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Robust optomechanical state 
transfer under composite phase 
driving
C. Ventura-Velázquez1, Benjamín Jaramillo Ávila2, elica Kyoseva3,4 & B. M. Rodríguez-Lara1,5

We propose a technique for robust optomechanical state transfer using phase-tailored composite 
pulse driving with constant amplitude. our proposal is inspired by coherent control techniques in 
lossless driven qubits. We demonstrate that there exist optimal phases for maximally robust excitation 
exchange in lossy strongly-driven optomechanical state transfer. In addition, our proposed composite 
phase driving also protects against random variations in the parameters of the system. However, this 
driving can take the system out of its steady state. For this reason, we use the ideal optimal phases to 
produce smooth sequences that both maintain the system close to its steady state and optimize the 
robustness of optomechanical state transfer.

The essence of optomechanical systems (OMS) is the coupling between light and mechanical motion. Advances 
in micro and nano fabrication techniques have led to optical cavities coupled to micro and nano mechanical 
oscillators, where the coupling is provided by the radiation pressure of photons in the optical cavity acting over 
the mechanical elements. These optical cavities are typically pumped by a laser, which serves as a tool to control 
the system. Cavity optomechanical systems evolved from the Fabry-Pérot cavity to a plethora of devices like 
microtoroids and microresonators1, photonic crystals2, superconducting microwave circuits3,4, ultracold atoms5, 
among many others6–8.

Optomechanical systems display a range of physical effects that make them a powerful platform for high-precision  
metrology and quantum-state control. They show bistable behavior9, which is equivalent to that of a Kerr medium10,  
and display selective transfer over narrow wavelength windows, known as optomechanically-induced transpar-
ency11,12. The latter is equivalent to electromagnetically induced transparency in atoms13–15 and its plasmonic 
and metamaterial analogs16–18. In cavity optomechanical systems, the motion of the mechanical oscillator can be 
cooled by tuning the laser that pumps the cavity19–22, leading to experiments where a nano-oscillator is cooled to 
its quantum-mechanical ground state23–25. Previous works propose diverse techniques to enhance optomechani-
cal cooling, for example, by dynamically modifying the damping26, using squeezed light27–30, feedback-controlled 
light31,32, or considering the effects of non-Markovian evolution33. These developments show that optomechanical 
effects allow control over quantum optical and mechanical states leading to exciting proposals to use these sys-
tems as transducers34–39.

In the following, we review the formalism that describes quantum excitation exchange in strongly-driven 
optomechanical systems. The result is a well-known linearized lossy model. Next, we draw from lossless coherent 
control techniques in qubits40,41 and extend them to this linearized effective model of optomechanical systems. 
Our proposal relies on constant-amplitude composite phase-dependent pumping to achieve robust optomechan-
ical state transfer. This phase-dependent driving produces interference in the evolution of cavity and mechanical 
quantum states. We engineer this interference to minimize the effect of deviations in the parameters that charac-
terize the system, i.e. to produce robust optomechanical state transfer. For the sake of completeness, we produce 
a central-limit analysis allowing for random variations in the physical parameters that characterize the optome-
chanical system and compare results from the standard constant-phase sideband state transfer and our method. 
Next, we discuss the effects of composite phase sequences on the semiclassical steady-state of an optomechanical 
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system and show that our original proposal can be used as a recipe to produce more realistic smooth phase 
sequences with potential for experimental implementation. We close with our conclusions.

Results
Quantum excitation exchange. First we provide a quick review of quantum excitation exchange. Our 
starting point is the standard Hamiltonian describing a laser-driven optomechanical system in a frame rotating 
at the pump laser frequency42,43,

ω ω ω ε
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where the cavity (mechanical) field mode frequency is ωc (ωm) and its annihilation operator is â (b̂), the optome-
chanical coupling is g0, the driving-laser strength is ε, and its frequency is ωp. We focus on the effect of phase 
sequences: The system is driven by a constant-power laser where its phase, φ t( ), is given by a piecewise function 
which takes constant values in each of its pieces. For the sake of space, we use the shorthand φ φ≡ t( ).

It is well known that strong driving allows us to split the dynamics into semi-classical and quantum fluctuation 
components, α= +φˆ ˆa e ci  and β= +ˆ ˆb d44,45. The semi-classical steady state for the cavity (mechanical) mode 
has a coherent amplitude α ε κ ω ω= + −i/[ 2( )]c p  (β α γ ω= − | | +i g i/[ /2 ]m0

2 ), where the cavity (mechanical) 
decay rate is given by κ (γ). The semi-classical boson numbers for cavity and mechanical modes are respectively 
np = |α|2 and nm = |β|2. This mean field approximation allows the linearization of the optomechanical interaction 
and leads to a Hamiltonian for the quantum components,

ω= −Δ + + + +ϕ ϕ−ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ† † † †
H c c d d g e c e c d d( ) ( ), (2)m
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where we define a detuning ω ω βΔ = − − g2 Re( )p c 0  and an enhanced optomechanical coupling g = g0 |α|46. 
The auxiliary phase, ϕ ϕ ϕ α≡ = +t( ) arg( ) inherits the time dependence from the driving laser phase.

Under red-detuned driving, ωΔ = − m, a rotating wave approximation leads to beam-splitter-like interaction 
terms, +ϕ ϕ−ˆ ˆ ˆ ˆ† †

e c d e c di i . This interaction allows for quantum excitation exchange between cavity and mechani-
cal modes. The full dynamics is described by the corresponding quantum Langevin equations (QLE)47,48,
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where the quantum Gaussian noise for the cavity (mechanical) mode is described by the operator ξ̂c (ξ̂m) with 
correlation functions ξ ξ δ〈 〉 = −ˆ ˆ†
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parameters nth
c m( , ) are the average occupation numbers in thermal equilibrium for the baths. We define the con-

stants κ γΓ = − g( )/(4 ) and µ κ γ= +( )/4, and introduce the vectors → = µ ω+ ˆ ˆr e c d( , )i t T( )m  and 
κ ξ γ ξ→ = µ ω+ ˆ ˆr e ( , )i t

c m
T

in
( )m  to rewrite the QLE,
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where ̂ is a 2 × 2 non-Hermitian matrix,
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and we used the standard definition for Pauli matrices. When the driving-laser phase is constant, it is straightfor-
ward to calculate the evolution of τ→r ( ) for the interval τ = t − t0,
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where ϕÛ  is the constant-phase evolution matrix due to the Hamiltonian ̂,
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Here, we use the notation 2�  for the 2 × 2 identity matrix and introduce an effective Rabi frequency 
Ω = − Γ1 2  that is real for small losses compared to the coupling parameter κ γ−  g( ) . The constant-phase 
evolution, Eq. (7), suggests a time scale τ π= Ωg/(2 )0 , which corresponds to an accumulated interaction area 

τ π=A( ) /20  for quantum excitation exchange. The mean photon and phonon numbers, with constant-phase 
driving,
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depend on the initial-time mean photon and phonon occupation numbers, n0 and m0 respectively, and on the 
decay rates modified by their respective thermal boson numbers, κ κ=


nth

c( ) and γ γ=


nth
m( ). The functions 

https://doi.org/10.1038/s41598-019-40492-y


3Scientific RepoRts |          (2019) 9:4382  | https://doi.org/10.1038/s41598-019-40492-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

τ τ≡ ϕU U( ) [ ( )]jk j k,  are a shorthand notation for the matrix elements of the evolution operator, and the functions 
∫τ ≡ | |

τ µ−S e U x dx( ) ( )jk
x

jk0
2 2  arise from quantum noise correlations.

Figure 1(a) shows the well-known oscillatory quantum excitation exchange between cavity and mechanical 
modes under continuous-wave driving and losses. Figure 1(b) shows the effect of measuring the mean phonon 
number when the accumulated interaction area deviates from the π/2 value required to obtain the excitation 
exchange; the dashed line shows the ideal case. The parameters in these calculations are ω = . × −g / 1 887 10m0

5, 
κ ω ≈ . × −/ 1 119 10m

2, γ ω = . × −/ 9 434 10m
6, = ×n 180 10p

3, n0 = 0.02, and m0 = 23.25. The temperature of the 
bath is =T mK25 , equivalent to ≈ .n 32 27th

m( )  thermal phonons and a negligible number of thermal photons. 
However, the strong driving of the cavity and the experimental setup allows the cavity to reach thermal equilib-
rium at a higher occupancy number ≈ .n 0 305th

c( ) . These experimental values and considerations were retrieved 
from Lecocq et al.49. We introduce an area deviation, τ δ= +A A A( )0 , by changing the ideal enhanced coupling, g. 
When the effective interaction area is larger than the target, π>A /2, the oscillation period shortens, and when 
it is smaller, π<A /2, the period increases, see Fig. 1(b). In the following, we will show robust excitation 
exchange, against deviations from the ideal accumulated interaction area, using driving that is constant in ampli-
tude but has a piecewise phase structure.

Robust transfer via composite phase sequences. We note that the quantum Langevin equations for 
the cavity and mechanical excitations, ĉ  and d̂, are similar to those describing a qubit driven by an external coher-
ent electromagnetic field. Then, the well-known Rabi oscillations are observed where the state of the qubit is 
controllably switched between 0 and 1 when the driving is resonant. However, quantum state preparation based 
on Rabi oscillations is imprecise in the presence of the so-called systematic errors in the system such as inaccura-
cies in the field magnitude, frequency, duration, coupling strength, and others. Composite pulses are a very useful 
tool to overcome the sensitivity to errors and to realize robust qubit state preparation. A composite pulse is a train 
of identical pulses (same frequency, strength, and duration) where each has a different, fixed phase. Such compos-
ite pulse sequences have been shown to realize a robust qubit rotation for a closed lossless system40,41,50. In this 
section, we design a composite pulse sequence to induce robust phonon-photon excitation exchange for lossy 
optomechanical state transfer given that there are less photons than phonons in the initial state, <n m0 0.

We assume a phase-tailored composite pulse sequence with constant driving amplitude. Each constituent 
pulse in the sequence has a constant phase and a time duration of τ0 chosen such that the accumulated interaction 
area is π/2. We also require that the first and last phases of the sequence are equal to each other. In consequence, 
the shortest possible sequence has three interactions and a total accumulated interaction area of 3π/2. The phases 
of the first and last interactions of the sequence are fixed, but the phase of the middle interaction is a free parame-
ter that we optimize to stabilize the state transfer of mechanical oscillations with respect to deviations from ideal 
accumulated interaction areas. Under these conditions, the final state of the system, at 3τ0, is provided by the 
vector,
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where τÛ ( )
(3)

0  is a transfer matrix for the three-interaction composite sequence,

τ τ τ τ= ϕ
ˆ ˆ ˆ ˆU U U U( ) ( ) ( ) ( ), (10)

(3)
0 0 0 0 0 0

where the three Û  matrices describe the evolution of the optomechanical system under different driving phases. 
This matrix product produces interference between driving phases, and we exploit this interference to produce 
robust optomechanical state transfer.

Figure 1. Time evolution of (a) the expectation values for the quantum photon (solid blue) and phonon 
(dashed red) numbers and (b) quantum expectation value for the phonon number considering deviations from 
the ideal accumulated interaction area A(τ0) = π/2 (gray dashed line).
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We calculate the mean phonon number, after application of the phase-tailored composite sequence, by using 
the vector τ→r (3 )0  in Eq. (9). The mean phonon number can be separated in two contributions, one with lossy 
oscillations and one with thermal noise contributions,

τ τ τ〈 〉 = + .ˆ ˆ†
d d n n(3 ) (3 ) (3 ) (11)m m

0 osc
( )

0 noise
( )

0

The oscillatory part depends on the initial mean photon and phonon numbers, n0 and m0 respectively, and is 
independent of the thermal occupation numbers, nth

c( ) and nth
m( ). In contrast, the thermal noise part is independent 

of n0 and m0 but depends on the thermal occupation numbers through the modified decay rates κ κ=


nth
c( ) and 

γ γ=


nth
m( ). The oscillatory part is responsible for the excitation exchange, which is similar to the qubit Rabi 

oscillations. It has the form
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where the matrix elements of τÛ ( )
(3)

0  can be written in terms of the matrix τϕU ( )0 , in Eq. (7), with ϕ = 0,
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The quantum noise part has a more complicated expression, which we omit in the interest of space. In order to 
achieve optimal excitation exchange, we need to minimize the component τ| |U ( )22

(3)
0

2 around the single-interaction 
accumulated area π/2, or, alternatively, maximize τ| |U ( )21

(3)
0

2. By minimizing the derivative of τ| |U ( )22
(3)

0
2 with 

respect to the accumulated interaction area, we obtain a condition for the optimal phase,

ϕ =
Γ −cos( ) 3 1

2
, (14)opt

2

which for a lossless system yields ϕ π= ±2 /3opt . The latter is consistent with the result reported by Torosov  
et al.40,41 for a qubit coherently driven on resonance and without losses.

In order to introduce visual cues, physical insight, and show that the derived optimal phase sequence produces 
robust transfer, we numerically calculate the evolution using the linearized optomechanical model, Eq. (2), under 
Lindblad’s phenomenological approach in Fig. 2. We use Schwinger’s two-oscillator representation of angular 
momentum, = +ˆ ˆ ˆ ˆ ˆ† †

J c d cd( )/2x , = − −ˆ ˆ ˆ ˆ ˆ† †
J i c d cd( )/2y , and = −ˆ ˆ ˆ ˆ ˆ† †

J c c d d( )/2z , to visualize the effect of a 
three-interaction composite sequence with the optimal phase derived from Langevin approach, Eq. (14). In all 
cases shown, the initial state has a single quanta in the mechanical oscillator and vacuum in the cavity. The base-
line values of the parameters are ω = × −g/ 5 10m

2, κ ω = × −/ 4 10m
3, γ ω = × −/ 8 10m

3, = =n n 0th
c

th
m , and 

ωΔ = − m. Here, we introduce a deviation of −10%; that is, the switching time is 0.9 τ0 instead of the ideal trans-
fer time τ0. Figure 2(a) shows evolution under constant driving. We can see that the effect of measuring before 
complete state transfer in the evolution from the initial state (0) to the end of the first incomplete interval (1). 
Figure 2(b) shows the same evolution but where the driving phase is changed by ϕopt during the second interac-
tion. We can see that the first leg of the interaction is identical to that in Fig. 2(a). Then, the phase induces a 
change of meridian in the trajectory that takes us to a different point (2) in the sphere. Returning to the original 

Figure 2. Angular momentum representation of optomechanical state transfer. (a) Displays a three-interaction 
evolution with a −10% deviation and constant driving phase. (b) Displays the same evolution under a 
composite driving sequence that maximizes robustness. (c) Displays the same evolution as (b), but where 
additional time-dependent white-noise fluctuations are added on g, ωm, Δ, κ, and γ.
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phase, the system performs its third interaction and arrives to a state that is closer, to a pure cavity oscillation, that 
what we would expect from the constant-phase state transfer in Fig. 2(a). Figure 2(c) adds time-dependent ran-
dom white noise to all parameters in the simulation, g, ωm, Δ, κ, and γ. This is done by generating a sequence of 
50 random numbers in the range from 0.95 to 1.05 for each of the parameters. This sequence is then used to gen-
erate a smooth interpolated function that multiplies the baseline value of each parameter. As we can see, even in 
the presence of a wrong measuring time, time-dependent random noise in the parameters of the system, and 

Figure 3. (a) Coherent and (b) thermal noise contributions to the phonon number as a function of the 
deviation from ideal interaction width and driving phase at time tf = 3τ0 for parameter values: 
g0/ωm = 1.54 × 10−4, κ/ωm = 1.15 × 10−4, γ/ωm = 5.36 × 10−4, np = 90 × 103, (n0, m0) = (0.02, 23.25) and 

= .n (0 21, 32)th
c m( , )  51.

Figure 4. (a) Phonon number expectation value after the composite sequence for driving phases ϕ = 0 (black), 
ϕ = ±2π/3 (blue). (b) Time evolution of the phonon number expectation value as a function of the deviation 
from ideal parameters with a driving phase ϕ = 2π/3. The optimal phases ϕopt = ±2π/3 are signaled by vertical 
dashed lines. Parameter values are equal to those in Fig. 3.

Cohen et al.51 Lecocq et al.49 Gröblacher et al.52

Constant Composite Constant Composite Constant Composite

Central values (no random variation)

〈 〉n̂m 0.871 0.870 0.337 0.627 0.0454 0.0456

1% σ in random variations in g, κ, γ

nm 0.917 0.870 0.340 0.627 0.0950 0.0456

σ 0.0665 0.00845 0.0305 0.0128 0.0705 0.000323

2% σ in random variations in g, κ, γ

nm 1.06 0.870 0.346 0.629 0.247 0.0456

σ 0.274 0.0173 0.0614 0.0263 0.289 0.000653

5% σ in random variations in g, κ, γ

nm 2.06 0.871 0.385 0.638 1.20 0.0456

σ 1.592 0.0420 0.1474 0.0718 1.481 0.00164

Table 1. Mean value, nm, and standard deviation, σ, of phonon number expectation value samples resulting 
from randomly-variated parameters g, κ, and γ. We use three sets of central values, Cohen et al.51, with 
g/ωm = 4.62 × 10−2, κ/ωm = 1.15 × 10−4, γ/ωm = 5.36 × 10−4; Lecocq et al.49, with g/ωm = 8.01 × 10−3, 
κ/ωm = 1.12 × 10−2, γ/ωm = 9.43 × 10−6; and Gröblacher et al.52, with g/ωm = 0.434, κ/ωm = 2.27 × 10−3, 
γ/ωm = 1.48 × 10−4; We set the following initial values n0 = 0.01, m0 = 23.25, = .n 0 21th

c( ) , = .n 32 0th
m( )  and use 

3000 instances in each sample.
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evolution under Lindblad phenomenological master equation, we obtain robust state transfer after the composite 
phase sequence is applied, Fig. 2(c).

Now, let us come back to the analysis of the oscillatory and thermal noise contributions to the mean phonon 
number in Eq. (11). In Fig. 3, we consider deviations in the accumulated interaction area and the whole range of 
values for the phase parameter ϕ. For these physical parameters, the lossy optimal phase is almost identical to the 
lossless one, ϕ π≈ ±2 /3opt  within 10−3 %. The vertical dashed lines show the phases that produce optimally 
robust state transfer. For photon and phonon numbers, the oscillatory, Fig. 3(a), and thermal noise, Fig. 3(b), 
contributions are invariant to sign exchange in the phase parameter. The effect of these behaviors is seen in 
Fig. 4(a), where we add oscillatory and thermal noise contributions to get the total phonon number. Figure 4(b) 
shows the full time evolution for the phonon number under the optimal composite sequence considering devia-
tions in the accumulated interaction area. There is a minimum phonon number region at the intersection between 
the ideal parameter set (horizontal dashed line) and the endtime of the sequence (vertical dashed line).

Figure 5. Mean value (dots) and standard deviation (bars) of samples of phonon number expectation value 
samples after three interactions, nm. Again, each of the physical parameters, g, κ, γ, is generated using a normal 
distribution with standard deviation determined as a percentage of the central value of the corresponding 
parameter. Red points and bars correspond to constant-phase evolution and blue points and bars correspond to 
evolution under composite phase driving and Here, the experimental values are the same as those in Fig. 1 and 
Lecocq et al.49. We used a sample consisting of 5000 instances for each point.

Figure 6. Phonon number expectation value after N = 1, 3, 5, 7 interactions as a function of the deviation 
from the ideal interaction area. Solid curves show the phonon number when the driving phase is kept constant 
throughout the evolution. Dashed curves show the phonon number with a nontrivial phase sequence that 
minimizes the effect of deviations. In this low-loss scenario we use the driving phases from the lossless case. 
Physical parameters have the same values as in Fig. 3.
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In addition, we perform a central-limit statistical analysis to validate whether or not our composite phase 
driving proposal produces robust optomechanical state transfer under random variations in its physical parame-
ters. In the following, the mean values and standard deviations are calculated from the resulting quantum mean 
phonon value samples and do not correspond to the quantum average mean phonon number and its uncertainty. 
For our analysis, we calculate a large sample of simultaneous random variations on the physical parameters g, κ, 
γ, each of them under a normal distribution with fixed mean and standard deviation. Next, we calculate the 
phonon-number expectation value after three interactions, τ〈 〉n̂ (3 )m 0 , for each of these sets. We use two scenarios: 
Evolution under the standard red-sideband state transfer and our composite phase driving proposal. While the 
parameters g, κ, γ have random variations, the driving sequence is determined by the central values that charac-
terize the system and, therefore, it is constant and does not suffer from random variations. Table 1 collects the 
mean value of the phonon number and its standard deviation for samples calculated with experimental parame-
ters reported in the literature. We find that composite driving produces samples that are more robust against 
Gaussian deviations in their physical parameters; i.e. the standard deviation of the sample of phonon numbers is 
much smaller under our custom phase driving than under constant-phase driving. In addition, the mean phonon 
number is centered around a minimum, which means that random variations are more likely to produce an 
increase in the average phonon number than a decrease. Table 1 and Fig. 5 show that, as the standard deviation 
for the random variation of the physical parameters g, κ, γ increases, the average phonon numbers increase, but 
the increase is more dramatic under constant-phase driving.

Our technique can be extended from three interactions to longer sequences with more interactions. The evo-
lution under these sequences can be calculated by composing the evolution vector in Eq. (6) under successive 
driving phases. Like in the three-interaction case, phonon and photon number expectation values can be written 
as the sum of two contributions, a lossy oscillatory part and a thermal noise part. Following coherent control 
techniques in lossless qubits40, we restrict ourselves to sequences with an odd number of interactions, N, where 
the initial and final phases are zero, and where the phases are symmetric around the central interaction in the 
composite sequence,
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Under these restrictions a sequence has −N 1
2

 free phase parameters, φ2, …, φ +N 1
2

. These can be used to nullify 
the first −N 1

2
 derivatives of the phonon number with respect to deviations in the ideal interaction area, π

2
. There, 

the phonon number is evaluated at the endtime of the sequence, t = N τ0. This produces a more robust optome-
chanical state transfer by increasing the region of parameters where the phonon number is stable against devia-
tions, see Fig. 6. The values of the phases that optimally enhance the robustness of optomechanical state transfer 
can be calculated numerically. A tradeoff of long composite sequences is that decoherence plays a more important 
role. Therefore, in high-loss scenarios, long driving sequences should be avoided.

Robust transfer with smooth phase-sequences. In the previous section, we discussed the effect of a 
constant-amplitude driving field with a time-dependent phase that is constant in the intervals τ τ< <t 20 0, 
τ τ< <t2 30 0, … but is discontinuous at τ τ τ= …t , 2 , 3 ,0 0 0 . This abrupt change in the driving phase can take the 

optomechanical system out of its semiclassical steady-state amplitude values, α and β. On the other hand, if a 
sufficiently-smooth phase sequence is applied, α and β change smoothly over time and return to their steady-state 
values once the phase returns to its initial value. Suppose a phase sequence is applied between time τk 0 and 

τ+k( 1) 0. If the phase is sufficiently smooth and symmetric around the half sum of the initial and final times, 
τ+k( 1/2) 0, then the changes in the detuning, Δ, and the interaction area between τk 0 and τ+k( 1) 0 are 

negligible.
We verify this assertion by numerically calculating the evolution of α and β driven by a smooth phase 

sequence for the parameters given in Fig. 1. From τ0 to 2τ0 we set the phase to be given by

φ ϕ θ τ σ θ τ σ= − . . −t f t t( ) [ (1 2) , ] [(1 8) , ], (15)s sopt 0 0

where we assume that the driving amplitude has a smooth step function based on the error function, 
θ σ σ= +t t( , ) [erf( / ) 1]/2s . We introduce two parameters, σ τ= 25 0 and f. The former controls the smoothness 
of the pulse, and the latter is a dimensionless parameter of order one that keeps the average value of the phase φ t( ) 
at its optimal value ϕopt. In our case, the average phase between τ0 and 2τ0 is approximately −1.89 rad; we used the 
negative value of the optimal phase in our simulations. Following this procedure, the electromagnetic field ampli-
tude, |α|, smoothly decreases and increases within 8% of its steady-state value. This leads to a change in the 
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interaction area of less than 0.2% and keeps the detuning, Δ, within 0.005% of its value. The smooth 
three-interaction phase sequence described in this section, and the corresponding evolution of the semiclassical 
field-amplitude value, α(t), are displayed in Fig. 7(a). We extend this calculation to a seven-interaction smooth 
sequence, Fig. 7(b). The average phase values for the seven interactions are − − − − −π π π π π{ }0, , , , , , 06

7
4
7

8
7

4
7

6
7

. 
Under this sequence, the semiclassical amplitudes remain within 10% of their steady-state values, and these 
amplitudes return to their steady-state values after the sequence is over. Additionally, the phase sequence keeps 
the interaction area within 0.1% of its ideal value. All of this can be observed in Fig. 7(b).

In general, if the changes in detuning and interaction area are negligible, our results for discontinuous phase 
sequences should remain unaltered for smooth phase sequences as long as the following two conditions are ful-
filled: First, the interaction area in each part of the composite sequence remains the same, A = π/2, and, second, 
the phase changes are smooth enough to keep the system in its steady state.

Conclusions
Cavity optomechanical systems in the red-detuned regime display lossy oscillatory transfer between photon and 
phonon quantum excitations. We demonstrate robust optomechanical state transfer using constant-amplitude 
laser driving with a phase-tailored composite sequence.

We focus on a three-interaction composite sequence, where each component produces an accumulated inter-
action area π/2. The sequence has a free phase parameter that we use to minimize the effect of deviations from the 
ideal behavior. The optimal phase depends on the loss rates of the system and generalizes previous results for loss-
less systems. The dominant contribution to the phonon number is an even function of the phase. Consequently, 
two phases minimize this contribution with respect to deviations.

We demonstrate our optimization scheme using discontinuous piecewise phase sequences. Such abrupt com-
posite sequences might take the system out of its semiclassical steady state. For this reason, we show that the the-
oretical optimal phase values can be used to generate a sufficiently-smooth phase sequence producing equivalent 
robust transfer. These smooth continuous sequences keep the average phase at the optimal value within each 
component of the sequence. They also produce negligible changes in the accumulated interaction area.

Our method can be extended to more complicated and longer composite pulse sequences containing more 
free parameters. For an N-parameter sequence, the free parameters can be used to nullify the first N derivatives 
of the final phonon number. This produces maximally robust transfer (in the dominant contribution) of phonon 
to photon excitations. Unlike lossless systems, the duration of phase sequences is limited by the loss rates, which 
exponentially reduce the amplitude of the oscillatory transfer.

References
 1. Anetsberger, G., Rivière, R., Schliesser, A., Arcizet, O. & Kippenberg, T. J. Ultralow-dissipation optomechanical resonators on a chip. 

Nat. Photonics 2, 627–633 (2008).
 2. Zhang, Y., Zhao, Y. & Lv, R. A review for optical sensors based on photonic crystal cavities. Sensor. Actuat. A: Phys 233, 374–389 

(2015).
 3. Regal, C. A., Teufel, J. D. & Lehnert, K. W. Measuring nanomechanical motion with a microwave cavity interferometer. Nat. Phys 4, 

555–560 (2008).
 4. Bernier, N. R., Tóth, L. D., Feofanov, A. K. & Kippenberg, T. J. Nonreciprocity in microwave optomechanical circuits. IEEE Antenn. 

Wirel. Pr 17, 1983–1987 (2018).
 5. Stamper-Kurn, D. M. Cavity optomechanics with cold atoms. In Aspelmeyer, M., Kippenberg, T. & Marquardt, F. (eds) Cavity 

Optomechanics, chap. 13, 283–325 (Springer, Berlin, Heidelberg, 2014).
 6. Aspelmeyer, M., Kippenberg, T. J. & Marquardt, F. Cavity optomechanics. Rev. Mod. Phys. 86, 1391–1452 (2014).
 7. Kippenberg, T. J. & Vahala, K. J. Cavity optomechanics: Back-action at the mesoscale. Science 321, 1172–1176 (2008).
 8. Metcalfe, M. Applications of cavity optomechanics. Appl. Phys. Rev 1, 031105 (2014).
 9. Dorsel, A., McCullen, J. D., Meystre, P., Vignes, E. & Walther, H. Optical bistability and mirror confinement induced by radiation 

pressure. Phys. Rev. Lett. 51, 1550–1553 (1983).
 10. Aldana, S., Bruder, C. & Nunnenkamp, A. Equivalence between an optomechanical system and a Kerr medium. Phys. Rev. A 88, 

043826 (2013).
 11. Weis, S. et al. Optomechanically induced transparency. Science 330, 1520–1523 (2010).
 12. Karuza, M. et al. Optomechanically induced transparency in a membrane-in-the-middle setup at room temperature. Phys. Rev. A 

88, 013804 (2013).

Figure 7. (a) Three- and (b) seven-interaction smooth phase sequences, φ(t) (red dashed curve), and 
normalized semiclassical field intensity, |α(t)|2/np (blue solid curve). For both (a, b) the scale on the left vertical 
axis corresponds to the phase sequence and the scale on the right vertical axis corresponds to the normalized 
intensity.

https://doi.org/10.1038/s41598-019-40492-y


9Scientific RepoRts |          (2019) 9:4382  | https://doi.org/10.1038/s41598-019-40492-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 13. Harris, S. E., Field, J. E. & Imamoğlu, A. Nonlinear optical processes using electromagnetically induced transparency. Phys. Rev. Lett. 
64, 1107–1110 (1990).

 14. Boller, K.-J., Imamoğlu, A. & Harris, S. E. Observation of electromagnetically induced transparency. Phys. Rev. Lett. 66, 2593–2596 
(1991).

 15. Fleischhauer, M., Imamoglu, A. & Marangos, J. P. Electromagnetically induced transparency: Optics in coherent media. Rev. Mod. 
Phys. 77, 633–673 (2005).

 16. Liu, N. et al. Plasmonic analogue of electromagnetically induced transparency at the Drude damping limit. Nat. Mater. 8, 758–762 
(2009).

 17. Liu, N. et al. Planar metamaterial analogue of electromagnetically induced transparency for plasmonic sensing. Nano Lett. 10, 
1103–1107 (2010).

 18. Papasimakis, N., Fedotov, V. A., Zheludev, N. I. & Prosvirnin, S. L. Metamaterial analog of electromagnetically induced transparency. 
Phys. Rev. Lett. 101, 253903 (2008).

 19. Mancini, S., Vitali, D. & Tombesi, P. Optomechanical cooling of a macroscopic oscillator by homodyne feedback. Phys. Rev. Lett. 80, 
688–691 (1998).

 20. Marquardt, F., Clerk, A. & Girvin, S. Quantum theory of optomechanical cooling. J. Mod. Optic. 55, 3329–3338 (2008).
 21. Marquardt, F., Chen, J. P., Clerk, A. A. & Girvin, S. M. Quantum theory of cavity-assisted sideband cooling of mechanical motion. 

Phys. Rev. Lett. 99, 093902 (2007).
 22. Yong-Chun, L., Yu-Wen, H., Wei, W. C. & Yun-Feng, X. Review of cavity optomechanical cooling. Chinese Phys. B 22, 114213 (2013).
 23. Chan, J. et al. Laser cooling of a nanomechanical oscillator into its quantum ground state. Nature 478, 89–92 (2011).
 24. O’Connell, A. D. et al. Quantum ground state and single-phonon control of a mechanical resonator. Nature 464, 697–703 (2010).
 25. Teufel, J. D. et al. Sideband cooling of micromechanical motion to the quantum ground state. Nature 475, 359–363 (2011).
 26. Xu, X., Purdy, T. & Taylor, J. M. Cooling a harmonic oscillator by optomechanical modification of its bath. Phys. Rev. Lett. 118, 

223602 (2017).
 27. Safavi-Naeini, A. H. et al. Squeezed light from a silicon micromechanical resonator. Nature 500, 185–189 (2013).
 28. Rakhubovsky, A. A., Vostrosablin, N. & Filip, R. Squeezer-based pulsed optomechanical interface. Phys. Rev. A 93, 033813 (2016).
 29. Miwa, Y. et al. Exploring a new regime for processing optical qubits: Squeezing and unsqueezing single photons. Phys. Rev. Lett. 113, 

013601 (2014).
 30. Asjad, M., Zippilli, S. & Vitali, D. Quantum enhanced optomechanical cooling with squeezed light. In Quantum Information and 

Measurement (QIM) 2017, QF2C.2 (2017).
 31. Asjad, M., Tombesi, P. & Vitali, D. Feedback control of two-mode output entanglement and steering in cavity optomechanics. Phys. 

Rev. A 94, 052312 (2016).
 32. Rossi, M. et al. Enhancing sideband cooling by feedback-controlled light. Phys. Rev. Lett. 119, 123603 (2017).
 33. Triana, J. F., Estrada, A. F. & Pachón, L. A. Ultrafast optimal sideband cooling under non-Markovian evolution. Phys. Rev. Lett. 116, 

183602 (2016).
 34. Stannigel, K. et al. Optomechanical quantum information processing with photons and phonons. Phys. Rev. Lett. 109, 013603 

(2012).
 35. Stannigel, K., Rabl, P., Sørensen, A. S., Lukin, M. D. & Zoller, P. Optomechanical transducers for quantum-information processing. 

Phys. Rev. A 84, 042341 (2011).
 36. Stannigel, K., Rabl, P., Sørensen, A. S., Zoller, P. & Lukin, M. D. Optomechanical transducers for long-distance quantum 

communication. Phys. Rev. Lett. 105, 220501 (2010).
 37. Safavi-Naeini, A. H. & Painter, O. Proposal for an optomechanical traveling wave phonon–photon translator. New J. Phys. 13, 013017 

(2011).
 38. Vostrosablin, N., Rakhubovsky, A. A. & Filip, R. Pulsed quantum continuous-variable optoelectromechanical transducer. Opt. 

Express 25, 18974–18989 (2017).
 39. Tian, L. Optoelectromechanical transducer: Reversible conversion between microwave and optical photons. Ann. Phys. (Berlin) 527, 

1–14 (2015).
 40. Torosov, B. T. & Vitanov, N. V. Smooth composite pulses for high-fidelity quantum information processing. Phys. Rev. A 83, 053420 

(2011).
 41. Torosov, B. T., Guérin, S. & Vitanov, N. V. High-fidelity adiabatic passage by composite sequences of chirped pulses. Phys. Rev. Lett. 

106, 233001 (2011).
 42. Pace, A. F., Collett, M. J. & Walls, D. F. Quantum limits in interferometric detection of gravitational radiation. Phys. Rev. A 47, 

3173–3189 (1993).
 43. Law, C. K. Interaction between a moving mirror and radiation pressure: A hamiltonian formulation. Phys. Rev. A 51, 2537–2541 

(1995).
 44. Mancini, S. & Tombesi, P. Quantum noise reduction by radiation pressure. Phys. Rev. A 49, 4055–4065 (1994).
 45. Paternostro, M. et al. Reconstructing the dynamics of a movable mirror in a detuned optical cavity. New J. Phys. 8, 107 (2006).
 46. Genes, C., Vitali, D., Tombesi, P., Gigan, S. & Aspelmeyer, M. Ground-state cooling of a micromechanical oscillator: Comparing cold 

damping and cavity-assisted cooling schemes. Phys. Rev. A 77, 033804 (2008).
 47. Gardiner, C. W. & Collett, M. J. Input and output in damped quantum systems: Quantum stochastic differential equations and the 

master equation. Phys. Rev. A 31, 3761–3774 (1985).
 48. Walls, D. & Milburn, G. J. Quantum Optics. 2 edn, (Springer-Verlag, Berlin Heidelberg, 2008).
 49. Lecocq, F., Teufel, J. D., Aumentado, J. & Simmonds, R. W. Resolving the vacuum fluctuations of an optomechanical system using an 

artificial atom. Nat. Phys 11, 635–639 (2015).
 50. Kyoseva, E. & Vitanov, N. V. Arbitrarily accurate passband composite pulses for dynamical suppression of amplitude noise. Phys. 

Rev. A 88, 063410 (2013).
 51. Cohen, J. D. et al. Phonon counting and intensity interferometry of a nanomechanical resonator. Nature 520, 522–525 (2015).
 52. Gröblacher, S., Hammerer, K., Vanner, M. R. & Aspelmeyer, M. Observation of strong coupling between a micromechanical 

resonator and an optical cavity field. Nature 460, 724–727 (2009).

Acknowledgements
C.V.V. acknowledges financial support from CONACYT through scolarship #294810. B.J.A. acknowledges 
financial support from CONACYT through Cátedra Grupal #551. E.K. acknowledges financial support from the 
European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie Grant 
Agreement No. 705256 - COPQE. B.M.R.-L. acknowledges financial support from CONACYT through CB-2015-
01 #255230 project grant; from Consorcio en Óptica Aplicada through CONACYT FORDECYT #296355 project 
grant and thanks the Photonics and Mathematical Optics Group at Tecnologico de Monterrey.

https://doi.org/10.1038/s41598-019-40492-y


1 0Scientific RepoRts |          (2019) 9:4382  | https://doi.org/10.1038/s41598-019-40492-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author Contributions
B.M.R.-L. conceived the idea. C.V.V. and B.J.A. performed the calculations with input from E.K. and B.M.R.-L. All 
authors analyzed the results and contributed to the writing of the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-40492-y
http://creativecommons.org/licenses/by/4.0/

	Robust optomechanical state transfer under composite phase driving
	Results
	Quantum excitation exchange. 
	Robust transfer via composite phase sequences. 
	Robust transfer with smooth phase-sequences. 

	Conclusions
	Acknowledgements
	Figure 1 Time evolution of (a) the expectation values for the quantum photon (solid blue) and phonon (dashed red) numbers and (b) quantum expectation value for the phonon number considering deviations from the ideal accumulated interaction area A(τ0) = π/
	Figure 2 Angular momentum representation of optomechanical state transfer.
	Figure 3 (a) Coherent and (b) thermal noise contributions to the phonon number as a function of the deviation from ideal interaction width and driving phase at time tf = 3τ0 for parameter values: g0/ωm = 1.
	Figure 4 (a) Phonon number expectation value after the composite sequence for driving phases ϕ = 0 (black), ϕ = ±2π/3 (blue).
	Figure 5 Mean value (dots) and standard deviation (bars) of samples of phonon number expectation value samples after three interactions, .
	Figure 6 Phonon number expectation value after N = 1, 3, 5, 7 interactions as a function of the deviation from the ideal interaction area.
	Figure 7 (a) Three- and (b) seven-interaction smooth phase sequences, φ(t) (red dashed curve), and normalized semiclassical field intensity, |α(t)|2/np (blue solid curve).
	Table 1 Mean value, , and standard deviation, σ, of phonon number expectation value samples resulting from randomly-variated parameters g, κ, and γ.




