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Nonreciprocal Phase Shift and Mode Modulation
in Dynamic Graphene Waveguides

Chengzhi Qin, Bing Wang, Hua Long, Kai Wang, and Peixiang Lu, Member, OSA

Abstract—We propose a graphene Ramsey interferometer to
study the non-reciprocal phase shift and modulation of surface
plasmon polaritons (SPPs). The Ramsey interferometer is con-
structed by a spatially separated graphene pair that can support
two SPP modes. By dynamically modulating the surface conduc-
tivity of graphene, the SPP modes will undergo uncompleted cross
conversion and an additional phase shift. When adopting two mod-
ulation regions in the interferometer, the converted mode will jump
back with a nonreciprocal phase shift which can be controlled by
the modulation length or phase. The SPP mode of phase shift will
interfere with the throughout unconverted one, resulting in arbi-
trary power arrangement between the two SPP modes. The study
may find great applications in plasmonic isolators, phase detectors,
and one-way mode converters.

Index Terms—Aharonov-Bohm effect, graphene, phase shift,
ramsey interferometer.

1. INTRODUCTION

HE Aharonov—Bohm (AB) effect is a quantum mechan-
T ical phenomena in which the electron acquires an addi-
tional phase by coupling with the electromagnetic potentials
even if both electric and magnetic fields vanish [1]. The AB ef-
fect reveals the physical significance of vector potential. Com-
monly only charged particles can exhibit the AB effect since
it arises from the magnetic field. However, recent researches
have demonstrated the AB phase and effective gauge field for
neutral particles such as photons [2]-[4], phonons [5], [6], and
cold atoms [7], [8]. For photons, as proposed by Fang et al. in
[2] and [3], the photonic AB phase is introduced by controlling
the phase of dynamic modulation of refractive index in optical
systems. The AB phase corresponds to an effective gauge field
for photons, providing a new mechanism to manipulate wave
propagation and coupling such as light bending [9], focusing
[10], and robust photonic edge states [3], [11].
In a waveguide with dynamic modulation of refractive in-
dex, the initial phase of modulation corresponds to a photonic
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AB phase that can be acquired by the waveguide mode through
photonic interband transition [2], [12]. By applying the dy-
namic modulation to two separated regions in the waveguide,
the phase difference of modulation in the two regions can be
observed from the mode transmittances of the waveguide. The
phase difference corresponds to the gauge-invariant AB phase
acquired by light in a close loop, which is associated with an
effective gauge field for photons. Since the dynamic modulation
can break the time-reversal symmetry, the photonic AB phase
is non-reciprocal which can be applied in non-magnetic optical
isolators.

In this work, we extend the AB phase to the realm of
graphene surface plasmon polaritons (SPPs). Graphene is a two-
dimensional material and the manipulation of graphene SPPs
will facilitate the development of ultra-compact optical devices
[13]-[18]. The AB phase is introduced through indirect inter-
band transition of SPPs in a double-layer graphene waveguide
by dynamic modulation of graphene surface conductivity or di-
electric permittivity. By cascading two modulation regions with
different initial phases, we construct a Ramsey interferometer
[19], [20] in which the SPPs can acquire an additional phase
shift and exhibit the AB effect. As the indirect transition is uni-
directional, the phase shift is non-reciprocal. We also utilize the
phase shift to modulate the SPP mode conversion and obtain an
arbitrary conversion efficiency. Thanks to the flexible tunability
of graphene, the dynamic modulation of surface conductivity
can be realized by applying a time-varing gate voltage, which
enables high modulation frequency and is compatible for on-
chip integration.

II. BAND STRUCTURE AND INDIRECT INTERBAND TRANSITION

We start by investigating the band structure and indirect inter-
band transition of SPPs in a double-layer graphene Ramsey in-
terferometer. Fig. 1(a) shows a schematic of the interferometer,
which consists of two parallel graphene sheets embedded in the
dielectrics. The shaded zones denote the two modulation regions
of the interferometer separated by the middle unmodulated one.
As shown in Fig. 1(b), the waveguide can support the symmetric
and anti-symmetric supermodes [21], [22], forming two bands
in the band structure. The inserted figures denote the magnetic
field distributions of the symmetric and anti-symmetric modes
atw /27 = 30 THz and wy /27 = 35 THz, respectively. A pho-
tonic interband transition between them can be induced as the
dielectric permittivity undergoes a spatial-temporal modulation
[23]-(25]

e(x,z,t) =e4 + de - sgn(x) - cos(Qt 4+ gz + ¢). (1)
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Fig. 1. (a) Schematic of a graphene Ramsey interferometer. The interferom-
eter consists of two parallel graphene sheets embedded in dielectrics with an
interlayer space of d = 50 nm. The shaded zones denote the two modula-
tion regions with the lengths of L;, Ly and initial phases of ¢; and ¢2. The
length of the middle unmodulated region is Lo= 0.5 pm. Graphene surface
conductivity is o, and dielectric permittivity is £4. (b) Band structure of the
double-layer graphene waveguide. The inserted figures marked with a, b il-
lustrate the magnetic field distributions of the symmetric and anti-symmetric
supermodes at wi /27 = 30 THz and wy /27 = 35 THz, respectively. The
solid and dashed arrows denote the allowed and forbidden indirect interband
transitions for graphene SPPs in the forward and backward directions.

where () = wy—wy is the modulation frequency chosen to be
resonant with the frequency gap of the two modes. de, sgn(x),
q and ¢ denote the amplitude, transverse profile, wave vector
and initial phase of the dynamic modulation, respectively. Note
that ky # ko, the photonic transition here is indirect with g #
0, which is analogous to the electronic interband transition in
indirect band-gap semiconductors [26].

As the transition is indirect, the phase-matching condition
should be satisfied. In the forward direction, if we choose
q = ko — k1 denoted by the solid arrow in Fig. 1(a), the sym-
metric mode at (w,, k1) can be completely converted to the
anti-symmetric one at (w,, k2 ). The transverse magnetic (TM)
polarized electromagnetic field in each dynamic modulated
region reads [E(z, z,t), H(x, z,t)] = > an (2)U,, (x) exp|i
(w,,t —kp2)] with a,(z) and ¥,,(z) = [E, (z),H, ()]
(m = 1,2) being the mode amplitudes and transverse profiles.
The modes are normalized by fjozc (Eym () Hy ()" + Hy
(x)Ey m (2)*]dz = 1 [27]. Substituting (1) and the field distri-
bution into Maxwell’s equations and using rotating wave ap-
proximation [2], we can obtain the coupled-mode equations

cd | ai(z) 0 Ce | | a1(2) @
i— = y .

dz | as(z) C*e'? 0 as(z)
where  C=1/2¢(w,w2)"/? [T 26e - sgn(a) - [Ep1(2) By o
(x)* + E.1(x)E, 2(x)*|dx, denoting the coupling coefficient
between the two modes. The amplitude transfer matrix reads

; C
—ie " sin(|C|2) —-
€

cos(|Cz)

cos(|Cz)
t(27¢) - *
—ie'? Sin(|C’z)|CC
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The coupling length is given by L. = 7/(2|C|), which de-
notes the distance for complete mode conversion. While in the
backward direction under the same modulation, since the phase-
matching condition is not satisfied, the interband transition is
negligible. Thus the propagation of the incident symmetric mode
at (w,, —ki) is not affected by the dynamic modulation.

The non-reciprocal interband transition of SPPs can also be
induced through the dynamic modulation of graphene surface
conductivity [28]. In each modulation region, the upper and
lower graphene sheets are modulated as o, 1(z,t) = 040 + ¢
040 cos(Q + gz + ¢)and o, 4(2,t) = 040 + b0y
cos(QU + gz + ¢ + d¢), where o, and do, are the back-
ground and modulation amplitude of surface conductivity, re-
spectively. d¢ is the phase difference of modulation between the
two graphene sheets. As the two supermodes possess opposite
symmetries, the coupling between them will occur as d¢ # 0.
Here we choose the out-of-phase modulation of d¢» = 7 to obtain
the maximum coupling strength.

For experimental implementations, the permittivity of the em-
bedded dielectrics can be changed dynamically by applying a
periodic electric voltage with a precisely designed pn-np diode
array [29]. Due to the flexible tunability of graphene [30], [31],
the dynamic modulation of graphene surface conductivity can be
realized by changing the chemical potential of graphene in the
propagation direction through a real-time gate voltage signal.
Compared to the dielectric permittivity modulation, the mod-
ulation of graphene surface conductivity is preferable since it
enables higher modulation frequency and is more compatible
for on-chip integration.

III. NONRECIPROCAL PHASE SHIFT

Now we investigate the effect of the phase of dynamic mod-
ulation. As denoted in (1), the perturbation of dielectric per-
mittivity or graphene surface conductivity takes the form of a
travelling-wave modulation. When interacting with graphene
SPPs, the initial phase of the modulation wave can be added
into the SPP mode. According to the coupled-mode equations
of (2), the SPP mode picks up a phase of —¢ through an upward
interband transition from ¥, to ¥,. While for the downward
transition from Wy to ¥y, the mode acquires a phase of ¢. Such
an additional phase obtained directly from the external modu-
lation through a mode transition process can be regarded as a
photonic AB phase [2], [8]. The phase is a kind of geometric
phase [32], which is different from the propagation phase ac-
cumulated in the propagation process. Generally, the absolute
phase of an optical mode is not detectable since it relies on the
choice of time origin. While the effect of phase difference can
be detected through an interference setup.

To simulate the AB effect of graphene SPPs, we consider
the Ramsey interferometer possesses equal length of modula-
tion region L./2 and different modulation phases ¢; and ¢,.
As shown in Fig. 2(a), the symmetric mode ¥, is injected from
the left end of the interferometer. The transmission amplitude
of U, at the right end can be regarded as the interference of
U, from two pathways. In one pathway, part of ¥; makes
an upward transition in the first region and then a downward
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Fig. 2. (a) (b) Schematics of the indirect interband transitions of SPPs in the
two modulation regions of the interferometer in the forward direction. wy and
ws denotes the frequency of the symmetric and antisymmetric modes marked
with 1> and 2), respectively. ¢1, ¢2 denotes the additional phase obtained by
SPPs through the upward and downward transitions. (¢) (d) Simulated SPP mode
propagation as the symmetric or antisymmetric mode is incident forwardly under
the dynamic modulation of graphene surface conductivity. The initial phases of
modulation in the two regions are ¢ = /2 and o= 37/2.

transition in the second one, acquiring a total phase shift of
(—¢1+7/2) + (¢2+7/2). Here only the additional phase shift
is considered and the propagation phase is not included. The
7/2 phase shift originates from the mode conversion which is
denoted by the factor i in the off-diagonal term of the transfer
matrix (3). In the other pathway, the remaining unconverted ¥,
propagates directly to the right end with an additional phase
shift of 0. Thus the phase difference of the two pathways is
@2 — ¢1+m. As the lengths of the modulation regions are both
L. /2, the transfer matrix is thus

_ V2|1 —ie”" C/|C| @
"2 | e || 1

For the incident symmetric mode Wy, the initial amplitudes
are [a, (0),0]” . After passing through the first modulation re-
gion, the mode amplitudes become [a;(L./2),as(L./ 2)]T =
t1-[a1(0),0]", which are given by

" <L> _ V2,0

a Le *;\/iie
*\2) 2 C]|

(&)

So we have |a; (L. /2)/a1(0)]*= |az(L./2)/a; (0)]*= 50%,
indicating the two parts of symmetric modes from the two path-
ways have equal amplitudes. The interference of them is thus
only determined by the phase difference of the two pathways.
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The transmission amplitude of the antisymmetric mode is also
the interference of Wy in two pathways from the interband tran-
sition of ¥ in the two regions. And the phase difference of the
two pathways is (¢a+7/2) — (¢1+7/2) =¢2 — ¢1. Similarly,
if we consider only the antisymmetric mode is incident at the
left end shown in Fig. 2(b), the phase difference of the two path-
ways that contribute to the output W, is ¢ — ¢;. While for the
output antisymmetric mode W,, the phase difference of the two
pathways is ¢ — ¢ —. It shows the mode transmission of the
interferometer is uniquely determined by the additional phase
shift A¢p = ¢ — ¢1, which is acquired by the SPPs through the
interband transitions. And the phase shift is equal to the phase
difference of modulation in the two regions.

More specifically, the phase shift A¢ can be observed from
the mode transmittances of the interferometer. We denote Tj;
as the power ratio of output mode V¥; to the incident mode
U, (i,j=1,2). The total transfer matrix of the interferom-
eter is t = tyt;, so the mode transmittances are Tji= |tji|2,
which are givenby 771 = Tho= [1 + cos(A¢+m)]/2and Ty =
Ti2=[1 + cos(A¢)]/2. The function of mode transmittances
versus the phase shift are known as the Ramsey fringes [12],
[33]. The patterns of the fringes obtained here are the same
with those of traditional atomic Ramsey interferometers [33].
Since ¢; and ¢, rely on the choice of time origin, they don’t
correspond to an observable effect. While the phase shift A¢ is
observable and can be detected from the mode transmittances.
So the phase shift is gauge-invariant and corresponds to the AB
phase acquired by SPPs along the closed loop in the interferom-
eter [2], [12]. Note that the phase shift here is non-reciprocal.
In the backward direction, due to the existence of large phase
mismatch, the indirect interband transition of SPPs can’t be in-
duced. Thus the incident mode will not acquire an additional
phase shift.

To verify the theoretical analysis, we perform numerical simu-
lations for the SPPs propagation in Figs. 2(c) and (d) by choosing
the dynamic modulation of graphene surface conductivity. Here
the modulation amplitude is chosen as do, y= 0, /20 and the
coupling length is thus L.= 2.8 pym. The modulation frequency
and wavenumber are /27 = 5 THz and g= 10.42 ym~! with
the intial phases being ¢ = 7/2 and ¢o= 37 /2. The simulations
are performed by using finite element method (FEM) software
COMSOL Multiphysics. In the simulation, graphene is modeled
as the surface current density boundary condition [34]—[36] that
satisfies nx (H; — Hy) =J,, where H; 5 is the magnetic field
at the two sides of graphene. The surface current along the par-
allel direction is given by J,= o,-E. with I, the tangential
component of electric field. The symmetric and anti-symmetric
SPPs modes are excited by launching the transverse mode pro-
files H, 1 (x) and H, o (x) from the left end of the waveguide.
The background graphene surface conductivity o, o (w, ft,., 7,T)
is governed by Kubo formula [37], [38], which is determined
by the photon frequency w, chemical potential p., relaxation
time 7 and temperature 7. Here we choose ¢;= 2, d = 50 nm,
te=10.5eV,7=1psand T =300 K [39]-[41].

Fig. 2(c) shows the magnetic field distributions of SPPs as
only the symmetric mode W, is injected from the left end of
the interferometer. Wy partly converts to Wy, and return back
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to itself at the end of the interferometer. The simulation result
agrees well with the theoretical analysis based on the two-path
interference. For ¢y = /2 and ¢o= 37/2, the phase difference
of the two pathways for ¥y is ¢9 — ¢1+7 = 27, leading to a
constructive interference for W;. In contrast for U5 the phase
difference of two pathways is ¢ — ¢ = T, resulting in the de-
structive interference of Ws. So only W, exists at the output of the
interferometer. The analysis is also applicable for the incidence
of antisymmetric mode Ws shown in Fig. 2(d). For the mode
transmittances, we have 171 = Tyo= 1 and 15, = T7o,= 0, fur-
ther validating that the incident mode will convert back to itself
in the end of the interferometer.

Now we discuss the influence of the loss of graphene on the
SPP mode propagation length L. The ohmic loss of graphene is
determined by the relaxation time 7 [38]. In terahertz and far-
infrared ranges, the intraband transition of electrons dominates,
the graphene surface conductivity exhibits a Drude-like formula
o, = i€’ p./[mh?*(w+ir~')] [16] with e, h being the electron
charge and reduced Planck constant. The propagation constant
of SPPs in a single-layer graphene is 5, = 2ieqko/(04m0) [34],
so L=1/[2Im(B,,)] = Tu.me* /(4wh’cako), which is pro-
portional to 7. Here we choose 7 = 1.0 ps which is achievable
in experiments [42]. The corresponding propagation length is
thus L = 4.2 ym. A larger propagation distance of SPPs can
be achieved by using high quality graphene with large value
of 7.

The loss of graphene doesn’t influence the AB interfer-
ence mechanism associated with the AB phase A¢ and cou-
pling length L.. A¢ is externally controlled which can’t be
influenced by the graphene loss. L.= w/(2|C|), C is de-
termined by the transverse mode profiles characterized by
the decay constant x of SPPs. For a single-layer graphene,
k= Re[(ﬁzp fsdkg)l/Q] = 27we ko h? /(1. mo€?), which is in-
dependent of the relaxation time 7. So the loss of graphene has
no influence of the AB effect, thus all the physical results will
not change as the loss of graphene varies.

IV. MODE MODULATION BY THE PHASE SHIFT

The non-reciprocal phase shift A¢ provides a new freedom to
manipulate wave propagation and coupling. Here we utilize the
phase shift to modulate the mode conversion of SPPs. Since the
indirect transition of SPPs can only occur in the forward direc-
tion, the mode conversion is thus unidirectional. By considering
a general interferometer with the lengths of two modulation
regions being L, L, and initial phases ¢;, ¢o, we have the
transfer matrix

C

cos(6,,) —je % sin(@,z)?
—ie!?n sin(6, ) —- cos(6,)
IC]

where 0,= |C|- L, denotes the modulation strength in each
region. For the incident symmetric mode W1, the transmittances
are

Ti1 = cos®(0;)cos? (fy) + sin? (6, )sin® (6y)

—2cos(by) cos(fy) sin(f; ) sin(fy) cos(A¢p)  (Ta)
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Fig. 3. (a) Contour surfaces of the mode conversion efficiency versus the
phase difference A¢ and modulation strengths #; and 63 as n = 0.1, 0.5 and
0.9. (b) (c) (d) The conversion efficiency 7 as the function of §; and 6 for A¢
= 0, 7, w/2, respectively.

Ty = sin®(0;)cos?(Ay) + cos? (6; )sin’(0y)

+2cos(61) cos(fy) sin(6y) sin(hs ) cos(Ag¢).  (7b)

In principle, both the lengths of the two modulation regions
and the modulation phases can be arbitrarily chosen, providing
considerable flexibility to control the SPP mode conversion. The
conversation efficiency is defined by 1(z) = |az(2)|*/|a1 (0)]*.
At the output end of the interferometer, the conversion efficiency
is n= T21 .

Fig. 3(a) denotes the contour surfaces of the conversion ef-
ficiency of n = 0.1, 0.5, and 0.9, respectively. Each contour
surface corresponds to a unique output state which is the su-
perposition of ¥; and ¥, with the power ratio of 771 /T5;. By
tuning the phase shift A¢ and modulation strengths in the two
regions, one can obtain an arbitrary conversion efficiency from
1n = 0 to 100%. The contour surfaces are symmetric with re-
spect to the two planes of 0; + 0= /2 and A¢ = 0. As )
increases, the length of the surfaces increases and the cross sec-
tion decreases. Figs. 3(b)—(d) illustrate three horizontal sections
in the contour surfaces for A¢ = 0, m and 7/2, respectively.
When the modulations in the two regions are in phase, that
is A¢ = 0 shown in Fig. 3(b), the mode transmittances are
Ti1= cos(6; + 0y) and Ty; = sin’(#; + 05). The mode con-
version in the two regions will experience constructive inter-
ference. As 0; + 0= 7/2 (modulo 7, same as below), U; will
convert to WUy completely after going through the interferome-
ter. In contrast as 61 + 0;= m, Wy firstly convert to W5 and then
completely convert back to itself. While for the out-of-phase
modulation A¢ = 7 shown in Fig. 3(c), the transmittances are
T1= cos? (0, — 0y) and Ty = sin®(0; — 6 ), indicating the de-
structive interference of mode conversion in the two regions. As
|02 — 01| = /2, Uy will convert completely to W5. While for
|§s — 01| = 7, ¥y partly converts to ¥y in the first region and
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Fig. 4. Magnetic field (Hy) distributions for varied phase shift A¢ and
lengths of the two modulation regions L; and Ly. The coupling length is
fixed as Lo= 1.4 pm. (a) A¢p =0, Ly = L. /3, La=2L./3. (b) A¢p = 0,
Li=4L./3, Ly=2L./3.(c) A¢p = m, L1=3L./2, Ly = L. /2. (d) A¢
=7, L1 =Ly =1L./2. () Ap = 7w/2, Ly = L., La=10. () A¢p = 7/2,
Ly =Ly = L.

then converts completely back to itself after passing through
the second one. For A¢ = 7/2 shown in Fig. 3(d), ¥; will
completely convert to Wy on condition that ;= 7 /2, 8o= 0 (or
vice verse). While for the case of 6; = = 0orm/2, ¥; will
ultimately convert back to itself. For other phase difference 0
< A¢ < m corresponding to a particular horizontal section in
the contour surfaces of 7, the interferometer can still realize ar-
bitrary power assignment between the two modes at the output
end of the waveguide.

To confirm the theoretical analysis, we also perform FEM
simulations in Fig. 4 by choosing the dynamic modulation of
graphene surface conductivity. The modulation amplitude is
chosen as do, o= 04,0/10 and the coupling length is fixed as
L.= 1.4 pm. 0, is thus uniquely determined by the length of
modulation region L,,. The length of the unmodulated region
is fixed at Ly= 0.5 um. For the in-phase modulation A¢p = 0
shown in Figs. 4(a) and 4(b), the mode conversion accumulates
in the two regions, making the output state uniquely determined
by the length sum of the two regions. If we fix the length sum
and change the length ratio, the output state is unchanged. In
Fig. 4(a), the length sum is fixed at L. with L; = L./3 and
Ly=2L./3, ¥; completely converts to Wy. In contrast, the
region lengths are Ly = 4L, /3 and Ly= 2L./3 which satisfies
Ly + Ly = 2L, shown in Fig. 4(b), ¥, ultimately converts back
to itself. While for the out-of-phase modulation A¢ = 7 shown
in Figs. 4(c) and (d), the effect of mode conversion cancel each
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Fig.5. (a) Schematic of the interferometer with multiple modulation regions.
(b) The mode transmittances 771 and 75 versus the phase difference A¢ of
dynamic modulation between adjacent regions as N = 2, 3 and 4, respectively.
(c) (d) Simulated SPPs propagation in the interferometer for the incident sym-
metric mode for N = 3 and 4. The coupling length is L.= 1.4 pm.

other out in the two regions, making the output state uniquely de-
termined by the length difference of the two regions. In Figs. 4(c)
and (d), the length difference is set as |L; — Lo| = L. and 0,
the output mode is thus Wy and ¥y, which validates the above
analysis in Fig. 3(c). For A¢ = 7/2 showed in Figs. 4(e) and (f)
as [y = L., Ly=0and L; = Ly = L., the simulated results
can also fairly agree with the analysis in Fig. 3(d).

The Ramsey interferometer with two modulation regions can
be extended to that with multiple ones. By engineering the
length and phase of modulation in each region, we can con-
trol the mode conversion of SPPs more flexibly. As shown in
Fig. 5(a), we consider an interferometer with the equal length
of modulation region L, = L./N and phase of modulation
On = o1+(n—1)A¢,(n=1,2,...,N), where ¢ is an arbitrary
reference phase in the first modulation region with A¢ being
the phase difference between neighboring ones. Here we choose
d04.0= 04,0/10 and the coupling length is thus L.= 1.4 ym.
The mode transmittances of the interferometer for N = 2, 3,
and 4 are shown in Fig. 5(b). The transmittances are symmetric
with respect to A¢ = 7 which are independent of the reference
phase of ¢;. Generally for an interferometer with N modula-
tion regions, there exists N — 1 phase shift of A¢ for T1;= 1.
As denoted by the red and black circles in Fig. 5(b), the phase
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shift is A¢ = 0.304-(27) and 0.223-(27) to reach 77,= 1 for
N = 3 and 4, respectively. The corresponding field distributions
for the SPPs propagation are shown in Figs. 5(c) and (d). The
symmetric mode W incident at the left end experiences partial
mode conversion in the interferometer and ultimately return to
itself at the right end. The effect for the mode to convert back
to itself may find applications in dynamic optical delay lines
and buffers. Since the mode conversion efficiency of SPPs can
be controlled by engineering the phase of modulation and the
length of each region, the interferometer may find applications
in one-way mode converters and frequency shifters. Conversely,
the phase difference of modulation can be extracted from the
mode transmittances, the interferometer with multiple modula-
tion regions may also be applied in phase detectors and phase
sensing.

V. CONCLUSION

In conclusion, we have investigated the AB effect of SPPs
in a Ramsey interferometer based on the double-layer graphene
waveguide. The AB phase is introduced through the indirect
interband transition of SPPs by the dynamic modulation of
graphene surface conductivity or dielectric permittivity. As the
two modulation regions in the interferometer possess different
phases, the SPP modes will acquire a non-reciprocal phase shift
and exhibit the AB effect. The phase shift is equal to the phase
difference of modulation in the two regions. We also utilize the
phase shift to modulate SPP mode conversion and realize arbi-
trary conversion efficiency. By extending the interferometer of
two regions to that with multiple regions, the mode conversion
of SPPs can be tuned more flexibly by engineering the phase
of modulation and the length of each modulation region. The
incident SPP mode can convert back to itself in the multiple
region interferometer, which may be applied in dynamic optical
delay lines or buffers. As a new mechanism to manipulate wave
propagation and coupling, the non-reciprocal phase shift may
find wide applications in plasmonic isolators, phase detectors,
and one-way mode converters.
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