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Abstract The photothermal effects can make an optical cavity transparent to a weak probe field when a strong driving field is applied
(Ma et al. in Sci. Adv. 6:eaax8256, 2020). This system provides a photothermal analog of the standard (single) electromagnetically
induced transparency. Here, we suggest a novel scenario by introducing into the system a qubit (two-level system), which, besides
allowing to achieve the two-color (double) transparency, strongly enhances the transparency effects. When the hybrid system is
illuminated by a strong coupling field, the output field is shown to experience both sub- and superluminality at different frequencies.

1 Introduction

Electromagnetically induced transparency (EIT) is a coherent phenomenon in which a stronger control laser induces transparency
for a weaker probe laser in an otherwise opaque medium[1-4]. The strong control field creates two dressed states that destructively
interfere, leading to a transparency dip for a resonant probe field. EIT has opened a promising avenue to explore various interesting
effects, such as slow light propagation [5, 6], photons quantum memory [7], EIT resonance linewidth [8, 9], multiple-EIT [10, 11]
and enhancement of optical nonlinearities [12]. Normally, the multiple-EIT appears due to coherent multi-channel in a system that
can facilitate long-lived nonlinear interactions.

Similar to the established mechanism for EIT, a controllable transparency effect exists in optomechanical systems with coupled
optical and mechanical resonators, known as optomechanically induced transparency (OMIT). The phenomenon of OMIT was first
explored in 2010 in a vibrational cavity system [13], and is based on the destructive interference between different paths of the
internal fields. The OMIT has been suggested to apply for different purposes, such as quantum router [14], ultraslow light [15], four
wave mixing [16], and accurate measurement [17—19]. In addition, two-color (double) OMIT (containing two transparency windows)
has been investigated in coupled optomechanical systems [20, 21], and optomechanical systems filled with atomic ensembles [22].

Analogous to EIT and OMIT, the concept of photothermally induced transparency (PTIT) has been recently introduced in a cavity
system. This effect occurs when an optical resonator shows a nonlinear behavior because of the optical heating of the mirrors or
resonators [23]. Such a transparency, induced by photothermal effects, appears in the presence of a strong optical control field which
suppresses the coupling between a weaker optical probe and a resonance feature. Similar to the radiation pressure [24], photothermal
effects couple the length of the beam path of the cavity with the intracavity power. This is due to the absorption of photons by the
mirrors in the cavity, which leads to thermal expansion and a change in the index of refraction of the coating and the substrate of
the mirror. The interference between the pump and probe fields at the frequency difference induces modulation in the cavity optical
length, resulting in the anti-Stokes and Stokes fields. Depending on the interaction, the photothermal effect can reduce or increase
the cavity optical length [25, 26]. The photothermal-cavity coupling can be used to suppress a microlever’s Brownian vibrational
fluctuations [27, 28], to achieve the quantum ground state cooling of the mechanical cavity in the bad-cavity limit, and to understand
the fundamental limit in gravitational wave detection [31, 32]. Unlike EIT, PTIT does not involve interference between two quantum
pathways, and provides possible applications in characterization of photothermal parameters [33] and optical signal processing [34].
The PTIT phenomenon might be also used to extract photo-thermal characteristics, optical amplification, and alteration, and it could
even be extended to the quantum regime [23, 27, 28].

In this paper, we theoretically study a rather different situation by injecting into the PTIT setup a qubit. The transmission spectrum
of the probe field is very sensitive in the vicinity of a control field frequency, which can be detuned by the cavity frequency. This
motivates us to study the possible scheme to modify the cavity frequency. As we know, a qubit is the simplest quantum system, its
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interaction with a single-mode inside a cavity has been intensely studied based on Jaynes-Cummings model, which is a fundamental
theory in cavity quantum electrodynamics. The presence of qubit would change the cavity resonant frequency with the frequency-
pulling effect. On the other hand, the corresponding frequency-shift depends on some internal degree of freedom of qubit in such
a way that one can control the cavity resonant frequency and the probe transmission in the PTIT. With more degrees of freedom,
one can optimize the efficiency of the operation of PTIT. Thus, it provides new possibilities to consider more rich physics behind
it. We show that the qubit-cavity interaction can affect the properties of the output probe field, resulting in a two-color (double)
transparency and the strongly enhanced transparency effects. The two-color transparency has many applications such as nonlinear
wave mixing, cross-phase modulation, optical switching, and wavelength conversion. We study the slow and fast light propagation
which can be manipulated via external parameters. The addition of the qubit results in the fast and slow light propagation at two
different frequencies when the qubit is initially in the ground state. We also study the slow and fast light propagation when the qubit
is initially in the excited state. It is found that such a situation leads to the control of slow and fast light propagation at two different
frequencies. Further, the slow and fast light propagation can be tuned effectively by the addition of a qubit in the photothermal
cavity, meaning that our suggested system provides an effective approach in controlling the group velocity of the probe light.

2 Model and equations

As schematically depicted in Fig. 1, we consider a theoretical model of a hybrid setup in which a qubit (two-level system) is
coupled to single-mode cavity field through Jaynes-Cummings coupling [36]. The left cavity mirror is oriented in such a way that
its high-reflectivity coating faces outward and its anti-reflectivity faces inward. The right mirror is attached with a piezoelectric
actuator which is used for scanning the length of the cavity. The substrate of the left cavity mirror is made of fused silica. The
left cavity mirror is placed inside the cavity leading to the enhancement of photothermal effects. The photothermal cavity under
consideration, with a length of L, has a high Q Fabry—Perot. A pair of the weak probe and strong pump fields are shined from the
left to the cavity. The fused silica coated on the left mirror from the inside can lead to the expansion of the mirror when the strong
pump field is applied, resulting in a change in the refractive index of the substrate. In a proper rotating frame, the Hamiltonian for
the whole hybrid qubit-cavity system can be written as

H = hAqata — hgcpaTaxth — hgapozxin
h .
+hgac(a701 +aalT)+ EAaJZ +ihE(a" —a) (1)
+ ihEp(aTe_i‘s’ — ae'h.

Here, Ac(q) = wc) — @ correspond to the detuning of the cavity field (atom transition) frequency while § = w,, — w; represents
the detuning of probe field with pump field frequency. In Eq. (1), the first term shows the cavity modes with creation (annihilation)
operator a'(a). The second term indicates the interaction of cavity with the photothermal radiation with the coupling strength 8cp-
The third term defines the interaction between photothermal expansion with the qubit with § = @, — «w; the coupling strength g,),.
The fourth term shows the interplay of the two-level system with cavity modes with the coupling strength g,.. The fifth term stands
for the unperturbed part with the Pauli operator o, describing the two-level system with the transition frequency w,. The last two
terms show the pump and probe fields, with frequencies w, and wy, respectively, deriving from the left side of the cavity. The probe
and pump fields have amplitudes £, = /2«1 P,/hw, and E; = /2«1 P;/hawy, respectively. The mirror is heated by the intra-cavity
optical field, which causes photothermal displacement. The length of the cavity changes as a result of this displacement, modifying
the cavity frequency.

Introducing the cavity and mirror dissipation terms, the equations of the motion read

. Vih
Xth = _j(xth +,3hgcp|a|2+,3hgapaz)v (2a)
a = —(K +iAc)a +igepaxyy — igaco1 2b)

+E + Epe_l‘” ++/2kajy,
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01 = —(Ya +i(Ag — 2gapxth))al +igacaoy, (2¢0)

where yy, describes the effective photothermal relaxation rates, m is the mass of the mirror , P, is the intra-cavity power, and
B = 0xu/0 P, represents the effective photothermal coefficient. In addition, x represents the cavity decay rates for cavity mode a.
The quantum noise operator with zero mean values [30] is described by ajp.

To find the steady-state solutions, we consider x ¢, = X;p5 + 6x 1, While the pump field is assumed to be much stronger than the
probe field. Here, x;j, illustrates the steady-state value governed by the pump field, whereas dx;; gives the mean value of fluctuation
proportional to the probe field. The same treatment applies to other variables a and 0. The steady-state value of any operator can
be attained from Eq. (2) by setting the time derivative to zero, yielding

Xins = —hB(geplas| + gap (02)), (3a)
E;
as = 7 ) (3b)
. g(lL'
Z(AC - gcpxth‘? + K) + iSAa*ZgapXth:)“'Va
ol = 18acas(07)s 30)
’ i(Ag — 2gapxths) + Va '
where o, = |e){e|—|g)(g|. Let us first consider the case when the quantum two-level system is initially in its ground state i.e.,
o, = —1. The linearized equations read
. Vth
Sip = —Z‘(axm +hBgep(asda™® +alda) — hBgap), (4a)
da = —(kda +i(Acda — gep(Xinsda + Sxppay))) 4b)
—iggcdor + Ej + Epe_i‘”,
361 = —(Yad01 +1(An801 — 284p(Xtnsd01 + 8X14015))), (4¢)
To solve the above linear equations, we use the anstaz
Sa =8a_e 0" + 8a+ei5’,
Sxp = Sx_e 10 4+ 8x+e"‘st,
S0 =8o_e ¥ + 5g,e'0 )
Using the ansatz in Eq. (5) one gets
(K + i(AL' - gcpxths) - i8)8a_ - igcpasx— + igacal— - Ep =0, (63)
(22 —is)e + (20) (nBeep) (as8a + azda-) =0, (6b)
m m
(Ya +i(Ag — Zgapxth.v) —i8)oj— — Zigapo'lsxf +iggcda_ =0, (6¢)
(e — i(Ac - gcpxthx) - 18)8af + igcpa:xi - igac“]t =0, (6d)
(2 —is)x+ (22) (nBaep) (a38a- +asdar) =0, (6e)
m m
(Ya —1(Ag — zgapxths) - i8)0'1*+ + Zigng'f}xI - igaCSQi =0. (6f)
Solving the above coupled equations, we can find the expression for da_ as
Sa_ = [E pas(g2.on + anasaea) + 2a58ac8apa307)1/[(8ae
X o + gZL.ouotzom + gicazoljolﬁ +o1o0a0506 + QgZCgapdls
X 03050060y + [asgcp0t30a0soedy + 205 8ac8ap®1030640,)], @)
with
o] = Kk +1Ag; — 16,
a =" i,
m
Yih
a3 = L(:Bgcp),
m
g =y, +iAg — 14,
a5 =k —1Ag1 — 16,
a6 =Yg — 1Ap2 — 18, 3)
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where Agr = Ac — gepXihs and Aoy = Ay — 2g4px1ps are the effective detuning. Similar expressions can be obtained when we
assume the two-level system is initially prepared in its excited state o, = 1 (not shown here).
We can write the input-output relation of the cavity as [37]

Eou(t) + Epe™® + E; = V2K éa, ©)
where
Eou(t) = EQ\ + EX Epe ™" + EJ Epe'. (10)
Solving Egs. (9)and (10), we find
2ic8a_
Ef, = Y22 (11)
EP
Further we define
2icsa_
Ef +1=Y"% _ g (12)
EP

Here, the quadratures of the field &1 may be written as &t = u, +iv),, where u, and v, are the in-phase and out-of-phase quadratures
of the output probe field, respectively, while u), and v, represent the absorptive and dispersive characteristics of the probe field
when propagating through the cavity.

3 Results and discussion
3.1 The two-level system is initially in the ground state

In this section, we study the characteristics of the output probe field under the influence of different coupling strengths i.e., cavity-
photothermal coupling (g, ), atom-photothermal coupling (g4,), and atom-cavity coupling (g,.). In the absence of the strong driving
field, all the coupling parameters might be set to zero. Therefore, we consider all the coupling parameters are zero and plot in Fig. 2a
the Re[£7] versus probe field detuning §/x. We get a Lorentzian profile indicating that the probe field is completely absorbed
inside the cavity, that is the typical response of the bare cavity . In the presence of strong control field and by considering g., # 0,
again we plot the Re[E7 ] versus probe field detuning §/« as shown in Fig. 2b. The profile of the output probe field shows that
the Lorentzian response is modified and we get a transparency window. The narrow transparency is obtained when the control and
probe field frequencies are very close to each other i.e., § &~ 0. While this behavior is somehow similar to EIT and OMIT, it is rather
different. In the case of OMIT, the beating frequency of control and probe becomes equal to the optomechanical frequency, whereas
the transparency occurs in the photothermal cavity when the probe field is very close to the control field [23]. This is due to the fact
that the beating of the probe and strong driving fields generates the oscillation of the effective cavity length via photothermal effects.
The oscillation induces the Stokes and anti-Stokes fields where the probe and Stokes fields generate the destructive interference and
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leads to a transparency window. In the absence of coupling strength g,., we look for the influence of g,;, on the output spectrum as
shown in Fig. 2c. The spectrum shows that g,, does not matter if g, is absent. Next, we switch on the coupling strength g, while
gap = 0 and plot in Fig. 2d the Re[€7] versus §/k. In the presence of g,¢, a new transparency window takes place in the Re[E7]
profile. This transparency window occurs via the interaction of the qubit with the cavity. This is due to the fact that when the probe
frequency is resonant with the qubit frequency it can result in a transparency window. The two-color transparency also appear when
both coupling strength g., and g, are present (see Fig. 2e, ). Enhanced transparency effects are observed by increasing the width
and depth of transparency windows through proper manipulating both g., and g, values.

3.2 Slow and fast light

We have already discussed the characteristics of the output probe field when the probe field is propagating through the cavity. As it
is shown, the double transparency windows are achieved under the effect of the coupling strengths g, and g,.. The presence of two
transparency windows implies that there might be a modification of the cavity dispersion. It is already established that the positive
slope of dispersion corresponds to the slow light propagation while the negative slope of dispersion determines the advance or fast
light propagation. The group delay (or advance) corresponding to the probe field can be defined as [13]

d
g = 20%0) (13)
dwp
where ¢, (w),) = arg[t(w))] is the phase of the output probe field and
V2kéa_
Hwp) =1 — Y220 (14)

Ep

In expression (13), the magnitude of the group delay is dependent on the rapid phase change in the output probe field. This indicates
that the sign of 7, determines the characteristics of the probe light. In other words, a negative value of the group delay is corresponding
to the advancement of the probe field while a positive value of the group delay is corresponding to the slow light propagation. In
the following, we study the phase and group delay or advance of probe light using Eq. (13) for different system parameters. When
all the coupling parameters are set to zero, we get a negative slope of dispersion with a negative group delay in the spectrum, as can
be seen in Fig. 3a, b. This is the case in which a Lorentzian profile appears in the transmission spectrum (see Fig. 2a). Transparency
occurs when the coupling strength is nonzero (g¢p 7# 0). In this case, a steep negative dispersion appears around §/k ~ 0, see
Fig. 3c. A maximum group advance of about 3000 ws is also achieved (Fig. 3d). Next, we consider that all the coupling parameters
are nonzero and plot in Fig. 3e, f the phase and group delay profiles against §/xk. We observe both negative and positive slopes
at different frequencies. The negative slope occurs due to the coupling strength g.,, whereas the positive slope is because of the
coupling strength g,.. Similarly, we achieved a group advance for the negative slope while a group delay for the positive slope at
different frequencies. The phase and group delay may be affected via the manipulation of coupling strength g.,. Changing in Fig. 3g,
h the coupling strength g, /27 from 1 to 3 MHz (with all other parameters unchanged), we can see an increase in the group delay
while a decrease in the group advance.

3.3 The two-level system is initially in the excited state

Thus far we have considered the two-level system is initially in the ground state. In what follows, we consider a different situation in
which the qubit is prepared in the excited state i.e., 0, = 1. The profiles for the transparency (absorption) are approximately similar
to the previous case illustrated in Fig. 2, yet the phase and group delay characteristics behave differently. In Fig. 4a, b, we show the
spectrum of phase and 7, of the probe field versus §/«x by considering g.,/27 = 1 MHz, g,,/27 = 1.5 MHz and g,./27m = 0.01
MHz. By considering o, = 1, we obtain negative slope of dispersion at different frequencies, see Fig. 4a. At frequency 6/« = 0.28
MHz, we get negative slope of dispersion, whereas for previous case (when o, = —1) positive of slope dispersion was achieved.
Obviously, when the system is initially in the excited state, a negative slope is also achieved with a group advance at §/x ~ 0.28
MHz as shown in Fig. 4b. By increasing the coupling strength g., from g.,/2m = 1 MHz to g.,/2m = 5 MHz we find that the
phase and group advance modify only around é/« ~ O as this phase and group delay occurs via the coupling strength g.,,.

4 Possible applications

As reported earlier, the photothermal effect is effective in quenching the Brownian fluctuation of mechanical oscillators [38, 39].
Moreover, one can characterize the photothermal parameters such as photothermal relaxation rate and photothermal coefficient by
the frequency modulation of input laser or by the expansion of photothermal effect that leads to change in the cavity length. The
phenomenon of PTIT [23] is easy to access experimentally and paves the way toward applications in classical signal processing
such as filtering and optical amplification. Introducing a qubit in the photothermal cavity can strengthen the coupling, leading to
enhancing the nonlinearity. Therefore, the interaction of qubit to the photothermal cavity may provide further applications in classical
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processing. Also, our results show the modification and controlling of slow and fast light propagation, and can be easily achieved
experimentally [23, 29]. Motivated by the experiments [23, 29], our scheme might be realizable experimentally. The other unique
feature of this scheme is that it is compact and versatile, enabling a quick and precise characterization of photothermal effects.
Additionally, photothermal effects have been reported to involve many other phenomena, such as self-sustained oscillations, chaos,
production of squeezed light, etc. All these effects contribute to the birth of photothermal optics. The transmission spectrum of the
probe field is very sensitive to the control field frequency, which can be detuned by cavity resonant frequency. The presence of any
quantum objects would change the transmission spectrum such that it is possible to apply this system to be a single molecule sensor
for which electronic transition of the unknown chemical molecules can be detected from the transmission spectrum precisely.

5 Conclusion

We have studied theoretically the characteristics of the output probe field by considering a two-level system inside a photothermal
cavity. It has been shown that the probe field characteristics can be manipulated by adjusting different parameters such as g¢p, gap
and g,.. By tuning the coupling parameters, we get double transparency windows simultaneously at different frequencies. Further,
by tuning the coupling parameters we control the slow and fast light simultaneously at different frequencies. Our model paves the
way toward further theoretical and experimental studies to explore the PTIT as well as new stimulating phenomena in photothermal
cavity systems.
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