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ABSTRACT: Quantum plasmonics presents a new insight into
quantum photonic science and technology. The unique properties of
surface plasmon polaritons (SPPs) provide immense potential for
quantum control of light in ultracompact systems. The quantum
behavior of SPPs should be described by corresponding SPP states,
which have attracted a lot of investigative interest recently. In this work,
we focus on the interaction of single quanta of SPPs. The generation of a
squeezed SPP state through parametric down conversion (PDC) is
investigated. Due to intrinsic loss of an SPP, this system deviates from those based on traditional bulk optics. Unlike the previous
negative image, it is surprising to ﬁnd that the role of loss is partly positive. As an illustration, the squeezing process of an SPP in
a hybrid plasmonic waveguide system is calculated and shown. The degree of squeezing could reach above 7 dB with a
propagation length of only about 12 μm in a single path. Moreover, the spectrum of squeezing has a band of 481.7 THz. It is a
valuable advantage to keep a high squeezing degree in such a wide band, which is hard to realize in bulk systems. In addition, the
tolerance of the system to loss is also shown to be good. The plasmonic system exhibits an attractive advantage in constructing
integrated quantum circuits.
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the subwavelength scale. Previous works have veriﬁed that SPPs
could preserve nonclassical properties through launching
squeezed light into a plasmonic waveguide and detecting the
squeezing degree of the output light.30−32 However, little
attention has been paid to the essence of SPP squeezing,
namely, the rearrangement of ﬂuctuations between amplitude
and phase quadratures33−37 arising from the interaction of a
single quanta. In this work, we investigate generating an SPP
squeezed state through the nonlinear interaction of single
surface plasmons. Due to the local ﬁeld enhancement and
intrinsic loss of SPPs, the situation is quite diﬀerent from that in
traditional bulk optics. Distinguished from the usual impediment of the performances of plasmonic systems, it is surprising
to ﬁnd that the role of loss here is partly positive. Although a
squeezing limit is brought into the system, the eﬀective
coupling coeﬃcient of the parametric down conversion process
is enhanced, which means the squeezing length corresponding
to a certain squeezing degree is greatly reduced compared to
those in bulk optics. Moreover, a practical plasmonic structure
is proposed to show the squeezing results. The squeezing
degree of the generated nonclassical SPP state could reach
above 7 dB with a propagation length of only 12 μm in a singlepass conﬁguration. The bandwidth of the squeezing spectrum
can be as high as 481.7 THz. This is an important advantage
over bulk squeezing systems, in which it is hard to obtain a high

surface plasmon polariton (SPP) is an electromagnetic
surface wave propagating at the metal−dielectric interface,
which originates from the interaction between electromagnetic
ﬁelds and electron plasma in a metal.1 Owing to the unique
property of subwavelength ﬁeld conﬁnement, an SPP has
exhibited a great value in nanophotonics.2,3 Adequate quantities
of plasmonic devices are proposed and demonstrated at the
level of classical optics,4−12 which show excellent performances.
For a step further, researchers take a lively interest in
discovering the potential of SPPs for the quantum control of
light.13,14 Several intriguing investigations on the quantum
properties of SPPs are reported, including plasmon-assisted
entanglement survival,15−18 the quasi-particle nature of
SPPs,13,14,17,19−22 wave−particle duality,23 the quantum statistics properties of SPPs,21,22 and two-plasmon quantum
inference.24,25 In addition, many other unknown quantum
properties need to be further explored for a systemic and
detailed quantum description of SPPs.
The nonclassical states are always important resources for
quantum information processing. Among them, the squeezed
state is a most useful one that has crucial applications in
quantum metrology26,27 and continuous-variable quantum
communication.28 It is demonstrated that optical nanostructures can be utilized for controlling the squeezed light,29 and
the plasmon−polariton resonance plays an important role.
Combining the squeezed state with an SPP may allow us to
achieve unprecedented precision in sensing as well as
manipulating the interactions of quantum light and matter at
© 2016 American Chemical Society

Received: June 21, 2016
Published: October 5, 2016
2074

DOI: 10.1021/acsphotonics.6b00420
ACS Photonics 2016, 3, 2074−2082

ACS Photonics

Article

squeezing degree and a wide squeezing band at the same time.
In addition, the compact feature of this device is signiﬁcant in
constructing integrated quantum photonic circuits.

■

RESULTS AND DISCUSSION

Squeezing an SPP through Parametric Down Conversion. The usually used method to investigate the quantum
properties of SPPs is to generate a nonclassical photonic state
and inject it into plasmonic structures, then examine whether
the corresponding quantum properties survive.15−19,21−25,30
These results provide important evidence for the quantum
nature of SPPs. However, as the nonclassical properties are
transferred to SPPs from the incident photons, the SPP actually
plays an intermediate role in such systems. It is still necessary to
acquire a description of nonclassical SPP states from the level of
the interaction of a single SPP quanta. For photons, nonlinear
optical interactions devote a convenient platform for generating
nonclassical states such as squeezed states34−36 or entangled
photon states.38−41 Inspired by these interactions, we consider
squeezing an SPP through parametric down conversion. Recent
developments of nonlinear plasmonics also provide relevant
bases.42−48
For nonlinear interaction processes of SPPs, the intrinsic loss
is a key inﬂuence factor.43−47 Owing to loss, the electromagnetic energy is not conserved, so we could not obtain a
global Hamiltonian for a plasmonic system. To solve this
problem, we adopt an equivalent method. It is shown that the
transmission of squeezed light through a plasmonic waveguide
could be described by a beam splitter relation with an
additional vacuum input.30 On the basis of this result, a
diﬀerential approach could be utilized to study the parametric
down conversion of an SPP. The corresponding plasmonic
structure may be divided into a large number of diﬀerential
elements along the propagation direction. In each element, the
lossy nonlinear interaction process of SPPs is equivalent to two
cascaded subprocesses. For the ﬁrst subprocess, we attempt to
obtain a local Hamiltonian to describe the interaction of SPPs.
The corresponding attenuation should be properly dealt with to
ensure a locally lossless situation. The pump ﬁeld is assumed to
be classical,49 and the inﬂuence of its attenuation could be
included in the coupling coeﬃcient. The down-converted SPPs
are treated as quantized ﬁelds. Their attenuation is separated
from this subprocess, which would be considered in the next
one through an equivalent beam splitter transformation. All the
processes are illustrated in Figure 1a and c.
It could be seen from the ﬁgures that a dz-element is
regarded as a cell (z is the propagation direction). The downconverted SPP state is cascadingly squeezed through the locally
lossless Hamiltonian operation and mixed with a vacuum state
in each cell. The ﬁnal output SPP state could be obtained by
combining all these cells in sequence.
To clarify the basic physical principles in the squeezing
process of the SPP, we ﬁrst investigate single-mode squeezing
in the perfectly phase-matched case; then discussions are
extended to more general cases. For our simpliﬁed case, the
pump ﬁeld is set to be monochromic and continuous, and the
down-converted frequencies are degenerate. The corresponding
expressions are as follows:

Figure 1. Schematic diagram of the squeezing SPP process. Detailed
conﬁguration of a dz-cell for (a) degenerate parametric down
conversion and (b) nondegenerate parametric down conversion. The
total squeezing process in a dz-element is divided into two
subprocesses. The interaction of pump and down-converted SPPs is
assumed to be locally lossless, and the inﬂuence of the pump loss is
included in the local coupling coeﬃcient. The loss of the downconverted SPPs is equivalent to a beam splitter transformation. (c)
The ﬁnal squeezing result could be derived through cascading all dzcells.

Ep( r ⃗ , t ) = A p(z) Φp(x , y)e i(βpz − ωpt + φ0)
+ complex conjugate
Es( r ⃗ , t ) =

ℏωs
†
Φs(x , y)aSPP
2ε0Lz
e−i(βsz − ωst )
+ Hermitian conjugate

(1)

In the equations, Φp(x, y) and Φs(x, y) are transverse proﬁles of
corresponding SPP modes,19,20,50 while βp and βs represent
propagation constants. Ap(z) is the amplitude of the pump
ﬁeld. The initial phase of the pump ﬁeld is set at φ0. The
creation and annihilation operators are expressed as {a†SPP,
aSPP}. If the phase matching condition is satisﬁed, we could
obtain the interaction Hamiltonian as
HI =
=

1
2

ε

∫V d3rPNLE = 20 ∫ dVχ (2) Ep( r ⃗ , t)[Es( r ⃗ , t)]2

ℏχ (2) ωs
A p(z)(
4

2
e iφ
∬ dx dy ΦpΦ2s )[aSPP

0

† 2 −iφ0
)e ]
+ (aSPP

(2)

It could be seen from the equation that Ap(z) is an important
parameter of the interaction Hamiltonian. The value of Ap(z) is
inﬂuenced by the intrinsic loss and the power ﬂowing into the
down-converted ﬁelds. Owing to the extremely low transformation eﬃciency of the parametric down conversion
process, the latter eﬀect is negligible.33 As Ap(z) varies, the
locally lossless Hamiltonians for corresponding dz-cells are
diﬀerent. Yet if the pump SPP gets a 100% compensation, as
demonstrated in the recent experiments, Hamiltonians in all dzcells are the same.51 Since this is the most eﬃcient
conﬁguration to utilize the pump power, we will focus on
this situation. The evolution equations for down-converted
SPPs in each dz-cell can be obtained as
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1
[az , HI, z] = −iΩ I, zaz†e−iφ0
iℏ
1
aż† = [az† , HI, z] = iΩ I, zaz e iφ0
iℏ

⎡ a zn+ 1,in ⎤
⎥=
⎢
⎢⎣ a z† ,in ⎥⎦
n+1

aż =

⎡ cosh[(Ω n /c) dz] −sinh[(Ω n /c) dz]⎤
I, z PDC
I, z PDC
⎥
×⎢
⎢− sinh[(Ω n /c) dz] cosh[(Ω n /c) dz] ⎥
⎣
⎦
I, z PDC
I, z PDC
⎡ a zn ,in ⎤
⎡ a zn ,v ⎤
×⎢ † ⎥ + Rdz ⎢ † ⎥
⎢⎣ a z ,in ⎥⎦
⎢⎣ a z ,v ⎥⎦
(8)
n
n

(3)

with
Ω I, z =

χ (2) ωs
A p(z)(
2

∬ dx dy ΦpΦ2s )

(4)

In the case of 100% pump compensation, the calculations could
be simpliﬁed, and an analytic expression of the ﬁnal state is
achievable. The corresponding formula is as follows (more
details about the derivation process can be found in the
Methods section):

From the equations above, it can be seen that the mode overlap
is a crucial factor that has great inﬂuence on the squeezing of an
SPP. The overlap includes two aspects, the integrals of Φp(x, y)
and Φs(x, y) and the portion of the integral in the nonlinear
medium.
If the initial phase φ0 is set to be π/2, the transformation
matrix of operators in each dz-cell could be expressed as
⎡ cosh[(Ω n /c) dz] −sinh[(Ω n /c)
I, z PDC
I, z PDC
⎢
⎢
dz ]
Msq (z) = ⎢
⎢−sinh[(Ω I, znPDC /c) dz] cosh[(ΩI , znPDC /c)
⎢
dz ]
⎣

+

⎤
⎥
⎥
⎥
⎥
⎥
⎦

Rdz Ttot /Tzn {cosh[Ω I,gnPDC(L0 − zn)/c]a zn ,v

− sinh[Ω I,gnPDC(L0 − zn)/c]a z†n ,v }
†
a final,g
=

Ttot [cosh(Ω I,gnPDCL0 /c)a in† − sinh(Ω I,gnPDCL0 /c)a in]
+

∑

Rdz Ttot /Tzn {cosh[Ω I,gnPDC(L0 − zn)/c]a z†n ,v

{zn}

− sinh[Ω I,gnPDC(L0 − zn)/c]a zn ,v }
(9)

In the equations, Ttot represents the total transmission
eﬃciency of L0, while Tzn corresponds to the transmission
eﬃciency of a length zn. Rdz is the reﬂection eﬃciency of the
equivalent beam splitter in a dz-cell, and ΩI,g are shown in eq 4
and are the same in all dz-cells. From eq 9, the physical
meaning of the squeezing process of an SPP could be clearly
seen. At each z-position, a vacuum state is injected into the
system and goes on to be squeezed in the remaining interaction
region until the output port (in fact, the initial input state at z =
0 is also a vacuum state). The ﬁnal squeezing results are
determined by the superposition of all these subprocesses.
Through the creation and annihilation operators of the ﬁnal
squeezed state, the two corresponding quadratures could be
expressed as

⎡ cosh[(Ω n /c) dz] −sinh[(Ω n /c) ⎤
I, z PDC
I, z PDC
⎢
⎥
a
⎡ z ,sq ⎤ ⎢
⎥
dz ]
⎢
⎥=⎢
⎥
⎢⎣ az†,sq ⎥⎦ ⎢−sinh[(Ω n /c) dz] cosh[(Ω n /c) ⎥
I, z PDC
I, z PDC
⎢
⎥
dz ]
⎣
⎦
⎡ az ,in ⎤
⎢
⎥
⎢⎣ az†,in ⎥⎦
(6)

After the Hamiltonian operation, the attenuation in the
corresponding dz-cell could be considered through a beam
splitter transformation with an additional vacuum input, which
is expressed as52−54
⎡ az ,v ⎤
Rdz ⎢ † ⎥
⎢⎣ az ,v ⎥⎦

∑
{zn}

then we have

⎡ az ,sq ⎤
Tdz ⎢ † ⎥ +
⎢⎣ az ,sq ⎥⎦

Ttot [cosh(Ω I,gnPDCL0 /c)a in − sinh(Ω I,gnPDCL0 /c)a in† ]

a final,g =

(5)

⎡ az ,out ⎤
⎢
⎥=
⎢⎣ az†,out ⎥⎦

Tdz

†
X1 = (a final,g + a final,g
)/2
†
X 2 = (a final,g − a final,g
)/2i

(10)

Thus their ﬂuctuations are obtained as

(7)

In the equations, {a†z,v, az,v} corresponds to the vacuum state. In
fact, another method to deal with the problems with the
absorption losses is based on the master equation with
Liouvillian terms.33 Nevertheless, it has been proved that the
dissipation process described by the Liouvillian formulation is
equivalent to mixing the input ﬁeld with a single ﬂuctuation
mode (the vacuum mode in our case) at a beam splitter, even
when the reservoir for the dissipation carries many degrees of
freedom.55 Details of the proof can be found in the Supporting
Information.
Through these two procedures, the output state of a dz-cell is
related to its input. The ﬁnal squeezed SPP state could be
calculated via combining the transformations of all dz-cells, and
the recurrence formula is expressed as

⟨ΔX1⟩2 =

Ttot
[cosh(Ω I,gnPDCL0 /c) − sinh(Ω I,gnPDCL0 /c)]2
4
1
+ ∑ (RdzTtot /Tzn)
4 {z }
n

× {cosh[Ω I,gnPDC(L0 − zn)/c] − sinh[Ω I,gnPDC(L0 − zn)/ c]}2
⟨ΔX 2⟩2 =

Ttot
[cosh(Ω I,gnPDCL0 /c) + sinh(Ω I,gnPDCL0 /c)]2
4
1
+ ∑ (RdzTtot /Tzn)
4 {z }
n

×{cosh[Ω I,gnPDC(L0 − zn)/c] + sinh[Ω I,gnPDC(L0 − zn)/ c]}2
(11)
−αPDCL0

−αPDCzn

In the equations, we have Ttot = e
and Tzn = e
,
where the parameter αPDC represents the attenuation coeﬃcient
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Figure 2. Squeezing of SPP in the degenerate parametric down conversion case. (a) Values of eﬀective squeezing length with diﬀerent ratios of
nonlinear gain to loss (RN/L = 2ΩI,gnPDC/cαPDC) and loss of down-converted SPP (αPDC). (b) Values of minimum quadrature ﬂuctuation (ΔX1)2 and
maximum squeezing degree vary with the ratio of nonlinear gain to loss (RN/L). (c) Degrees of squeezing and antisqueezing vary with squeezing
length for the case in which RN/L = 10 and αPDC = 1 × 104 m−1.

of the down-converted SPP. As Rdz = 1 − Tdz = 1 − e−αPDCdz ≈
αPDC dz, the expressions could be transformed into integrals as
⟨ΔX1⟩2 =

=

1
Ttot e−Ω I,gnPDCL0 / c(1 + αPDC
4
e 2Ω I,gnPDCz / c)

∫0

L0

negative inﬂuence of attenuation on squeezing the SPP can be
restrained through increasing the nonlinear optical gain, which
is deﬁned as 2ΩI,gnPDC/c. The limit degree of squeezing
increases with the ratio of nonlinear optical gain to loss (RN/L =
2ΩI,gnPDC/cαPDC), as is shown in Figure 2b. When the ratio
reaches about 10, the squeezing limit could be larger than 10
dB, which is a high value even for the setup with optical
cavities.56 As a result, the practical applications of squeezing an
SPP are not seriously aﬀected by the attenuation. Second, due
to the competition between squeezing and losses,57 the
eﬀective coupling coeﬃcient of the parametric down
conversion process becomes larger (the attenuation coeﬃcient
αPDC is added to the nonlinear gain in the power of an
exponential function). As an advantage, the squeezing length
corresponding to a certain squeezing degree is shortened. That
is a valuable characteristic for integrated quantum circuits,
which means the corresponding devices could be more
compact. In addition, instead of obtaining a higher squeezing
degree, increasing the device length brings a greater
antisqueezing noise. A detailed case is calculated with a ratio
10 and αPDC = 1 × 104 m−1, as shown in Figure 2c.
When the pump compensation is below 100%, the
calculations become complex and analytic expressions are
unavailable, but the squeezing process could still be derived
based on the diﬀerential approach discussed above. The
squeezing result of a given system is obtainable through
numerical calculations. For general cases in which the downconverted frequencies are nondegenerate and the natural
bandwidth of parametric down conversion is considered, the
diﬀerential approach is also feasible, but the dz-cell should be
reconﬁgured. Both the operators of signal and idler SPPs
should be considered in the evolution equations, and the
inﬂuence of phase matching ought to be included. The
equations are expressed as33,56

dz e αPDCz

2Ω I,gnPDC /c
1
e−(αPDC+ 2Ω I,gnPDC / c)L0
4 αPDC + 2Ω I,gnPDC /c
αPDC
1
+
4 αPDC + 2Ω I,gnPDC /c
(12)

Similarly, we have
⟨ΔX 2⟩2 =

2Ω I,gnPDC /c
1
e(2Ω I,gnPDC / c − αPDC)L0
4 2Ω I,gnPDC/c − αPDC
αPDC
1
+
4 αPDC − 2Ω I,gnPDC /c

(13)

Analyzing eqs 12 and 13, it is found that there are two main
inﬂuences of intrinsic attenuation on the squeezing process of
an SPP. First, attenuation drives the system to deviate from the
ideal case in a lossless quadratic nonlinear optical medium and
brings a squeezing limit. That means the squeezing becomes
saturated at large propagation length. An eﬀective squeezing
length thus can be deﬁned. Considering both the degrees of
squeezing and antisqueezing, it is set at the length
corresponding to 90% of the maximal squeezing degree. The
reference values are shown in Figure 2a. It is seen that the
eﬀective length is no longer than millimeter-scale. In such a
situation, for a usually used pump laser with a power of 10−1−
101 W, the total loss should be no larger than 100; thus the
pump power is far from the quanta level. Moreover, the
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gain-assisted propagation of an SPP is involved in the
discussions, such a conﬁguration provides a suitable platform
to include active media.51 More details about the criteria to
choose an appropriate plasmonic waveguide are given in the
Supporting Information. Moreover, the experimental bases to
realize the proposed hybrid plasmonic waveguide are mature,
and the very structure has been demonstrated in a series of
photonic applications.7,51,59
The material composition of the waveguide should be
properly chosen according to speciﬁc operation wavelengths.
We would set the wavelengths of the pump and downconverted photons at 0.775 and 1.55 μm, respectively. The
substrate metal is better to be deﬁned as silver due to its
relatively low loss at the corresponding wavelength range.47 As
the gain compensation of the SPP is considered, the
composition of the nanowire is chosen to be CdSe, which
could be utilized as an active material at the pump wavelength
range.51,60 The energy of the eigen-SPP mode supported in the
hybrid structure mainly is concentrated in the gap,7,58 so the
thin ﬁlm between the substrate and nanowire should be formed
by a suitable quadratic nonlinear optical material. A
considerable choice is the organic polymer nonlinear material.
On one hand, compared with ordinary nonlinear optical
crystals, organic material is more available for complex
geometry; on the other hand, the organic nonlinear material
usually possesses an ultralarge quadratic nonlinear coeﬃcient.47
We actually consider a doped, cross-linked guest−host polymer,
which has recently attracted a lively interest in nonlinear
optics.47,61 Its eﬀective second-order nonlinear coeﬃcient
reaches 619.4 pm/V,47 which ensures a highly eﬀective
nonlinear interaction. Moreover, periodically poling technology
of nonlinear optical polymer ﬁlm is available for eﬀective quasiphase matching.62,63
From Figure 3b, it is seen that there are two main geometric
parameters of the structure, i.e., the thickness of organic ﬁlm
and the radius of the CdSe nanowire. Both of them have an
important inﬂuence on the eigenmodes of the structure. In our
simulations, they are set at 20 and 250 nm, respectively. The
SPP modes are calculated through the ﬁnite element method
(FEM). The eﬀective indices of the pump and down-converted
modes are equal to 1.72 + 0.0053i and 1.87 + 0.0031i,
respectively. The corresponding proﬁles of the dominant ﬁeld
component Ey are shown in Figure 3c and d. From the ﬁgures,
it could be clearly seen that the majority of the energy of both
the pump and down-converted ﬁeld is concentrated in the
region of the nonlinear organic ﬁlm. The eﬀective mode overlap
is thus ultrahigh. The advantages of the considered
conﬁguration are presented. Besides the chosen structure, if
the value of ∫ ∫ dr ⃗ Φp(r)⃗ Φ2s (r)⃗ is the same but the overlap with
the nonlinear organic ﬁlm is diﬀerent, we cannot achieve the
same squeezing level. Moreover, as the intrinsic loss of the SPP
mode is also an inﬂuencing factor, diﬀerent loss corresponds to
diﬀerent squeezing results. Nevertheless, if there is a type of
waveguide that can ensure that all these factors are identical, the
same squeezing results can be acquired.
In the situation of ideal pump compensation, the nonlinear
gain is calculated to be (18.275Ap) × 104 m−1 based on eqs 4
and 12, where Ap is the amplitude of the pump ﬁeld (the
calculations are done based on normalized modes). The
attenuation coeﬃcient αPDC is equal to 2.513 × 104 m−1, so the
ratio RN/L should be 7.3Ap. The degrees of squeezing and
antisqueezing are calculated along the squeezing length
according to diﬀerent values of Ap based on eqs 12 and 13,

= iΩ I,nd(ω1 + ν , ω2 − ν ; z)a ω† 2 − ν , z e iΔβz
= −iΩ*I,nd(ω1 + ν , ω2 − ν ; z)a ω1+ ν , z e−iΔβz
(14)

with
Ω I,nd(ω1 + ν , ω2 − ν ; z)
=

χ (2) (ω1 + ν)(ω2 − ν)
2

A p(z)

∬ dx dy ΦpΦs(ω1 + ν) Φi(ω2 − ν)]

×[

(15)

In the equations, we have Δβ = βp − βs(ω1 + ν) − βi(ω2 − ν),
where the signal and idler frequencies are deﬁned as ω1 + ν and
ω2 − ν. Then, the down-converted signal and idler states are
mixed with corresponding vacuum states as
a ω1+ ν , z ,out =

Tω1+ ν , dz a ω1+ ν , z ,sq +

R ω1+ ν , dz a ω1+ ν , z , v

a ω2 − ν , z ,out =

Tω2 − ν , dz a ω2 − ν , z ,sq +

R ω2 − ν , dz a ω2 − ν , z , v
(16)

where aω1+ν,z,v and aω2−ν,z,v are corresponding vacuum operators.
Rω,dz is the reﬂectivity that is equal to 1 − e−αPDC(ω)dz ≈ αPDC(ω)
dz, and Tω,dz is equal to 1 − Rω,dz. This process is shown in
Figure 1b. The ﬁnal squeezing result could be derived through
cascading all dz-cells together.
Generation of Squeezed SPP State in a Hybrid
Plasmonic Waveguide System. For a distinct view of the
squeezed SPP state, we investigate the squeezing process of an
SPP in a typical hybrid plasmonic waveguide,7,58,59 as shown in
Figure 3a. This structure is selected according to the following
considerations. First, the eigen-SPP mode of this structure is of
a high degree of two-dimensional conﬁnement. Correspondingly, the overlap between the pump and the down-converted
modes is extremely large. Second, the intrinsic loss of the SPP
mode in the present conﬁguration is quite low. Third, as the

Figure 3. Hybrid plasmonic waveguide system. (a) Schematic of the
waveguide structure. (b) Transverse geometry. The pump and downconverted SPP modes with wavelengths of (c) 775 nm and (d) 1550
nm when d = 20 nm and r = 250 nm, for which the values of the
electric ﬁelds have been divided by respective maxima.
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Figure 4. Squeezing results in the hybrid plasmonic waveguide system. The degrees of (a) squeezing and (b) antisqueezing vary with squeezing
length according to diﬀerent values of Ap. (c) Spectrum of squeezing with Lsq = 12 μm. The corresponding bandwidth is 638 nm. (d) Squeezing
degree varies with squeezing length (Ap = 1) when the pump compensation is under 100%. The values of αact correspond to diﬀerent degrees of
compensation.

is about 1.4 dB. As the compensation increases (while αact
decreases), the quantity of reduction is lower.

which are shown in Figure 4a and b. In these two ﬁgure panels,
the white dashed lines are the contours of squeezing and
antisqueezing degrees. Due to intrinsic loss, the value of
antisqueezing degree at a certain length is larger than that of
squeezing degree with an equal Ap. However, choosing a proper
device length could eﬀectively suppress the antisqueezing noise.
When the pump power is 1 W (Ap = 1), the squeezing degree
reaches above 7 dB at a squeezing length of ∼12 μm. For a
single-path squeezing process, that is an ultrahigh value in a
really short distance.
Such an advantage endows the squeezing system of SPP with
great value for the integration of quantum circuits, which is
essential for practical applications of quantum systems.64−66 On
the contrary, in conventional squeezing systems based on
nonlinear optical crystals, the squeezing eﬃciency is usually
quite low in a single path even for a sample of several
centimeters, so optical cavities are necessary for increasing the
eﬀective squeezing length.34−36 To ensure the squeezing result,
the system becomes bulky. Another set of systems based on
atomic vapor has been utilized for single-path squeezing,67,68
but the operations of a vapor bring challenges for integrated
quantum applications. Moreover, owing to the short interaction
length, the band of the squeezing spectrum is as wide as 481.7
THz (corresponding to 638 nm), as shown in Figure 4c. For
the bulk crystal and atomic vapor systems, it is hard to obtain
such a wide squeezing band while maintaining a large degree of
squeezing. The calculated value of the bandwidth is more
advantageous than that of the chirped quasi-phase-matching
system which is known to possess a wide band squeezing
spectrum.56 In addition, the system is shown to have a good
tolerance to attenuation. The degree of squeezing according to
pump compensation under 100% is calculated and plotted
against squeezing length in Figure 4d. It is seen that the
squeezing is not seriously weakened even for the situation with
no compensation (αact = αpump). The corresponding reduction

■

CONCLUSIONS
The plasmonic system provides an attracting platform for
quantum photonic applications, which brings a great deal of
novel characteristics. Many passive plasmonic devices with
various functions have been utilized in diﬀerent quantum
circuits, such as single SPP emitters,22 quantum coherence
devices,24,25 and quantum plasmonic sensors.69 Moreover, the
nonlinear interactions of SPPs oﬀer opportunities for active
plasmonic quantum devices, which take the plasmonic system a
step further for function-integrated quantum circuits. Besides
the squeezed SPP state generator proposed in this paper, the
entangled SPP state may also be available from the parametric
down conversion process of SPPs. The intrinsic loss of the
plasmonic mode makes the corresponding states quite diﬀerent
from photonic states generated in conventional optical setups,
which may introduce new degrees of freedom into the
plasmonic quantum systems.
In summary, we theoretically investigate the generation of a
squeezed SPP state through parametric down conversion. The
diﬀerential approach to derive the squeezing result is proposed,
and analytic expressions for the special case in which downconverted frequencies are degenerate are obtained. The
inﬂuence of intrinsic loss of the SPP is discussed in detail.
Although the loss brings a squeezing limit, it could be improved
to an acceptable degree through increasing nonlinear gain.
Moreover, the dynamic process of squeezing is promoted by
the loss, and the squeezing length corresponding to a certain
squeezing degree is shortened. As an illustration, the squeezing
result in a hybrid plasmonic waveguide structure is calculated.
The squeezing degree of the generated squeezed SPP state
could reach above 7 dB with a propagation length of only about
12 μm in a single path. Moreover, the squeezing bandwidth is
calculated to be 481.7 THz. The tolerance of the system to loss
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is also shown to be good. These characteristics make the device
signiﬁcant for constructing integrated quantum photonic
circuits. In fact, there are still many interesting quantum
properties of SPPs to be fully explored, which is a fast
developing research area in quantum photonics.

(ii) Mixing the vacuum state, the corresponding operators are
expressed as

■

METHODS
Deriving the Final Squeezing State in the SingleMode Squeezing Case. When the pump SPP is 100%
compensated, the transformation matrices of operators in all
dz-cells are the same. Starting from the ﬁrst dz-cell, the
derivation process is as follows:
(i) Applying the local lossless Hamiltonian, the equation is
expressed as

Tdz az1,sq +

Rdz az1, v

az†1,out =

Tdz az†1,sq +

Rdz az†1, v

(19)

Similarly, in the second dz-cell, we have
⎧a
⎪ z2,sq = Tdz {cosh[2(Ω I,gnPDC /c) dz]a in
⎪
− sinh[2(Ω I,gnPDC /c) dz]a in† }
⎪
+ Rdz {cosh[(Ω I,gnPDC /c) dz]az1, v
⎪
⎪
− sinh[(Ω I,gnPDC /c) dz]az†1, v}
⎪
⎨
⎪ a † = T {− sinh[2(Ω n /c) dz]a
dz
I,g PDC
in
⎪ z2,sq
+ cosh[2(Ω I,gnPDC /c) dz]a in† }
⎪
⎪
+ Rdz {− sinh[(Ω I,gnPDC /c) dz]az1, v
⎪
⎪
+ cosh[(Ω I,gnPDC/c) dz]az†1, v}
⎩

⎡ az1,sq ⎤ ⎡ cosh[(Ω I,gnPDC/c) dz] −sinh[(Ω I,gnPDC/c) dz]⎤⎡ a in ⎤
⎥⎢ ⎥
⎢
⎥=⎢
⎢⎣ az†1,sq ⎥⎦ ⎢−sinh[(Ω I,gnPDC/c) dz] cosh[(Ω I,gnPDC/c) dz] ⎥⎢⎣ a in† ⎥⎦
⎣
⎦

(20)

It is seen that the initial input state {a†in, ain} is going on to be
squeezed in this cell. Moreover, the squeezing of the vacuum
state {a†z1,v, az1,v} also begins here. It indicates that in the
plasmonic system a vacuum state is injected in at each zposition (for the initial input state, it could be treated as a
vacuum state injected at z = 0) and squeezed in the remaining
interaction region until the output port. To prove this
deduction, according to the mathematical induction, it is
necessary to show that

(17)

It is calculated to be
⎧a
⎪ z1,sq = cosh[(Ω I,gnPDC /c) dz]a in
⎪
− sinh[(Ω I,gnPDC /c) dz]a in†
⎪
⎨
⎪ az†1,sq = − sinh[(Ω I,gnPDC /c) dz]a in
⎪
⎪
+ cosh[(Ω I,gnPDC /c) dz]a in†
⎩

az1,out =

(18)

⎡ cosh[(n + 1)(Ω n /c) dz]a − sinh[(n + 1)(Ω n /c) dz]a† ⎤
I,g PDC
j
I,g PDC
j ⎥
⎢
⎢
†⎥
⎢⎣− sinh[(n + 1)· (Ω I,gnPDC /c) dz]aj + cosh[(n + 1)(Ω I,gnPDC /c) dz]aj ⎥⎦
⎡ cosh[(Ω I,gnPDC/c) dz] −sinh[(Ω I,gnPDC /c) dz]⎤⎡ cosh[n(Ω I,gnPDC/c) dz]aj − sinh[n(Ω I,gnPDC /c) dz]a†j ⎤
⎥
⎥⎢
=⎢
⎢− sinh[(Ω n /c) dz] cosh[(Ω n /c) dz] ⎥⎢
†⎥
I,g PDC
I,g PDC
⎣
⎦⎢⎣− sinh[n(Ω I,gnPDC /c) dz]aj + cosh[n(Ω I,gnPDC /c) dz]aj ⎥⎦

In this expression, {a†j , aj} could be {a†in, ain} or {az†n,v, azn,v}.
Through direct calculations, this equation is not hard to
conﬁrm. On the basis of these analyses, the ﬁnal formation of
the squeezed SPP state could be obtained as eq 9.
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