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We theoretically explore a quantum memory using a single nanoparticle levitated in an optical
dipole trap and subjected to feedback cooling. This protocol is realized by storing and retrieving
a single photon quantum state from a mechanical mode in levitated cavityless optomechanics. We
describe the effectiveness of the photon-phonon-photon transfer in terms of the fidelity, the Wigner
function, and the zero-delay second-order autocorrelation function. For experimentally accessible
parameters, our numerical results indicate robust conversion of the quantum states of the input signal
photon to those of the retrieved photon. We also show that high fidelity single-photon wavelength
conversion is possible in the system as long as intense control pulses shorter than the mechanical
damping time are used. Our work opens up the possibility of using levitated optomechanical systems

for applications of quantum information processing.

PACS numbers: 42.50.-p, 42.50.Wk, 62.25.-g, 03.67.-a

I. INTRODUCTION

Optomechanical systems provide a remarkable plat-
form for controlling the interaction between photons and
phonons at the quantum level [1, 2]. Over the last few
years, there has been a growing interest to harness these
optomechanical interactions in quantum communication
protocols [3, 4]. In particular, cavity optomechanical os-
cillators have been explored as optical memory [5, 6]
which allow light to be stored as a mechanical excita-
tion and to be retrieved at any desired wavelength [7—
11].  Such protocols are useful in quantum and classi-
cal information processing since they permit the con-
version of quantum states or traveling pulses between
modes of vastly different frequencies [12-14]. Interest-
ingly, optomechanical light storage and retrieval has also
been analyzed at a single photon level [15, 16] thereby
providing a promising platform for the transfer of quan-
tum states [17]. This furnishes a test-bed for verifying
the quantum nature of photon-phonon-photon transfer
[18-20]. Apart from this, optomechanical interactions
have been exploited for ground state cooling of the me-
chanical mode [21, 22], sensing of the mechanical motion
with imprecision below the standard quantum limit [23],
strong coupling between optical and mechanical modes
[24], entanglement [25], optomechanical squeezing [26]
and optomechanically-induced transparency [27-29].

In spite of these significant applications, most exper-
imental realizations in cavity-based optomechanical sys-
tems are hampered due to heating and decoherence pro-
duced by the mechanical clamping losses. Further, the
use of cavities places restrictions on the electromagnetic
wavelengths, as they need to be resonant. A sensible so-
lution to these limitations is provided by isolating the
mechanical oscillator from its environment by means of
levitation using optical [30-32] or magnetic [33, 34] fields
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and using active feedback to substitute for the cavity.
Such levitated nano-mechanical systems are approaching
ground-state cooling [35-40], ultra-sensitive applications
[41-46] and preparation of quantum superposition states
[47, 48].

Recently, it was proposed that levitated optomechan-
ics could facilitate a favorable platform for the storage
and retrieval of optical information at the multiphoton
level [49]. In the present paper, we consider the optical
memory protocol based on levitated cavityless optome-
chanics for the storage and retrieval of a single photon,
i.e. at the quantum level. Specifically, we investigate an
effective protocol to store and retrieve quantum states
[13] from the mechanical mode of the levitated optome-
chanical system. For this purpose, we consider the center
of mass oscillations of a single nanoparticle levitated in
an optical dipole trap subjected to nonlinear feedback
[50]. The protocol follows a “double swap” scheme [7]
by employing writing and readout pulses one mechani-
cal frequency below the signal to effectively control the
coupling between mechanical displacement and the sig-
nal. First, the writing and signal pulses arrive simulta-
neously to interact with the nanoparticle, thereby stor-
ing the quantum state of the signal in its mechanical
mode. The system is then allowed to evolve freely for
some time. Finally, the evolved state of the mechanical
system is read at a later time utilizing a readout pulse.

We show that under high vacuum, the Gaussian quan-
tum states of a signal photon can be transferred with high
fidelity [51] to the retrieved photon. However, the ambi-
ent conditions of pressure and temperature degrade the
fidelity. We further characterize the effectiveness of the
photon-phonon-photon transfer in terms of the Wigner
function [14] and the ¢?(0) function [52] which we find
remains one for the transfer of coherent states and be-
comes less than one for squeezed coherent states. More-
over, we investigate the process in terms of the trans-
mission of photon pulses [12]. We find the optimal pulse
transmission under the condition of impedance match-



ing [8, 11]. Our results suggest that a high pulse fidelity
can be achieved by using input pulses of spectral width
much narrower than the relevant transmission half-width
[9]. This happens in the (multiphoton) strong coupling
limit where the transmission half-width remains indepen-
dent of the mechanical decoherence thereby allowing the
efficient transfer of the input signal pulse. Thus we show
that levitated optomechanical systems furnish a viable
platform for quantum information processing tasks such
as storage and retrieval.

The structure of the remainder of the paper is as fol-
lows. In Sec. II, along with relevant equations, we de-
scribe the quantum memory protocol based on a single
nanoparticle levitated in an optical dipole trap. Sec. III
elucidates the effectiveness of the protocol in terms of the
fidelity, the Wigner function, and the zero-delay second-
order autocorrelation. A scattering matrix treatment of
the pulse transmission is also presented. Finally, the con-
cluding remarks of the paper are presented in Sec. IV.

II. MODEL

The system under consideration is a single dielectric
nanoparticle of mass m trapped in vacuum by a focused
Gaussian beam. For small oscillation amplitudes, the
three spatial modes of the mechanical oscillator are un-
coupled and may be considered independently. Here,
we consider the oscillations of the nanoparticle along x-
direction such that its position is measured continuously
by interferometric techniques [36, 50]. The monitored
signal is then appropriately fed-back [40] to modulate
the trap beam so as to cause additional damping of the
nanoparticle thereby giving rise to cooling, and also some
backaction heating. Further, we use writing and readout
pulses one mechanical frequency away from the signal to
achieve the transfer of quantum states of a single pho-
ton through the levitated optomechanical system. The
writing and signal pulses interact simultaneously with
the nanoparticle, followed later by the readout pulse, as
shown in Fig. 1. The presence of the writing pulse ma-
neuvers the optomechanical coupling and facilitates the
transfer of the quantum states of the signal to the me-
chanical oscillator. The stored photonic quantum states
are retrieved at a later time once the readout pulse ar-
rives.

A. Master Equation

The quantum dynamics of the levitated nanoparticle
are described by the following master equation [40, 53]

b= % [H, p] — %D [Q] p+ Lac[p(t)]
_ %D 0l p— %p [Plp—i221Q.{P.p}]
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FIG. 1. Schematic of photon-phonon-photon transfer with
an optically levitated nanoparticle of mass m in a dipole trap
and subjected to nonlinear feedback cooling [40]. The particle
oscillates in the optical dipole trap with frequency w, along
the z axis. A writing pulse along with the signal interact
with the nanoparticle and causes the storage of the quantum
states of the signal. The stored quantum state is retrieved at
a later time by using a readout pulse.

where the first term on the right-hand side of Eq. (1)
represents the unitary evolution of the optomechanical
system with H = Ho+ Hy,¢, where Hy is the unperturbed
Hamiltonian of the system and H;,; represents the op-
tomechanical interaction, respectively. The second term
describes the positional decoherence of the nanoparti-
cle due to the scattering of trap photons and A; is the
heating rate due to trap photon scattering [40]. The
third term represents the loss of photons from the optical
field due to scattering from the nanoparticle and is given
292
by Luclp) = ~B: (Dlal + 222D[aq)) p, (i = w,s,7),
where B; represents the appropriate optical damping rate
[40], a (a') is the annihilation (creation) operator of
the optical field, w; is the optical frequency, and ¢, =
V/h/2mw, is the zero point fluctuation of the mechanical
oscillator. Note that during writing process B = B,, + Bs
while for readout process it becomes B,.. The fourth and
fifth terms describe the respective momentum and posi-
tion diffusion of the nanoparticle due to collisions with
background gas. The momentum (position) diffusion co-
efficient is D, = 2nskpTl2/h?(D, = nsh?/24kpTm?(2),
where T is the gas temperature, kp is Boltzmann’s con-
stant, ny = 6mpR is the coefficient of friction, p is the
dynamic viscosity of the surrounding gas, and R is the
radius of nanoparticle. The sixth term represents gas
damping at a rate v, = ny/2m. The last two terms
govern the nomnlinear feedback damping and accompa-
nying backaction, respectively. These terms are char-
acterized by the respective coefficients vy = x?®G and




'y = x2®G?. Here, x,®, and G are the scaled optome-
chanical coupling, the average detected photon flux, and
the feedback gain, respectively. The Lindblad superop-
erator in Eq. (1) operates on the density matrix p ac-
cording to the rule D[K]p = {KTK, p} — 2KpKT, where
K = Q, P,Q3,a. Here, the mechanical position (momen-
tum) quadrature is represented in dimensionless form as
Q="b+b (P =i(b" —b)). Also, b (b') is the annihilation
(creation) operator of the mechanical oscillator.

B. Assumptions

It is to be emphasized that the theoretical predictions
of Eq. (1) have been found to be in excellent agreement
with experimental data [40]. For the convenience of the
reader, we summarize the main assumptions [54] of our
model:-
1.The radius of the dielectric nanoparticle is assumed to
be much smaller than the wavelength of the optical field.
2. For amplitude of oscillations smaller than the beam
waist and Rayleigh range, motion along three directions
of oscillations is assumed to be uncoupled and can be
treated independently.

3. To derive Eq. (1) Born-Markov approzimation is used
since the coupling between the optical field and the back-
ground is assumed to be very weak and bath correlations
decay very quickly. This approximation is valid under
the condition if the bath correlation time is smaller than
the relaxation time of the system [55]. For our case, the

bath correlation time at 4 K (75 ~ kBLT ~ 1071 g) is

much smaller than the relaxation time (7 = % = 1.5 ms,

where I' is the damping contributed by various relaxation
processes, as explained below) thereby ensuring the va-
lidity of Born-Markov approximation. Further, the cou-
pling between any systems or reservoirs is assumed to be
small (¢ < T, B, where g is the single photon optome-
chanical coupling). This ensures that the error in com-
bining various master equations, e.g. optical and Brow-
nian, is very small [56].

4. In the derivation of Eq. (1), the terms oscillating at a
high frequency have been neglected. This approximation
is valid [55] if the time for the intrinsic evolution of the

system (75 = w—lm = 8 ps) is smaller than the relaxation

time (7g). For our case, this condition yields I' < wy.

5. The Brownian motion term in Eq. (1) character-
ize the effect of collisions of the background gas with the
nanoparticle. For the validity of this effect, a low density
limit of the surrounding gas is assumed under the condi-
tion that the mean free path of the gas bath is smaller
than the diameter of the nanoparticle [55].

6. Further to write nonlinear feedback term in Eq. (1),
the Markovian limit is assumed where feedback is intro-
duced rapidly as compared to any system time scale.

7. The possibility of interference between coherent and
incoherent processes [57] is assumed to be negligible for
the system under consideration. The condition for this
to occur is that the coherent coupling frequencies in the

system be much larger than the inverse of the bath cor-
relation times. However, in our case, the optomechanical
coupling (~ 100 kHz) is much smaller than the thermal
correlation frequency (~ == ~ 10! Hz).

TB

C. Quantum Langevin Equations

Now the optomechanical interaction Hamiltonian is
written as

Hip = ﬁgaTa (bT + b) , (2)

2e.ws Awsxog Az
where g = Vnicﬂéwgcs Ow—g

is the optomechanical cou-
pling constant [40, 53]. Here, €. is the effective relative
permittivity of the dielectric, V,, is the volume of the
nanoparticle, wg is the frequency of the applied signal
field, Aw; is the signal laser linewidth, wq is the waist
of the signal. We also have assumed that the focus of
the signal field is shifted from that of the trap by a small
amount Axz. In the presence of red-detuned coherent
pulses [49], the linearized Hamiltonian in the rotating
frame and in the interaction picture [12] is written as

Hint = hAalas + hG; (alb+blay) | (3)

where G; = gy/n; is the effective optomechanical cou-
pling rate, n; (i = w,r) is the photon number of the
writing/readout field, A = ws — w; — w, is the detuning,
w; (i = w,r) is the frequency of the writing and readout
field and as is the annihilation operator for the signal
field. Note that in Eq. (3), we have used a mean-field
approximation in which the intense control field can be
treated classically and the optomechanical interaction is
linearized with respect to the signal field [5, 58]. Us-
ing the linearization process to describe optomechanical
signal photon storage and retrieval, the master equation
Eq. (1) can be unraveled in terms of the following set of
Langevin equations of motion

as = — [iA + Blas —iGb+ a3, , (4)

b= —Tb—iG;as + bin7 + binrF , (5)

where I' = ~, + dI' is the mechanical damping [59]
and 0I' = 12y ((N)+ 1) is the nonlinear feedback
damping. The stochastic terms have the correlations

(af, (D ag, (1)) = 2B6(t—t), (bl 7 (1) binr () =
270 (t —t'), <bjn () binF (t') = 2F5(t—1t"). Here,
vy = 2m~yngTeff, Tery is the effective temper-
ature of the total background due to the com-
bination of gas and optical scattering and F =
54mhiwyx?®G* (2(N)? + 2(N) + 1). The damping and
noise terms due to nonlinear feedback depend on the
mechanical state of the system [40]. Note that in the
absence of damping and noise terms in Egs. (4,5), 7/2
control pulses facilitate the complete mapping of mo-
tional state to optical state and vice-versa thereby pro-
viding a realization of the optomechanical storage and



retrieval [5]. Further, it was recently shown that in the
absence of backaction terms, Eqs. (4,5) can be solved
to demonstrate multiphoton storage using levitated cav-
ityless optomechanics [49]. Moreover, it was shown that
such a cavityless protocol is compatible with wavelength
conversion as well as for the retrieval of photons in the
same direction as that of the incoming photons owing to
the conservation of momentum. Taking these arguments
into consideration, in this paper, we include the back-
action terms in Eqgs. (4,5) to address the topic of light
storage at a single photon level.

III. RESULTS

We investigate a protocol based on a single levitated
nanoparticle to upload, store and retrieve a single photon
quantum state from a mechanical mode. To describe this
protocol, we employ Gaussian writing (readout) pulse

Gu = Guoexp [~552] (G = Groexp [~ U551 ),
1s 2s
such that in Egs. (4,5) we use G; = Gy + G,. Here
Guwo (Gro),tw (L) and t15 (t2s) represent the respec-
tive amplitude, central time and the width of the writing

(readout) pulse.

A. Optomechanical photon storage and retrieval

The idea for the efficient photon-phonon-photon trans-
fer is based on the storage and retrieval of a single photon
using a single nanoparticle levitated in an optical dipole
trap subjected to nonlinear feedback. In such a proto-
col, the quantum states of the signal photon and the
mechanical mode can be swapped by red-detuned strong
coherent pulses. That is, first the signal pulse is stored as
a mechanical excitation by means of a writing pulse and
at a later time, the readout pulse results in the retrieval
of stored optical information. Note that such an optome-
chanical photon storage and retrieval is characterized by
the interaction Hamiltonian in Eq. (3) and can be de-
scribed by an anti-Stokes process [9]. During the writing
process, the incoming signal photon is converted into a
coherent phonon of the mechanical oscillator by means of
Ws — Wy = Wy, On the other hand, the readout pulse at
a later time is scattered to produce a retrieved photon by
absorbing a phonon of the mechanical mode [60], thanks
to the upconversion process wy. = wy + wy,. Here wy, is
the frequency of the retrieved photon. To illustrate op-
tomechanical light storage and retrieval [49], we numer-
ically solve Egs. (A1-A4) in Appendix A [derived from
Eq.(4) and (5)] by using the Gaussian pulses as exhibited
in the top panel of Fig. 2. The time dependence of the
calculated power of the signal and retrieved photon, to-
gether with the power of the stored mechanical oscillation
is shown in the bottom panel of Fig. 2. For the storage
process, a signal pulse which arrives simultaneously with
writing pulse at t; = 0.09 ms is converted into mechani-
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FIG. 2. The Gaussian writing and readout pulses (top panel)
and the calculated optical power of the storage and retrieval
of the signal photon (solid line), along with the power of the
stored mechanical oscillation (dotted line) as a function of
time (bottom panel). The parameters used are w, = 124
kHz, R = 50 nm, m = 1.2x107"® kg, e, = 1.133, signal
wavelength (As) = 780 nm, write wavelength (A,,) = 1064 nm,
readout wavelength (A,) = 1064 nm, central time of writing
and signal pulse (tw,ts) = 0.09 ms, central time of readout
pulse (¢,) = 0.9 ms, writing and readout pulse widths (¢1s, t2s)
= T us, single photon signal optomechanical coupling (g) =
0.2 mHz, effective writing (readout) optomechanical coupling
(Gwo (Gro)) = 79 kHz (86 kHz), A = 0, Az = 10 nm, ¢,
=19 pm, v, = 0.0289 Hz, 6I' = 0.66 kHz, pressure (P) = 7
x 107¢ mbar, T = 4 K, B, = 0.3 Hz, B, = 0.04 Hz, B, =
0.04 Hz, A; = 27 kHz, A, = 10 kHz, A, = 10 kHz, scaled
optomechanical coupling (x) = 1.5x% 109, numerical aperture
(NA) = 0.9 and nonlinear feedback gain (G) = 20.

cal excitation by means of a writing pulse. Subsequently,
a readout pulse arrives at ¢, = 0.9 ms and converts the
mechanical excitation back into the retrieved optical sig-
nal, as seen in Fig. 2. Such a protocol can be explored
for the possibility of transfer of photonic states and we
are encouraged in this endeavor by the high efficiency of
photon retrieval during the readout process.

B. Fidelity

In the preceding section, we have described how the
storage and retrieval of a single photon in levitated op-
tomechanics sets a stage for the transfer of quantum
states of a single photon. To characterize the quality of
the retrieved photon, we calculate the fidelity defined by

2

F = (Tr[ \/Epf\/ﬁ]) , where p; is the initial density
matrix of the signal photon and py is the density matrix
of the retrieved photon state. For Gaussian states, the
fidelity can be calculated from the covariance matrices
of the quadrature variables [51]. In order to do so, we
assume the signal photon to be in a squeezed coherent



state |a,r), where, a is the coherent amplitude of the
state and r is the squeezing parameter. The initial me-
chanical state, on other hand, is assumed to be thermal.
Using the covariance matrix, as can be derived from Egs.
(B8,B9) in Appendix B, the fidelity can be written in the
following form

2 2

where ( = 1 — efBrt%irtfirtls, A = A1 Aga, A1l =
e 2 4 Vxx, Az = e + Wy, I, = (Re(a(O)))Q, I =
(Im((0)))* and ts is the free evolution time. To describe
the fidelity, we set G, (t) = Gwo and G,.(t) = G,¢ and
also consider 7/2 writing and readout pulses.
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FIG. 3. Fidelity vs (a) r and |a|?, (b) G/w: and |af?, (c)
power of writing (P, (mW)) and readout pulses (P, (mW)).
In plot (a) t1s = 19 ps, tas = 18 us, in plot (b) Gwo = Gro
= G, r = 0.05, and in plot (c) o = +/0.3. Here, t; = 0.5 ms
and other parameters are same as in Fig. 2.

In Fig. 3(a), we study the dependence of the fidelity
on the parameters of the initial squeezed coherent state.
It is determined from Fig. 3(a) that a high fidelity can
be achieved with small values of « and . However, the
fidelity deteriorates in the region of increasing parame-
ters. The degradation of the fidelity with « is due to an
increase in the average-amplitude decay of the retrieved
photon state owing to the mechanical decoherence [7, 13].
On the other hand, the narrower features of the squeezed
states in phase space cause the mechanical decoherence
to become severe with increasing squeezing parameter r
thereby degrading the fidelity [14]. Also, note that the
high fidelity in Fig. 3(a) is attributed to m/2 pulses (¢4
= 19 ps, tas = 18 us) which are relatively shorter than
the mechanical decay time (30 ms) so as to provide im-
munity to the levitated optomechanical system against

decoherence. Further, the double swap scheme enables
the Gaussian states to be transferred efficiently if the op-
tomechanical coupling is stronger than mechanical deco-
herence rate (G; > I'). This is shown in Fig. 3(b), where
a strong effective optomechanical coupling results in the
high transfer fidelity. Such a strong optomechanical cou-
pling can be achieved by employing intense writing and
readout pulses so as to achieve high transfer fidelity, as

exhibited in Fig. 3(c).
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FIG. 4. (a) Fidelity vs t15 (us) and |a|?, (b) Fidelity vs
tas (us), and |af?. In plot (a) t2s = 7 ps and in plot (b) #1s
= 7 ps and other parameters are same as in Fig. 3.
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To delineate the above results, we have used 7/2-area
writing and readout pulses. However, it is still possible to
efficiently transfer the quantum states of a signal photon
even if the pulse area exceeds 7/2, thanks to the absence
of clamping losses in levitated optomechanics. Neverthe-
less, the process involves writing and readout pulses of
duration smaller than the mechanical decoherence time.
Under this situation, the system remains immune to the
decoherence thereby providing a high fidelity in our pro-
tocol, as illustrated in Fig. 4(a,b). Despite the presence
of the short span pulses, the fidelity again degrades with
the amplitude of the coherent state of the signal photon
for the same reason as explained above.
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FIG. 5. Fidelity versus (a) temperature (K), and (b) pressure
(mbar). Here, t15 = t2s = 7 us and rest of the parameters are
same as in Fig. 3.

So far the preceding results are based on the condi-
tions of low pressure (< 107> mbar). Under this low-
pressure regime, the preparation of oscillator near the
ground state leads to an efficient retrieval of a photon
from the mechanical oscillator thereby providing a high



value of fidelity as depicted in Fig. 5(a). However, in
the high-pressure regime, the fidelity degrades due to an
increase in the gas damping as exhibited in Fig. 5(b).

C. Wigner function of the retrieved photon

Above we have described that strong writing and read-
out pulses of short duration are suitable for the efficient
transfer of Gaussian states of the signal. To further quan-
tify the effectiveness of the photon-phonon-photon trans-
fer, we write the following form of the Wigner function
[14] of the retrieved photon state by using covariance
matrix (V) [derived from Eqgs. (B8,B9) in Appendix B|

W =

1 52 }

ex Ti\WVyy + 1V; , 7
27r\/_ P{ ( 1Vyy 2 XX) ( )
where we have introduced

§= %[(nw

Here 1y, = exp (—Btis), ny = exp (—T'(ty +tis)), nr =
exp (_BrtQS); oﬂ: - thls + GTtQS and V= VXXVYY-

—17)cos(04) + (1 + np) cos(6-)] . (8)
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FIG. 6. (a) Wigner function of the input Gaussian state of

the signal. The Wigner function of the retrieved photon state
for (b) t1s = tas = 1 pus, (¢) t1s = tas = 50 ps, and (d) t1s =
tos = 100 ps. Other parameters are same as in Fig. 3.

Degradation due to mechanical decoherence limits the
transfer fidelity thereby causing the distortion in the
shape of the Wigner function of the retrieved photon.
This is shown in Fig. 6. For pulses of very short span,
for instance t1; = tos = 1 ps in Fig. 6(b), the Wigner
function of the retrieved photon state remains Gaussian
similar to that of the input signal state (see Fig. 6(a)).

Y

However, the larger temporal width of the pulses causes
mechanical decoherence to intervene in the process to
produce distortion in the Wigner function as depicted in
Fig. 6(c,d). Besides this, we have also figured out that
in the presence of m/2 pulses and for G; > T, the Wigner
function of the retrieved photon remains relatively the
same as that of input signal photon state. Thus, the
Wigner function provides a good measure of the effec-
tiveness of the protocol.

D. ¢°*(0) function

As demonstrated above, a writing pulse causes the
swap of Gaussian states of the signal photon to the me-
chanical oscillator and readout pulse at a later time re-
sults in the retrieval of the stored Gaussian states. Such
states, namely coherent as well as squeezed states, can
be efficiently transferred to the retrieved photon when
the width of the writing and readout pulses is shorter
than mechanical decoherence time. Again, to character-
ize the photon transfer through levitated optomechanical
system, we obtain the zero-delay second-order autocor-
relation [see Appendix C] of the retrieved photon during

>/<a’j‘ea’T€>2- AS shown
in Fig. 7(a), this function remains 1 (¢%(0) — 1) as a

function of the free evolution time, if the incident signal
photon is in a coherent state. However, for nonclassical
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FIG. 7. ¢*(0) function vs (a) |a|*> and t;, (b) 7 and t;. In
plot (a) r = 0 while in plot (b) @ = /0.3 and rest of the
parameters are same as in Fig. 3.

squeezed states of the signal, the two-photon coincidence
probability for the retrieved photon becomes less than 1
(g%(0) < 1), as depicted in Fig. 7(b). Thus, our protocol
based on cavityless levitated optomechanics provides a
versatile platform for the efficient transfer of single pho-
ton Gaussian states.

E. Scattering matrix analysis

In the preceding analysis, we have described the trans-
fer of Gaussian states associated with the signal. Here,
we analyze the transmission of a single photon signal



pulse through the levitated optomechanical system. Such
traveling pulses can be transmitted between channels of
quite different wavelengths [49]. In the itinerant state
transfer, an input state is centered around a single fre-
quency. As a result of this, the transfer of signal pulse
to the retrieved pulse can be viewed as a stationary scat-
tering process and thus, a high-fidelity transfer can be
characterized by a set of requirements on scattering ma-
trix [11]. Now, to study itinerant state transfer, we con-
sider a quantum input af, () for the signal as and b;y(t)
and a},, (t) are the noise operators with zero average. For
constant effective couplings, the retrieved photon pulse
at the output can be written as [see Appendix D]

are(w) = Ta1(w)as, (W) + Ts2(w)bin,7(w) + Tas(w)al, (W)
+ Mio(w)bin, 7 (w) 9)

where T (w) characterizes the transmission of input
signal pulse af,(w) to output retrieved pulse a,.(w),
Tsa(w) (Msg(w)) represents the transmission of ther-
mal (non-linear feedback) mechanical noise and T33(o.))
gives the contribution of the optical noise associated with
readout pulse. For a high-fidelity transfer from aj,(w)
to are(w) over the bandwidth of the signal pulse, the
transmission matrix coefficient Ty1(w) — 1 as well as
Tsa(w), Mag(w), Ts3(w) — 0. This is shown in Fig. 8(a)
and it is clear that |T3;(w)| = 1, whereas other noise con-
tributions are suppressed at w = 0 in the transmission.
The value of T3; at w = 0 is T31(0) = 2/C,,C,./(Cyy +
C, + 1), where C,, = 4G? /TB (C, = 4G?/T'B,) is the
cooperativity associated with write (readout) process. It
is to be noted T3;(0) attains a maximum value at an
optimal transmission condition of impedance matching
(Cw = Cy) [8, 11] thereby providing efficient transfer of
a signal photon.
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FIG. 8. (a) Transmission matrix coefficients vs frequency un-
der impedance matching. (b) Pulse fidelity vs spectral width.
All other parameters are same as in Fig. 2.

Another important feature of the transmission ma-
trix element is the transmission half-width Aw defined
as |T31(Aw)| = |T31(0)]/2. We find that in the strong
coupling regime G; > I', B, the transmission half-width
is determined by 4G?/B. But in the weak coupling limit
with G; < T, B, the transmission half-width is limited by
the mechanical decay rate [9, 12]. This shows that for

strong optomechanical coupling the input components
|w] < Aw can be efficiently transmitted since such fre-
quency components of the signal photon remain immune
to the mechanical decoherence. To characterize this, we
define pulse fidelity [12] as

_ |fdw<afn(w)><am(w)>*|2
Jdwl(ag, (W) [? [ dwl{are(w))*[>

Using Eq. (9), (are(w)) = |T31(w)|{af,(w)) for fre-
quency components and thus the pulse fidelity is de-
termined by the properties of T31(w). For illustration,
we study the transmission of a Gaussian signal pulse

Fy

(10)

(a3 (w)) = \/7—:% exp (—‘:—;), where o, is the spectral
width. If we use this pulse profile in Eq. (10), then the
pulse fidelity attains a high value for a narrow-bandwidth
pulse, as shown in Fig. 8(b). Thus a quantum input
signal pulse with spectral width o, < Aw can be trans-
mitted with high fidelity to the output without suffering
from mechanical decoherence throughout the transmis-
sion. This facilitates an efficient photon-phonon-photon
transfer in levitated optomechanical system.

IV. CONCLUSION

We have studied the storage and retrieval of a sin-
gle photon at a quantum level using levitated cavityless
optomechanics. We have shown that under experimen-
tal conditions, such a system is suitable for the efficient
transfer of single photon quantum states. The effective-
ness of the protocol was characterized in terms of the
fidelity, the Wigner function, and the zero-delay second-
order autocorrelation function. These quantities were ex-
plored to demonstrate a robust conversion of Gaussian
states of the signal to the retrieved photon. We have
found that our protocol remains relatively immune to the
mechanical decoherence in the presence of strong writing
and readout pulses of duration smaller than mechanical
decay. Further, a high fidelity photon-phonon-photon
transfer was described in terms of the transmission of
traveling photon pulses between channels of quite dif-
ferent frequencies. Our results indicate that levitated
optomechanics may be useful for quantum networks.
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Appendix A: Calculations for optomechanical
storage and retrieval

To delineate a quantum memory for the storage and
retrieval of single photon, we use Egs. (4,5) to obtain



following equations for the second order moments [52]:-

Z(aTa Y = —2B(alas) +iG;(bTas) — iG;(alb) + 4BI,,
(A1)
%<b*b> = —2T'(b'b) — iG;(bTas) +iG,(ald) + 2y + 2F ,
(A2)
%<bfas> = —[iA+B+T](bas) +iGilalas) — iGi(b'D) ,
(A3)
%@w = — [—iA+B+T]{(alb) —iGi(alas) +iG;(bTD) .

(A4)

To derive the above equations we have used the fact
that a, (t),al (t),b(t),bl (t) are not affected by noise

as, (¢'), a8 ('), bin (¢'),b] (') at different times [61].

Appendix B: Calculation of covariance matrix

In order to calculate the covariance matrix associated
with the retrieved photon optical quadratures, we write
the following equation from Eqs. (4,5):-

d

—o(t) = Co(t) +n(t) | (B1)

where
X Xin(t) -B 0 0 G
|y R0 |0 =B -G; 0
=10 = 10nm[ €T 0 e T o
P P (t) -G 0 0 -T
(B2)

Here, the quadratures of the optical and mechanical
modes are given by X = al + a,, Y = i(al —as),

Xin = V2B (a5} +a5,), Yin = V2B (5] - a,) and
Q=b+b P=i (bt~ ), Qun = \/2_(13}”+l3mr)+
\/ﬁ(éjnf-i-i?m,f), Py, = z\/_( in7 — bin T) +
iV2F (l;jn = l;m ].-), respectively.

Now, the solution of Eq. (B1) can be written as

v(t) = M(t)v(0) + /0 dsM(t — s)n(s) , (B3)

where M (t) = exp (Ct). Now, in the presence of writing
pulse of duration ¢1,, above equation can be written in
the simplified form as

tls
X (t1s) = M | cos (Gut1s) X (0) + sin (thls)P(O)} +77w/ dseBs cos (G (t1s — 5)] Xin(s)
0

+7 /0 dse”*sin[Gy (t1s — )] Pin(s) ,

V(12) = [ 008 (Gut1o) Y(0) = sin (Giotrn) QO] + 1 [ dse® con[Cy (11, = 9)] Via(s)

- /0 dseBs sin [Gy (t1s — 8)] Qin(s) ,

(B4)

t1s
Qt1s) = e Tt [sin (Guwtis) Y(0) 4 cos (Gutis) Q(O)] + e Ths / dse’® sin [Gy (t1s — 8)] Yin(s)

tis
4 el / dse"™® cos [Gy (t1s — 5)] Qin(s) ,
0

0

(B6)

tls
P(tiy) = —e Tt [sm(awtls)X(O) + e Tt cos (thls)P(O)} _ e Ths / dse"™ sin [Gu (t1s — 5)] Xin(s)
0

tis
+e e / dse'® cos |Gy (t1s — )] Pin(s) ,
0

where G, is the effective optomechanical coupling due to
writing pulse, B = By + B, is the total optical damping
due to write process including contributions from signal
and writing pulse and 7, = exp (—Btys). After the writ-

(B7)

ing process, the mechanical system is allowed to evolve
freely for time ty. During this stage, the mechanical en-
vironment intervenes in the process. Finally, during a
readout pulse, the optical quadratures of the retrieved



photon reads as

X(ts) = 7w {COS (Gyrtas) cos (Gutis) X(0) + cos (Grtas) sin (Gtrs) P(O)}

+ ey [ i (Gytas) sin (Gutrs) X(0) + sin (Gytas) cos (Gt rs) P(O)}

tls
+ 1)1 COS (Grtgs)/ ds [eBS cos [Gy (t1s — 8)] Xin(s) + eBs sin Gy (t1s — 8)] P (s)]
0

+ rnf sin (Grt%) ‘/0 N ds [—GFS sin [Gw (tls — 8)] Xi (S) + €FS COS [Gw (tls — 8)] Pl (S)}

n 777,\/0‘ 2s ds [687‘5 CcOS [Gr (t25 - S)] XZTH(S) + 687‘5 sin [Gr (t25 - S)] Pi (S)} s (BS)

Y(ts) = e [cos (Grtas) cos (Gut1s) Y(0) — cos (Grtas) sin (Gytis) Q(O)}

— NNy [sin (Grtas) sin (Gut1s) Y(0) + sin (Grtas) cos (Gutis) Q(O)}

+ NN €08 (Grtas) / : ds [eBS cos [Gy (t1s — 8)] Yin(s) — eB% sin [Gy (t1s — 5)] Qm(s)]
0

— 1p1f sin (Grtgs)/o N ds [eFS sin [Gy, (t1s — 8)] Yin(s) + €' cos [Gy, (t1s — 5)] Qin(s)]

tos
. / ds [e57* cos [y (fas — 5)] Yii(s)
0

where 1y = exp [T (tis + t5)], 7 = exp (—Bytas), tas is
the duration of the readout pulse, ts is the total trans-
fer time, G, is the effective optomechanical during read-
out pulse and B, is the optical damping during readout
process. Now, the fidelity can be calculated by using
following covariance matrix

Vx.. x.. Vxi.v,
V= Ve x. Vewe | (B10)
where the elements of the covariance matrix are defined
as Vee, = 5(6&5 + ;&) — (6)(€;) and these can further
be written by using Eqs. (B8,B9). In order to derive co-
variance matrix elements, we require (X (0)X (0)) = (a+
a*)?+e72" (P(0)P(0)) = (2(N) + 1). It turns out that
Wy (t)y(t.) can be expressed in terms of Vy(; yx () just
by replacing r to —r ; also, Vx v .) = Vw.)x @) = 0.

Appendix C: Calculation of zero-delay second-order
autocorrelation function (g*(0))

Let us again start from Eqgs. (4,5). The solution of
these equations can be written as

1t :eMtf(O)—i—/tds M=l (s), (C1)

0

- eBTS sin [Gw (t2s - S)] an(s)} s (Bg)

I

where

f(6) = h] M= {—;gw _ﬁw} = {bmfajnbmf} '
(C2)

Now in the photon-phonon-photon transfer, the states of
the signal are transferred to the mechanical mode by em-
ploying a writing pulse of duration t15. Then the system
is evolved freely for time ¢¢. Finally, the stored photon
is retrieved at a later time by using a readout pulse of
span tos and can be written as

are(ts) = Ny cos(Grtas)ar(0)
— 01y sin(Gyrtas) sin(Gytis)as(0)
— iy sin(Grtas) cos(Gutis)b(0)

tls
— inpny sin(Grtas) / dse' cos [G oy (t1s — 5)] b7 7 ()
0
t1s
— inyny sin(Gtas) / dse’® cos [Go(tis — )] bfn)f(s)
0
tls
= Nrhf Sin(GrtQS) / dsers sin [Gw (tls - S)] afn (S)
0
tas
+n, / dseBr* cos (G (tas — 8)] al,(s) , (C3)

0



where n¢ and 7, are defined in Appendix B. Now, from
Eq. (C3), we can write (al a,.) and it can further be
simplified in following by solving the integration

(al are) = neng sin® (Grtas) sin® (Gutis) (Jof® + sinh?(r))
+ 77377? sin? (Gtas) cos? (Gutis) (N) + 2B,m2Gs3

+ 202} sin? (Gitas) [BGu + (3 + F) oo
(C4)

where, we have used that for a squeezed coherent state
of the signal (af(0)as(0)) = |a|?> 4 sinh®(r), for thermal
state of the mechanical system (b'(0)b(0)) = (N) and for
the vacuum state of the readout (a(0)a,(0)) = 0. Also
Gi1,Ga2, in Eq. (C4) can be written as,

G?H./\/i + FQNQ + GwFN3

gll = - R )

_G%U./\/i + 1?2 (2N1 — NQ) — GwrNg
R )

(C5)

Goo =

(C6)

where N7 = (1 — €M), N = 1 — cos (2Gut1s), N3 =
sin (2Gt15) and R = 4T (G?U + 1"2). Further, G33 can be
written from Goo in Eq. (C6) just by replacing I, G, t15
by B, G, tas, respectively.

Similarly, from Eq. (C3) we can write (al.a2,). This
factor can be simplified by using moment-factoring the-

orem [62, 63] and is given by

(afeaie) = ning sin® (Grtas) sin (Gutr U + 8571 G,
+ nfn;f sin® (G tas) cos® (Gutis) (N)?
+38 (72 + ]:2) 77;177; Sin4(Grt2S)g§2
+ 8B%ntnf sin® (Gyta) G, (C7)

where, U = sinh?(r)cosh®(r) — (a® +

o) sinh(r) cosh(r) + 2sinh*(r) + 4|a|? sinh?(r) + |af*.

Finally, using Eqs. (C4,C7), we can write ¢g2(0).

Appendix D: Calculations of scattering matrix

In this analysis, we describe how the traveling photon
pulses can be transmitted from input and output chan-
nels of distinctly different wavelengths. To do so, let us
consider a quantum input a,(¢) for the signal a, and
bin(t) and af (t) are the noise operators with zero aver-
age. Thus, the quantum Langevin equations describing
the present system can be written as

du(t)
dt

= Au(t) + Kuin(t) + SrBin.7 , (D1)
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where
[a,(t) A —iGy 0
ut)= | bt) |, A= |-iGw -T —iG,| ,
_aT(t) 0 —iGy A33
(D2)
[ a3, (t) ] V2B 0 0
uin(t) = (bin7(t)| ,K=1] 0 2y 0 |,
| ain(t) | 0 0 2B,
(D3)
0 ] 0 0 0
Bin,7(t) = |bin7(t)| .SF= {0 V2F 0 (D4)
0] 0 0 0

where detuning is defined by A; = ws —w; (1 =, w,r),
All = —(iAl + B), and A33 = —(iAQ + BT)
Now, taking Fourier Transform of Eq. (D1), we get

u(w) = (iwI — A)ilKum(w) + (iwI — A)ileBm; )
(D5)

Further, using toy(w) = Ku(w) — uipn(w), we get

Uout (W) = T(w)um(w) + M(w)Bm;(w) , (D6)

where T(w) = K(iwl - A) K — 1T and M(w) =

~1
K(iwl - A) Sr. The retrieved pulse (al,;(w)) can be
written from Eq. (D1) and depends on transmission ma-
trix elements T31(w), Ta2(w), Ta3(w), M32(w) as is given
in Eq. (9). These transmission matrix elements can be
written as

Tgl(w) - _% , (D7)
. 2B, |(iw +T) [i(w+ Ar) + B + G2,
T33(w) = 7 -1
(D8)
Fro(w) = V2BV G, ;(w + Aq) + B (D9)
V() — i 2&@@;@ + A1) + B (D10)

where T = [i(w T A+ B} {(w 1) [i(w + As) + B] +

Gﬁ} + G2 [i(w + Ag) + B,

To transmit an input signal pulse af,(w) to the output
retrieved pulse a,.(w) two conditions need to be hold:-
(1) The information from input channel needs to be ef-
ficiently transferred to output channel. This condition
demands that |T51(w)| — 1. (2) The noise needs to be
blocked from entering in this process. This condition re-
quires that |T52(w)|, |T33(w)], |M32(w)] — 0. These con-
ditions are obeyed at A; = —wy, as w — 0. Further,
|T51(w)] — 1 as w — 0 under optimal transmission con-
dition B,.G? = BG? i.e. when impedance matching C,, =



2 2
C, is obeyed. Here, C,, = —4gf“ (Cr = —43G1:

erativity associated with write (readout) process. More-
over, under this condition |Tsz(w)|, |Ts3(w)|, |Ms2(w)| —
0asw—0.

) is the coop-

Further, the pulse fidelity equivalent to Eq. (10) can

11

be defined as

_ | at{a, () (are ()" |2
Jdtlag, ()1 [ dt|{are(t))*]?

where, the output retrieved pulse a,.(t) can be calcu-
lated by integrating over frequency components a,..(t) =

[ dw{a,e(w))e™?.

Fy

(D11)
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