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Abstract Optical sensing of temperature variations is ex-
plored by studying the Goos—Hinchen (GH) lateral shift of
a reflected light beam from various device based on the sur-
face plasmon (SP) excitation at metal-dielectric interfaces.
Both the Kretchman and the Sarid geometry will be consid-
ered, where the temperature variations of the GH shifts asso-
ciated with excitation of both the regular and the long-range
SP will be studied. It is found that while the SP-induced
shifts and their temperature sensitivities are much greater
than those from a bare metallic surface, these sensitivities
are comparable between the shifts induced by the different
kinds of SP, although the long-range SP can in general in-
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duce much greater values in the GH shifts, as reported re-
cently in the literature.

1 Introduction

The Goos—Hinchen (GH) effect refers to the lateral shift of
a well-collimated incident beam upon reflection from an in-
terface [1-5].! Since the first observation of the effect from
the shift of totally reflected light beam at a dielectric-air in-
terface more than sixty years ago [1, 2], many interesting
effects relating to this phenomenon have been discovered.
Depending on different kinds of polarized light and on ma-
terial interfaces, a very rich of literature has been established
covering both positive (forward) shifts and negative (back-
ward) shifts at interfaces of a large variety of materials in-
cluding insulating and conducting (metallic); isotropic and
anisotropic; and natural as well as meta-materials [6-25].2
For example, nontrivial GH shifts have since been studied
at partially reflecting surfaces [6] including weakly absorb-
ing [7-10] and metallic surfaces [11, 12]; nonlinear Kerr
material interfaces [13—15]; phase-conjugate surfaces [16];
anisotropic interfaces of antiferromagnet [17] and graphene
[18]; photonic crystals [19], left-handed materials [20-22];
as well as other heterogeneous materials [23-25].
Applications of these GH shifts have been explored from
time to time for the last several decades: from designing new
sensing technologies [26] to slowing down light by the neg-
ative shifts [27]. However, the generally small magnitudes
in these shifts have limited such applications mostly to the

'For an earlier comprehensive review, see [3-5].

2This includes, for example, gradient-index materials (see, e.g., [23]),
as well as inhomegeneous composite materials (see, e.g., [24, 25]).
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laboratories; and this has motivated many researchers in re-
cent years to explore new optical structures which will lead
to significantly large GH shifts (both positive and negative
shifts). One of these approaches is to exploit resonance con-
ditions in specially designed optical structures. Over the last
two decades, for example, such large shifts have been ob-
served from various systems including resonant absorption
from gas vapor layer deposited at a transparent interface
[28], at waveguides [29-32], and at surface plasmon reso-
nance (SPR) devices [33-35].

In the SPR devices [34, 35], attenuated total reflection
(ATR) in the Kretschmann geometry was applied and a one-
dimensional position-sensitive detector (PSD) was used to
measure the GH shifts of the reflected beam from the prism.
It was found that besides the conventional positive shift
(~wavelength A) associated with the total reflection at the
critical angle; much greater positive/negative shifts (~1001)
can occur along with the excitation of the SPR at the reso-
nance angle which is slightly greater than the critical an-
gle. Furthermore, it was reported that the sign of these shifts
depends crucially on the metal film thickness which, when
goes beyond a certain critical value, will make the GH shift
change from positive to negative displacements. More re-
cently, the study of these lateral shifts has been extended to
the Sarid geometry [36] from which much greater GH shifts
(~10002%, both positive and negative) can be obtained due
to the excitation of the long-range surface plasmons (LRSP)
[37, 38].

It is the purpose of our present work to explore the
possibility of optical sensing of temperature variation by
monitoring these SP-induced GH shifts. We shall focus on
the Sarid geometry shown in Fig. 1 which includes the
Kretschman geometry in the limit of zero thickness for the
spacer layer (dielectric medium 2). Note that although the
coupling across the metal film (medium 3) to excite the
LRSP is strongest for a symmetric (ny & n4) geometry, it
is also possible for an asymmetric (n2 # n4) geometry [39].
Due to the extremely sharp resonance in the ATR reflec-
tivity spectrum associated with the LRSP excitation, it has
been exploited in the literature to achieve ultra-high sensi-
tivity in various sensor applications [40, 41] by monitoring
the change in reflectivity and phase across the very sharp
resonance reflectance dip. Here we provide in the following
an alternative scheme for temperature sensing by monitor-
ing the GH shifts associated with the SP and LRSP excita-
tions, by demonstrating the strong temperature dependence
of these shifts via numerical simulations, and by compar-
ing them with those observed previously from a bare metal-
lic surface which was then applied to temperature sensing
with modest sensitivity [26]. We shall also see that the high
temperature sensitivities for both the SP- and LRSP-induced
shifts are of comparable magnitudes in general.
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Fig. 1 Configuration of the Sarid geometry studied in our simulations

2 Theoretical model

For the conventional Kretschmann geometry, it has been
well-established that the SPR reflectivity can be approxi-
mated by a Lorentzian provided that (i) the loss in the metal
film is relatively small, and (ii) the film thickness is much
less than the wavelength of the incident light. This is accom-
plished via the introduction of two damping constants for
the ATR geometry, namely, the radiative damping constant
(Im Ak™) and the internal damping constant (Im Y, inter-
nal within the metal film) [42]. While the former damping
constant results from the coupling of SP to the reflected light
via the presence of the prism, and the latter results from dis-
sipation loss in the metal film; both contribute to the “width”
of the SPR reflectivity curve.

It turns out that the above description is very general and
can be extended to a multilayer device such as a prism-
coupled waveguide system [29, 30] and a four-layer Sarid
geometry [37, 38]. We give a brief summary of the results
as follows. Thus for a P- or S-polarized incident light from
the prism side (see Fig. 1), the Fresnel reflection coefficients
can be obtained as

r12 + 1234 €xp(2ika;da)

r1234 = - , (1)
1 + r12r234 exp(Riko,d>)
with
23 + 134 exp(2iks;ds)
134 = - , 2
1 4 rp3r34 €xp(2ik3,d3)
and
ki-fei —kjz /e
k,z;& n kajgj o e
e e
rij = kl_z _lk. e ®)
u, S-wawe,
kiz + ka

where r;; are the interface reflectance (i, j = 1,2, 3,4); ¢;
are the dielectric constants and k;, are the normal compo-
nents of the wave vector in each of the layers; d» and d3 are
the thickness of dielectric layer and metal film, respectively.

Since k», is purely imaginary under the ATR condi-
tion, hence for a separating layer of large enough thickness
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(i.e. d» > A), we have exp(2ik;;d>) <« 1. Under this con-
dition, it can be shown that the reflectivity in (1) can be ap-
proximately described by two damping rates in the form [29,
30]

kx — [Re(k?) + Re(Ak™d)] — i[Im(k0) — Im(Ak™d)]
ke — [Re(k2) + Re(Ak™)] — i[Im(k¥) + Im(Ak2d)]

r1234 =712

with c1, ¢ being constants which have been studied in detail
in a recent work [38]; n3; the imaginary part of the refrac-
tive index of the metal film; and kg in (4) and (5) is the reso-
nant propagation constant of the three layer system when the
thickness of the dielectric (layer 2) is taken as semi-infinite
(i.e. in the absence of the prism). Note that the rate in (5)
essentially accounts for the loss of plasmonic energy via ab-

4) sorption of the system (mainly in the metal film); and that
in (6) accounts for the loss due to radiation away from the
where the internal damping rate is given by system as coupled back by the presence of the prism (since
Ak™ is essentially the difference between the two resonant
Im(kg) = cyn3i/ds; (5)  wave number: with and without the presence of the prism).
Hence under these approximations, the SP reflectance curve
and the radiation damping rate is given by of the 4-layer system can be described by a Lorentzian func-
tion of the form [29, 30]:
Im(AK2Y) = e explika.da) /ds3; (6)
0 rad
R=lrisal =l (1 = _Aml)Im AT . 2). %
{kx — [Re(k]) + Re(AkRY)]}= 4 [Im(kY) + Im(AkL)]

In the following, we shall use the exact Fresnel result in
(1) to calculate numerically the GH shifts associated with
the SP (d, = 0) and LRSP (d> # 0), respectively; and then
use the rates defined in (5) and (6) to understand the various
behaviors of the numerical calculations. In order to calcu-
late the GH shifts (D), we adopt the simple approach of the
Artmann formula [43] in the form
p—_1d® 8)

k do
where k is the incident wave number and 6 the incident an-
gle, respectively, while ¢ is the phase difference between the
reflected and incident waves and is defined by

Rer >0,
Rer <0, Imr > 0, )]
Rer <0, Imr > 0,

arctan(Imr/Rer),
arctan(Imr/Rer) + 7,
arctan(Imr/Rer) — m,

d):

where r = rip34is the Fresnel reflection coefficient. Note
that it has been shown [29, 30] that when the resonance con-
dition is satisfied in (7), i.e.
ky = Re(k)) + Re(Ak2Y), (10)

the GH shift calculated from (8) can be approximated in the
form [29, 30, 38]

2Im(Ak™)
= T Im(k0)2 rady2 ©0%
m(k0)2 — Im(Aktad)

0. (11)

The temperature dependence of D arises mainly from
the change in optical properties of the metal (Ag) film as

the sensor temperature (7') increases. Here we briefly re-
capitulate a previous model we established to describe these
changes [41, 44, 45].3 To begin, we model the dielectric re-
sponse of the Ag film using the Drude model:
o

~

w@+io:)’

where w, is the collision frequency and w),, the plasma fre-
quency given by

4 Ne?
wp = e

with N and m* the density and effective mass of the elec-
trons, respectively. Hence, assuming the variation of m*
with T can be ignored [44], w), depends on T' via volumetric
effects as follows:

13)

wp =wp[l+y(T —Tp] "7, (14)

where y is the expansion coefficient of the metal, and Ty is
a reference temperature taken to be the room temperature.
The collision frequency will have contributions from both

phonon-electron and electron—electron scattering:

We = Wcp + Wce,s (15)

3Most of the details for the temperature model can be found in [45].
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and can be modeled using the various scattering models in
the literature. We thus obtain [45]

2 T\> (9T 44z
o (T)=awo| = +4( = , 16
wep(T) w0[5+ (9)/0 ez_l} (16)

where 6 is the Debye temperature and wy is a constant to
be determined from the static limit of the above expression
together with the knowledge of the d.c. conductivity [45]. In
addition, we have [45]

wee(T) =—71° E[(kB T)? + (hw/27)?], (17)

12 hEp
where I" and A are defined in [44]. Thus (12)—(17) provide a
model for the temperature dependence of 3 = \/g , which
when used in (11) will lead to temperature-dependent GH
shifts associated with the SP and LRSP excitations.

@ Springer

3 Numerical results

To demonstrate the temperature effects on the LRSP-
induced GH shifts, we refer to the Sarid geometry in Fig. 1
with a high-index SF10 prism (n; = 1.711) and a spacer
layer of glass (n2 = 1.5) with a thickness of do = 970 nm.
The metal film of thickness (d3 = 30 nm) is taken as Ag with
optical properties as described in the above temperature-
dependent model. The wavelength of the incident light is
fixed at 670 nm. For illustration purpose, we also consider
the ideal symmetric case when the index of the external
medium exactly matches that of layer (i.e. n4s = ny). The
GH shifts are defined as the difference between that from an
incident TM wave and that from a TE wave, which is the
quantity usually measured in experiments.

Figure 2a shows the GH shifts as a function of incident
angles at various ambient temperatures. It can be seen that
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Fig. 3 Plot of the peak GH ]
shifts as a function of 16000 + °
temperature for both the positive |
and negative shifts for the Sarid
geometry away form the
“transition regions”
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as reported in the literature [37, 38], shifts of the order of
1031 can be reached via LRSP excitation. Note that in all
the plots, the GH shifts are measured in units of the wave-
length A. In addition, large variation in the GH shifts takes
place as the temperature varies from 100 K to 600 K, with
positive shifts at lower temperatures and negative ones at
higher temperatures. This can be understood by plotting the
angular spectrum of the reflectivity as shown in Fig. 2b,
in which we see that as temperature increases, the dip of
the reflectance curves first decreases and then increases for
T > 300 K. At the same time, the widths of these curves
keep on increasing as temperature increases. This implies
that for lower temperatures, the internal damping (ID, (5))
is small and the radiation damping (RD, (6)) dominates
so that the GH shift (11) becomes positive. Furthermore,
it becomes more positive as the RD decreases (i.e. lower
reflectance dip) and ID increases (still below RD) when
temperature goes up. However, above a certain temperature

(~300 K), the ID becomes greater than RD due to the in-
crease in both electron—phonon and electron—electron colli-
sions ((16), (17)), and the GH shifts turn negative. In addi-
tion, as the temperature keeps on increasing, the RD also
starts to increase (i.e. higher reflectance dip) but remains
below the ID. Moreover, the increase in ID with tempera-
ture (greater width for reflectance curve) becomes far more
significant, leading to an overall less negative GH shifts as
appeared in Fig. 2a.

In Fig. 3, we have plotted the variation of the peak
shifts as a function of temperature for both the positive
(Fig. 3a) and negative (Fig. 3b) shifts. It is observed that
while the nonlinear increase in shifts with temperature are
much greater than those at a bare metal surface [26], there
is a region just above and just below the “transition temper-
ature (~300 K) in which the change in shifts are greatest.
For example, if we assume a linear variation, the slope of
the temperature variations for positive shifts is found to be

@ Springer
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Fig. 4 Similar to Fig. 2, but for 1400
the case of the Kretschman 1200 4
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~254 nm/K for the range of T from 200 K to 250 K, and
that for negative shifts to be ~27 nm/K for T from 300 K
to 350 K. Avoiding these rapidly varying regions, we have
shown in Fig. 3 the variation of the LRSP-induced positive
GH shifts for 7 from 100 K to 250 K; and that for negative
shifts for 7 from 400 K to 600 K, respectively.

In Figs. 4 and 5, we have repeated similar analysis for
the Kretschman geometry in which we have set dy = 0
and d3 = 55 nm for the Ag film. The qualitative features
of the temperature dependence for the GH shifts in this
case are very similar to those in the Sarid geometry. Com-
pared to the results in Figs. 2 and 3 for the Sarid geom-
etry, it is seen that while the LRSP-induced shifts are on
the average greater than those from the Kretschman geome-
try, the rate of change of these GH shifts with temperature
are rather comparable between the two geometries. Close
to the “transition regions” (not shown), we found the ap-
proximate “linear rates” of ~12 nm/K for the positive shifts

@ Springer
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from 7 = 250 K to 300 K, and ~402 nm/K for the negative
shifts from 7" = 350 K to 400 K, respectively. Thus we con-
clude that as temperature sensors via the monitoring of the
GH shifts, the Kretschman geometry and the Sarid geometry
should have very comparable sensitivity, although for other
sensing applications, the LRSP approach has been found to
have appreciably greater sensitivities [40]. In any case, both
devices will have much greater temperature sensitivities in
the GH shifts compared to that obtained by monitoring such
shifts on a bare metal surface which was limited to have only
arate ~10~2 nm/K [26].

4 Discussion and conclusion

In this work, we have demonstrated that the GH shifts in-
duced by the excitations of SP [34, 35] or LRSP [37, 38]
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Fig. 5 Similar to Fig. 3, but for
the case of the Kretschman
geometry
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are not only much greater than those from a bare metal sur-
face [11], but their temperature sensitivities are also much
higher than that with a bare metal surface [26]. Moreover,
the two geometries (Kretschman and Sarid) have compara-
ble temperature sensitivities although the LRSP (Sarid) in-
duced shifts are in general of greater values. This is con-
sistent with what was found previously [41] when these SP
sensors were applied to monitor temperatures via measure-
ments of reflectance and phase changes. Thus it seems that
although the LRSP sensor can outperform the Kretschman
device in other sensing applications [40], this may not be
the case in terms of temperature sensing via measurements
of GH shifts.

Another interesting issue is that concerning the possible
direct correlation between the two length scales, i.e.: the
GH shift and the SP range. While it seems that the LRSP-
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induced shifts are indeed on the average greater than the
SP-induced shifts, we are not sure the two will have a defi-
nite correlation. For this purpose, we have carried out a nu-
merical study of the case with the “extended range surface
plasmon (ERSP)” achieved using the Kou-Tamir geometry
[46], in the range for the SP is even greater than that of the
LRSP in the Sarid geometry. However, our preliminary re-
sults show that the GH shifts attainable from this ERSP ge-
ometry do not turn out necessarily to be greater that those
from the Sarid geometry. It is hence of interest for a future
study to completely clarify the ultimate relation between
these two length scales, and to study further the temperature
sensitivities of ERSP-induced GH shifts.
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