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Quantum computation with
photochromic films in a
Mach—-Zehnder interferometer

Francesco Scotognella*

Department of Applied Science and Technology, Politecnico di Torino, Torino, Italy

Photochromic materials are of great interest because they enable the fabrication
of photo-activated switches. In this study, an experiment is proposed in which
two chromene-based photochromic layers were inserted into the arms of a
Mach—-Zehnder interferometer. The chromene was studied from the perspective
of optical absorption to determine the wavelength-dependent complex
refractive index. Impinging ultraviolet light on one of the chromene layers
induces a transition from the closed to the open form of the chromene,
resulting in different phase shifts in the two arms of the interferometer. This
results in a change in the probability of detecting a photon by the two detectors
after the second mirror of the Mach—-Zehnder interferometer. The experiment
may be of interest to researchers working in the fields of quantum information
and quantum communications.
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Introduction

Interest in photochromic materials is growing in the scientific community because of
their use in devices that respond to light, such as rewritable displays, dynamic optical filters,
optical memories, and neural surrogates in chemical artificial intelligence (Torres-Pierna
et al.,, 2020; Barachevsky, 2018; Naren et al., 2019; Castaing et al., 2021; Gentili, 2022). The
photochromism of different molecules and polymers has been recently reviewed by Xu and
Feringa (2023). In the phenomenon of photochromism, there is a reversible transformation
from a thermodynamically more stable A isomer to a metastable B isomer induced by
electromagnetic radiation, especially in the ultraviolet range (Boelke and Hecht, 2019). Of
particular interest are recent studies in which neuronal photostimulation has been
demonstrated with an azobenzene-based photo-interrupter (DiFrancesco et al., 2020;
Paterno et al., 2020). Chromene (CyHgO), also known as benzopyran, is a promising
photochromic molecule due to the variety of its derivatives that can be synthesized
(Hepworth and Heron, 2006; Perevozchikova et al., 2021). An interesting derivative of
chromene, 3,3-diphenylbenzo[f]chromene forms two colored species in the photochromic
reaction: transoid-cis and transoid-trans (Gierczyk et al., 2022). Photochromic materials
have been employed in Mach-Zehnder interferometers in order to build all-optical
modulators (Kang et al., 2002). Mach-Zehnder interferometers, consisting of two beam
splitters, two mirrors, and two detectors, are very powerful and versatile tools for quantum
optics experiments (Hajdusek and Van Meter, 2023; Rioux, 2019). Although it is true that
electro-optic modulators, especially those based on lithium niobate, are the workhorse for
integrated quantum optics (Palacios-Berraquero et al., 2017; Renaud et al.,, 2023), other
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solutions that require low-cost materials and fabrication techniques,
such as photochromic molecules, can be an excellent alternative to
conventional devices for quantum optics.

In this study, two chromene-based photochromic layers
Mach-Zehnder
interferometer. The optical properties of the closed and open

have been placed in the arms of a
forms of chromene have been simulated with the Hueckel
theory (Guy and Troy, 2024; Solomon et al., 2011). The
index of the

has been determined from the simulations. A

wavelength-dependent complex refractive
molecule
switch from the closed form to the open form of chromene is
induced by impinging ultraviolet light on one of the chromene
layers, leading to different phase shifts in the two arms of the
interferometers. This results in a change in the probability of
detecting a photon by the two detectors after the second mirror

of the Mach-Zehnder interferometer.

Methods

The Hueckel theory has been employed to simulate the light
absorption of chromene in its closed and open forms. The Heckel
theory is a well-known molecular orbital theory in which the
molecular orbitals are written as linear combinations of atomic
orbitals (LCAO). The approximations employed in the theory are: i)
the Born-Oppenheimer approximation, with fixed nuclei positions;
ii) the molecular orbitals are linear combinations of p, orbitals,
neglecting electron-electron interactions (Guy and Troy, 2024). In
the Hueckel method, the time-independent Schrodinger equation is
given by Equation 1

Hy = Ey. (1

In this study, the Hulis package (Huckel Theory and HuLiS,
2013) has been used to define the Hamiltonian for open and
closed forms of chromene (reported in the Appendix).
Subsequently, eigenvalues and eigenvectors have been
determined. The on-site energy a is set to 0 eV, and the
nearest neighbor element P is set to —3 eV, in agreement with
Solomon et al. (2011).

The Fermi golden rule has been used to find the transition

probabilities (Equation 2):
27 . .
Ty = 51/ HIVO [ @)

The transition probabilities have been calculated between the
highest occupied molecular orbital (HOMO) and the unoccupied
orbitals. Gaussian peaks have been employed to simulate the
absorption spectra, with a linewidth ¢ of the peaks of 0.1 eV.
Considering the transitions from the ground state ith to the
different jth excited states, the absorption coefficient can be
written as follows (Equation 3):

a@):?fHﬂmp<GF(%_an>. 3)

2c?
To extract the imaginary part of the complex refractive index,

the following expression has been used, modifying the one reported
by Kohandani and Saini (2022) (Equation 4):
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FIGURE 1

(A) Chromene in the closed form and (B) chromene in the open
form (carbon atoms in gray, hydrogen atoms in light gray, and oxygen
atoms in red).

Aa(E)

k(E) = 4

) (4)

where A is a parameter (its value is 1 x 10'%). The real part of the
complex refractive index can be derived via the Kramers-Kronig
relations (Pankove, 1975) (Equation 5):
© wk (w
( )dw (5)

2
7)-1== )
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The Kramers-Kronig relations are actually Hilbert transforms
(Ogilvie and Fee, 2013). A constant offset of 1.5 has been used for
the real part of the refractive index, as in Wiebeler et al. (2014) and
Scotognella (2020). Thus, it is possible to derive the complex refractive
index of chromene in the open (1,,) and closed (1) forms (Equation 6):

nOP (E) = g e (E) + ikeoee (E). (6)

Results and discussion

Figure 1 shows the closed form (top) and the open form
(bottom) of chromene (carbon atoms are in gray, hydrogen
atoms are in light gray, and oxygen atoms are in red).

The complex refractive index of chromene in its closed and open
forms has been derived by employing the Hueckel method, and its
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FIGURE 2
Real part n (black curve) and imaginary part k (red curve) of the

refractive index for chromene in the open form (n.., top) and for
chromene in the closed form (n.., bottom).

dependence upon the energy is reported in Figure 2, where black
curves correspond to the real part of the refractive index, and red
curves correspond to the imaginary part of the refractive index. In
the imaginary part of the refractive index, the open form shows
resonances at 1.95 eV, 5.17 eV, and 8.31 eV. The closed form shows
resonances at 2.54 eV, 2.67 eV, 4.19 eV, and 6.06 eV. The resonances
are due to the electronic transitions of the molecule in the two
different forms calculated by Hueckel’s method. At the resonances
mentioned above, there are significant changes in the real part of the
refractive index.

A sketch of the Mach-Zehnder interferometer designed in this
study is depicted in Figure 3. The interferometer consists of a photon
source, two 50/50 beam splitters, BS1 and BS2, two mirrors M, and
two detectors D1 and D2. The two layers of chromene are indicated
with PCx (along the x direction after the beam splitter BS1) and PCy
(along the y direction after the beam splitter BS1).

The state vectors and operators are adopted in agreement with
Rioux (2019). The photon moving along the x-axis is represented by
the state vector (Equation 7):

x:[})] ?)

The photon moving on the y-axis is represented by the state
vector (Equation 8):

0
The two mirrors are represented by the operator (Equation 9):
01
M- [1 ! ] ©

The two beam splitters are represented by the operator
(Equation 10):

1|1
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FIGURE 3

Sketch of the Mach—-Zehnder interferometer with the photon
source and the two detectors D1 and D2, the two mirrors M, the two
50/50 beam splitters BS1 and BS2, and the two photochromic layers
PCx (along the x direction transmitted by BS1) and PCy (along the

y direction reflected by BS1).

A 90-degree phase shift is assigned to the reflection. The
chromene-based photochromic (PC) layer is represented by the
operator (Equation 11):

2mdnomrle:
exp zf’ 0
PC = , (1D

2mdncomplez
0 expl i f

where d is the thickness of the layer, and A is the wavelength of
the light. The thickness of the chromene layers is 75 nm. This value
for the thickness was chosen so as to obtain a significant phase
difference between the chromene film in closed form and the
chromene film in open form.

Without the chromene-based photochromic layers in the
Mach-Zehnder interferometer, the probability of measuring the
photon with the detector D1 is (Equation 12)

D1 = |x"BS M BSx|". (12)

Meanwhile, the probability of measuring the photon with the
detector D2 is (Equation 13):

D2 =|y"BS M BSx|". (13)

xT is the transpose of vector x, while y” is the transpose of vector .
The photon will be detected by D1. Thus, D1 = 1, while D2 = 0.

With the chromene-based photochromic layers in the
Mach-Zehnder interferometer, the probability of measuring the
photon with the detectors D1 is (Equation 14):

D1y = |x"BS M PC BSx|". (14)

Meanwhile, the probability of measuring the photon with the
detectors D2 is (Equation 15)
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D2pc = |y"BS M PC BSx{’. (15)

With both the chromene layers having the molecule in the closed
form or open form, the probabilities at the two detectors are again
D1 =1and D2 =0.

By impinging the chromene layer PCy with ultraviolet light, the
chromene switches to the open form with a consequent change of its
refractive index (n,,, Figure 2 top), while chromene in PCx remains
in its closed form (with refractive index ., Figure 2 bottom).
Because of the different refractive indexes of the two layers PCx
and PCy, the phase shifts will be different in the two arms of the
Mach-Zehnder interferometer. In the case of a photon at a
wavelength of 454 nm, the probabilities at the two detectors are
D1 = 0.853 and D2 = 0.147. Because the complex refractive index of
chromene in its closed and open forms is wavelength dependent,
such probabilities will consequently depend upon the photon
wavelength. The wavelength corresponding to 454 nm was
chosen because there is a significant difference between the
closed and open forms in terms of the real part of the refractive
index. Furthermore, at that length, the imaginary parts of the
refractive index for the two forms are not so high as to be
related to the strong absorption of light by the molecule.

Conclusion

In this work, two chromene-based photochromic layers were
inserted into the arms of a Mach-Zehnder interferometer. The
absorption of light by chromene was studied by using Hueckel
theory to determine the complex, wavelength-dependent refractive
index. Impacting ultraviolet light on one of the chromene layers
induces a transition from the closed to the open form of the
chromene, resulting in different phase shifts in the two arms of
the interferometer. This results in a change in the probability of
detecting a photon by the two detectors after the second mirror of
the Mach-Zehnder interferometer. Such an experiment may be of
interest to the scientific community working in quantum
information and quantum communications. Usually, modulators
for Mach-Zehnder interferometers are based on the electro-optic
effect (Palacios-Berraquero et al., 2017; Renaud et al., 2023).
Obviously, this strategy needs electrical contacts to control the
modulator. Should one wish to avoid using electrical contacts,
other stimuli that do not require electrical contacts could be
used. An example is the thermo-optical effect, with the change in
refraction due to temperature change. In particular, the phase
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Appendix

Hamiltonian of chromene in its closed form:

1C2C304C5C6C7C8C9C10C

1 C o« + 0,00 1,006 0,008 0,00 0,008 1,008 0,008 0,006 0,008 0,008

2 C 1,008 « + 0,00 0,666 0,008 0,008 0,008 0,008 0,00 0,008 0,008

3.0 0,008 0,668 a + 2,098 0,66 0,008 0,008 0,008 0,00p 0,008 0,00

4 C 0,008 0,00B 0,66( o + 0,008 1,008 0,00p 0,00p 0,008 0,00p 1,008

5 C 0,008 0,008 0,006 1,008 a + 0,008 1,008 1,006 0,008 0,00 0,006

6 C 1,00 0,00p 0,008 0,008 1,00p « + 0,00p 0,008 0,00 0,008 0,008

7 C 0,008 0,008 0,006 0,008 1,008 0,008 « + 0,008 1,008 0,00 0,006

8 C 0,00 0,008 0,00 0,008 0,008 0,008 1,008 a + 0,008 1,008 0,008

9 C 0,00 0,00p 0,008 0,008 0,00p 0,008 0,008 1,008 « + 0,008 1,008

10 C 0,00 0,008 0,00 1,008 0,008 0,008 0,006 0,008 1,008 a + 0,008

Hamiltonian of chromene in its open form:

1C2C3C4C5C6C708C9oC10C

1.C a + 0,008 1,008 0,008 0,008 0,008 1,008 0,00 0,008 0,008 0,00

2 C 1,00 « + 0,008 1,008 0,008 0,008 0,006 0,008 0,00 0,006 0,008

3 C 0,008 1,008 « + 0,008 1,008 0,008 0,00 0,008 0,008 0,00 0,00

4 C 0,00 0,008 1,008 a + 0,008 1,00 0,00p 0,008 0,00 0,006 0,008

5 C 0,00 0,008 0,00 1,008 a + 0,008 1,008 1,063 0,008 0,008 0,008

6 C 1,00 0,00p 0,008 0,008 1,00p « + 0,00p 0,008 1,00 0,006 0,008

7 0 0,008 0,008 0,008 0,008 1,066 0,00 & + 0,97 0,00p 0,006 0,00

8 C 0,008 0,008 0,006 0,008 0,008 1,006 0,008 a + 0,008 1,00 0,006

9 C 0,00 0,00p 0,008 0,008 0,006 0,008 0,008 1,008 « + 0,008 1,008

10 C 0,008 0,006 0,008 0,00 0,006 0,008 0,00 0,008 1,008 a + 0,008
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