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We present a scheme to generate continuous-variable bipartite entanglement between two optical modes
in a hybrid optical-microwave-plasmonic graphene waveguide system. In this scheme, we exploit the
interaction of two light fields coupled to the same microwave mode via plasmonic graphene waveguide
to generate two-mode squeezing, which can be used for continuous-variable quantum teleportation of the
light signals over large distances. Furthermore, we study the teleportation fidelity of an unknown coherent
state. The teleportation protocol is robust against the thermal noise associated with the microwave degree

of freedom.
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I. INTRODUCTION

The transfer of quantum states between distant nodes of
a quantum network is a basic task for quantum information
processing. All protocols used for quantum state trans-
mission require nonlocal correlations, or entanglement,
between the sender and the receiver systems. Entangle-
ment is at the basis of quantum mechanics and almost
every quantum information protocol. Recent progress in
the field of quantum communication and computation
has shown that entanglement is a prominent resource
for many applications in quantum technology [1]. Entan-
glement can be exploited to perform various quantum
information tasks, such as quantum key distribution [2,3],
quantum cryptographic protocols [4], dense coding [5,6],
and quantum teleportation [7-9]. Entanglement has been
investigated in several experimental works in different
platforms, such as entanglement between two optical fields
using a beam splitter [10,11] or a nonlinear medium
[12,13], entanglement between two trapped ions [14], gen-
eration of entangled photon-phonon pairs [15], entangle-
ment between distant optomechanical systems [16—19],
and entanglement in waveguide quantum electrodynamics
systems [20—22], to mention a few examples.

The generation of entanglement between microwave
(optical) and optical fields is very crucial for the combina-
tion of superconductivity with quantum photonic systems
[23], which is very important for efficient quantum com-
putation and communication. Optomechanical systems
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can generate entangled pairs of optical and (optical)
microwave fields [24,25]. However, the entanglement of
the microwave and optical photons using mechanical res-
onators is very sensitive to the thermal noise. In earlier
works [26—28], two authors of our group have proposed
a scheme for the efficient low-noise conversion of a quan-
tum electrical signal to an optical signal and vice versa by
using many layers of graphene. It has been shown that a
driving quantum microwave signal of a few microvolts can
be efficiently converted to the optical-frequency domain by
exploiting several graphene layers.

Two-mode squeezed light is the primary resource for
quantum information and quantum communication with
continuous-variable systems [29—32]. A hybrid two-mode
squeezing of microwave and optical fields has also recently
been proposed by our group, using a plasmonic graphene-
loaded capacitor [28]. In this paper, we develop such
a scheme to realize continuous-variable (CV) entangled
states between two different radiations at different wave-
lengths by using a superconducting electrical capacitor that
is loaded with graphene plasmonic waveguide and driven
by a microwave quantum signal. The interaction of the
microwave mode with the two optical modes is used for
the generation of stationary entanglement between the two
output optical fields. We then illustrate a practical use of
the resulting CV-entangled state to teleport an unknown
coherent state over a long distance with high efficiency.
The stationary entanglement and the quantum teleportation
fidelity are found to be robust with respect to the thermal
microwave photons that are associated with the microwave
degree of freedom.
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This paper is organized as follows. In Sec. II, we
introduce the system and derive the governing quantum
Langevin equations. In Sec. III, the generation of station-
ary output entanglement between the two optical modes is
investigated in detail. In Sec. IV, we show that the station-
ary output entanglement between the two optical modes
can be used for teleportation of an unknown coherent state
with high efficiency. In the final Sec. V, we make our
concluding remarks.

II. SYSTEM

As shown in Fig. 1, we consider a quantum microwave
signal v,, = ve ™’ + c.c. with frequency w,, driving
a superconducting capacitor of capacitance C = €¢g/d.
Here, d is the distance between the two plates of the capaci-
tor. We consider the two plates lying in the y-z plane (with
width W along the y direction and length L along the z
direction), while a single graphene layer is placed at z = 0.
In addition to the microwave biasing, optical fields are
launched into the graphene waveguide, creating surface-
plasmon-polariton (SPP) modes. The SPP modes can be
coupled to (and out of) the graphene waveguide using
a nanocoupler or a tapered waveguide. Another possible
way is to utilize nanolaser sources that are integrated and
coupled to the graphene waveguide [33].

The electrical and magnetic fields associated with a SPP
mode, of frequency w, propagating along such a graphene
waveguide are given by E =U@2) [De(x)ey + D, (x)e.]
e @) y cc. and H =U()D,(x)ée P + cc.,
respectively. Here, U(z) is the complex amplitude,
Di(x) = ilC;/weeg {e”‘x forx < 0;e * forx > 0}, is the
spatial distribution of the SPP mode for i = x,y,z, K, =
B, K, = —iweeg, and K, = a. Here, o = \/B% — ew/c is
the transverse decaying factor in the x direction around
the graphene layer and 8 = w/c/1 — 2/Zy¢ is the prop-
agation constant, with ¢ being the speed of light while Z,
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FIG. 1. The proposed superconducting electrical capacitor
driven by microwave signal v, and loaded with plasmonic
graphene waveguide.

represents the free-space impedance. Importantly, in this
work, the spacing between the two plates is considered
to be much greater than the reciprocal of the transverse
decay factor (i.e., d > 1/). It then follows that the plates
are not impacting on the propagation of the SPP modes.
Nevertheless, the microwave field is interacting with the
SPP modes through electrical modulation of the graphene
conductivity, as will be shown in the following.

The graphene waveguide can be characterized by its
conductivity ¢, given by [23,28]

m21n<2uf—VV)_¥ufK¢T

— 21 —ue/KpT 1
drh \2u.+W Th2W n(e +1,

(1)

¢

where W = (w/2m + it~!), in which 7 is the scattering
relaxation time, u. = hVy/mng/1 + 2Cv,/gmngy repre-
sents the chemical potential of the graphene, in which ¢ is
the electron charge and ny is the electron density, and V;
denotes the velocity of the Dirac fermions. We consider the
case of having an optical pump at w1, besides two upper-
and lower-side optical signals at w, and wj, respectively.
These optical fields are launched to the graphene layer
as SPP modes. The interactions between these fields are
enabled by setting the microwave frequency equal w, =
w; — w| = w| — w3, through the electrical modulation of
the graphene conductivity [34]. To model the interac-
tion between the microwave and the optical fields, for a
weak driving microwave signal, we expand the chemi-
cal potential of the graphene, . = ., + vule n’ 4 c.c.,
to the first order in terms of v, where u, = hV; /mny
and u = hV;C/q./mny. This expansion is obtained under
the assumption of Cv,, << gmng. Then, the conductivity
of the graphene in Eq. (1) is modified and can be writ-
ten as ¢ = ¢, + vy e ' + c.c., where ¢’ has the same
value as given in Eq. (1) and ¢” = ig>{Wn! /m h[2u.)* —
W?2h?] + KpTp! tanh(u./2KpT)/WKpT}. Therefore, the
effective permittivity of the graphene plasmonic waveg-
uide is given by

€eff = € +ve'e O 4 cc., ()

where € = (cp'/w)?, €' =2} /w?, and B’ =B.

Here, B = pg'¢"[1 — (Zog“’/2)2]_1 /¢’. Consequently, a
simplified description of the interaction can be obtained by
substituting the effective permittivity €. [Eq. (2)] in the
governing classical Hamiltonian:

1 1
H = -CvA, —/
2UA+2

XY,z

(coeenl& + ol FLl?) ddyasz,
3)

where & = Zﬁzl g', is the total electric field with g'] =U,
@)Dy 0020 + D ()2 e 4 e (forj = 1,2,3)
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and H, is the total magnetic field. The corresponding quan-
tized Hamiltonian that describes the three optical modes
of frequencies wi, w,, and ws, and the microwave mode,
reads as follows:

A = ho,b'b+ 1Y w;ala; + hgpdlanb
J

+ ﬁg3£l§211bT + h.c., (4)

where a; =U; [&; eoeé@, Vi/hw; is the annihilation oper-

ator of the jth optical mode, b= vy/CA,/2hw,, is the

annihilation operator of the microwave mode, V; =
1 Ar,“*() f |D 'lzdx

A J(IDy P +1Dy ), & = 5 + —— 2 ——

b

2V, Leoejf
A, = L x Wrepresents the cross-section area of the capac-
itor. The coupling factors g; are given by

6{/ll' 2wiw; ho, .
J Y 14 m . iQ;

P = sinc (®;) e N 5
& 2 Sléj C.A,e{e_; ( j) ( )

where ©; = (1Y [1 — (1Y ;]L/2 and I;; = [ (D}, Dy
+Djlpzj)dX/\/f(|Dx1 > +Da1)dx [(IDy > + Dy |?)dx.
Here, j = 2,3,b. We note here that the SPP mode at fre-
quency w; is very intensive and can be treated classically.
As a matter of fact, coupling to such an intensive field
provides the required gain to compensate the propagation
losses of the quantum fields at frequencies w; 3.

By considering a rotating frame at frequency wj;
and introducing the corresponding noise terms according
to the fluctuation-dissipation theorem, the Heisenberg-
Langevin equations of the microwave and optical oper-
ators can be derived from the Hamiltonian in Eq. (4),
given by

I; = _ymg - igZ&Z - 1g3&§ + v 2yml;in,
ay = =iy — iGab + /2y,
a3 = —ysa3 — iGsb'+/2ys, i, (6)

where y,, represents the damping rate of the microwave
mode, y; = 2v, Im(f;) is the decay rate of the jth opti-
cal mode, and v, = 9f /9B is the group velocity of the

SPP mode. The operators aj,, and Bin are zero-average
input-noise operators for the jth optical mode and the
microwave mode, respectively. They can be character-
ized by (&, (1),din, (1)) = n;8; ;78(t = 1), and (b}, bin) =

n’
npd(t —¢') [35]. The mean thermal populations of the
jth optical mode and the microwave mode are given by
n; = (e"/%T — 1)~ and ny = (e"om/*sT — 1)~1, respec-
tively, where kg is the Boltzmann constant. The optical

thermal photon number can be assumed to be n; ~ 0
because of hw; /K,T > 0, whereas the microwave ther-
mal photon number 7, is significant and cannot be con-
ceived as being identical to zero even at a very low
temperature.

Equation (6) above shows that the microwave mode is
coupled to the two optical modes a, and a; by the effective
couplings G, = a;g, and G5 = ag3, respectively, where
a; is the classical amplitude operator of the optical pump
at frequency w;. The corresponding power of this opti-
cal pump is given by p; = Jceony|a |*(hwr /E€oe Vi) S,
where ny = /€] and S, = ijozo (IDy,| 2+ |D;,|*)0x
are the refractive index and the transverse cross-section
area of the optical pump mode, respectively. Importantly,
the a; operator can be controlled to adjust the effective
coupling and provide significant entanglement between the
two optical modes @, and as. The feasible coupling values
can be estimated by considering practical parameters. For
instance, on considering a graphene layer of width W =
1 um and a superconducting capacitor of C = 13.3 uF /m?
(assuming a silicon filling material and a separation dis-
tance d =1 um), the coupling strength is displayed in
Fig. 2 versus the classical operator a;. Here, G, ~ Gs,
the temperature is considered to be 20mK for quantum
microwave operation, T = 6ps, V; = 10° m/s, w,/2m =
193 THz, and w; 3 = w; £ w,. We note that the considered
a; range in Fig. 2, which is between 0 and 350, corresponds
to the pump-power p; range between 0 and 26 mW. This
is a practical power range that can be supported using a
readily available laser source.

To gain more insight, we rewrite the two field opera-
tors a, and as in terms of the Bogolyubov operators A, =

a3 coshr + &; sinhr and A3 = a, coshr + 51; sinh 7, where

coshr = G,/G, sinhr = G3/G, with g:,/gg—gg. It

then follows that the motion equations in Eq. (6) can be
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FIG. 2. The coupling strength versus the classical optical
pump. Different doping concentration ny is considered. Here,
wm/2m =10 GHz, y, = y3 = 2.6 x 10'° Hz, and y,, = 10° Hz.
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presented in terms of the Bogolyubov modes, given by

l,; = —J/mg — lgA:% + mgina
,fl2 = —ygflz + \/ﬂfiin,b
AS = —)/3,,2(3 — lgB + \/ﬂAin,S’ (7)

where flin,z = Qin3 coshr + Ez?n ,sinh7 and Ainji’, = Qinp
coshr + szn ysinhr. It can be inferred from the above set
of equations that the considered modes of the two optical
fields are entangled [25,36], as will be elaborated in the
next section.

III. STATIONARY OUTPUT ENTANGLEMENT

Now, we consider the problem of entanglement between
the outgoing light fields of the optical modes a, and as.
According to the input-output theory [37], the output field
operators dou, and doy, are related to the two cavity
operators @, and az by douw, (1) = \/Y2a2(t) — G, (t) and
Qout; (1) = /V3a3(t) — ain, (1), respectively. To study the
stationary entanglement between the output optical modes,
it is convenient to rewrite Eq. (6) in the following compact
matrix form:

%R(r) = AR + DRin(2), ®)

where RT = {&2,&;,&3,&;1}, b'} is the column vector of
the field operators, R! = {&in,z,&;2,&m,3,&;3,13m,13;2} is
the column vector of the correspdnding noise operators
and the superscript T indicates transposition. Here, A is
the drift matrix, with elements that can be easily obtained
from the Langevin equations set in Eq. (6), D is the coef-
ficients matrix of the corresponding input-noise operators.
For a drift matrix A with eigenvalues in the left half of
the complex plane, the interaction is stable and reaches the
steady state. The solution can be obtained in the frequency
domain, by applying a Fourier transform to Eq. (8), given
by

Rouw(w) = [FM(w)D —I] Rin, )

where  RT (@) = {ouy (@), by, (@), douty (@), 8l (@),
l;(a)),lAfr (w)}, Rin(w) is the Fourier transform of R, (),
M) =[A—io]™", and F(o) = diag{v/2y2, V272,
V2v3,+/2v3, 1,1}, with I being the 6 x 6 identity matrix.
Given that the operators of the quantum input noise are
Gaussian, the steady state of the system is completely
described by the first- and second-order moments of
the output field operators. In particular, it is convenient
to introduce the quadratures )A(Omz = (Aout, + &Zutz) / V2,

j\/Outz = (aoutz - azutz)/ﬁi, )?out3 = (&Out3 + a(;ut3)/\/§3

Yous = (@ous — Gou;)/~/2i, Xp = (b + b1 /+/2, and ¥, =
(b—b" /~/2i. Then, the correlation matrix (CM) V of the
system is defined as V; = (uu; + u;u;)/2, where u’ =
{)A(Omz, f’outz,)?out3,)?0ut3 ,)A(b, f/b} is the vector of the quadra-
tures for the output modes. From Eq. (9), the stationary
solution for the covariance matrix V' of the output modes
can be obtained as follows:

VY= / ~ QT (WNT(—w)' QTdw, (10)

Where Q = diag{QZ; Q?:a Qb}a Q] == 1/\/5 (_ll 1)7

i
T(w) = F(@)M (@)D — 1, and N = diag{ N>, N3, N}} is
O+ l>, and N;
. 0 J
denotes the 2 x 2 matrix of {N;}1, = 1 (forj = 2,3) while
all other elements are zero.

We now consider the generation of stationary output
entanglement between the two optical modes oy, and
Aou;- The covariance matrix for doy, and oy, can be
introduced in the following block form:

VHZ Va23)
v = , 11
(VT Vs (I

a3

the diffusion matrix. Here, N}, =

where V,, and V,, are 2 x 2 covariance matrices for the
two output optical dou, and doy, modes, respectively.
The correlation between aqu» and gy can be described
by the 2 x 2 V,,, matrix. The stationary entanglement
between Alice’s mode (dout,) and Bob’s mode (dout;) can
be measured by the negativity [38] (i.e., quantified by the
logarithmic negativity [39—42]):

En = max[0, —In2n7], (12)

where n~ = 21/2\/22(]}) - \/ZZ(V) — 4det(V) is the

smallest symplectic eigenvalue of the partially trans-
posed 4 x 4 CM v with Y (V) = det(V,,) + det(V,,) —
2det(V,,;). A nonzero value of Exr quantifies the degree
of entanglement between Alice’s and Bob’s modes.
When the two optical output modes possess Einstein-
Podolsky-Rosen (EPR) correlations, they can be imme-
diately exploited for transfer of the quantum information
over long distances (i.e., teleportation of an unknown
coherent state). On the other hand, in such a case of having
long-distance quantum communication, it is important to
consider the optical losses for the two optical fields that are
traveling in a classical channel (e.g., a free space or an opti-
cal fiber). These optical losses can be modeled as a beam
splitter with transmissivity n = noe T%/1° [43], where L
is the distance traveled by two optical fields (assumed
to be equal for both), I' describes the attenuation of the
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FIG. 3. (a) The logarithmic negativity Exr measure of entan-
glement between Alice’s and Bob’s modes plotted as a function
of the G, coupling for G; = 0.2w,, and n,, = 10. (b) Ex plot-
ted as a function of the microwave thermal excitation n,, for
G, = 0.18, G3 = 0.2w,,. Here, the solid black curves are in the
absence of optical losses, while the black dashed curves refer to
the situation when optical losses are considered, with attenua-
tion I' = 0.005 dB/km, distance L = 20 km, and ny = 0.9. The
other parameters are G, ~ G3 = 0.2w,,, y» = y3 = 0.001w,,, and
VYm = 0.020)m,

two fields in free space in dB/km, and 7 accounts for
all possible inefficiencies [44,45]. In the presence of these
losses and inefficiencies, the covariance matrix in Eq. (11)
becomes vjoss = nv + (1 — n)I/2, where I is 4 x 4 iden-
tity matrix. Here, we consider the resonance condition for
the two optical modes. In Fig. 3, we plot the logarith-
mic negativity Exs to quantify the entanglement between
the output modes against the effective coupling G, and
the microwave thermal photon 7, in the absence (black
solid curves) and presence (dashed black curve) of path
losses. The black solid curves are with no optical loss,
i.e., n = 1, while the black dashed curves refer to the
situation when optical losses are considered with detec-
tion efficiency 19 = 0.9, L = 20 km and an attenuation of
' = 0.005 dB/km for a free-space channel on a clear day
without any turbulence [46]. In Fig. 3(a), we plot Exr as a
function of the parameter G, /w,,, while the coupling G; is
fixed at G; = 0.2w,,. We observe that the maximum value
of the entanglement between the two output optical modes
is achieved when the two couplings fulfill the condition
G, ~ G5. This can be explained by noting that the squeez-
ing parameter » in Eq. (7), which is defined as the ratio
of G5 and G, is approaching one (» = G3/G, ~ 1) at this
condition. In Fig. 3(b), we also study the robustness of the
steady-state entanglement between the two optical modes
Aoutz and doys as a function of the microwave thermal
population n,, at the optimal condition of G, ~ G;5. One
can observe from Fig. 3(b) that the proposed entanglement
is robust against the microwave thermal population. Here,
we note that the condition G, ~ G5 can be obtained by
controlling the graphene properties, including the doping
concentration and the layer dimensions.

IV. CONTINUOUS-VARIABLE TELEPORTATION

The EPR-like continuous-variable entanglement gener-
ated between the two output fields can be characterized

in terms of its effectiveness as a quantum channel for
quantum teleportation. The performance of the quantum
channel can be realized in terms of the teleportation fidelity
of an unknown coherent state between two distant nodes
labeled as Alice’s and Bob’s modes, as shown in Fig. 4.

The teleportation process can be summarized as in the
following four steps:

(1) The two output optical fields dou, and o, are
entangled via the proposed microwave-enabled plasmonic
graphene waveguide and consequently possess EPR corre-
lation. The two fields are propagating to Alice and Bob,
respectively. Hence, the two optical fields form a quan-
tum channel of a two-mode Gaussian entangled state p,3
(this step corresponds to the fields copropagating along the
graphene waveguide in the middle of Fig. 4).

(2) Second, Alice combines an unknown input coher-
ent state |aj,), which is to be teleported, with the part of
the entangled state in her hand (i.e., aou, mode), using a
beam splitter and a two sets of homodyne detectors, to
measure the amplitudes X_ = \/E(f(in —)A(()utz) and Y, =
l/iﬁ(f’in + f/out3). Here, Xi, and Yj, are the quadrature
of the input state (this step corresponds to the red dashed
square in Fig. 4).

(3) Third, the measurement outcomes of Alice are sent
to Bob via a classical channel (this step corresponds to the
green square in Fig. 4).

(4) Finally, Bob performs a conditional displacement
on his mode a,y, according to the measurement out-
comes and constructs the output state poy (this final step
corresponds to the blue dashed square in Fig. 4).

Step 3

Step 2 Classical Step 4
Communication "eii-— g "‘]
(X—a Y+) ]
+Um I i
Qout, T aout3 | N ]
. a'mll' -
h / \ . Bob_I
E i et e [ Y

; —l_— Qin,
| i) Step 1 Pout

FIG. 4. The proposed scheme for quantum teleportation of the
light signals. Alice (the sender) and Bob (the receiver) share the
EPR quantum channel given by an EPR pair of optical modes.
Alice uses a beam splitter to mix the part of the entangled state
in her hand with an unknown coherent state that is to be tele-
ported. She performs the Bell measurement. Alice then sends the
results of her Bell measurements to Bob. Bob performs a specific
displacement operation on Alice’s sent measurements to obtain
the teleported state.
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To asses the quality of the teleportation, the overlap
between the input and output states can be calculated
using the concept of teleportation fidelity, defined by F' =
[{cin| Pout|tin) . Since the system is Gaussian, the teleporta-
tion fidelity can be characterized in terms of the Gaussian
characteristic functions of the quantum channel and the
input coherent state, given, respectively, by

s -7 or &2 - &2
Xen (02, 003) = exp [(otz al)v <&3,> + idy, (&3”
(13)

and

Xin(&in) = €Xp [&ivin&ina +idin(¥in:| 5 (14)
where o, = (Im[e,], —Re[e,]) for 1 =2,3,in is a two-
dimensional vector corresponding to the complex phase-
space variable o, and d, (;j =ch,in) is a drift vector.
Here, V is the covariance matrix for the channel given in

1
Eq. (11),and V;, = Ediag(l, 1) is the covariance matrix of

the input coherent state. Consequently, the expression of
the teleportation fidelity F' can be written as [47]

1 * *
Fe- / I @) Pl xen(—a )T P, (15)

where p is the displacement that Bob needs to perform
on his side to cancel the effects of the channel displace-
ment d.,. Therefore, when Bob chooses the value of
the additional displacement u to exactly balance d., the
teleportation fidelity F in Eq. (15) can be simplified to

1

\/detI"
=2V 4+ 2V, Z + Vi — ZV0y, — yI z,

a3

F =

where Z = diag(1, —1). Moreover, the upper bound set by
the entanglement on the fidelity of the CV teleportation,
optimized over the local operations, is given by [48]

1

Fopt —
1 + exp~£n’

(16)

where E)s is the logarithmic negativity of the two-mode
entanglement shared between Alice and Bob. In our case,
the entangled resource shared by Alice and Bob is a CV
Gaussian state with zero mean d., = 0. It then follows that
the additional displacement that Bob is performing on his
side to balance the channel displacement is also zero (i.e.,
w=0).

The corresponding quantum teleportation of an unknown
optical coherent state using the obtained squeezed-state

(b)
1.0 1.0
038 0.8] TS
0.6 0.6 T — |
= R
0.4 0.4
0.2 0.2

0.0 0.0
0.00 0.05 0.10 0.15 0.20 00 02 04 06 038 1.0
Golawn Ty, x10°

FIG. 5. (a) The teleportation fidelity (black curve) F of the
coherent state as a function of the coupling G, /w,, at fixed value
of n,, = 10 and G;3 = 0.2w,,. (b) The teleportation fidelity F as a
function of n,, at G, = 0.18w,,. The solid red curve is for the
upper bound of the teleportation fidelity. Here, the solid blue
curves are without optical losses, while the dashed blue curves
correspond to the case with optical losses. The solid (dashed)
red curve is for the upper bound of the teleportation fidelity in
the absence (presence) of the optical losses. The black horizontal
line represents the threshold for secure teleportation Fy,, = 2/3.
The other parameters are the same as in Fig. 3.

entanglement is shown in Fig. 5. In Fig. 5(a), we plot the
teleportation fidelity of a coherent state as a function of the
effective coupling G,, considering the microwave thermal
population n,, = 10 and having the coupling G; = 0.2w,,
in the absence (solid blue curves) and presence (dashed
blue curves) of optical path losses. It can be seen from
Fig. 5(a) that the maximum value of the fidelity (blue
curve) is achieved when G, = 0.18w,, and Gz = 0.2w,,.
This is the same condition as obtained for the optimal
entanglement in Fig. 3(a). Moreover, we observe that the
maximum value of the fidelity (red curves) adheres to the
upper bound, defined in Eq. (16). In Fig. 5(b), we also
study the teleportation fidelity for an unknown coherent
state as a function of the microwave thermal excitation #,,,
while considering Gz = 0.2w,, and G, = 0.18w,,. Interest-
ingly, it is found that the proposed teleportation is very
robust against the microwave thermal population and opti-
cal losses. For example, the teleportation fidelity is above
2/3 even for n, ~ 500 and ny = 0.9 at a distance L =
20 km with I' = 0.005 dB/km for a clear day in free space.
In low-noise fiber optics, this is equivalent to 7 km with
attenuation 0.16 dB/km [49]. This is a realization of the
quantum teleportation of an unknown coherent state |«)
entering the device as Alice and being teleported to Bob. It
is worth mentioning that for secure quantum teleportation
of a coherent state, a fidelity greater than the thresh-
old fidelity Fy, = 2/3 is required, which is unreachable
without the use of entanglement.

V. CONCLUSION

We present a scheme for generating a continuous-
variable two-mode squeezed entangled state between two
optical fields that are independent of each other in a hybrid
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optical-microwave plasmonic graphene waveguide sys-
tem. We further explore the two-mode squeezed entangled
state between the two optical fields to demonstrate the
quantum teleportation of an unknown coherent state
between two spatially distant nodes. The achieved quan-
tum teleportation is secure due to the fact that the
fidelity F is above the threshold Fy, = 2/3. We show
that the continuous-variable entanglement (the teleporta-
tion fidelity) can be controlled and enhanced through the
interaction of the microwave mode with the two optical
modes. Such pairs of entangled modes, combined with
the technique of entanglement swapping, can be used as
a quantum channel to teleport a quantum state over large
distances.
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