).

Here, n; and [; denote the radial and angular quantum num-
bers of the states |i) and L,'Z’i"‘(r) are the associated Laguerre
polynomials. The normalization constant is given by c,, ;, =
20 [ (n; + 15])!]. We assume the first QW subband ap-
proximation owing to the large energy gap between the first
excited state and the QW ground state compared to the typ-
ical Coulomb strength in thin QWs. In addition, the spin
degrees of freedom (s;) were neglected because the influence
of Coulomb interaction preserves their inherent proper-
ties. We define (ij|V|st) as the two-body Coulomb matrix
element as

(A2)

(ijIVist) = /d3r1d3r2¢7(r1)¢f(r2)V(r1 — 12)¢ (r2)s(xy).

(A3)
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Note that r is a 3D vector, and labels (1, 2) denote the position
vectors of each particle. By using the Coulomb potential,
Eq. (Al), and single-particle wave functions using Fourier
integrals [40],

i (r) =

P / I qi(q)e”, (Ad)

V() —nm) =

1 . .
G / d’qV ()T, (AS)

where ¥;(q), V(q) correspond to the single-particle wave
function and the Coulomb potential Fourier transform, respec-
tively. The Coulomb matrix element takes the following form
[60]:

1
@)y

x Y (2 + Q¥s(q1 — QV (q).

It is straightforward to see that the last expression can be
rewritten in a more compact form by grouping terms as
follows:

(ij|Vist) =

/dSqfd%n/d3qzw,~*(q1)1/fj(qz)

(A6)

(ij|Vist) =

/ d*qA;(@)B;,(QV (q), (A7)

2n)?

where A; ;(q) and B;,(q) are the convolution integrals given
by

Auy(@) = / Lavr @)@ — ). (A8)

@n)

B, (q) = /d3qz¢j‘(qz)wt(qz +q. (A9

1
@2n)?
Now, the previous integrals can be transformed into the space

coordinate representation and together with the Fourier trans-
form of the 3D dimensionless Coulomb potential:

~ dra
—_— (A10)

We obtain the final form of the Coulomb matrix element,
which can be expressed as

o0
IV Ist) = 8yt f dq Fu(@0s(@)90 (@), (ALD)
0

with
722003 72q° + 30°q° + 3274 (g + e — 1)]
Fa(CI) = 5 5 > 32
a?(4n?qg + a’q’)
(A12)
and
o 2
ﬁa,h(q) = C”a,[gcnb,lb\/\ dr r”“ml”lﬂe”
0
X LY DL )y (gr). (A13)

A
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FIG. 12. The diagram illustrates the ordering of the Landau ba-
sis, in which each layer comprises N degenerate electronic states.
The Dirac notation |i) denotes the ordering number, whereas the pair
(n;, I;) specifies the associated radial and angular quantum numbers.
For the interpretation of the colors in the figure(s), the reader is
referred to the web version of this article.

Here, Jj;,—;,(gr) denotes the Bessel function of the first type.
It is important to highlight the explicit conservation of angular
momentum, as shown in Eq. (All) because the scattering
processes involved in the Coulomb interaction preserve the
angular momentum of particles. Owing to the highly os-
cillatory nature of the functions 7, ,(q) at elevated angular
momentum values, Eq. (A11) was computed numerically us-
ing the quadrature method [61] to ensure high precision. The
finite structure of the Coulomb matrix element is significantly
influenced by the form factor F,(g), which is an enve-
lope function that exhibits a magnetic-field-dependent decay
rate.

APPENDIX B: LANDAU BASIS ORDERING

In this Appendix, we elucidate the method by which the
ordering of quantum states is utilized in all the calculations
in this study. Specifically, Fig. 12 illustrates the basis for
ordering Landau levels. We assume that the states are evenly
distributed across the three levels, with N states per level
(N = 20 for the numerical simulations). Furthermore, each
layer comprises degenerate electronic states, with the energy
determined by (neglecting the spin) iw(®(B)/2 - (2n; + |I;| —
l; + 1), where w.(B) represents the electron cyclotron fre-
quency. Each state is identified by the ordering number |i) and
its corresponding quantum number (7;, [;), which denote the
radial and angular momentum numbers, respectively.
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