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Abstract
We investigate the energy transfer of surface plasmon polaritons (SPPs) based on adiabatic 
passage in a non-Hermitian waveguide composed of three coupled graphene sheets. The 
SPPs can completely transfer between two outer waveguides via the adiabatic dark mode 
as the waveguides are lossless and the coupling length is long enough. However, the loss 
of graphene can lead to breakdown of adiabatic transfer schemes. By utilizing the coupled 
mode theory, we propose three approaches to cancel the nonadiabatic coupling by adding 
certain gain or loss in respect waveguides. Moreover, the coupling length of waveguide is 
remarkably decreased. The study may find interesting application in optical switches on a 
deep-subwavelength scale.

Keywords  Waveguides · Subwavelength structures · Plasmonics

1  Introduction

Graphene, which can support surface plasmon polaritons (SPPs) in the THz and far-
infrared frequencies, recently has attracted great attention in manipulating light propa-
gation to conquer the limitation of diffraction (Bao and Loh 2012; Konstantatos et al. 
2012; Wang et al. 2017a, b, 2018a; Gramotnev and Bozhevolnyi 2010; Gan et al. 2017; 
Sun et  al. 2016; Deng et  al. 2015). SPPs in graphene experience stronger field con-
finement when comparing with metal thanks to its unique electrical and optical proper-
ties (Bao and Loh 2012). The surface conductivity of graphene can be flexibly tuned 
by electrostatic and chemical doping, which can be utilized to design active devices 
(Deng et al. 2016). The high carrier mobility in graphene makes it suitable for ultra-fast 
switching (Ni et al. 2016; He et al. 2018a). The nonlinearity of graphene also can ben-
efit to the design of all optical switches (Wang et al. 2017c; Kou et al. 2013; Qin et al. 
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2018; Liu et al. 2018a; Zhao et al. 2017). Many plasmonic circuits based on graphene, 
such as ring resonators (Huang et al. 2014) and mode convertors (Ke et al. 2017), are 
proposed to operate on a deep-subwavelength scale. When the surface conductivity of 
graphene undergoes spatial–temporal modulation, the wave propagation can become 
non-reciprocal (Qin et al. 2016). For the forward direction, light experiences mode con-
version between different frequencies. At the same time, the modulation has no effect on 
the light propagation in the backward direction (Sounas and Alù 2017).

Recently, the optical waveguides based on adiabatic theorem are also utilized in design-
ing integrated photonics circuits in both Hermitian and non-Hermitian systems (Ke et al. 
2016, 2017; Vitanov et  al. 2017; Liu et  al. 2018b; Ke et  al. 2018c; Paspalakis 2006; 
Torosov et  al. 2014; Graefe et  al. 2013; Sharaf et  al. 2018; Wu et  al. 2016; Ibáñez and 
Muga 2014; Li et al. 2017; Milburn et al. 2015). One important scheme is the stimulated 
Raman adiabatic passage (STIRAP), which is studied in a three weekly coupled wave-
guides (Vitanov et al. 2017; Paspalakis 2006). The three-waveguide coupler supports one 
dark eigenmode as the energy dominates at outer two waveguides and no energy resides 
at center waveguide. The adiabatic theorem states that the system remains in its instan-
taneous eigenmodes if the parameters vary slowly enough (Milburn et al. 2015; Ke et al. 
2016). By slightly altering the coupling strength between adjacent waveguides, the system 
remains at the dark mode during the propagation. As a result, light can completely transfer 
between outer two waveguides and the center waveguide has no energy. Efficient optical 
switches can be realized based on the STIRAP, which are robust against the propagation 
loss of center waveguide and perturbation of waveguide parameters including the inter-
layer spacing and refractive index. Moreover, the bandwidth of operating wavelength is 
increased as well (Vitanov et al. 2017). The STIRAP has been investigated in linear and 
nonlinear dielectric waveguides (Vitanov et al. 2017; Paspalakis 2006) and also plasmonic 
waveguides composed of densely packed metallic waveguides (Mrejen et  al. 2015). The 
fractional STIRAP is also experimentally demonstrated in Dreisow et al. (2009) where the 
couplings terminate simultaneously with equal values of their strength. In this way, the 
light is split equally between two outer waveguides, which are helpful to design robust 
waveguide splitters.

In this work, we investigate the STIRAP in a waveguide composed of three spatially 
separated graphene sheets. The SPPs can completely transfer between outer two sheets 
when loss of graphene is not considered. Actually, graphene is lossy due to the finite relax-
ation time of electrons. One has also utilized  optical pumping to realize nonlinear con-
version and carrier injection to compensate the loss and realize optical gain in graphene 
(Boubanga-Tombet et al. 2012; Ryzhii et al. 2011; Li et al. 2012; Hong et al. 2017, 2018; 
De Leon and Berini 2010). The nonlinear phenomena have attracted a lot attention and 
find great application in recent years (Ma et al. 2018; Tan et al. 2018; He et al. 2017; Yuan 
et al. 2017; Wang et al. 2018b; Chen et al. 2018; Yuan et al. 2018; Li et al. 2018; He et al. 
2018b; Lan et  al. 2017; Liu et  al. 2018c; He et  al. 2018c).  The system associated with 
gain and loss is non-Hermitian, which provides new possibility to modulate the flow of 
light (Makris et al. 2008; Ke et al. 2018a; Zhao et al. 2018). In general, the propagation 
constants of non-Hermitian waveguides are complex-valued. Specially, the non-Hermitian 
systems may possess real propagation constants when the parity-time (PT) symmetry is 
sustained (Zhao et al. 2018). PT symmetric systems are invariant under parity and time-
reversal operations. The condition is satisfied when the refractive index along the trans-
verse direction is n(x) = n*(−x) (Makris et al. 2008). Loss induced amplification (Lin et al. 
2016a), efficient field tailoring (Lin et al. 2016b), enhanced sensing (Chen and Jung 2016), 
and strong absorption (Ke et al. 2018b) are proposed in the realm of graphene plasmonics 
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by taking advantage of the non-Hermitivity. Here, we study the influence of gain and loss 
on the STIRAP in graphene waveguides. The adiabatic transfer breaks down when the 
intrinsic loss of graphene is considered. By utilizing the coupled mode theory, we show the 
suitably distributed gain and loss can effectively suppress the nonadiabatic coupling and 
increase the coupling length of the waveguides can be effectively decreased.

2 � Adiabatic passage

Figure  1 schematically depicts the structure under consideration, which consists of three 
graphene sheets embedded in the host dielectric with a permittivity εd. The host dielectric 
is assumed to be air for simplicity with εd = 1. The three graphene sheets possess different sur-
face conductivities labeled as σ1, σ2, and σ3, which relate to the incident wavelength λ, chemi-
cal potential μ, relaxation time τ, and temperature T. The surface conductivity can be figured 
out by using the Kubo formula (Bao and Loh 2012). Here the room temperature is assumed 
as T = 300  K, incident wavelength is λ = 10 μm, and the chemical potential of graphene is 
fixed at μ = 0.15 eV. We first consider the lossless cases and the relaxation time of graphene 
are assumed to be infinite. The influences of loss will be discussed later. The interlayer spac-
ing is denoted as d1 and d2, respectively. The center graphene sheet is obliquely placed such 
that the spacing between adjacent waveguides is varied. The spacing satisfies the relation 
d1 = d0 + (d − 2d0)z/L and d2 = d − d1, where d0 is the initial value of spacing d1 at z = 0, L is 
the total length of the waveguides, and d denotes the total spacing between two outer wave-
guides. The parameters are chosen as d0 = 80 nm, d = 220 nm, and L = 50 μm. The SPPs of TM 
polarization are considered, which propagate along z direction. When the SPPs are launched 
from the right waveguides, the energy adiabatically transfers to left waveguide and the output 
energy almost completely resides at the left waveguide. The energy transfer can be understood 
from the coupled mode theory.

The waveguides are weekly coupled as the interlayer spacing is larger than the plasmonic 
thickness. The time vary term is chosen as exp(−jωt) throughout the study. Then, the ampli-
tudes of SPPs in respective waveguides A1, A2, and A3 evolve according to the coupled mode 
theory −idA/dz = HA with A = (A1, A2, A3)T and H given by

(1)H =

⎛
⎜⎜⎝

�0 c1 0

c1 �0 c2

0 c2 �0

⎞
⎟⎟⎠
.

Fig. 1   Schematic of adiabatic 
three coupled graphene wave-
guides
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β0 denotes the propagation constant of SPPs in the single graphene sheet, c1 and c2 repre-
sent the coupling coefficients. The eigenvalues of Eq. (1) is derived as

The corresponding eigenstates read as

with tanθ = c1/c2. In the waveguides, the propagation constants and mode profiles are deter-
mined by the eigenvalues and eigenstates, respectively. Mode A1 is referred as dark mode 
as no energy resides at center waveguide for different coupling strength, which can be uti-
lized to transfer SPPs according to adiabatic theorem. When θ changes from π/2(c1 >> 
c2) to 0(c1 << c2), the mode A1 alters form (0, 0, − 1)T to (1, 0, 0)T. According adiabatic 
theorem, the system remains in its instantaneous eigenstates if the coupling strength varies 
slowly enough along the propagation direction. Therefore, the SPPs can gradually transfer 
from right waveguides to the left one. Moreover, the center waveguide will remain dark 
throughout the process.

Figure  2 show the numerical results of STIRAP in graphene waveguides. In Fig.  2a, 
we plot the instantaneous eigenvalues along the propagation direction. The instantaneous 
eigenvalues are position dependent propagation constants. At a certain distance, the wave-
guide experiences different spacing d1 and d2 and thus different propagation constants β(d1, 
d2), which can be calculated using transfer matrix method (TMM). Their following mode 
profiles are called as instantaneous eigenstates. There are three SPP modes supported in 
the system. The different colors of blue, red, and green represent modes A1, A2, and A3, 
respectively. The propagation constants of dark mode A1 remain unchanged at different 
positions and equal to β0 = 43.4 μm−1. The propagation constants of other two modes vary 
with increasing distance z, but they have same value at two waveguide terminals because 
the spacing d1 and d2 exchanges with each other. Figure  2b presents the mode profiles 
(|Hy|2) of the dart mode A1 at different positions. The field intensity is normalized by the 
total energy at each position z. The coupling strength exponentially decays with increas-
ing interlay spacing. At the starting position (z = 0), we have θ ≈ π/2 as d1 ≪ d2. Therefore, 
the energy mainly concentrates at right waveguide. At the end of the waveguide, we have 

(2)�1 = �0, �2,3 = �0 ±

√
c2
1
+ c2

2

(3)�1 =

⎛
⎜⎜⎝

cos �

0

− sin �

⎞
⎟⎟⎠
, �2,3 =

1√
2

⎛
⎜⎜⎝

sin �

±1

cos �

⎞
⎟⎟⎠

Fig. 2   The adiabatic energy transfer in lossless graphene waveguide. a, b are the instantaneous eigenvalues 
and eigenstates, respectively. c The propagation of SPPs as the right waveguide is excited
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θ ≈ 0 as d1 ≫ d2 and the energy is mainly confined at the left waveguide. There is always no 
energy residing at center waveguide for different positions. The results are accommodated 
with the theoretical indication. According to adiabatic theory, the system remains in its 
instantaneous eigenstates if the parameters vary slowly enough. Therefore, the propagation 
of SPPs will follow the prediction of instantaneous eigenstates shown in Fig. 2b. Figure 2c 
show the simulated wave propagation as the SPPs are injected through the right graphene 
sheet, which corresponds to the initial states being dark mode A1 = (0, 0, 1)T. The wave 
evolutions are simulated by using the finite element method (FEM) performed by Com-
sol Multiphysics. Graphene is modeled by employing the surface current boundary condi-
tion (Huang et  al. 2017). The domain has been discretized less than 1/12 of SPP wave-
length. One can see the SPPs gradually transfer from right waveguide to the left one with 
center waveguide been dark during the propagation. Therefore, efficient energy transfer can 
emerge by using the dark mode and the adiabatic theorem. The process is robust against 
the perturbation as the transfer efficiency is determined by the ratio of coupling strength 
c1/c2 at the output and irrelevant with local detail of waveguide parameters.

3 � Breakdown of adiabatic transfer

3.1 � Influence of propagation distance

The adiabatic evolution requires that the system parameters should vary slowly. In this 
scheme, the propagation distance determines the change speed of coupling strength. The 
adiabatic transfer will break down for short propagation distance L. Figure 3a shows the 
propagation of SPPs as L = 10  μm. Other parameters keep unchanged. One can see the 
center waveguide no longer remains dark during the propagation. The energy resides at 
both left and right waveguides at the output of graphene waveguide. This is because the 
SPPs no longer keep in the instantaneous eigenstates of dark mode (A1) and transfer to 
other two modes (A2 and A3).

We recall the coupled mode theory and transform it into the basis of instantaneous 
eigenstates to clearly see the evolution process. The simulated fields A(z) at different posi-
tions can be expanded as

(4)�(z) = a2(z)�2(z) + a1(z)�1(z) + a3(z)�3(z),

Fig. 3   The breakdown of adiabatic passage for a short propagation length. a The propagation of SPPs for 
L = 10 μm. b The probability of nonadiabatic energy transfer for different propagation lengths



	 S. Ke et al.

1 3

 393   Page 6 of 13

where a1, a2, and a3 represent the ratio of instantaneous eigenstates A1(z), A2(z), and A3(z) 
to the total mode, respectively. The eigenstates are normalized by ∫|A1,2,3(x)|2dx = 1. The 
ratio aj can be reconstructed from a solution A(z) via aj(z) = ∫Aj*A(z)dx with j = 1, 2, 3. We 
denote the ratio as a(z) = (a2, a1, a3)T. Then, Eq. (4) can be written as A(z) = R(z)a(z) with 
transfer matrix given by

which is formed by the three normalized instantaneous eigenstates. Applying 
A(z) = R(z)a(z) into −idA/dz = HA, we arrive at the coupled mode theory in the basis of 
instantaneous eigenstates, that is,

where Ha = R−1HR + iR−1dR/dz. After simplification, we have

The breakdown of adiabatic transfer can be easily understood from Eq.  (7). As light is 
injected from right waveguide, the initial mode is equal to mode A1 and we have initial 
ratio as a(0) = (0, 1, 0)T. Then Ha 1,2 and Ha 3,2 acts as nonadiabatic terms, which can 
couple mode A1 into other two modes A2 and A3. Therefore, the adiabatic energy transfer 
only holds for large propagation distance such that the value −i/√2dθ/dz is small enough. 
Figure 3b shows the simulated result of ratio of mode A2 and A3 as a function of propa-
gation length. The ratio of nonadiabatic transition decreases as the propagation length 
increase. At z = 50 μm, the nonadiabatic transfer ratio is relatively small, which reads as 
0.03%.

3.2 � Influence of loss

The optical loss of SPPs is remarkable and may hamper the practical application. Here, we 
investigate the influence loss on the adiabatic transfer of SPPs in the three-waveguide gra-
phene couplers. We show a small decay can lead to a breakdown of adiabatic transfer, even 
when the propagation constants are only slightly modified.

We now investigate the influence of loss on the propagation constants when loss is 
present in different waveguides. The loss can be treated as pertubation for small values.
When the left graphene sheet is lossy and the other two sheets are reguarded as lossless, 
the eigenvalues can be obtained by using the first-order perturbation method. They are 
given as β1 = β0 + iγcos2θ and β2,3 = β0 ± (c2 1 + c2 2)1/2 + iγ/2sin2θ, where γ is the imagi-
nary part of propagation constants in single graphene sheet. The introduction of loss 
only results a small imaginary part of propagation constants while the real part remains 

(5)� =
1√
2

⎛⎜⎜⎝

sin �
√
2 cos � sin �

1 0 −1

cos � −
√
2 sin � cos �

⎞⎟⎟⎠
,

(6)−i
d�(z)

dz
= �

a(z)�(z).

(7)�
a =

⎛⎜⎜⎜⎜⎝

�0 +

�
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1
+ c2

2
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dz
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i
1√
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d�

dz
�0 i

1√
2
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dz
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unchanged. The resulting eigenstates should be also perturbed compared to lossless 
case. The coupling strength relates to the interlayer spacing as ci = c0exp(−κdi) with c0 
being constant and κ = Re(β0 − εdk2 0)1/2 (Li et al. 2013; Golshani et al. 2014). The cou-
pling coefficients can be extracted from the numerical values of propagation constants 
calculated by TMM. At z = L/2, we have d1 = d2 = d/2. Then, the constant c0 can be fig-
ured out as c0 = [β2(L/2) − β3(L/2)]/[2√2exp(−κd/2)]. The relaxation time of graphene 
now is chosen as τ = 1  ps for the lossy graphene sheet. Then we have β0 = 43.4  μm−1, 
γ = 0.34  μm−1, β2(L/2) = (42.92 + 0.08i)  μm−1 and β3(L/2) = (43.89 + 0.07i)  μm−1. Now 
we get κ = 43.43 μm−1 and c0 = (40.7 − 0.46i) μm−1. Figure 4a, b presents the propagation 
constants at different distances as the left graphene is lossy. The real part of propagation 
constants keeps unchanged with that all graphene is lossless. However, the propagation 
constants have imaginary part. The numerical results obtained by TMM method agree well 
with the theoretical indications.

When the middle graphene sheet is decayed, the eigenvalues can be directly calculated 
as β1 = β0 and β2,3 = β0 + iγ/2 ± (c2 1 + c2 2 + γ2/4)1/2. The coupling strength can be also 
extracted from the numerical results using the method discussed above. Figure 4b, c show 
propagation constants at different positions as the middle graphene is lossy. The real part of 
propagation constants keeps unchanged while the imaginary part is different. The propaga-
tion constants of dark mode (blue line and dots) are the same as the lossless case. When 
the right graphene sheet is decayed and the other two sheets are reguarded as lossless, the 
eigenvalues approximate as β1 = β0 + iγsin2θ and β2,3 = β0 ± (c2 1 + c2 2)1/2 + iγ/2cos2θ. Fig-
ure  4b, c show the propagation constants at different distances as the right graphene is 
lossy. The real part of propagation constants keeps unchanged while the imaginary part is 
different. For the dark mode, the initial propagation loss is relatively large at the beginning 
of the waveguide.

The above discussion implies small loss only slightly modifies the eigenvalues. However, 
the SPP propagations are quite different even if the decay is relatively small. Figure 5a–c show 
the propagation of SPPs as the left, middle, and right waveguides are decayed, respectively. 

Fig. 4   The propagation constants as different waveguides are decayed. a, b The left waveguide is decayed. 
c, d The middle waveguide is decayed. e, f The right waveguide is decayed. a, c, and e plot the real part of 
propagation constants, while b, d, and f plot the imaginary part. The dots represent the results indicated by 
coupled mode theory and the lines are the numerical results. The different colors represent different modes. 
(Color figure online)
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The field intensity in Fig. 5c is normalized by the maximum at each position z to clearly see 
the field distribution at respect waveguide. The adiabatic transfer only holds when the middle 
waveguide is attenuated. This is because there is no energy residing at center waveguide for 
the dark mode and the decay of SPPs can be neglected. Therefore, the loss at center wave-
guide almost has no effect on the SPP propagation. However, when the left or the right wave-
guides are attenuated, the adiabatic transfer schemes break down and the three waveguides 
have energy at the output. The breakdown of adiabatic transfer may relate to two reasons. 
Firstly, the absolute value of nonadiabatic coupling may increase when loss is introduced. Sec-
ondly, the intensity of light decreases and the relative value of nonadiabatic coupling cannot 
be neglected.

When all the three waveguides are lossy, the wave propagation is also subject to Eq. (7) 
except that the propagation constants possess the additional small imaginary part. In this case, 
the nonadiabatic coupling Ha 1,2 and Ha 3,2 remain unchanged. Therefore, the adiabatic 
transfer can hold.

4 � Restoration to adiabatic passage

The adiabatic energy transfer breaks down whether the propagation distance is not long 
enough or the loss is introduced in the left and the right waveguides. In the following, we 
show the nonadiabatic transfer can be suppressed by combining two cases when the gain and 
loss in respect waveguides are suitably designed.

We now investigate the coupled mode theory on the basis of eigenstates when the system 
is non-Hermitian. The transfer matrix is also assumed to be same as Eq. (5) by neglecting the 
influence of gain and loss on the eigenstates. The Hamiltonian H is taken account of the loss. 
When the left waveguide is decayed, the system Hamiltonian on the basis of eigenstates is 
given by

(8)�a =

⎛⎜⎜⎜⎜⎝
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Fig. 5   The breakdown of adiabatic passage in present of loss. a–c correspond to the left, middle, and right 
waveguide is decayed, respectively. In all cases, the SPPs are launched from the right waveguide
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The terms Ha (1,2) and Ha (3,2) act as nonadiabatic coupling as the dark mode is initial 
excited, that is, a(0) = (0, 1, 0)T. Therefore, the nonadiabatic coupling can be vanished by 
setting the terms

As tanθ = c1/c2, the imaginary part of propagation constant should be � =
d

dz
Ln

c1

c2
 . Applying 

ci = c0exp(−κdi) into the above equation, we can get γ = − 2κ(d − 2d0)/L. This implies the 
left waveguide should be amplified and the absolute value of gain is constant at different 
positions. Figure 6a illustrates the wave propagation as the left waveguide is amplified for 
L = 10  μm. The imaginary part of propagation constant of left waveguide should be 
γ = − 0.52 μm−1. The corresponding surface conductivity of left waveguide is σg = − 9.2 × 1
0−7 + 7.68 × 10−5i S. The result shows that the energy gradually transfers into the right 
waveguide. Only a small amount of energy turns into center waveguide at the initial propa-
gation. The SPPs dominates at the left waveguide while the other two waveguides are 
almost dark. Therefore, the nonadiabatic transfer can be vanished. Now the propagation 
distance is also reduced.

When the right waveguide is decayed, the system Hamiltonian reads as

Similarly, the nonadiabatic terms are vanished when γ = 2κ(d − 2d0)/L, which implies 
one should add loss into right waveguide. The amount of loss is related to propagation 
distance L. For the parameter we choose, the imaginary part of propagation constants 
should be γ = 0.52 μm−1 as L = 10 μm. The relaxation time of lossy graphene should be 
τ = 0.65 ps. Figure 6b presents the propagation of SPPs as the right waveguide is decayed 
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Fig. 6   The restoration of adiabatic passage by adding certain gain and loss in respect waveguides. a The 
left waveguide is with gain. b The right waveguide is with loss. c The left waveguide is with gain and the 
right waveguide is with the same amount of loss. The transverse field distribution is normalized by the total 
energy at each position z 
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for L = 10 μm. The SPPs transfer into the left waveguide as middle waveguide remains dark 
during the propagation. Moreover, the propagation distance is effectively decreased when 
compared with that shown in Fig. 2c.

Another case is to add balanced gain and loss in left and right waveguides simultaneously. 
The system Hamiltonian can be given by

The condition to offset the nonadiabatic term is the same as that in Fig. 6b. The gain and 
loss coefficient is given by γ = 2κ(d − 2d0)/L. The corresponding surface conductivity of 
left and right waveguides is σg = ∓ 9.2 × 10−7 + 7.68 × 10−5i S, respectively. Figure 6c illus-
trate the wave propagation as the left and right waveguides are with balanced gain and loss 
for L = 10 μm. One can see the energy gradually transfer into the right waveguide. Only a 
small amount of energy translates into the center waveguide during the initial propagation.

In experiment, the gain in graphene is not easily realized. The most possible way to 
observe the predicted phenomenon is to use passive graphene waveguides, in which the 
waveguide with lower loss acts as the amplified waveguide. The results in passive wave-
guides should be similar to that in the waveguides with gain and loss. The loss of graphene 
relates to relaxation time τ, which can be directly controlled by varying the chemical poten-
tial via electrostatic and chemical doping. When changing the surrounding environment 
such as placing organic molecules on graphene, the carrier mobility will be significantly 
enhanced, leading to the increasing of relaxation time. So the loss of graphene can be tuned 
by controlling environment and chemical potential (Wang et al. 2010).

5 � Conclusion

In conclusion, we have demonstrated the energy transfer of SPPs based on STIRAP in a 
three-waveguide graphene coupler. The SPPs can effectively transfer between two outer 
waveguides while the center waveguide remains dark, provided that waveguides are loss-
less and the propagation distance is long enough. We show the small loss of graphene can 
lead to a breakdown of adiabatic transfer schemes, even when the wavevector of three-
waveguide graphene coupler is only slightly modified. By analyzing the coupled mode 
theory on the basis of eigenmodes, we propose three approaches to cancel the nonadiabatic 
coupling, which is done by adding constant gain or loss in respect waveguides. Through 
these approaches, the coupling length of the waveguide is effectively decreased. The study 
may find interesting application in optical switches on a deep-subwavelength scale by tak-
ing advantage of the non-Hermitivity present in the system.
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