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We investigate the nonlinear Goos–Hänchen shift of a light beam reflected from a prism-coupled leaky waveguide
containing a Kerr medium. As the incident power varies, the system can switch between two states, total internal reflection
and frustrated total reflection, owing to the inherent positive feedback arising from the intensity-dependent guiding mode
resonance. The reflectance exhibits optical bistability; meanwhile, the lateral shift of the reflected beam also shows hys-
teresis behavior. It is found that the transition between the two stable states is related to the excitation of a leaky mode in
the waveguide, which results from the modulation of the electric field in the nonlinear substrate. We also analyze the effects
of system parameters on the bistable Goos–Hänchen shift. The thresholds as well as the width of the hysteresis curve are
sensitive to the thicknesses of the gap layer and the guiding layer, which determine the resonance angle. The bistable lateral
displacement in the slab waveguide may have potential applications in optical switching, beam steering, etc.
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1. Introduction

In 1947, Goos and Hänchen[1] experimentally observed
a lateral displacement of a light beam deviating from the po-
sition predicted by geometrical optics, and Artmann[2] sub-
sequently provided a theoretical explanation of the Goos–
Hänchen (GH) effect. When a light beam with finite width im-
pinges on the boundary between two media, each plane-wave
component with a slight difference in the transverse wave vec-
tor undergoes a different phase shift after reflection. The re-
flected beam, a superposition of all the components with dif-
ferent phases, is then laterally displaced in the plane of in-
cidence. The GH shift in the total reflection scheme is rela-
tively small. Therefore, the enhancement of lateral displace-
ment has attracted much attention owing to its potential appli-
cations in optical sensing,[3–5] optical switching,[6,7] and beam
steering.[8] Large and tunable GH shifts have been obtained in
reflected and transmitted light beams incident on the interfaces
of different materials and multilayered structures, such as
negative materials,[9] dielectric slabs,[10] absorbing and gain
media,[11,12] photonic crystals,[13] graphene,[14–16] surface
plasmon resonance (SPR),[17–20] optical waveguides,[21–25]

cavity-coupled coherent media,[26–28] and multilayer struc-
tures with quasi-bound states.[29,30]

Optical bistability, a typical nonlinear optical phe-
nomenon, arises from the third-order nonlinearity of media
and the feedback from an optical cavity. It was first investi-

gated in two-level atomic systems in the early 1980s.[31] In
recent years, the optical manipulation of bistability via multi-
level coherent media, which provides more flexibility for con-
trolling light by light, has attracted great interest.[32] On the
other hand, many schemes of optical bistability produced by
light reflected from multilayer structures containing nonlinear
materials have been proposed without the requirement of an
optical cavity. The bistable reflection is due to the excitation
of surface-plasmon modes[33–36] and waveguide modes.[37,38]

There also exists a hysteretic response between the GH shift
and the incident intensity of the light beam. The bistable
lateral displacement has been investigated in systems with
surface plasmon resonance.[15,18,35,39,40] However, to the best
of our knowledge, there has been little investigation of the
bistable GH shift in a leaky slab waveguide. Moreover, the
variation and distribution of the electric field in the case of op-
tical bistability in planar waveguides have not been well stud-
ied.

In this paper, the bistable behavior of the GH shift is in-
vestigated in a prism-coupled leaky waveguide structure with
a Kerr nonlinear substrate. In the case of guiding-mode res-
onance, a sharp dip occurs in the reflection spectrum, accom-
panied by a steep variation of phase shift and an enhancement
of the evanescent electromagnetic wave in the substrate. When
the guiding mode is out of resonance, the light beam undergoes
total reflection with a small phase shift. Owing to the intensity-
dependent waveguide-mode resonance induced by the nonlin-
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ear substrate, the system can be switched between two stable
states: total internal reflection (TIR) and frustrated total re-
flection (FTR). As a result, the lateral displacement, which is
related to the angular variation of the reflected phase, exhibits
a hysteretic feature. The distribution of the electric field in the
four-layer structure explains the formation of the bistable be-
havior. The effects of the thicknesses of the gap layer and the
guiding layer, as well as the incident angle, on the bistable GH
shift are also discussed in detail.

2. Model and equations
Figure 1 shows a prism-coupled planar waveguide struc-

ture. It consists of a ZF7 glass prism, an air gap layer with
thickness d1, a polymer guiding layer with thickness d2, and a
Kerr-type nonlinear substrate, of which the dielectric constants
are εP = 3.23, ε1 = 1, ε2 = 2.8+0.001i, and ε3, respectively.
Here, the guiding layer has low dielectric loss, thus leading
to a sharp decrease in the reflectivity when the leaky guiding
mode is resonantly excited. For the Kerr medium, its dielec-
tric constant depends on the square of the electric field E and
can be expressed as ε3 = εL +α |E|2, where εL represents the
linear dielectric constant of the substrate and α = cε0εLnNL

denotes the nonlinear coefficient, with nNL being the optical
Kerr nonlinear coefficient, c and ε0 being the velocity of light
and the permittivity of vacuum. The dielectric constant can
also be rewritten as ε3 = εL + γ |H|2, where γ = cµ0nNL (µ0

denotes the permeability of vacuum) and H is the magnitude
of the magnetic field component. In order to form a guiding
mode, the refractive index of the waveguide should be larger
than those of the gap layer and the substrate. In the following
calculations, the parameters of the dielectric constant are set as
εL = 2.46 and nNL = 2.0×10−9 m2/W.[18] The Kerr medium
can be chosen as liquid crystal MBBA.[38]

Prism

Gap layer

Guiding layer

Substrate

x

z

O

(Kerr medium)

GH shift

Gap layer

θi

Fig. 1. Schematic of the GH effect in a slab waveguide structure com-
posed of a prism, a gap layer, a waveguide layer, and a substrate with
Kerr-type nonlinearity.

We consider a p-polarized light beam with wavelength
λ = 632.8 nm incident from the prism onto the prism-gap
interface (the coordinate plane of z = 0). When the guiding

mode is resonantly excited in the waveguide, the evanescent
field in the Kerr-type substrate is enhanced. Then, the inten-
sity of the electromagnetic field at the waveguide-substrate in-
terface is a crucial factor in analyzing the bistable reflection
characteristics of the structure. Owing to the nonlinearity of
the substrate, the dielectric constant varies with the penetra-
tion depth and the intensity of the electric (or magnetic) field.
The wave equation for the magnetic field H3 in the substrate
can be derived from Maxwell’s equations and is given by a
second-order nonlinear differential equation[18]

d2H3

dz2 + k2
0(γ |H3|2−q2)H3 = 0, (1)

where k0 = 2π/λ is the wavenumber of the incident light in
vacuum, and q2 = εP sin2

θi− εL, with θi being the incident
angle. The corresponding solution of Eq. (1) is

H3 =

√
2
γ

qexp(iφd)

cosh [qk(z−d1−d2)+κ]
, z≥ d1 +d2, (2)

where φd = arg(H3d), κ = cosh−1(2q2/γ |H3d |2)1/2, with H3d

being the amplitude of the magnetic field at the waveguide-
substrate interface (z = d1+d2). Then, the x component of the
electric field can be expressed as

E3 =
iqH3

εL + γ |H3|2
tanh [qk(z−ζ )+κ] . (3)

In order to obtain the relationship between the reflectivity and
the input light intensity, as well as the internal electric-field
profile of the structure, we use the transfer-matrix method.
The relationship of electromagnetic fields between the plane
of z = 0 and the plane of z = d1 +d2 is described as(

H1
E1

)
= M

(
H3d
E3d

)
, (4)

where M is the characteristic transfer matrix composed of the
gap layer and the guiding layer in the leaky waveguide struc-
ture. H1 and E1 are the tangential components of the magnetic
field and the electric field at the prism-gap interface. Then, we
can obtain the expressions of the reflection coefficient and the
transmission coefficient as

r =
(M11 +ηdM12)ηP− (M21 +ηdM22)

(M11 +ηdM12)ηP +(M21 +ηdM22)
, (5)

t =
2ηP

(M11 +ηdM12)ηP +(M21 +ηdM22)
, (6)

where Mi j corresponds to the element of the transfer matrix M,
ηP = cosθi/

√
εP, and ηd = E3d/H3d . According to Eqs. (2)

and (3), ηd is given by

ηd =
iq tanhκ

εL + γ |Hd |2
. (7)

Once the amplitude of the magnetic field H3d is known, we
can obtain the input light intensity I0 as

I0 =
1

2
√

εPε0c

∣∣∣∣Hd

t

∣∣∣∣2 . (8)
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Meanwhile, the reflectivity R = |r|2 and the reflected phase
shift Φ = arg(r) can also be obtained. According to the
stationary-phase theory,[2] the lateral displacement of the re-
flected light beam is given by

SGH =− 1
nPk0

dΦ

dθi
. (9)

Obviously, when the nonlinear coefficient α is 0, we have
ηd = (εL− εP sin2

θi)
1/2/εL. Then, the reflection properties

of the structure are independent of the intensity of the incident
light. When the Kerr nonlinearity is taken into account, the
reflectivity, phase shift, as well as the GH shift exhibit bistable
behavior with respect to the input light intensity.

3. Results and discussion
Before embarking on a detailed analysis of the nonlinear

response of the slab waveguide, we first consider the linear
case in which the incident light is weak (I0 ≈ 0) and the non-
linear dielectric constant of the substrate is negligible. This
corresponds to the initial state of the hysteresis loop. The re-
flectivity and reflected phase shift as functions of the incident
angle are shown in Fig. 2. Generally, light incidents on the
prism-gap interface with an angle larger than the critical an-
gle is totally reflected. However, when the x-component of
the wave vector in the prism matches the propagation constant
of the guiding mode, the light energy can be coupled into the
waveguide through the evanescent wave. Owing to the slight
absorption of the waveguide, the reflection is attenuated, ex-
hibiting the feature of FTR. Obviously, there is a sharp dip at
the resonance angle θR = 62.64◦. As the reflectivity reaches
its minimum, the angular variation of the reflected phase shift
reaches its maximum. According to Eq. (9), a large lateral dis-
placement can be obtained in the resonance dip, while a small
beam shift occurs out of resonance.

62.4 62.5 62.6 62.7 62.8 62.9
0

0.5

1.0

Incident angle (Ο)

R
e
fl
e
c
ti
v
it
y

-1

0

1

2

P
h
a
se

 s
h
if
t 
Φ
/
π

Fig. 2. Reflectivity (red solid line) and reflected phase shift (blue dashed
line) as functions of the incident angle. The thicknesses of the gap layer
and the guiding layer are d1 = 107 nm and d2 = 401 nm, respectively.

The nonlinear response of the reflection is illustrated in
Fig. 3. Obviously, the reflectance and the GH shift exhibit
hysteretic behavior. When a weak light beam is incident at an
angle θi = 62.79◦, which is slightly larger than the resonance
angle θR = 62.64◦, the waveguide mode cannot be excited,

and the light is almost totally reflected (see the upper branch
of the curve in Fig. 3(a)). As the intensity increases to a high
threshold Ih, the waveguide is tuned toward resonance due to
the change in the dielectric constant of the Kerr medium. As
a result, the reflectance is switched from a high level (point B)
to a low level (point C). Simultaneously, the GH shift jumps
from a small value (point B) to a large one (point C), as shown
in Fig. 3(b). When the input power is decreased, the output
remains on the lower branch of the curve, and the reflectivity
moves toward a minimum (point D). However, the nonlinear
refractive index becomes so small at the low threshold Il that
the reflectance cannot maintain the FTR state, and this inherent
feedback switches the system to the TIR state (point A). Dur-
ing this transition, the GH shift changes from large to small.
Between the high and the low thresholds, both the reflectivity
and the lateral displacement have two stable states and exhibit
bistable behavior.
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Fig. 3. (a) Reflectivity and (b) GH shift versus incident light intensity.
The thicknesses of the gap layer and the guiding layer are d1 = 107 nm
and d2 = 401 nm, respectively. The incident angle is θi = 62.79◦.

According to the above discussions, the occurrence of op-
tical bistability results directly from the intensity-dependent
nonlinear refractivity of the substrate. During the switch-up
and switch-down transitions between the two branches of the
hysteresis loop, the electric field in the Kerr medium changes
dramatically. We plot the electric-field intensity profile inside
the four-layer waveguide structure in Fig. 4 to explain the hys-
teretic behavior. The reflectivity hysteresis curve in Fig. 3(a)
can be divided into two processes: A–B–C with increasing in-
put power, and C–D–A with decreasing input power. In the
process A–B, the intensity of the surface electric field in the
substrate increases slowly with the input power, shifting the
resonance angle θR toward the incident angle θi. When the
system gradually enters the waveguide mode (point B), the in-
ternal electric field increases abruptly as a result of the positive
feedback effect, which causes the reflectance curve to switch
from TIR below θR to FTR slightly above θR. Accordingly,
the reflectivity jumps from point B to point C. In the process
C–D, the system still remains in the FTR state and approaches
resonance with decreasing incident intensity. At point D, the
input power reaches the minimum required intensity for the
resonant mode. When the input power decreases further, the
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internal electric field decreases abruptly, leading to the sys-
tem moving suddenly away from resonance. Then, the sys-
tem returns from the FTR state to the TIR state. During these
processes, the lateral displacement associated with the phase
variation also exhibits bistable behavior. The enhancement of
the GH effect is related to the increase of the evanescent field
in the structure. In the process A–B, the internal evanescent
electric field is weak due to the off-resonance condition. In
the process C–D, the evanescent electric field is enhanced by
the excitation of the waveguide mode, so the lateral displace-
ment is correspondingly enlarged. Especially near point D,
the waveguide mode is fully excited, resulting in a significant
change in the phase shift. Then, the GH shift can reach a max-
imum value and exhibits a peak near the low threshold Il, as
shown in Fig. 3(b).

0 300 600 900 1200

0

100

200

300

z (nm)

Point A

Point B

Point C

Point D

Prism gap waveguide          Kerr medium

E
↼z
↽/
E

2

Fig. 4. Electric-field distributions E(z) in the slab waveguide structure
at the points marked A–D in Fig. 3. E0 is the amplitude of the incident
electric field.

In the prism-coupled waveguide structure, the complex
propagation constant of the leaky waveguide mode consists of
two parts: β , the eigen propagation constant of the three-layer
waveguide (assuming the gap layer is infinite), and ∆β , the
offset of the propagation constant caused by the gap layer with
finite thickness.[21] Their imaginary parts represent the intrin-
sic loss resulting from the absorption of the waveguide (Γi =

Im(β )) and the radiation loss caused by the gap layer (Γr =

Im(∆β )). Therefore, under the condition |exp(2ik1zd1)| � 1
(k1z is the z component of the wave vector in the gap layer),
the reflectivity and GH shift of the leaky waveguide structure
have the form[21]

R = 1− 4ΓiΓr

∆ 2 +(Γi +Γr)2 , (10)

SGH =−cosθ
2Γr(Γ

2
i −Γ 2

r −∆ 2)

4∆ 2Γ 2
r +(Γ 2

i −Γ 2
r +∆ 2)2 , (11)

where ∆ = kx−Re(β +∆β ), and kx =
√

εPk0 sinθi is the x
component of the incident wave vector. When ∆ = 0, the sys-
tem satisfies the phase-matching condition, θi = θR, and the
reflectivity and GH shift can be written as

Rmin =

(
Γi−Γr

Γi +Γr

)2

, (12)

SGH =
2Γr

Γ 2
r −Γ 2

i
cosθR. (13)

Therefore, Re(β +∆β ), the eigen propagation constant of the
system, determines the resonance angle θR, while the intrinsic
loss Γi and the radiation loss Γr together determine the min-
imum reflectivity Rmin. The losses Γi and Γr also affect the
lateral displacement. According to Eq. (13), a small differ-
ence between Γi and Γr corresponds to a small Rmin and a large
SGH. The complex propagation constant depends on the thick-
ness and permittivity of the layers. Therefore, θR and SGH

vary with these system parameters, which accordingly affect
the hysteretic response. In the following, we investigate the
influence of the layer thickness on the bistability of the GH
shift.

Firstly, we investigate the effect of the thickness of the
gap layer d1 on the bistability when the thickness of the guid-
ing layer is fixed. The reflectance and phase-shift spectra with
different d1 are shown in Fig. 5 under the condition of weak
input, which corresponds to the initial state of the hysteresis
loop (I0 ≈ 0). As d1 increases, the resonance angle θR de-
creases gradually owing to the decreasing offset propagation
constant ∆β . Meanwhile, the energy leakage from the waveg-
uide to the prism is reduced, thereby decreasing the radiation
loss Γr. As a result, the minimum reflectivity Rmin becomes
smaller, and the rate of change of the phase dΦ/dθi at reso-
nance tends to increase, as shown in Fig. 5(b).
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Fig. 5. (a) Reflectivity and (b) reflected phase shift versus incident angle
for different thicknesses of the gap layer d1. The thickness of the guiding
layer is d2 = 401 nm.

Considering the Kerr nonlinearity of the substrate, we
plot the nonlinear GH shift as a function of the incident light
intensity, as shown in Fig. 6. In the case that the incident an-
gle θi is larger than the resonance angle θR, the initial angle
offset, ∆θ = θi− θR, increases with the thickness d1. Then,
a larger input power is necessary to bring θR into coincidence
with θi, leading to an increase in the switching threshold Ih.
The peak value of the GH shift near the low threshold Il is re-
lated to the exact excitation of the waveguide mode. For large
d1, the minimum reflectivity becomes smaller and the phase
variation becomes sharper (see Fig. 5). As a result, a larger
lateral displacement can be obtained with a thicker gap layer.
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Fig. 6. GH shift versus incident intensity for different thicknesses of the
gap layer at a fixed incident angle θi = 62.79◦. The thickness of the guid-
ing layer is d2 = 401 nm.

Secondly, we investigate the influence of the thickness of
the guiding layer d2 on the bistability. Under the condition of
weak input, the reflectivity and phase-shift spectra versus the
incident angle for different d2 are plotted in Fig. 7. With the
increase of d2, the real part of the propagation constant of the
waveguide, i.e., Re(β +∆β ), increases accordingly, thus re-
sulting in a rightward shift of the resonance angle. However,
the changes in the minimum reflectivity as well as the variation
of the phase in the FTR dip are small. Therefore, we can ex-
pect that when the incident light excites the waveguide mode,
the corresponding GH shift peak does not change significantly.
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Fig. 7. (a) Reflectivity and (b) phase shift versus incident angle for dif-
ferent thicknesses of the guiding layer d2. The thickness of the gap layer
is d1 = 107 nm.

The nonlinear GH shifts versus the incident light inten-
sity for different thicknesses of the guiding layer are shown in
Fig. 8. It has been previously analyzed that the increase in the
thickness of the guiding layer leads to a rightward shift of the
resonance angle, and then the initial angle offset ∆θ is small
for large d2. Therefore, a smaller input power can switch the
hysteresis of the GH shift from the lower to the upper branch.
That is, Ih, the threshold intensity for the transition from the
TIR state to the FTR state, is reduced with the increase of d2.
The peak values of the GH shift, as predicted above, are al-
most unchanged. In Fig. 9, we plot the internal electric field
profiles at the three peak points. As d2 increases, the losses
of the waveguide decrease, resulting in a decrease of the min-
imum electric field intensity required to maintain the waveg-

uide mode. Therefore, the minimum input required to remain
in the FTR state is decreased, thus reducing the low threshold
Il. Furthermore, if d2 is further increased, the optical bista-
bility will disappear. In this case, the initial angle offset is
so small that the nonlinear GH shift has only a single-valued
relationship with the input intensity.
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Fig. 8. GH shift versus incident intensity for different thicknesses of the
guiding layer at a fixed incident angle θi = 62.79◦. The thickness of the
gap layer is d1 = 107 nm.
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So far, we have studied the nonlinear lateral shift with dif-
ferent thicknesses of the gap layer and guiding layer. Further
calculations were carried out to evaluate the range of thick-
nesses of the gap layer and waveguide within which a bistable
hysteresis loop can be obtained. The ranges of d1 and d2 ex-
ceed 30 nm and 20 nm, respectively, while for a large thick-
ness of the gap layer (d1 > 122 nm) and a small thickness of
the waveguide (d2 < 390 nm), the thresholds increase signifi-
cantly. Therefore, the bistable GH shift can be observed con-
veniently under a wide range of parameters, which are much
larger than the tolerance of the preparation precision of thin
films and the control of the gap layer (the accuracy of film
thickness can reach ±0.5%).

In Fig. 10, we show the influence of the incident an-
gle on the bistable response of the GH shift. The reflectiv-
ity and phase shift spectra with a weak input are shown in
Fig. 2 and the initial resonance angle is θR = 62.64◦. As
the incident angle θi increases, the initial angle offset ∆θ

also increases. Therefore, a larger input power is necessary
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to shift the intensity-dependent θR toward θi, thus increasing
both thresholds Ih and Il. However, Ih increases faster than
Il. At the three peak points, the eigen loss and radiation loss
of the structure are almost the same, and therefore there are
only slight changes in the peak values of the GH shift. The
minimum incident angle at which optical bistability can occur
is about θi = 62.72◦. The optimal incident angle should be
less than 62.9◦, exceeding which the thresholds become too
large. In a real experiment, the offset angle ∆θ can be flexi-
bly tuned below 0.1◦.[38] Therefore, the tolerance angle of the
leaky waveguide is large enough.
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Fig. 10. Bistable GH shift for different angles of incidence. The thick-
nesses of the gap layer and the guiding layer are d1 = 107 nm and
d2 = 401 nm, respectively.
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Fig. 11. (a) and (b) Angular spectra of reflectivity and GH shift for
different refractive indices of the substrate when the incident light is s-
polarized. (c) and (d) Bistable reflectivity and GH shift with a Kerr
substrate. The thicknesses of the gap layer and the guiding layer are
d1 = 160 nm and d2 = 401 nm, respectively. The incident angle is
θi = 63.60◦.

Compared with metal-based devices using surface plas-
mon polaritons, which support optical resonance only for p-
polarized incident light, the leaky mode can be excited by
both p- and s-polarized light impinging upon the waveguide
system. In Figs. 11(a) and 11(b), we plot the reflectivity and
lateral shift of an s-polarized light beam. The typical ATR fea-
ture is clearly observed due to the excitation of the guiding
mode. When the refractive index of the substrate increases,
the resonance angle shifts to the right. For an incident angle

θi = 63.60◦, the reflectivity can be switched between two sta-
ble states, ATR and TIR, by varying the incident light inten-
sity to modulate the Kerr nonlinear refractivity, as shown in
Fig. 11(c). Simultaneously, the GH shift also exhibits a hys-
teretic response (see Fig. 11(d)).

A potential application of the bistable GH shift is in opti-
cal switching, where the transient process and response speed
are crucial. Because the structures of the waveguide and the
SPR system are similar, the response times associated with the
excitation of the leaky mode and surface plasmon polariton are
on the same order, mainly determined by the nonlinear mate-
rial and the structure.[41] For a liquid crystal Kerr medium, the
response time ranges from 10 µs to 1 s. For a solid nonlinear
crystal, the response time is usually less than 1 ns, even down
to the order of ps. Therefore, the typical response time of the
structure can reach sub-ps levels.[42]

4. Conclusion
In summary, we have investigated the nonlinear GH shift

in a prism-coupled slab waveguide with a Kerr nonlinear sub-
strate. Owing to the positive feedback effect induced by the
intensity-dependent guiding mode, there exist two switchable
stable states, total internal reflection and frustrated total reflec-
tion. The lateral displacement exhibits a hysteretic response to
the input power. As the incident intensity varies, the waveg-
uide is tuned in and out of resonance, corresponding to states
with large and small GH shift, respectively. When the input
power slightly exceeds the low threshold, the lateral shift can
be greatly enhanced and the reflectivity reaches a minimum
due to the matching between the tangential component of the
wave vector in the prism and the intensity-dependent propaga-
tion constant of the waveguide mode. It is also found that the
hysteresis loop depends strongly on system parameters, such
as the thicknesses of the gap and guiding layers, and the in-
cident angle. The gap layer affects the radiation loss of the
leaky waveguide and the resonance angle, thereby influencing
the peak value of the bistable GH shift and shifting the high
threshold. The guiding layer mainly affects the initial reso-
nance angle, thereby modifying both the low and high thresh-
olds. The bistable behavior of the GH shift may find applica-
tions in all-optical devices.
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