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ABSTRACT. Quantum plasmonics presents a new insight into quantum photonic science and
technology. The unique properties of surface plasmon polariton (SPP) provide immense potential for
quantum control of light in ultra-compact systems. The quantum behavior of SPP should be
described by corresponding SPP states which have attracted a lot of investigating interest recently. In
this work, we focus on the interaction of single quanta of SPP. The generation of squeezed SPP state
through parametric down conversion (PDC) is investigated. Due to intrinsic loss of 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
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 pm 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 well. The plasmonic system exhibits an attractive

advantage in constructing integrated quantum circuits.

KEYWORDS. Quantum plasmonics, squeezed surface plasmon state, intrinsic loss.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Photonics

A 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'. Owing to the unique property of subwavelength field confinement, SPP has exhibited its great
value in nano-photonics™. Adequate quantities of plasmonic devices are proposed and demonstrated at
the level of classical optics*'2, which show excellent performances. For a step further, researchers take a
lively interest in discovering the potential of SPP for the quantum control of light'*'*. Several intriguing

investigations on the quantum properties of SPP are reported, including plasmon-assisted entanglement

115-18 13,14,17,19-22

survival > ", the quasi-particle nature of SPP , wave-particle duality”, the quantum statistics

21,22 2425

properties of SPP~, two-plasmon quantum inference”*. In addition, many other unknown quantum
properties need to be further explored for a systemic and detailed quantum description of SPP.

The nonclassical states are always important resources for quantum information processing.
Among them, squeezed state is a most useful one which has crucial applications in quantum

metrology”®?’

and continuous-variable quantum communication®®. It is demonstrated that optical
nanostructures can be utilized for controlling the squeezed light*’, and the plasmon-polariton
resonance plays an important role. Combining squeezed state with SPP may allow us to achieve
unprecedented precision in sensing as well as to manipulate the interactions of quantum light and
matter at the sub-wavelength scale. Previous works have verified that SPP could preserve
nonclassical properties through launching squeezed light into plasmonic waveguide and

detecting the squeezing degree of output 1ight30,31,32

. However, few attentions have been paid to
the essence of SPP squeezing, namely, the rearrangement of fluctuations between amplitude and
phase quadratures®™’ arising from the interaction of single quanta. In this work, we investigate

generating SPP squeezed state through the nonlinear interaction of single surface plasmons. Due

to the local field enhancement and intrinsic loss of SPP, the situation is quite different from that
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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. Though 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 um in a single-pass configuration. The bandwidth of 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 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 SPP through parametric down conversion. The usually used method to
investigate the quantum properties of SPP is to generate a nonclassical photonic state and inject

it into plasmonic structures, then examine whether the corresponding quantum properties

15-19,21-25,30

survive . These results provide important evidences for the quantum nature of SPP.

However, as the nonclassical properties are transferred to SPPs from the incident photons, SPP
actually plays a mediate role in such systems. It is still necessary to acquire a description of
nonclassical SPP states from the level of the interaction of single SPP quanta. For photons,

nonlinear optical interactions devote a convenient platform for generating nonclassical states

34-36 38-41

such as squeezed states or entangled photon states™ . Inspired by these interactions, we

consider squeezing SPP through parametric down conversion. Recent developments of nonlinear

- : 42-48
plasmonics also provide relevant bases .
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. . . . .. . . 43-4
For nonlinear interaction processes of SPP, the intrinsic loss is a key influence factor™™.

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®’. Based on this result, a differential
approach could be utilized to study the parametric down conversion of 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 sub-processes. For the first sub-process, 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®’

, 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
sub-process, which would be considered in the next one through an equivalent beam splitter
transformation. The total processes are illustrated in Figs. 1a and Ic.

It could be seen from the figures that a dz-element is regarded as a cell (z is the propagation
direction). The down-converted 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.
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Figure 1. The 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 sub-processes. 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 down-converted SPPs is equivalent to a beam splitter

transformation. (c), The final squeezing result could be derived through cascading all dz-cells.

To clarify the basic physical principles in the squeezing process of 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

- _ i(Bpz—w,t+py)
E,(7,0)=A4,(2)® ,(x,y)e +c.c.

ho, (1)

) D (x,y)al,pe” P + Hoc.
0

E (¥,t)=

z
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In the equations, @,(x, y) and Dy(x, y) are transverse profile of corresponding SPP modes'”?%,

while f, and S, represent propagation constants. 4,(z) is the amplitude of pump field. The initial
phase of pump field is set at ¢y. The creation and annihilation operators are expressed as { al,,,

agp y. If the phase matching condition is satisfied, we could obtain the interaction Hamiltonian

as
L 5 & OF (3 = T
H, :—j d’rP,, -Ezjjdm E,(f[E, (%]
o , 2)
h y4 s iPy + *i%
A (z)(j j dxdy® , @) [aZype® +(alpp ) ]
It could be seen from the equation that A,(z) is an important parameter of the interaction
Hamiltonian. The value of 4,(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®. 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 dz-cells is the
same’'. 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

a,=—la,,H, 1=-iQ; ale™®
ih = 3
1 ; 3)
al :i_h[aZ’Hl’ 1=, _a.e”
with
1o 2
Q. =£57 4, (2)([[ dudy® 7). O
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From the equations above, it can be seen that the mode overlap is a crucial factor which has great
influence on the squeezing of SPP. The overlap includes two aspects, the integral of @,(x, y) &
@4(x, y) and the portion of the integral in the nonlinear medium.

If the initial phase ¢ is set to be n/2, the transformation matrix of operators in each dz-cell

could be expressed as

v cosh[(Q; _npp-/€)dz]  —sinh[(Q; n,,. / c)dz]
1= (@, nype /)] coshl(Q, e /C)dz] | ©)

then we have

a g cosh[(€; .nppe/c)dz]  —sinh[(Q; _npp. /c)dz] || @,

= . 6
al —sinh[(Q, .nppc /€)dz]  cosh[(Q, np,. /c)dz] || af (©)

z,8q Z,in

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

52-54
as

az,out aZ Sq az v
= /sz + /Rdz a*v . (7)
z,

T T
az,out az,sq

In the equations, {aiv, a.,} corresponds to the vacuum state. In fact, another method to deal

with the problems about the absorption losses is based on the master equation with Liouvillian
terms™>. 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’. Details of the proof can be found in the Supporting Information.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Photonics

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

@, \in | _ i cosh[(€ ppe /)21 =SinbI(Q iy | )T |[ @z | i a,,
f | —sinh[(Q, .nppe / €)dz]  cosh[(Q, .nppe /c)d2] || al |, =\ qf

Z41oin Zy,V

(8)
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 could be referred to Methods section)

At g = Tt [€OSD(Q, 1pp Ly | €)aty, —sinh(Q, 1y Ly / c)al]
+Q R \/];m /Tz,, {COSh[QI,gnPDC (Ly— Zn)/c]azn,v _Sinh[Ql,gnPDC (Ly—z,)/ C]a;,v}
}

{zu

a;na,’g =T, [cosh(Q, nppeLy / €)al, —sinh(Q, nppeLy / €)ay,]
+> JR. T, /Tzn {COSh[QI,gnPDC(L0 _Zn)/c]aj,,,v _Sinh[Ql,gnPDC(LO _Zn)/c]az,,,v}
}

{ Z)I

9)
In the equations, 7}, represents the total transmission efficiency of Ly, while 7, corresponds to
the transmission efficiency of a length z,. R, is the reflection efficiency of the equivalent
beam-splitter in a dz-cell, and £;, are shown in Eq. (4) and are the same in all dz-cells. From Eq.
(9), the physical meaning of squeezing process of SPP could be clearly seen. At each z-position,
a vacuum state is injected into the system and going 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 sub-processes.
Through the creation and annihilation operators of final squeezed state, the two corresponding

quadratures could be expressed as
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X, = (aﬁnal,g + a_'ﬁnal,g) /2 (10)
Xz = (aﬁnal,g - a_;‘inal,g) /2i

thus their fluctuations are obtained as

(AX))' =2 [c0Sh(@, e Ly /)= SIDR(, ppcLy /)T

1 .
+Z Z (R.T, / T., ){cosh[Q, ,nppe(Ly —2,)/ c]=sinh[Q,; nppc(Ly—2,)/ c] }?

{20}
<AX2 >2 = %[cosh(QLgnpDcL0 /¢)+sinh(Q; nppeLy/ o)l

+%Z (R T /' T, ){cosh[Q; ,nppe(Ly —2,)/ c]+sinh[Q; nppo(Ly—z,)/ ]y’

{zn}

(1)

In the equations, we have T,

to

— 'L _
,=e " and T, = “rctn - where the parameter appc represents

the attenuation coefficient of the down-converted SPP. As R, =1-T, =1—e *»* ~q,, dz,

the expressions could be transformed into integrals as

2 1 =Q nppcly/c Ly Apprz 29 gMppczlc
(AX,) =5 Te e I S
_ l 2gl],gnPDC /C e_(aPDC+ZQ],gnPDC/C)LO +l aPDC
4 appe +2Q, n,p e 4 appe +2Q, n,p e
(12)
Similarly, we have
< >2 _l 2Ql,gnPDC /c e(291,gnmc/c—amc)Lo +l Xppc (13)
A‘kz = )
42Q, Nppe [ ¢=ppe 4 appe =200 Nppe /e

Analyzing Egs. (12) and (13), it is found that there are two main influences of intrinsic
attenuation on the squeezing process of SPP. Firstly, attenuation drives the system to deviate

from the ideal case in a lossless quadratic nonlinear optical medium and brings a squeezing limit.
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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 anti-squeezing, it is
set at the length corresponding to 90% of the maximal squeezing degree. The reference values
are shown in Fig. 2a. It is seen that the effective length is no longer than millimetre-scale. In
such a situation, for a usually used pump laser with power of 10™ ~ 10" W, the total loss should
be no larger than 100, thus the pump power is far away from the quanta level. Moreover, the
negative influence of attenuation on squeezing SPP can be restrained through increasing the
nonlinear optical gain which is defined as 2Q;nppc/c. The limit degree of squeezing increases
with the ratio of nonlinear optical gain to loss (Ryz = 2Q;gnppc/cappc), as is shown in Fig. 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’®. As a result, the practical applications of
squeezing SPP are not seriously affected by the attenuation. Secondly, due to the competition
between squeezing and losses’’, the effective coupling coefficient of the parametric down
conversion process becomes larger (The attenuation coefficient appc is added to the nonlinear
gain in the power of 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. Besides,
instead of obtaining a higher squeezing degree, increasing the device length brings a greater
anti-squeezing noise. A detailed case is calculated with a ratio 10 and appc = 1 X 10* m'l, as 1s
shown in Fig. 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
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through numerical calculations. For general cases in which the down-converted frequencies are

non-degenerate 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 as

33,56

da
o+v,z . 3 iAfz
— =19, (o +Vv,0, —V,Z)ag)z_vgze s
dz
dal
Wy=V,Z .k . —iAfz
—dZZ =i (@ +V,0,=V;2)dy 4, € s
(a)
10"
10°
10"
8.0 @S
f10 L =
10 &
10®
107
10° 10 ; 10°
@ppc(m™)
b
{ )0.3 15 © 20 T - - v 20
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(ap) s

(14)

Figure 2. Squeezing of SPP in the degenerate parametric down conversion case. (a), The values of effective

squeezing length with different ratio of nonlinear gain to loss (Ryz = 2Qenppc/coppc) and loss of

down-converted SPP (appc). (b), The values of minimum quadrature fluctuation (4X;)° and maximum

squeezing degree vary with the ratio of nonlinear gain to loss (Ryz). (¢), The degrees of squeezing and

anti-squeezing vary with squeezing length for the case in which Ry, = 10 and appc =1 x 10* m™.
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with

2o 2 @) 4 o [[ dxdy® @ (@ +V)®, (0, -1)]. (15)

le,(a)1 +v,0,-Vv;z) =

In the equations, we have 48 = B, — fy(w; + v) — Pi(w> — v), where the signal and idler
frequencies are defined as w; + v and w, — v. Following, the down-converted signal and idler

states are mixed with corresponding vacuum states as

aa)l +v,z,out A [ Tcol +v,dz aa)l +v,z,5q + Rcol +v,dz aa)l +v,z,V

awz—v,z,out = \/T o, —v,dz awz—v,z,sq + Ra)z—v,dz awz—v,z,v

where ay; + .., and ay, ., are corresponding vacuum operators. R, 4 is the reflectivity which

(16)

~@ppc (w)dz

is equal to 1—e ~ Qppe(@)dz , and T, 4. is equal to I — R, 4. This process is shown in

Fig. 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 SPP in a typical

79839 "as is shown in Fig. 3a. This structure is selected according to

hybrid plasmonic waveguide
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 gain-assisted propagation of SPP is involved in
the discussions, such a configuration provides a suitable platform to include active media®'.
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’".
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The material composition of the waveguide should be properly chosen according to specific
operation wavelengths. We would set the wavelengths of the pump and down-converted photons
at 0.775 um and 1.55 pum, respectively. The substrate metal is better to be defined as silver due to
its relatively low loss at the corresponding wavelength range*’. As the gain compensation of SPP
would be considered, the composition of nanowire is chosen to be CdSe, which could be utilized
as active material at the pump wavelength range’®. The energy of the eigen SPP mode
supported in the hybrid structure mainly concentrate in the gap’®, so the thin film between the
substrate and nanowire should be formed by suitable quadratic nonlinear optical material. A
considerable choice is the organic polymer nonlinear material. On the 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 ultra-large quadratic nonlinear
coefficient’’. We actually consider a doped, cross-linked guest—host polymer, which has recently
attracted a lively interest in nonlinear optics*®'. Its effective second-order nonlinear coefficient
reaches 619.4 pm/V*, which ensures highly effective nonlinear interaction. Moreover,
periodically poling technology of nonlinear optical polymer film is available for effective

quasi-phase matching®*®.

@
&nop> XNop

8Ag
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0

Figure 3. The hybrid plasmonic waveguide system. (a), schematic of the waveguide structure. (b), the

transverse geometry. The pump and down-converted SPP modes with the wavelength of (¢) 775 nm and (d)
1550 nm when d = 20 nm and » = 250 nm, for which the values of the electric fields have been divided by

respective maxima.

From Fig. 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 CdSe nanowire. Both of them have an important
influence on the eigenmodes of the structure. In our simulations, they are set at 20 nm 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 E), are shown
in Fig. 3¢ and Fig. 3d. From the figures, it could be clearly seen that the majority energy of both
the pump and down-converted field is concentrated in the region of nonlinear organic film. The

effective mode-overlap is thus ultra-high. The advantages of the considered configuration are

presented. Besides the chosen structure, if the value of the H dFCDp(F)cl)f(F ) 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

ACS Paragon Plus Environment
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corresponds to different squeezing results. Nevertheless, if there is a type of waveguide can

ensure that all these factors are identical, the same squeezing results can be acquired.
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35 Figure 4. Squeezing results in the hybrid plasmonic waveguide system. The degrees of (a) squeezing and (b)
37 anti-squeezing vary with squeezing length according to different values of 4,,. (¢), The spectrum of squeezing
39 with Ly, = 12 um. The corresponding bandwidth is 638 nm. (d), The squeezing degree varies with squeezing
41 length (4, = 1) when the pump compensation is under 100%. The values of a,,, correspond to different degrees

43 of compensation.

In the situation of ideal pump compensation, the nonlinear gain is calculated to be (18.275 -
50 A4,) x 10* m" based on Egs. (4) and (12), where A, 1s the amplitude of the pump field (The
52 calculations are done based on normalized modes). The attenuation coefficient appc 1s equal to
55 2.513 x 10* m™, so the ratio Ry, should be 7.34,. The degrees of squeezing and anti-squeezing

57 are calculated along the squeezing length according to different values of 4, based on Eqgs. (12)
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and (13), which are shown in Figs. 4a and 4b. In these two figures, the white dashed lines are the
contours of squeezing and anti-squeezing degrees. Due to intrinsic loss, the value of
anti-squeezing degree at a certain length is larger than that of squeezing degree with an equal 4,,.
However, choosing a proper device length could effectively suppress the anti-squeezing noise.
When the pump power is 1 W (4, = 1), the squeezing degree reaches above 7 dB at a squeezing
length of ~ 12 um. For a single path squeezing process, that is an ultra-high value in a really
short distance.

Such 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®**®. 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

h***°. To ensure the

optical cavities are necessary for increasing effective squeezing lengt
squeezing result, the system becomes bulky. Another set of systems based on atomic vapor has
been utilized for single path squeezing®”®®, but the operations of vapor bring challenges for
integrated quantum applications. Moreover, owing to the short interaction length, the band of
squeezing spectrum is as wide as 481.7 THz (corresponding to 638 nm), as is shown in Fig. 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 bandwidth is even
advantageous over that of the chirped quasi-phase-matching system which is known to possess
wide band squeezing spectrum’®. In addition, the system is shown to have a well tolerance to
attenuation. The degree of squeezing according to pump compensation under 100% is calculated

and plotted against squeezing length in Fig. 4d. It is seen that the squeezing is not seriously

weakened even for the situation with no compensation (¢tuer = @pump). The corresponding
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reduction is about 1.4 dB. As the compensation increases (while a,., decreases), the quantity of
reduction is lower.
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 emitter®, quantum

24,25 - 69 . . .
> and quantum plasmonic sensor’ . Moreover, nonlinear interactions of SPPs

coherence device
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 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 squeezed SPP state through
parametric down conversion. The differential approach to derive squeezing result is proposed,
and analytic expressions for the special case in which down-converted frequencies are
degenerate are obtained. The influence of intrinsic loss of SPP is discussed in detail. Though the
loss brings a squeezing limit, it could be improve 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 um in a single path. Moreover, the squeezing bandwidth is calculated to be 481.7 THz.
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The tolerance of the system to loss 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 SPP to be fully explored, which is a fast developing

research area in quantum photonics.

METHODS

Deriving the final squeezing state in the single-mode 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:

1) applying the local lossless Hamiltonian, the equation is expressed as

a

a,) s _ cosh[(Q, nppe /€)dz]  —sinh[(Q, 1.,/ )dz] || a,,
I —sinh[(Q, ,7,p- / €)dz]  cosh[(Q, npp / €)dz]

i
z1,sq Aip

It is calculated to be

z1,sq
al, . = =sinh[(Q, 1, / €)dz]a,, +cosh[(Q; np. /¢)dzlal,

mn

{ a.,,, =cosh[(Q, . / ¢)dzla, —sinh[(Q, nype / c)dzlal,

zl,sq —

i1) mixing the vacuum sate, the corresponding operators are expressed as

azl,out = sz azl,sq + Rdz azl,v
P ¥ P
azl,out - sz azl,sq + Rdz azl,v

Similarly, in the second dz-cell, we have

TR, A =sinh[(Q, 1., / €)dz]a,, , +cosh[(Q, 1, / c)dz]a

ACS Paragon Plus Environment

a.y4y =T {cosh[2(Q, 1, / €)dz]a, —sinh[2(Q, 7, /c)dz)a)

+R,. {cosh[(QI’gnPDc / e)dz]a,,, —sinh[(Q, 1y /c)dz]ajhv
aly ) =T, {=Sinh[2(Q, nppe | €)dz]a, +coSh[2(Q, npe | €)dzlal}

(17)

(18)

(19)

(18)
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I

mn?’

It is seen that the initial input state {a/,, a, } is going on to be squeezed in this cell. Moreover,

the squeezing of vacuum state {ail,v , a., .t also begins here. It indicates that in the plasmonic

z1,v
system, a vacuum state is injected in at each z-position (For the initial input state, it could 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

n

cosh[(n+1)-(€2, / c)dz]aj —sinh[(n+1)-(Q, n,,./ c)dz]a;
—sinh[(n+1)-(QQ n /c)dz]aj +cosh[(n+1)-(Q, n /c)dz]aj.

1,¢""PDC I,.g' PDC

PDC

{ cosh[(QLgnPDC / ¢)dz] —sinh[(Q,,gnPDC /c)dz]}{ cosh[n(QQ, n /c)dz]aj —sinh[n(Q2 n /c)dz]a;

—sinh[(Q, n,,. /c)dz]  cosh[(Q, n,, /c)dz] —sinh[n(Q, n,,. /c)dz]a, +cosh[n(Q, n,,. /c)dz]a;

(18)
In this expression, {aj- , a;} could be {al, a,}or {a;,v . a, . Through direct calculations,

this equation is not hard to be confirmed. Based on these analyses, the final formation of the

squeezed SPP state could be obtained as Eq. (9).
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