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Carrier-mediated cavity optomechanics in a semiconductor laser
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Coherent interaction between photons and phonons plays a central role in cavity optomechanics. Additional
physical degrees of freedom, such as electrons or atoms, can control the optomechanical interaction and
thus serve as a coherent link between photons and phonons. Here, we study cavity optomechanics in a
semiconductor gain medium where the inverted carriers interact collectively with the photons and phonons
via the carrier relaxation oscillation and optical gain effects. With carrier relaxation oscillation, the carriers
are coupled coherently to the mechanical modes via the optical field, which can be used to manipulate the
phonon state. With optical gain effect, the inverted carrier population can tune the interaction between photons
and phonons, rendering an enhancement of optomechanically induced slow light effect and a transition from
optomechanically induced transparency to optomechanically induced absorption. The semiconductor-laser-
based optomechanical systems offer substantial flexibility in coherent control of the photons and phonons,
which may find wide applications in quantum metrology, information processing, and semiconductor laser
engineering.
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I. INTRODUCTION

Cavity optomechanics studies the coherent interaction be-
tween localized optical resonant modes and mechanical os-
cillation of a cavity [1,2], which may shed light on the
transition from classical to quantum physics. Such interac-
tions have been exploited for detecting and manipulating
mechanical oscillation, resulting in unprecedented precision
in displacement sensing [3] and optical cooling or heating
of mechanical modes [4–7]. The optomechanical interaction
is also harnessed for controlling light field, such as generat-
ing squeezed light [8,9] and demonstrating optomechanically
induced transparency (OMIT) [10], which have promising
applications in quantum metrology and signal processing.
Therefore, exploration of coherent interaction among optics,
mechanics, and other physical degrees of freedom has become
an attractive topic for both quantum physics and technological
applications [11–14]. Such hybrid optomechanical systems
have been studied in a variety of media, e.g., piezoelectric
materials [15,16], atom assembles [17–23], semiconductor
materials [24,25], and Bose-Einstein condensates [26], lead-
ing to many interesting phenomena including regenerative
mechanical oscillation [25], enhanced mechanical cooling
[18,20,27], quantum entanglement [17,28], as well as tunable
optical delay [10,16,21,29,30]. It is well known that in an
optomechanical system, the optical transmission of a probe
light field can be modified due to its interference with the
mechanically scattered sideband of a control light field, which
phenomenon is referred to as “optomechanically induced
transparency (OMIT)” [10,16,29–31]. A typical feature is the
drastic change of group velocity of the probe light passing
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through the system, producing slow or fast light [16,29] that
can be used for photonic memories or signal processors.

Atomic ensembles have been extensively explored in op-
tomechanics as a new degree of freedom to manipulate op-
tomechanical coupling. It was discovered that radiation pres-
sure control and mechanical entanglement can be achieved
with the aid of atoms [17], which have been harnessed for
enhancing phonon heating or cooling with substantial flexi-
bilities [20,27,32–37]. The phenomena of OMIT and optome-
chanically induced absorption (OMIA) assisted by an atomic
ensemble were studied previously. The effect of enhancement
of radiation pressure and broadening of the OMIT window
were discussed in Ref. [38]. The atom-photon coupling effects
on OMIT were investigated in Ref. [39]. The auxiliary tunable
slow or fast light by adjusting the atomic detuning and atom-
photon coupling was discussed in Refs. [21,40]. In addition to
the above studies, other physical degrees of freedom were also
explored in the atom-involved systems. A degenerate optical
parametric amplifier was included in an atom optomechanical
system to control the properties of OMIA [41]. Another sys-
tem was studied where the atoms are coupled directly with the
mechanical modes rather than the optical modes [30]. Despite
the interesting physics and versatile control in the optome-
chanical systems coupled with an atom ensemble, realization
of these systems requires free-space cavities which allow for
optical interaction with the atoms inside. To facilitate device
miniaturization and system integration, we propose an on-chip
implementation of a cavity optomechanical system, where
the cavity is constructed in a semiconductor gain medium
and the inverted carriers as the additional degree of freedom
mediate the optomechanical coupling with more flexibilities
than traditional atom ensembles.

Here, we study cavity optomechanics in a semiconductor
gain medium where photons, phonons, and inverted carri-
ers interact with each other. In a semiconductor laser, the
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lasing optical modes exhibit damped relaxation dynamics due
to fluctuations in carrier or photon population [42]. Such
relaxation oscillation modes can induce a modulation to the
radiation pressure on the mechanical oscillator, thus allowing
the carriers to affect the mechanical modes. In turn, the
mechanical oscillator can also influence the carriers as its
motion generates Stokes and anti-Stokes sidebands of the las-
ing field. The interference between the relaxation oscillation
mode and the mechanically scattered sideband of the lasing
field modifies the built-in intracavity field, such that the output
field carries the dynamic information of both the carriers’
relaxation oscillation and mechanical vibration. Another im-
portant role of carriers is that they provide gain to the optical
fields. In an OMIT system, the optical intensity and delay
time depend largely on the cavity optical loss [10,16]. With
smaller optical loss and lower thermal excitation from the gain
medium [20], it is easier to obtain the OMIT phenomenon
with enhanced slow or fast light effect. Besides, as the carrier
relaxation oscillation and optical gain are associated with the
laser steady-state photon and carrier number, the coupling
among carriers, optical field, and mechanical modes can be
tuned by the pumping strength [42].

This paper is structured as follows: Section II presents
the theoretical model and equations of the system in which
carriers, optical fields, and mechanical modes are involved.
Section III analyzes coherent coupling of optical modes
with mechanical mode and carrier relaxation oscillation in
a semiconductor laser optomechanical system. Section IV
shows that carrier-inversion-induced loss compensation can
enhance the slow light effect and result in the phenomenon
of optomechanically induced transparency or absorption that
is largely tunable by the inverted carrier population. Section V
concludes this paper.

II. THEORETICAL MODEL

We study a hybrid optomechanical system shown in
Fig. 1(a), which consists of a typical cavity optomechanical
system in a semiconductor gain medium [1]. The gain medium
is pumped by an external electrical or optical source to gen-
erate inverted carriers, with inverted carrier number N̂ . These
inverted carriers are coupled to the cavity optical field with
amplitude â and frequency ωL, which process can be modeled
as a collective identical two-level system coupled to an optical
field [27,43] with the Jaynes-Cummings Hamiltonian. Dif-
ferent from the hybrid atom optomechanical systems [21,30]
which consider only a single two-level system, here we must
consider the collective dynamics of carriers because of their
large number in the semiconductor gain medium. Meanwhile,
the optical field is also dispersively coupled to a mechanical
oscillator, which vibrates at mechanical frequency �m with
displacement x̂(t ) and effective mass meff . We introduce a
seeding signal with strength Ps and frequency ωL into such
an active optomechanical system so that it will also lase at the
frequency ωL under the external pump.

The Hamiltonian of the system is

Ĥ = ĤO-M + ĤA-O + Ĥs + Ĥp, (1a)
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FIG. 1. (a) Illustration of an active cavity optomechanical system
with gain material inside the cavity, where the population-inverted
carriers interact with the optical field. (b) Optical sidebands in a
passive cavity optomechanical system. The green dashed line de-
lineates the transmission profile near the cavity resonant frequency
ωcav. An input optical mode at frequency ωL is scattered by the
mechanical mode to the Stokes ωs and anti-Stokes ωas components
(red short-dashed lines). Additional modes (blue solid lines) emerge
that originate from the carrier relaxation oscillation, which can have
coherent interaction with the mechanical modes because they are
both coupled to the intracavity optical field coherently.

with

ĤO-M = −h̄�L-cavâ†â + h̄�mb̂†b̂ − h̄GxZPF(b̂† + b̂)â†â,

(1b)

ĤA-O = 1

2
h̄�L-a

∑
k

σ̂ k
z + h̄μp

∑
k

(â†σ̂ k
− + âσ̂ k

+), (1c)

Ĥs = Ps(â
† + â). (1d)

Here, ĤO-M describes the dispersive optomechanical coupling
in a cavity optomechanical system. The first two terms in
Eq. (1b) are the Hamiltonian of the cavity optical field and
mechanical mode. The photon annihilation (creation) oper-
ator is â (â†) and the phonon annihilation (creation) op-
erator is b̂ (b̂†). �L-cav = ωL − ωcav is the laser frequency
detuning from the cavity resonant frequency ωcav. The third
term in Eq. (1b) describes the dispersive coupling between
photons and phonons, where G = −∂ωcav/∂x is the cavity
resonance shift per unit mechanical displacement [1] and
xZPF = (h̄/2meff�m)1/2 is the zero-point fluctuation of the
mechanical oscillator. ĤA-O describes the interaction between
the carriers and the optical field. The first term in Eq. (1c)
denotes the energy of the active medium. �L-a = ωL − ωa
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is the laser frequency detuning from the atomic transition
frequency ωa. The macroscopic population inversion between
the two energy levels is represented by a sum of the Pauli
operators, N̂ = ∑

k σ̂ k
z , where the superscript k indicates each

two-level system in the medium. The second term describes
the interaction between the optical field and the medium
polarization with coupling strength μp. The macroscopic po-
larization operator p̂ is defined as

∑
k σ̂ k

+ whose expectation
value is the macroscopic polarization. Ĥs denotes the seeding
signal with strength Ps. Ĥp denotes the pump that supplies
energy to the laser system, which determines the macroscopic
population inversion N̂ = ∑

k σ̂ k
z .

Including the dissipation and fluctuation terms, the cor-
responding Heisenberg-Langevin equations of the active op-
tomechanical system are

˙̂a =
(

i�L-cav − κ

2

)
â − iμp p̂ + iGx̂â + F̂a, (2a)

˙̂p =
(

i�L-a − 1

Tp

)
p̂ + iμpâN̂ + F̂p, (2b)

˙̂N = 1

TN
(Nst − N̂ ) + 2iμp(â† p̂ − p̂†â) + F̂N , (2c)

meff
(
¨̂x + �m ˙̂x + �2

mx̂
) = h̄Gâ†â + F̂x. (2d)

These equations are expressed in the rotating frame of the
seeding (control) field’s frequency ωL. κ is the cavity’s optical
intensity decay rate which includes the contributions from
extrinsic coupling (κex) and intrinsic loss (κ0). Nst denotes
the inverted carrier population at equilibrium in the absence
of cavity field, which is determined by the pump strength. Tp

and TN are the relaxation time of medium polarization and
carrier population inversion, respectively. �m is the damping
rate of the mechanical oscillator. x̂ = xZPF(b̂ + b̂†) is the
mechanical displacement. F̂a, F̂p, F̂N , and F̂x are the quan-
tum and thermal noise terms, which will be dropped in the
subsequent analysis because their average values are zero
[10,21,42]. Therefore, we can substitute the operator notation
of the variables with their expectation values ŷ → y (y ≡ 〈ŷ〉),
as our study remains in the classical regime. In what follows,
we will discuss the roles of inverted carriers in semiconductor
laser optomechanical systems.

III. OPTOMECHANICS WITH CARRIER
RELAXATION OSCILLATION

In this section, we study the coherent coupling between
a mechanical oscillator and inverted carriers by considering
the carrier-relaxation-oscillation effect in an optomechanical
cavity. The introduction of optical gain brings great flexibility
for controlling the optomechanical coupling. In a typical
single-mode laser, its power spectrum consists of a lasing
mode with the Stokes and anti-Stokes sidebands offset at
the system’s relaxation oscillation frequency �r [42]. These
sidebands are produced by the carriers’ relaxation oscilla-
tion from the carrier dynamics [44,45], similar to those pro-
duced by external harmonic modulation to the carriers or
optical fields. The beating of the lasing mode (ωL ) and the
relaxation oscillation sidebands (ωL ± �r ) can generate an
optical force oscillating at frequency �r . If �r is near the
mechanical oscillator’s resonant frequency �m, the mechan-

ical mode can oscillate coherently with the carrier-relaxation-
oscillation mode. Since the mechanical mode also scatters the
lasing mode producing the Stokes and anti-Stokes sidebands,
the coherent interaction between the mechanical mode and
the carrier-relaxation-oscillation mode can be identified in the
interference patterns in the Stokes and anti-Stokes sidebands.

The coherent coupling between light and mechanical os-
cillation can usually be identified by measuring an additional
probe field sent into the optomechanical cavity [10]. However,
this scheme is not applicable for investigating the role of the
inverted carriers’ relaxation effect in the semiconductor laser
optomechanical system. If a weak probe field with frequency
ωp = ωL + � is sent into the laser optomechanical cavity,
the probe-field-induced relaxation sidebands are orders of
magnitude weaker than the built-up probe field in the cavity.
As a result, in this situation the carrier-relaxation-oscillation-
induced optical sidebands play a negligible role in the in-
tracavity field interference, and the output spectrum carries
little information about the coupling between the mechanical
modes and the carrier-relaxation-oscillation modes. To avoid
strong buildup of the probe field in the cavity, the probe signal
can be sent into the cavity by weakly modulating the laser
pump with a rf frequency �, as shown in Fig. 2(a). This
results in a modulation of the carrier population inversion,
δNI = NI cos(�t ), which should be included in Eq. (2c) such
that

Ṅ = 1

TN
(Nst − N ) + 2iμp(a∗ p − p∗a) + δNI . (3)

The relaxation oscillation of carriers is usually produced
by perturbations of the pump. When the carrier population
inversion is above the threshold value, the system works in
the lasing regime at the frequency ωL locked by the seeding
signal. The mechanical vibration and collective carrier oscilla-
tion can both modulate the intracavity optical field, generating
sidebands of the lasing mode. Meanwhile, the optical field
can also produce backaction on the carriers and mechanical
modes. Therefore, coupling between the carrier relaxation
oscillation and mechanical vibration is established.

Equations (2a)–(2d) are a set of coupled nonlinear equa-
tions, and thus multiple equilibrium states may exist, yield-
ing optical bistability [46]. Here we are interested in the
small-signal dynamics, so we focus on the sideband picture
and linearize the operators in Eqs. (2a)–(2d). The solutions
near the classical steady state of the system should take the
following forms:

a(t ) = ā + A−e−i�t + A+ei�t , (4a)

x(t ) = x̄ + Xe−i�t + X ∗ei�t , (4b)

p(t ) = p̄ + P−e−i�t + P+ei�t , (4c)

N (t ) = N̄ + N0e−i�t + N∗
0 ei�t . (4d)

The above equations are expressed in the rotating frame of
ωL, so the actual frequency of the small optical signal is
ωL ± �. The steady-state values of the operators ā, x̄, p̄, and
N̄ are orders of magnitude larger than their respective small
sideband signals A±, X, X ∗, P±, N0, and N∗

0 . ā and N̄ depend
on the pump strength as well as the threshold and saturation
effect of the laser system [43]. The output spectral response to
the pump fluctuation δNI is defined as A− = χ (�)NI , where
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FIG. 2. (a) Left: Illustration of the interaction among the carriers, optical field, and mechanical mode. The carrier relaxation os-
cillation is actuated by a weak modulation to the pump. Right: Energy-level diagram showing the three energy levels of the optical
mode a, the mechanical mode b, and the optical bath. The transition between the optical bath and the optical mode a is enabled
by the system’s relaxation oscillation, indicated by the black double-headed arrow. The transition between the mechanical mode b
and the optical mode a is driven by the lasing mode, indicated by the red double-headed arrow. (b) Optical sideband amplitude
produced by carrier relaxation oscillation without and with the mechanical mode, denoted by the blue solid line and red dashed
line, respectively. (c) Optical sideband amplitude of the semiconductor laser optomechanical system with increasing population of in-
verted carriers. The parameters used for plotting (b) and (c) are (�L-cav/2π,�L-a/2π, κ/2π, Tp, TN , N̄, n̄, μp/2π, meff , �m/2π,�m/2π ) =
(−1.25 GHz, 1 GHz, 100 MHz, 16 ps, 1.6 ns, 2 × 106, 2.5 × 106, 1 MHz, 1 ng, 2 × 104 Hz, 1.3 GHz) [27,43]. With these parameters, the re-
laxation oscillation frequency is ∼1.3 GHz and the optomechanical coupling rate is g/2π = GxZPFn̄1/2/2π = 10 MHz.

χ (�) is the susceptibility expressed as (see Appendix A)

χ (�) =
λ(�)ā[ϕ∗(−�)+ϕ(�)]

f (�)− f ∗(−�) + ϕ(�)ā

�2
r − (

� + �̄L-cav
2 + i�r

)2 + (�n − i�)λ(�)
, (5a)

with

λ(�) = ih̄G2n̄[ f (�) − f ∗(−�)]

f ∗(−�)�m(�)
, (5b)

ϕ(�) = μ2
p

−i(�L-a + �) + 1/Tp
, (5c)

f (�) = −i(�̄L-cav + �) + κ

2
− ϕ(�)N̄, (5d)

�2
r = [ϕ∗(−�) f (�) + f ∗(−�)ϕ(�)]Q0ā

f ∗(−�)

− (�n − �p + i�̄L-cav)2

4
, (5e)

�m(�) = meff
(−�2 − i�m� + �2

m

)
, (5f)

A21 = 2μ2
p/TN

1/T 2
N + �2

L-a

. (5g)

In Eqs. (5a)–(5g), �̄L-cav = �L-cav − Gx̄ is the effective
laser frequency detuning. �r is the relaxation oscillation
frequency of the system. �n = 1/TN + 2A21n̄, �p = κ/2 −
ϕ(�)N̄ , and �r = (�n + �p)/2 denote the effective damp-

ing rates of the carriers, optical amplitude, and relaxation
oscillation, respectively. n̄ = |ā|2 is the average intracav-
ity photon number. A21 is the stimulated emission rate.
Q0 = 2A21N̄ ā is the differential optical gain. The laser re-
laxation oscillation sidebands can be retrieved by disabling
the mechanical interaction with a zero optomechanical cou-
pling rate (G = 0) in the above equations. The light-enhanced
optomechanical coupling rate in the linearized regime is
g = GxZPFn̄1/2.

The susceptibility χ (�) in Eq. (5a) is asymmetric with
respect to the rotating frequency ωL because of the laser de-
tuning from the cavity resonance. In the case of red-detuning,
the mechanically induced Stokes mode and the carrier-
relaxation-oscillation-induced lower sideband are strongly
suppressed because they are distant from the cavity resonance.
In Fig. 2(b), the blue solid and red dashed lines show the
carrier-relaxation-induced optical sideband without and with
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coupling to the mechanical mode, respectively. It is clear
that the mechanical-mode-induced anti-Stokes sideband cou-
ples destructively to the carrier-relaxation-induced sideband,
producing a dip centered at the mechanical frequency. The
depth and width of the dip are determined by the optome-
chanical coupling strength, effective optical damping, and
mechanical damping. Figure 2(c) plots the optical sideband
due to coupling with both the carrier relaxation oscillation and
mechanical vibration at different levels of carrier population
inversion. In a semiconductor laser, larger inverted carrier
population produces higher carrier-relaxation-oscillation fre-
quency, and also increases the damping rates of the carriers
and relaxation oscillation [42]. At N̄ = 1 × 106, the carrier-
relaxation-oscillation frequency is slightly below the mechan-
ical frequency. The interaction of the two modes yields a
sharp Fano resonance sitting on the right shoulder of the broad
peak of the carrier relaxation resonance [Fig. 2(c), bottom]. At
N̄ = 2 × 106 or 5 × 106, the relaxation oscillation frequency
becomes equal to or larger than the mechanical frequency,
producing a Lorentzian dip at the top [Fig. 2(c), middle] or
a Fano line shape on the left shoulder of the broad peak
[Fig. 2(c), top], respectively. It should be noted that the relax-
ation oscillation mode originates from the pump modulation
δNI , so the appearance of strong Fano resonances indicates
strong coupling between the phonons and the drive signal.
Since the modulation drive signal can be applied through
either optical pumping or electric current injection, we can
obtain coherent coupling between rf or microwave signals and
mechanical oscillations with a scheme that opens a way to
manipulate and detect the mechanical motions.

IV. OPTOMECHANICS WITH CARRIER-INDUCED GAIN

Besides introducing the carrier relaxation oscillation, an-
other important role of a semiconductor gain medium is that it
can supply gain to the intracavity optical field. When the sys-
tem operates below the lasing threshold, the supplied gain can
reduce the optical loss experienced by the incident probe field.
Above the lasing threshold, the supplied gain can amplify the
probe field. The gain controlled by the inverted carrier popu-
lation can thus change both the dispersion and phase of probe
light passing through the cavity. In a passive optomechanical
system, the cavity can exhibit transparency for the probe
light through interference between the mechanically scattered
sidebands and the probe light, which phenomenon is referred
to as OMIT [10]. Within the transparency window, the probe
field experiences an abrupt phase change, leading to slow or
fast light. In this section, we study how the gain supplied to
the optomechanical cavity affects the cavity transmission of
probe light.

As shown in Fig. 3(a), a probe field Ep with frequency
ωp = ωL + � is injected into an active optomechanical sys-
tem. Its transmission can be solved from Eqs. (2a)–(2d) with
Eq. (2a) modified as

ȧ =
(

i�L-cav − κ

2

)
a − iμp p + iGxa + √

ηcκEpe−iωt , (6)

where ηc = κex/κ and κex is the in- or out-coupling-induced
cavity decay rate [10]. Using the same ansatz as that in

Eqs. (4a)–(4d), we can get the intracavity optical field of
the probe light. Under the red-detuning condition, the optical
sideband A− is much stronger than the other sideband A+ be-
cause A+ is farther away from the cavity resonance. Therefore,
we focus only on the optical sideband A−. Using the standard
input-output relation [10,16], we obtain the transmissivity for
the probe signal Ep (see Appendix B),

Tprobe = Ep − √
ηcκA−

Ep

= 1−
ϕ∗(−�)Q0 ā

f ∗(−�) + (�n − i�) f ∗(−�)�m (�)+ih̄G2 n̄
f ∗(−�)�m (�)

�2
r − (

� + �̄L-cav
2 + i�r

)2 + (�n − i�)λ(�)
ηcκ.

(7)

The phase response is defined as �(�) = Arg[Tprobe(�)]
and the corresponding group delay is expressed as τ (ω) =
−d�/d� [10].

When carriers are not involved (N̄ = 0), the transmis-
sivity Tprobe reduces to that of a passive optomechanical sys-
tem. When carrier population inversion is taken into account
(N̄ 	= 0), the cavity field will interact with both carriers
and mechanical modes simultaneously. Although the carrier-
relaxation-oscillation-induced optical sidebands play a neg-
ligible role in the intracavity field interference, the carrier
dynamics can modify the cavity spectral response to the
probe light. The population-inverted carriers modify the opti-
cal amplitude damping rate such that �p = κ/2 − ϕ(�)N̄ ,
effectively reducing the optical loss rate of the cavity and thus
enhancing the radiation pressure [17]. For small probe signals,
when N̄ is below the laser threshold Nth = κ/A21, the optical
loss is partially compensated. However, when N̄ is above the
laser threshold, the optical damping rate becomes negative
and the small probe signal will be amplified by the system.
In what follows, we discuss the transmission of probe light in
the below- and above-threshold regimes.

A. Below threshold

In this regime, the seeding signal serves as control
light for the optomechanical coupling. First, we con-
sider carrier population inversion below the laser threshold
with N̄ = 3 × 105. In a passive optomechanical system
(N̄ = 0), the blue solid line in Fig. 3(b) shows the existence
of a narrow transparency window for the probe light around
the offset frequency � ≈ �m, where the probe light experi-
ences an abrupt phase change, causing a large group delay.
The delay time of slow light is associated with the optical
damping rate. A smaller optical damping rate results in longer
delay time. Figure 3(c) plots the delay time τ of the probe
signal as a function of the optomechanical coupling strength.

In an active optomechanical system with N̄ = 3 × 105,
the cavity’s effective optical damping rate �p/2π drops from
50 to ∼21 MHz, leading to enhancement of radiation pressure.
The red dashed line in Fig. 3(b) shows that the reduction of
optical loss due to the carrier population inversion produces
two effects: the cavity linewidth narrows and the probe field
becomes undercoupled to the cavity. Meanwhile, the reduc-
tion of optical loss results in a larger phase change in the
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FIG. 3. (a) Schematic for exploring the carrier-induced gain effect in the semiconductor laser optomechanical system. While a
seeding (control) field is coupled into the cavity to generate a lasing mode at frequency ωL , an additional probe field is employed to
measure the cavity transmission properties under different pump strength. (b) Transmission spectra of the probe field. The blue solid
line plots the result for a passive optomechanical system where there is no carrier inversion (N̄ = 0). The red dashed line plots the
result for an active optomechanical system where the inverted carrier population is N̄ = 3 × 105. The optomechanical coupling rate
g/2π = GxZPFn̄1/2/2π = 5 MHz is assumed. (c) Group delay of the probe field for both a passive and an active optomechanical system
operating below the threshold. (d) Transmission spectra of the probe field with increasing population of inverted carriers. The optomechanical
coupling rate g/2π = 1.2 MHz is assumed. Parameters used in (b)–(d) are (�L-cav/2π, �L-a/2π, κ/2π, Tp, TN , n̄, μp, meff , �m/2π, ηc ) =
(−1.25 GHz, 1 GHz, 100 MHz, 16 ps, 1.6 ns, 2.5 × 106, 1 MHz, 1 ng, 2 × 104 Hz, 0.5) [27,43].

transparency window, leading to a longer delay time. It is
clear in Fig. 3(c) that with the same optomechanical coupling
strength, the group delay τ in an active optomechanical sys-
tem is significantly larger than that in a passive system.

B. Above threshold

Next, we focus on the above-threshold regime where
the inverted carrier population N̄ is greater than 4 × 105.

Figure 3(d) plots the transmission spectra of the probe field
with varying inverted carrier population. Below the laser
threshold (N̄ < 4 × 105), the transmission spectra exhibit
the feature of OMIT, which is similar to that in passive op-
tomechanical systems [10]. As the inverted carrier population
increases beyond 4 × 105, the probe light can receive gain
from the cavity, and thus the broad dip in the probe trans-
mission spectra corresponding to the cavity resonance now
becomes a broad peak. The peak transmission can be even

053837-6



CARRIER-MEDIATED CAVITY OPTOMECHANICS … PHYSICAL REVIEW A 99, 053837 (2019)

higher than that of the mechanically scattered sidebands. As
a result, the phenomenon of OMIT now turns into OMIA.
The line shape of the cavity response spectrum also depends
on the inverted carrier population. As shown in Fig. 3(d), the
transmission of the probe light near the mechanical resonant
frequency changes from a Lorentzian to a Fano shape, as
the inverted carrier population increases. The enhancement
of inverted carrier population shifts the cavity resonance to
a higher frequency and also changes the relaxation oscilla-
tion frequency, thus modifying the transmission line shape.
Therefore, as an important degree of freedom, the introduced
carrier population inversion can tune the transmission of probe
light from OMIT to OMIA by increasing the inverted carrier
population level.

In passive optomechanical systems [10,16,29–31], the
probe light transmission properties such as delay time and
transparency line shape can only be controlled with a coherent
approach, e.g., by changing the strength of the control optical
or electric field or varying detuning of the control light from
the cavity resonance. Here, in an active optomechanical sys-
tem, the probe light transmission properties can be controlled
with an incoherent approach, by changing the inverted carrier
population with an external pump which can be incoherent
with the probe light. Such controlling flexibility features a
unique advantage of active optomechanical systems compared
with the conventional schemes.

V. CONCLUSION

We have investigated active cavity optomechanical systems
where the cavity is constructed from an optical gain material.
We have developed a comprehensive theoretical model to
include the dynamics of optical field, mechanical mode, and
inverted carrier population. We have analyzed two major ef-
fects introduced by the inverted carriers. First, the dynamics of
carrier population leads to carrier relaxation oscillation, which
is coupled dispersively to the intracavity optical field and
consequently yields coherent coupling with the mechanical
mode. This coupling mechanism can be employed to control
the mechanical mode through a modulation to the pump.
Second, the inverted carriers are also coupled dissipatively to
the intracavity optical field because they can supply optical
gain to compensate the loss of the cavity. Under this effect,
the delay time of a probe light field can be tuned and largely
enhanced, and it is also possible to tune the OMIT into OMIA.

Optomechanical systems have been employed as a versatile
platform for conducting research in quantum physics and
for developing quantum technologies [6,47,48]. This work
has investigated the important role of an additional physical
degree of freedom, i.e., inverted carriers, in conventional
optomechanical systems, which opens a viable way to read out
and control optomechanical interaction either coherently by
coherent pump modulation (Sec. III) or incoherently by pump
strength tuning (Sec. IV). On the other hand, optomechanical
systems have also been employed for optical signal processing
such as light storage and buffering via electromagnetically
induced transparency [16,49] and OMIT [29]. Compared with
their conventional counterparts, the laser optomechanical sys-
tems feature remarkably enhanced performance in light stor-
age and buffering, and the optical delay time can also be tuned

incoherently with greater flexibility (Sec. IV). In conclusion,
the carrier-mediated cavity optomechanical systems in semi-
conductor lasers leverage inverted carriers, the new degree of
freedom, to read out and control optomechanical interaction,
enabling applications in mechanical state manipulation and
light storage and buffering with flexible tunability in both
coherent and incoherent fashions.
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APPENDIX A: DERIVATION
OF THE SUSCEPTIBILITY χ(�)

The laser dynamics is modeled by the interaction be-
tween matter and electromagnetic fields and described by the
Lorenz-Haken equations. By including the optomechanical
interaction term, the equations of motion for the optical field
a, medium polarization p, and the inverted carrier population
N are (in the rotating frame of laser frequency ωL)

ȧ =
(

i�L-cav − κ

2

)
a − iμp p + iGxa, (A1)

ṗ =
(

i�L-a − 1

Tp

)
p + iμpaN, (A2)

Ṅ = 1

TN
(Nst − N ) + 2iμp(a∗ p − p∗a). (A3)

Generally, the mechanical motion is modeled as

meff
(
ẍ + �mẋ + �2

mx
) = h̄Ga∗a. (A4)

In small-signal analysis for typical optomechanical sys-
tems, we can linearize the fields a, p, N, x by us-
ing the ansatz a(t ) = ā + δa(t ), p(t ) = p̄ + δp(t ),
N (t ) = N̄ + δN (t ), and x(t ) = x̄ + δx(t ) since their fluc-
tuations are much smaller than their steady-state values, and
retain the first-order terms in the equations, yielding

dδa

dt
=

(
i�̄L-cav − κ

2

)
δa − iμpδp+iGāδx, (A5)

dδp

dt
=

(
i�L-a − 1

Tp

)
δp + iμpδ(aN ), (A6)

dδN

dt
= −

(
1

TN
+ 2A21n̄

)
δN − 2A21N̄ (āδa∗ + ā∗δa), (A7)

meff

(
d2δx

dt2
+ �m

dδx

dt
+ �2

mδx

)
= h̄G(āδa∗ + ā∗δa), (A8)
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where A21 = (2μ2
p/TN )/(1/T 2

N + �2
L-a) is the stimulated

emission rate, and the approximation

p ≈ iμpaN

i�L-a − 1/Tp
(A9)

has been adopted in deriving Eq. (A7), which applies to typi-
cal lasers with Tp � TN . If the laser’s pump is perturbed by a
small signal at frequency �, the inverted carrier population
will carry a modulation term δNI = NI cos(�t ). Equations
(A3) and (A7) are modified as

Ṅ = 1

TN
(Nst − N ) + 2iμp(a∗ p − p∗a) + δNI , (A10a)

dδN

dt
= −

(
1

TN
+ 2A21n̄

)
δN − 2A21N̄ (āδa∗ + ā∗δa) + δNI .

(A10b)

To solve for the optical response to the drive modulation
δNI , we introduce the ansatz

δa(t ) = A−e−i�t + A+ei�t , (A11a)

δp(t ) = P−e−i�t + P+ei�t , (A11b)

δx(t ) = Xe−i�t + X ∗ei�t , (A11c)

δN (t ) = N0e−i�t + N∗
0 ei�t (A11d)

into Eqs. (A5), (A6), (A8), and (A10b), then we obtain a set
of coupled equations,

[
−i(�̄L-cav + �) + κ

2

]
A− = iGāX − iμpP−, (A12)

[
−i(�̄L-cav − �) + κ

2

]
A+ = iGāX ∗ − iμpP+, (A13)

[
−i(�L-a + �) + 1

Tp

]
P− = iμp(āN0 + N̄A−), (A14)

[
−i(�L-a − �) + 1

Tp

]
P+ = iμp(āN∗

0 + N̄A+), (A15)

(�n − i�)N0 = −Q0[A− + (A+)∗] + NI , (A16)

�m(�)X = h̄Gā[A− + (A+)∗], (A17)

where

�n = 1

TN
+ 2A21n̄,

Q0 = 2A21N̄ ā, (A18)

�m(�) = meff
(−�2 − i�m� + �2

m

)
.

If we introduce the definitions

ϕ(�) = μ2
p

−i(�L-a + �) + 1/Tp
, (A19)

f (�) = −i(�̄L-cav + �) + κ

2
− ϕ(�)N̄, (A20)

and eliminate some terms in Eqs. (A12)–(A17), then we arrive
at

f (�)A− = iGāX + ϕ(�)āN0, (A21)
[
�n − i� + ϕ∗(−�)Q0ā

f ∗(−�)

]
N0 − iGQ0ā

f ∗(−�)
X = −Q0A− + NI ,

(A22)

ϕ∗(−�)h̄Gn̄

f ∗(−�)
N0 −

[
�m(�) + ih̄G2n̄

f ∗(−�)

]
X = −h̄GāA−.

(A23)

By solving Eqs. (A21)–(A23), we obtain the expression of
optical response to pump modulation,

A− =
λ(�)ā[ϕ∗(−�)+ϕ(�)]

f (�)− f ∗(−�) + ϕ(�)ā

�2
r − (

� + �̄L-cav
2 + i�r

)2 + (�n − i�)λ(�)
NI ,

(A24a)
which is Eq. (5a) in the main text with

λ(�) = ih̄G2n̄[ f (�) − f ∗(−�)]

f ∗(−�)�m(�)
, (A24b)

�2
r = [ϕ∗(−�) f (�) + f ∗(−�)ϕ(�)]Q0ā

f ∗(−�)
− (�n − �′

p)2

4
,

(A24c)

�r = �n + �p

2
, (A24d)

�p = κ

2
− ϕ(�)N̄, (A24e)

�′
p = −i�̄L-cav + κ

2
− ϕ(�)N̄ . (A24f)

APPENDIX B: DERIVATION OF THE TRANSMISSIVITY
Tprobe FOR THE PROBE SIGNAL

To study the response of a semiconductor laser optome-
chanical system to a weak probe field Epexp[−i(ωL + �)t],
we conduct small-signal analysis where Eqs. (A5)–(A8) be-
come (in the rotating frame of laser frequency ωL)

dδa

dt
=

(
i�̄L-cav − κ

2

)
δa − iμpδp+iGāδx + Sin, (B1a)

dδp

dt
=

(
i�L-a − 1

Tp

)
δp + iμpδ(aN ), (B1b)

dδN

dt
= −

(
1

TN
+ 2A21n̄

)
δN − 2A21N̄ (āδa∗ + ā∗δa),

(B1c)

meff

(
d2δx

dt2
+ �m

dδx

dt
+ �2

mδx

)
= h̄G(āδa∗ + ā∗δa),

(B1d)

where Sin = √
ηcκEpe−i�t .
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Introducing the same ansatz as that in Eq. (A11a)–(A11d), we obtain

f (�)A− = iGāX + ϕ(�)āN0 + √
ηcκEp, (B2a)

f (−�)A+ = iGāX ∗ + ϕ(−�)āN∗
0 , (B2b)

(�n − i�)N0 = −Q0[A− + (A+)∗], (B2c)

�m(�)X = h̄Gā[A− + (A+)∗]. (B2d)

Using these four equations and eliminating A+, N∗
0 , and X ∗, we obtain

f (�)A− = iGāX + ϕ(�)āN0 + √
ηcκEp, (B3)

[
�n − i� + ϕ∗(−�)Q0ā

f ∗(−�)

]
N0 + −iGQ0ā

f ∗(−�)
X = −Q0A−, (B4)

−ϕ∗(−�)h̄Gn̄

f ∗(−�)
N0 +

[
�m(�) + ih̄G2n̄

f ∗(−�)

]
X = h̄GāA−. (B5)

Finally, we obtain the intracavity optical sideband A– for the probe field Ep,

A− =
[
(�n − i�) + ϕ∗(−�)Q0 ā

f ∗(−�)

] + (�n − i�) ih̄G2 n̄
�m (�) f ∗(−�)

�2
r − (

� + �̄L-cav
2 + i�r

)2 + (�n − i�) ih̄G2 n̄[ f (�)− f ∗(−�)]
f ∗(−�)�m (�)

√
ηcκEp. (B6)

According to the input-output theory, the transmissivity of the probe light is expressed as

Tprobe = Ep − √
ηcκA−

Ep
= 1 −

ϕ∗(−�)Q0 ā
f ∗(−�) + (�n − i�) f ∗(−�)�m (�)+ih̄G2 n̄

f ∗(−�)�m (�)

�2
r − (

� + �̄L-cav
2 + i�r

)2 + (�n − i�)λ(�)
ηcκ, (B7)

which is Eq. (7) in the main text.
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