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Abstract 
 

 Optical sensing of temperature variations is explored by studying the Goos-

Hanchen (GH) lateral shift of a reflected light beam from various device based on the 

surface plasmon (SP) excitation at metal-dielectric interfaces.  Both the Kretchman and 

the Sarid geometry will be considered, where the temperature variations of the GH shifts 

associated 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 induce much greater values in the GH shifts as reported recently in the literature. 
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Introduction 

 

 

 The Goos-Hanchen (GH) effect refers to the lateral shift of a well-collimated 

incident beam upon reflection from an interface [1,2].  Since the first observation of the 

effect from the shift of totally-reflected light beam at a dielectric-air interface more than 

sixty years ago [1], many interesting effects relating to this phenomenon have been 

discovered.  Depending on different kinds of polarized light and material interfaces, a 

very rich of literature has been established covering both positive (forward) shifts and 

negative (backward) shifts at interfaces of a large variety of materials including insulating 

and conducting (metallic); isotropic and anisotropic; and natural as well as meta- 

materials [3-14].  For example, nontrivial GH shifts have since been studied at partially-

reflecting surfaces [3] including weakly-absorbing [4-5] and metallic surfaces [6,7]; 

nonlinear Kerr material interfaces [8]; phase-conjugate surfaces [9]; anisotropic 

interfaces of antiferromagnet [10] and graphene [11]; photonic crystals [12], left-handed 

materials [13];  as well as other heterogeneous materials [14] . 

 Applications of these GH shifts have been explored from time to time for the last 

several decades:  from designing new sensing technologies [15] to slowing down light by 

the negative shifts [16].   However, the generally small magnitudes in these shifts have 

limited such applications mostly to the laboratories; and this has motivated many 

researchers in recent 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 conditions in specially-designed optical structures. Over the last 

two decades, for example, such large shifts have been observed from various systems 

including resonant absorption from gas vapor layer deposited at a transparent interface 
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[17], waveguides [18-20], and surface plasmon resonance (SPR) devices [21, 22]. 

 In the SPR devices [22], 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  ) associated with the total reflection at the 

critical angle; much greater positive/negative shifts (~ 100 ) can occur along with the 

excitation of the SPR at the resonance angle which is slightly greater than the critical 

angle.  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 recently, the study of these 

lateral shifts has been extended to the Sarid geometry [23] from which much greater GH 

shifts (~ 1000 , both positive and negative) can be obtained due to the excitation of the 

long range surface plasmons (LRSP) [24, 25].    

 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 

 2 4n n  geometry, it is also possible for an asymmetric  2 4n n  geometry [26].   Due 

to the extremely sharp resonance in the ATR reflectivity spectrum associated with the 

LRSP excitation, it has been exploited in the literature to achieve ultra-high sensitivity in 

various sensor applications [27, 28] by monitoring the change in reflectivity and phase 

across the very sharp resonance reflectance dip.  Here we provide in the following an 
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alternative scheme for temperature sensing by monitoring the GH shifts associated with 

the SP and LRSP excitations, by demonstrating the strong temperature dependence of 

these shifts via numerical simulations, and by comparing them with those observed 

previously from a bare metallic surface which was then applied to temperature sensing 

with modest sensitivity [15].  We shall also see that the high temperature sensitivities for 

both the SP and LRSP induced shifts are of comparable magnitudes in general.  

 

Theoretical Model 
 

 For the conventional Kretschmann geometry, it has been well-established that the 

SPR reflectivity can be approximated 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 accomplished via the introduction of two damping constants 

for the ATR geometry, namely, the radiative damping constant  Im radk and the internal 

damping constant  0Im  , internal within the metal filmxk [29].  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 dissipation 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 [18] and a four-layer Sarid 

geometry [24, 25].  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: 
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where  ijr   are the interface reflectance ( i, j =1,2,3,4);  i  are the dielectric constants and     

izk  are the normal components of the wave vector in each of the layers; 
2d and 

3d  are the 

thickness of dielectric layer and metal film, respectively.  

 Since 2 zk  is purely imaginary under the ATR condition, hence for a separating 

layer of large enough thickness  2. . i e d  , we have 
2 2(2 ) 1zexp ik d  .  Under this 

condition, it can be shown that the reflectivity in Eq. (1) can be approximately described 

by two damping rates in the following form [18]: 
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where the internal damping rate is given by: 

    0Im( ) /
1 3 3
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and the radiation damping rate is given by: 

    Im( ) exp( ) /
2 2 2 3

radk c ik d d
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with 1 2,c c  being constants which have been studied in details in a recent work [25]; 3in  

the imaginary part of the refractive index of the metal film; and 0k
x

 in Eqs. (4) and (5) is 

the resonant propagation constant of the three layer system when the thickness of the 
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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 absorption of the 

system (mainly in the metal film); and that in (6) accounts for the loss due to radiation 

away from the system as coupled back by the presence of the prism (since 
radk
x

 is 

essentially the difference between the two resonant wave number: with and without the 

presence of the prism).  Hence under these approximations, the SP reflectance curve of 

the 4-layer system can be described by a Lorentian function of the form [18]: 

 

          .  (7)  

 In the following, we shall use the exact Fresnel result in Eq. (1) to calculate 

numerically the GH shifts associated with the SP 2( 0)d  and LRSP 2( 0)d  , 

respectively; and then use the rates defined in(5) and (6) to understand the various 

behaviors of the numerical calculations.  In order to calculate the GH shifts  D , we 

adopt the simple approach of the Artmann formula [30] in the form: 
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where k is the incident wave number and θ the incident angle, respectively, while      is 

the phase difference between the reflected and incident waves and is defined as follows: 
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the GH shift calculated from (8) can be approximated in the following form [18, 25]: 

   2Im( )
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The temperature dependence of D arises mainly from the change in optical 

properties of the metal (Ag) film as the sensor temperature (T) increases.  Here we briefly 

re-capitulate a previous model we established to describe these changes [28, 31, 32].  To 

begin, we model the dielectric response of the Ag film using the Drude model: 
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where c is the collision frequency and p the plasma frequency given by : 

    
p = 4e2

m*  ,          (13) 

with N and m* the density and effective mass of the electrons, respectively. Hence, 

assuming the variation of m* with T can be ignored [31], p depends on T via volumetric 

effects as follows: 

   p = p0 [1+(T-T0)]
-1/2

,                          (14) 

where  is the expansion coefficient of the metal, and T0 is a reference temperature taken 

to be the room temperature.  The collision frequency will have contributions from both 

phonon-electron and electron-electron scattering: 

   c = cp + ce ,             (15) 

and can be modeled using the various scattering models in the literature.  We thus obtain 

[32]: 
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where  is the Debye temperature and 0 is a constant to be determined from the static 

limit of the above expression together with the knowledge of the d.c. conductivity [32].  

In addition, we have [32]:  

                         
3 2 2

ce B

F

1
(T) = [(k T) ( / 2 ) ]

12 E
   


  ,    (17) 

where  and  are defined in Ref [31].  Thus Eqs. (12) – (17) provide a model for the 

temperature dependence of 
3 3̂n̂  , which when used in Eq.(11) will lead to 

temperature dependent GH shifts associated with the SP and LRSP excitations. 

 

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 (n1 = 1.711) and a spacer 

layer of glass (n2 = 1.5) with a thickness of ( 2d = 970 nm).  The metal film of thickness 

( 3d = 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. n4 = n2).  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. 

Fig. 2a shows the GH shifts as a function of incident angles at various ambient 

temperatures.  It can be seen that as reported in the literature [24, 25], shifts of the order 

of 10
3
  can be reached via LRSP excitation.  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 
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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 300T 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, Eq. (5)) is small and the radiation damping (RD, Eq. (6)) dominates so that the GH 

shift (Eq. (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 increase in both electron-phonon and electron-electron collisions (Eqs. 

(16), (17)), and the GH shifts turn negative.  In addition, 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 temperature (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 [15], there is a region just above and just below the “transition 

temperature (~ 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  ~ 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 
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regions, we have shown in Fig. 3 the variation of the LRSP-induced positive GH shifts 

for T from 100 K to 250 K; and that for negative shifts for T 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 2d = 0  and 3d = 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. Compared to the results in Figs. 2 and 3 for the Sarid geometry, it is seen 

that while the LRSP-induced shifts are on the average greater than those from the 

Kretschman geometry, 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 approximate “linear rates” of  ~ 12 nm/K for the positive shifts from T = 

250 K to 300 K, and ~ 402 nm/K for the negative shifts from T = 350 K to 400 K, 

respectively.  Thus we conclude that as temperature sensors, the Kretschman geometry 

and the Sarid geometry should have very comparable sensitivity, although for other 

sensing applications, the LRSP approach has been found with appreciable greater 

sensitivities [27].  In any case, both device will have much greater temperature 

sensitivities in the GH shifts compared to that obtained by monitoring such shifts on a 

bare metal surface (15) which was limited to have only a rate ~ 10
-2

 nm/K [15].   

Discussion and Conclusion 
 

 In this work, we have demonstrated that the GH shifts induced by the excitations 

of SP [22] or LRSP [24, 25] are not only much greater than those from a bare metal 

surface [6], but their temperature sensitivities are also much higher than that with a bare 

metal surface [15].  Moreover, the two geometries (Kretschman and Sarid) have 
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comparable temperature sensitivities although the LRSP (Sarid) induced shifts are in 

general of greater values.  This is consistent with what was found previously [28] when 

these SP sensors were applied to monitor temperatures via measurements of reflectance 

and phase changes.  Thus it seems that although the LRSP sensor can outperform the 

Kretschman device in other sensing applications [27], this may not be the case in terms of 

temperature sensing. 

  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-induced shifts are indeed on the average greater than the SP-induced shifts, we are 

not sure the two will have a definite correlation.  For this purpose, we have carried out a 

numerical study of the case with the “extended range surface plasmon (ERSP)” achieved 

using the Kou-Tamir geometry [33], in the range for the SP is even greater than that of 

the LRSP in the Sarid geometry.  However, our preliminary results show that the GH 

shifts attainable from this ERSP geometry does not turn out necessary 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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Figure Captions 
 

 

1. Configuration of the Sarid geometry studied in our simulations.   

 

2. Plots of the angular spectra for (a) the GH shifts and (b) the reflectance associated  

 

with the LRSP excitation in the Sarid geometry at various temperatures from 100  

 

K to 600 K. 

  

3. Plot of the peak GH shifts as a function of temperature for both the positive and 

negative shifts for the Sarid geometry away form the “transition regions”. 

4. Similar to Fig. 2, but for the case of the Kretschman geometry. 

5. Similar to Fig. 3, but for the case of the Kretschman geometry. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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