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Abstract We study the bistable and negative lateral shifts
of the reflected light beam from Kretschmann configuration
containing left-handed metamaterials with self-focusing and
self-defocusing Kerr-type nonlinearity. It is shown that the
lateral shifts can be large and negative when the thickness of
the middle metal film is smaller than the critical value. Tak-
ing the nonlinear effect into account, there exists a hysteretic
response between the beam shift and the intensity of the in-
cident light beam. These results suggest that the bistable and
negative beam shifts can be modulated by nonlinear coeffi-
cients and intensity of incident beam, which might be used
in integrated photonics and optical switches.

1 Introduction

It is well known that the light beam totally reflected from
a single interface between two different media experiences
a lateral displacement with respect to the path predicted by
geometrical optics. This phenomenon was called the Goos—
Hinchen (GH) effect [1, 2] and theoretically explained by
Artmann’s stationary phase method in 1948 [3]. Because of
their significant applications in electromagnetic communi-
cation system and integrated optics [4-6], the (large) neg-
ative and positive lateral shifts have been extensively in-
vestigated in partial reflection [7, 8], frustrated total inter-
nal reflection (FTIR) [9-11], and attenuated total reflection
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(ATR) including Kretschmann—Raether (KR) [12-14] and
Otto configurations [15—17] with various materials such as
left-handed metamaterial (LHM) [18-20], weakly absorb-
ing [21, 22], active medium [23], metal material [24], and
electro-optical crystal [25]. In this regard, a relevant and sur-
prising recent discovery is that the interplay of negative GH
effect and negative refraction in the metamaterial waveguide
leads to a new approach to trap rainbow, which gives rise to
the applications in optical data processing and storage [26].
Therefore, these exciting prospects for manipulating light in
the optical negative-index metamaterials [27] motivate one
to investigate the negative and positive lateral shifts in the
guide-wave configurations containing LHM.

Historically, GH shift was investigated in a single inter-
face for total reflection, and its magnitude is only about the
order of the wavelength. However, theoretical predictions
and experimental verifications have shown that the lateral
shifts can be large negative and positive in KR and Otto con-
figurations due to the excitation of surface plasmas waves
[12-17]. For example, Yin et al. once observed experimen-
tally the large negative and positive lateral shift in KR con-
figuration with thin metal film, resulting from the surface
plasmon resonance. Furthermore, some recent studies have
illustrated that the nonlinear surface wave (NSW) should be
a more interesting topic [28-31] from the physical point of
view, due to a host of new phenomena in comparison with
the linear surface wave (LSW). Very recently, the bistable
lateral shifts have been discovered in KR [32] and Otto [33]
configurations, where the NSW can be excited at a Kerr non-
linear dielectric-metal interface. But, these studies are de-
voted to the NSWs for TM polarization and concentrated
only on the interface of Kerr nonlinear dielectric, instead
of LHM. Since the stable NSWs of TE and TM polarized
can be simultaneously excited [34] and such surface waves
under some conditions possesses the property of bulk NIM
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waves, where the energy flow is directed opposite to that of
the phase propagation [35], we think beyond a doubt that the
lateral shifts associated with NSW in the guide-wave config-
urations will fuel the discovery of new phenomena as well as
the development of integrated photonics and optical devices.

In this work, we will investigate theoretically the bistable
and negative lateral shifts of TE-polarized light beam re-
flected from KR configuration containing LHM with self-
focusing and self-defocusing Kerr-type nonlinearity. It is
found that the lateral shifts can be large and negative based
on the unique properties of NSW [34, 35], and the nega-
tive shifts can become positive with increasing the thickness
of metal film. Moreover, there also exists the hysteretic re-
sponse between the lateral shift and the intensity of the inci-
dent beam. Compared with the linear counterparts [13, 17],
the bistable lateral shifts can be modulated by not only the
incidence angle, but also nonlinear coefficients and the in-
tensity of the incident beam. Finally, we discuss the influ-
ences of the lossy of LHM on the bistable shifts.

2 Formulation

For simplicity, we consider a TE-polarized light beam with
wavelength A and incidence angle 6y incident upon KR con-
figuration containing LHM, as shown in Fig. 1, where the
permittivity and permeability of the high-index prism and
metal thin film are €1, 11 and &3, uy, respectively. The per-
mittivity and permeability of Kerr-type nonlinear LHM con-
sidered here are assumed to be 8§V L—g34a |E(z) |2 and w3,
where €3 is the linear part of the permittivity, and the non-
linear coefficients of self-defocusing and self-focusing non-
linearity are o = %|e3eocn v | with vacuum permittivity eg
and Kerr constant nyy .

incidence beam transmitted beam

Y

0 }
> N or ¢ y

4

Fig.1 Schematic diagram of the large and negative lateral shifts in KR
configuration, where layers 1, 2, 3 represent high-index prism, metal
film, and LHM. The incident beam, the reflected one and the excited
nonlinear surface wave are also depicted
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When a TE-polarized light beam is incident upon such
KR configuration, the electric fields propagating in the metal
film and LHM are both the evanescent waves, the NSW can
thus be excited at the interface of metal film and nonlinear
LHM. In this case, the nonlinear wave equation of the elec-
tric field in LHM is described by [34, 35]:

92E,(2)

e R (e el E @ ~ k) Ex) =0, (M

and k, is the wave vector component along the nonlinear
LHM interface. The solutions of the above (1) can be written

as
2 K3z .
V Tl Gcoshleaz—zo  (self-focusing),
E ()= 2)

2 K3z - :
/—\alus Ko Sinh 5. G=20)] (self-defocusing),

where K3, = \/kg —n2kZ — IRa|E((2)12, n3 = —\/&3705,
ko is the wave vector of the vacuum, and zg is the position
of the maximum field at the LHM interface. When the self-
focusing nonlinearity is considered, the stationary surface
wave has the following form:

EdeKZZ(Z_d)eik)'y O<z< d,

Ec ()= (3)
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where ko, = ,/k% — n3kg and z is given by
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with | E4| being the amplitude of the electric field at the in-
terface z = d. According to the boundary conditions, the to-
tal reflectivity can be expressed as follows,

ri2 +ra3exp2ika;d)

r=|rle' = < (5)
1+riors eXp(Zlkzzd)

with

oy = kizpo — kozpeq ©)
kizpo + kozpr”

and
k —k

Fo3 2743 3z 42 )

ko + ks’

where ki; = \/ntkg — k2, kag = ik, k3; = i, ky =
ki sin6, and 0 is the incidence angle of the plane wave
component under consideration. It is noted that the self-
defocusing nonlinearity can be discussed in the same way.
The difference in these two cases is nothing but the nonlin-
ear coefficients «, since the solution of z¢ has no influence
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on the reflection coefficients. Furthermore, once the electric
field E; is given, the value of the incident intensity I is
obtained by

Ip = Ao TR (®)

where Ag = 2|n3|egc [36], and the total transmissivity ¢ is
given by

__tens exp(ika;d) ©)
1 + t12023 expikozd)’
with
2k 2
fy=——2F2 (10)
kizpo + ko piy
and
2kaz 13
3 < (1)

B koz s + k3zuo '

According to the phase shift ¢ as the function of ky, the
lateral shift, which is described in Fig. 1, is determined as
[3, 20],

d¢
dkyo’

= (12)
where the subscript 0 denotes the values taken at 6 = 6.
Obviously, the relationship between the input intensity Iy
and the lateral shift s can be constructed with the electric
field E4. In the following discussions, we will show that (5)
indicates that the reflectivity R = |r|> becomes minimum
due to the excitation of NSW, which will lead to bistable
and negative lateral shifts.

3 Results and discussions

In this section, we will discuss the lateral shifts of the re-
flected beam in detail. Figure 2 shows the large and nega-
tive lateral shifts, where the parameters of high-index prism,
metal film and LHM are chosen to be ¢ = 12.8, u; =1,
&y =—18+0.51, up =1, e3 = —2.8447, nu3 = —0.4551,
the self-focusing and self-defocusing nonlinear coefficients
are o = F1.5105 x 10~ with g9 = 8.85 x 10~2 F/m and
nyr =2 x 107° m*/W, and |E4|> = 1.5 x 10'° V/m. Fig-
ure 2(a) indicates that the lateral shifts ford = 7.7 x 1078 m
can be large and negative when the incidence angle ap-
proaches to the surface plasmon resonance (SPR) angle 6.,
due to the excitation of the NSWs. It is seen from Fig. 2(a)
that the nonlinearity of the surface wave has a great im-
pact on the lateral shifts. Compared with the results in the
case of LSW [13], Fig. 2(a) demonstrates that the maximum
absolute values of the negative lateral shifts can be tuned

0 ‘ T T T T
2o}
4}
< et
w
_8 3
-10}
12 . . . . . . .
40 41 42 43 44 45 46 47 48
a 0(°)
15 T T T T T T T
<
S~
w
40 41 42 43 44 45 46 47 48
b 0 (°)

Fig. 2 Dependence of the lateral shifts on the incidence angle 6,
where the physical paraments are chosen to be A = 1.06 x 107° m,
and |E4> = 1.5 x 1019 V/m, (a) d = 7.7 x 1078 m < d,. and
(b) d =9.4 x 1078 m > d.. The solid, dashed, and dotted curves
correspond to the cases of self-focusing nonlinearity, linearity, and
self-defocusing nonlinearity

by the effective nonlinear dielectric sé\’ L= g3+ alE(2)]%,
where the nonlinear coefficients « < 0, « =0, and o > 0
correspond to the self-focusing nonlinearity, linearity and
self-defocusing nonlinear cases, respectively. More interest-
ingly, Fig. 2 also illustrates that the negative lateral shifts
will become positive with increasing the thickness of mid-
dle metal film. That is to say, the lateral shifts can be nega-
tive for d < d., while they become positive for d > d,.. This
phenomenon is closely related to the properties of the reflec-
tion coefficient (5) [12]. Due to the absorption of the metal-
lic film and the NSW resonance, the magnitude of reflec-
tion coefficient, |r (6, d)|, has a minimum rp;, in its relation
with the incidence angle 6y at any metal film thickness d.
The SPR resonance angle 6, at which |r| is minimum is de-
pendent on the film thickness. At a particular thickness, 7y
becomes zero, which corresponds to the total absorption due
to the dispersion relation of surface wave [17]. This partic-
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ular thickness, called “critical thickness”, will play a crucial
role on the sign of beam shifts and is denoted by d... The cor-
responding resonance angle at which rp;, is zero is denoted
by 67. The critical thickness is given by

1 |ras|

= o———In—, (13)
¢ 2mk:) |l
where 6/ is the solution to the following equation:
Re(ky;) | |3l
$r—¢p—m=———"In—, (14)
Im(kz:) — [r12]

which describes the resonance condition, ¢; and ¢, are
the phase angles of rj» and rp3. Further calculations will
demonstrate that 6, < 6 for d < d., whereas 6, > 67 for
d > d.. For all the parameters in Fig. 2, the critical thick-
ness and the corresponding SPR angle are obtained as d. =
8.65 x 1078 m and 0¢ = 44.84°.

In order to understand the large and negative lateral shifts
discussed above, Fig. 3 shows the dependence of the reflec-
tivity and phase shift on the incidence angle 6y, where the
physical paraments are the same as those in Fig. 2(a). As
shown in Fig. 3(a), it is clear that when the surface wave is
excited around the SPR angle 6,, the electric field can be
strongly localized at the interface, thus the reflectivity ap-
proaches to a minimum value, as discussed above.

Figure 3(a) also represents that the reflectivity reaches the
minimum value around the SPR angle, where 6, = 43.36°
(dotted curve), 6, = 43.94° (dashed curve), and 6, = 44.52°
(solid curve) correspond to the three difference cases dis-
cussed in Fig. 2(a). In addition, the drastic increase of the
phase shift around 6, as shown in Fig. 3(b) implies the large
and negative lateral shifts, according to the stationary phase
theory [3]. Actually, the large and negative lateral shifts can
be understood by the constructive and/or destructive inter-
ference between different plane wave components with var-
ious phase shifts. So the positive slope of phase shift for
d > d. will result in the positive lateral shift. However, it
is worthwhile to mention that the lateral shift for d = d,
has no physical meaning, because the reflected beam in this
case undergoes serious distortion, that is, stationary phase
method is not valid, when the reflectivity is zero.

More importantly, there exist giant and bistable shifts
with the variations of input intensity Iy, as shown in
Fig. 4(a), where 6y = 50° and d = 7.7 x 1078 m (d <d,).
The hysteretic behavior of lateral shifts results from the ex-
citation of the NSW at the nonlinear LHM-metal interface.
It is shown that with the intensity of incident beam increas-
ing, the reflectivity changes slowly. When [ increases up
to the high threshold value /g, the reflectivity goes down
with the decease of input intensity. On the contrary, the re-
flectivity will jump into a higher value until Iy reaches the
low threshold value I;. This phenomenon is similar to the
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Fig. 3 Dependence of the reflectivity (a) and phase shift (b) on the
incidence angle 6y, where the physical parameters are the same as
those in Fig. 2(a). The solid, dashed, and dotted curves correspond
to self-focusing nonlinearity, linear, and self-defocusing nonlinearity
cases

result in similar KR configuration containing the interface
between metal and nonlinear Kerr dielectric [32]. However,
the behavior of bistable shift is quite different. With the in-
put intensity increasing, the bistable shift decreases slowly,
but when I is up to the high threshold value 7y, the nega-
tive shift will jump into the smaller one, corresponding to a
larger absolute value of the lateral shift. Compared with the
result that the negative lateral shift increases slightly with
the decrease of input intensity, the negative shift sharply
decreases to a very small absolute value until Iy reaches
the low threshold value I, which corresponds to the peak
shown in Fig. 4(a). But Fig. 4(b) shows that the hysteretic
behavior of the lateral shift will disappear for d > d..
Figure 5(a) and (b) further demonstrate the depen-
dence of the bistable shifts on input intensity /o at vari-
ous incidence angles in the cases of self-focusing and self-
defocusing nonlinearity, where (a) 6y = 50° (solid curve),
6y = 48° (dashed curve), 6y = 46° (dotted curve), (b) 6y =
40° (solid curve), 6y = 38° (dashed curve), 6y = 36° (dot-
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Fig. 4 Dependence of the bistable lateral shift (solid curves)
and reflectivity (dashed curves) on the intensity [y of incident
beam in the case of self-focusing nonlinearity, where 6y = 50°,
(@)d=7.7%x10"%m, (b) d = 9.4 x 10~8 m, and the other parameters
are the same as those in Fig. 2

ted curve), the other parameters are the same as those in
Fig. 2. It is implied that the high threshold values Iy are
more sensitive to 6y than the low threshold values I;. For
the certain thickness of metal film d = 7.7 x 10~8 m, the
hysteretic behavior of the lateral shift in the case of self-
focusing nonlinearity will disappear with the decrease of
incidence angle. And the peak of the lateral shifts also be-
comes larger when increasing incidence angle 6y slightly.
On the contrary, Fig. 5(b) shows that the hysteretic behavior
of beam shift in the case of self-defocusing nonlinearity will
disappear, when the incidence angle 6y becomes larger. All
these interesting phenomena on the bistable and negative
lateral shifts can be applicable to design spatial modulation
and optical switch.

Finally, we would like to discuss the influence of loss
on the bistable shifts, because the real metamaterial has un-
avoided losses. To this end, the dielectric permittivity and
magnetic permittivity of LHM are taken to be complex num-
bers, ¢ = sé‘]L +ig; and u = u3 + ip;, where eé\’L, &y U3,

0
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Fig. 5 Dependence of the bistable shifts on the input intensity Io
at various incidence angles 6y in the cases of (a) self-focusing and
(b) self-defocusing nonlinearity, where (a) 6y = 50° (solid curve),
6o = 48° (dashed curve), 6y = 46° (dotted curve), (b) 6y = 40° (solid
curve), 6y = 38° (dashed curve), 6y = 36° (dotted curve), and the other
parameters are the same as those in Fig. 2

and w; are all the real number. For the sake of simplification,
we assume here that &; and w; have the same values. Fig-
ure 6 shows that the dependence of the bistable shifts on the
input intensity Iy with different losses of the metamaterial
in the cases of (a) self-focusing and (b) self-defocusing non-
linearity, where (a) 8y = 50°, &; = u; = 0.001 (solid curve),
& = p; = 0.003 (dashed curve), &; = u; = 0.005 (dotted
curve), &; = u; = 0.008 (dash-dotted curve), (b) 6y = 38°,
& = u; = 0.001 (solid curve), &; = u; = 0.005 (dashed
curve), & = u; = 0.010 (dotted curve), & = u; = 0.015
(dashed-dotted curve), the other parameters are the same
as those in Fig. 2. It is shown in Fig. 6 that the bistable
shifts still survive for the weakly lossy LHM. Comparisons
of Fig. 6 and Fig. 5 further suggest that the weak absorbing
LHM will enlarge the absolute value of the negative lateral
shifts. But the lateral shift will be changed from negative to
positive with increasing &; and w;. Actually, with enough
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Fig. 6 Dependence of the bistable shifts on the input intensity /o with
different losses of the metamaterial in the cases of (a) self-focusing and
(b) self-defocusing nonlinearity, where (a) 8y = 50°, &; = u; = 0.001
(solid curve), ¢; = u; = 0.003 (dashed curve), g; = u; = 0.005
(dotted curve), ¢; = n; = 0.008 (dash-dotted curve), (b) 6y = 38°,
g = ui = 0.001 (solid curve), i = pu;j = 0.005 (dashed curve),
gi = pni = 0.010 (dotted curve), g; = u; = 0.015 (dashed-dotted
curve), and the other parameters are the same as those in Fig. 2

large ¢; and p;, the loss of LHM will ruin gradually the hys-
teretic characteristic of lateral shifts. In addition, Fig. 6 also
shows that the loss of LHM with self-focusing nonlinear-
ity is more sensitive to the beam shift than that with self-
defocusing nonlinearity.

4 Conclusion

In summary, we have investigated the giant bistable and
negative lateral shifts for TE-polarized light beam reflected
from KR configuration containing LHM with self-focusing
and self-defocusing Kerr-type nonlinearity. Due to the exci-
tation of the NSW in the LHM, the lateral shifts can be en-
hanced, and become negative when the incidence angle 6y
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is around the SPW angles. It is worth pointing out that the
lateral shifts will change from negative to positive, when the
thickness of metal film is satisfied d > d.. Taking the self-
focusing and self-defocusing Kerr-type nonlinearity into ac-
count, we have also found that there exist hysteretic phe-
nomena of lateral shifts and their corresponding reflectivity
with various Iy and incidence angle 6. It is clear that the
modulation of the lateral shifts can be realized via changing
incidence angle, nonlinear coefficients, and input intensity
of light beam. In addition, the influence of the loss of a real
metamaterial on the bistable shift are also discussed in both
cases of self-focusing and self-defocusing Kerr-type nonlin-
earity. Finally, it should be emphasized here that we can con-
sider the giant and bistable lateral shifts of TM-polarized
light beam in the same way. However, it is because the in-
terface associated with LHM can support both TE- and TM-
polarized surface waves that the large positive or negative
lateral shifts will be simultaneously realized for TE and TM-
polarized light beams in the similar configuration containing
LHM as we consider here. This is also potentially useful to
design new type of polarization beam splitter. With the re-
cent advances of nonlinear effects in metamaterials in mi-
crowave and even optical frequencies [37], we hope that all
these phenomena discussed here may lead to some potential
applications in integrated optics and optical devices.
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