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Ultrasensitive Optical Temperature Transducers
Based on Surface Plasmon Resonance Enhanced

Composited Goos-Hänchen and
Imbert-Fedorov Shifts
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Abstract—The spatial and angular Goos-Hänchen and Imbert-
Fedorov shifts occur simultaneously for the light beam reflected
from a lossy surface (e.g., metal surface). The mixture of spatial
and angular Goos-Hänchen (Imbert-Fedorov) shifts, referred to as
composited Goos-Hänchen (Imbert-Fedorov) shift, has been exper-
imentally confirmed in recent years. The temperature-dependent
composite Goos-Hänchen and Imbert-Fedorov shifts for a light
beam reflected from the prism-gold interface in the Kretschmann-
Raether configuration are theoretically investigated. The spa-
tial and angular Goos-Hänchen and Imbert-Fedorov shitfs of
p-polarized incident light are significantly enhanced around the
resonant angle with the generation of surface plasmon reso-
nance. The ultrahigh temperature sensitivities of 0.79 cm/K and
188 µm/K are obtained with the composite Goos-Hänchen and
Imbert-Fedorov shift, respectively, which are about 5 orders higher
than those obtained with a bare gold surface. The ultrahigh temper-
ature sensitivity is mostly contributed by the angular shift effect.
Our results demonstrated the importance of angular shift effect in
achieving an ultrahigh sensitivity. This work can serve as a guidance
for the design of temperature sensor, chemical sensor and biosensor
based on composite Goos-Hänchen and Imbert-Fedorov shifts.

Index Terms—Goos-Hänchen shift, Imbert-Fedorov shift,
surface plasmon resonance, optical sensor, temperature.

I. INTRODUCTION

IN geometric optics, the reflection of a finite light beam from
the flat interface between two different media obeys the spec-

ular reflection (see Fig. 1(a)). However, it was experimentally
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discovered by Goos and Hänchen [1] in 1947 that the reflected
light beam undergoes a lateral shift along the interface relative to
the geometric optics prediction (see Fig. 1(b)). This lateral shift
is known as Goos-Hänchen shift (GHS). Apart from the spatial
shiftΔ, the reflected light beam also experiences a small angular
deviation Θ (referred to as angular GHS) from the Snell’s law
(see Fig. 1(c)), which has been theoretically and experimentally
investigated [2]–[9]. Both the spatial and angular GHSs occur
in the incidence plane. In 1955, Fedorov [10] theoretically pred-
icated another optical beam shift that normal to the incidence
plane, which was then experimentally demonstrated in 1972
by Imbert [11]. This transverse optical shift is referred to as
Imbert-Fedorov shift (IFS). The IFS also possesses spatial and
angular shifts, and have been investigated both theoretically and
experimentally in the last few decades [9], [12]–[16].

The spatial and angular shifts are two different aspects of the
optical beam shift, and occur simultaneously for the optical sys-
tem with a lossy media (e.g., metal) [17]. Therefore, the reflected
light beam from a metal surface will experiences a composite
GHS (CGHS) or composite IFS (CIFS), which is a mixture of
the spatial and angular shifts (for example, see the CGHS in
Fig. 1(c)). The CGHS has been theoretically investigated and
experimentally observed at the air-Au interface [17] and air-glass
interface [18]–[21] in recent years.

The magnitudes of GHS and IFS are usually small, which
have limited their applications mostly in the laboratories. For
spatial GHS and IFS, their magnitudes are generally on the
order of the incident wavelength, while the angular GHS and
IFS possess smaller magnitudes than that of natural divergence
of the incident light beam. Various optical structures (e.g., wave-
guide [22]–[24] and Kretschmann-Reather configuration [25]–
[27]) and novel materials (e.g., absorbing media [28], chiral
metamaterials [29], left-handed metamaterials [30], and pho-
tonic crystal [31], [32]) have been proposed and demonstrated
to enhance the GHS and IFS during the last few decades. For
example, by exciting surface plasmon resonance (SPR) in the
Kretschmann-Reather configuration, Yin et al. experimentally
obtained the enhanced GHS of more than 50λ with the incident
wavelength λ = 632.8 nm [26]. Salasnich [27] theoretically
investigated the effect of SPR on the spatial and angular GHSs
and IFSs for the s- and p-polarized light incident into the
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Fig. 1. Schematic diagram of light beam reflection at the BK7 prism-Au interface in a Kretschmann-Raether configuration (BK7 prism/Au/air) with the
consideration of (a) geometric optics, (b) spatial GHS, and (c) both spatial and angular GHSs.

Kretschmann-Reather configuration. It is found that both the
spatial and angular GHSs of p-polarized light are remarkably
enhanced around the resonant angle of SPR. The SPR also
exhibits a similar, but less pronounced enhancement effect on
the spatial and angular IFSs for both s- and p-polarized light.

The GHS has been proposed and demonstrated for sensing
applications, including refractive index (RI) sensing [23], [25],
[33], biosesning [34], chemical vapor detection [35], and tem-
perature sensing [36]–[38]. For example, Chen et al. [37] pro-
posed a GHS-based temperature sensor by monitoring the GHS
difference between p- and s-polarized light incident upon a Ag
surface. The temperature sensitivity of 0.6 nm/K was obtained
with the incident wavelength 3990 nm at the close-to-grazing
incidence (89◦). The temperature sensitivity was improved to
402 nm/K in the temperature range of 350 K to 400 K with
the existence of SPR [38]. Tang et al. theoretically studied
the temperature-dependent IFS in a prism-waveguide coupling
system without considering the temperature-dependent permit-
tivity of metal [39]. In these theoretical works [37]–[39], the
temperature-dependent angular GHS and IFS are not considered.

It is noted that the spatial and angular GHSs and IFSs occur
simultaneously for the reflected light beam from a metal surface.
Thus, the angular GHS (IFS) is expected to affect the sensing
abilities of GHS- (IFS-) based temperature sensor. In this work,
we theoretically investigated the temperature-dependent spatial
and angular GHSs and IFSs for a light beam reflected from
the prism-Au interface in the Kretschmann-Raether configura-
tion. The temperature-dependent CGHS and CIFS were then
employed for temperature sensing. The remainder of this paper
is organized as follows. In Section II, we describe the structure of
the proposed optical temperature transducer, and the method to
calculate the GHS and IFS. The temperature-dependent spatial
and angular GHSs and IFSs, CGHS, and CIFS with the excitation
of SPR are presented in Section III. Finally, we summarize our
results in Section IV.

II. THEORETICAL ANALYSIS

The proposed optical structure for the excitation of SPR is a
Kretschmann-Raether configure [40], [41] consists of BK7 glass
prism, Au film, and air, as shown in Fig. 1. The wavelength-
dependent RI of the BK7 prism is [42]

nBK7 =

√
1 +

a1λ2

λ2 − b1
+

a2λ2

λ2 − b2
+

a3λ2

λ2 − b3
, (1)

with a1 = 1.03961212, b1 = 0.00600069867, a2 =
0.231792344, b2 = 0.0200179144, a3 = 1.01046945, and
b3 = 103.560653. Here, the wavelength λ is given in μm, and
the temperature dependence of BK7 prism RI is negligible. For
Au, the wavelength- and temperature-dependent permittivity is
described by the Drude model [43]:

εAu = 1− λ2λc(T )

λ2
p(T )(λc(T ) + iλ)

. (2)

Here, λp(T ) is the temperature-dependent plasma wavelength,
and is written as

1

λp(T )
=

1

λp(T0)
[1 + 3γm(T − T0)]

−1/2 , (3)

where λp(T0) = 168.26 nm is the plasma wavelength of Au
at room temperature T0 = 300 K, and γm = 1.42× 10−5 K−1

is the bulk thermal expansion coefficient of the metal. The
collision wavelength λc includes two parts that associated with
the phonon-electron scattering (the first term in Eq. (4)) and the
electron-electron scattering (the second term in Eq. (4)) [43]–
[47],

1

λc(T )
=

2πcε0
λ2
p(T )σ(0)

[
1
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T
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]
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0
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(ez−1)(1−e−z)dz

+
π2ΓΔ

24c�EF

[
(kBT )

2 +

(
�c

λ

)2
]
. (4)

Here, σ(0) = 7.576× 107 Ω−1m−1 is the DC conductivity of
Au at the Debye temperature TD = 170 K, and EF = 5.53 eV
represents the Fermi energy. In addition, Γ (=0.55) and Δ
(=0.77) are the constants giving the average over the Fermi
surface of the scattering probability and the fractional umklapp
scattering, respectively. The wavelength λ and temperature T
are given in micrometers and Kelvins, respectively.

Considering a monochromatic beam of α-polarized (α =
s, p) light with wavelength λ and finite waist w0 as the incident
light, the spatial shifts ΔGH(IF ) and angular shifts ΘGH(IF )

of GHS and IFS for the reflected beam can be described with a
unified representation [17],

ΔGH(IF )
α =

λ

2π
Im[DGH(IF )

α ],

ΘGH(IF )
α = − θ20

2
Re[DGH(IF )

α ]. (5)
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Here,

DGH
α = ∂(ln rα)/∂θ,

DIF
α = 2i[(rp + rs)/rα] cot θ,

(6)

θ is the angle of incidence, and θ0 = λ/(πw0) is the angular
spread of the incident beam. rα is the reflection coefficient for
the α-polarized incident light, and can be calculated with the
transfer matrix method [48]–[50].

The total beam displacement or composite optical shift δα of
the reflected light beam observed at the distance l from the origin
(see Fig. 1(c)) is expressed as a linear combination of the spatial
shift Δα and the angular shift Θα when Θα � 1:

δCGH(CIF )
α = ΔGH(IF )

α + lΘGH(IF )
α . (7)

Here, δCGH
α (δCIF

α ) is the CGHS (CIFS) of α-polarized light.
The CGHS has been experimentally measured in recent
years [18], [19]. In the experimental setup, the gold film coated
prism is mounted on a high-precision motorized rotating stage,
which enables the adjustment of the beam’s incident angle by
rotating the prism. The reflected beam is detected by a CCD
camera, where the positions of its centroid or intensity peak can
be measured to obtain the effects of CGHS. When the ambient
temperature varies, the positions of the centroid or intensity
peak will also change accordingly. More details about a typical
experimental setup for the CGHS measurement can be found
in [18], [19].

III. RESULTS AND DISCUSSION

A. Temperature-Dependent Goos-Hänchen and
Imbert-Fedorov Shifts

The temperature-dependent reflectance Rα = |rα|2 (α =
s, p) as a function of incident angle is shown in Fig. 2. At the
temperature T = 300 K, a resonance dip around 43.57◦ was ob-
served with the p-polarized incident light, at where the SPR was
excited. In contrast, the reflectance Rs increases monotonously
with the incident angle without the excitation of SPR. Here, the
wavelength of incident light is λ = 633 nm, and the thickness of
Au film is 45 nm. The choice of Au thickness gives a close to zero
reflectance Rp at the resonant angle for the p-polarized light at
300 K. The reflectanceRs of s-polarized light decreases with the
increased temperature, independent of the incident angle. This
also applied to the reflectance Rp of p-polarzied light, except
for the incident angle around the resonant angle. The minimum
reflectance of Rp (i.e., resonance dip) first decreases and then
increases with temperature, as shown in Fig. 2(b).

The variations of spatial and angular GHSs ΔGH
α (α = s, p)

with incident angle for s- and p-polarized light at various tem-
peratures are shown in Fig. 3. The s-polarized light shows small
negative spatial and angular GHSs (see Figs. 3(a) and (c)). In
contrast, the p-polarized light exhibits much larger spatial and
angular GHSs around the resonant angle of SPR, as shown in
Figs. 3(b) and (d), respectively. For example, at the resonant
angle of SPR with the ambient temperature 300 K, a negative
spatial GHS peak of ΔGH

p ≈ −1042λ for p-polarized light is
obtained. The spatial GHS ΔGH

p possesses a negative peak at

Fig. 2. ReflectanceRα as a function of incident angle for (a) s-polarized (α =
s) and (b) p-polarized (α = p) light at various temperatures. The wavelength of
incident light is λ = 633 nm, and Au film thickness is 45 nm.

ambient temperatures T = 250 K, 275 K and 300 K, while
exhibits a positive peak at higher temperature (325 K and 350 K).
The change of the sign of the maximum spatial GHS ΔGH

p

was also reported before [38]. For the angular GHS ΘGH
p of

p-polarized light, a sudden change of the sign around the reso-
nant angle is observed. For example, at the ambient temperature
T = 300 K, the angular GHS ΘGH

p exhibits a positive peak
(∼1627θ20) and a negative peak (∼−1595θ20) just below and
above the resonant angle. This phenomenon is also observed
near the pseudo-Brewster angle (see Fig. S2) at the air-Au
interface, as shown in Fig. S3. In addition, this phenomenon
was experimentally demonstrated near the Brewster angle at the
air-glass interface [5].

The temperature-dependent spatial and angular IFSs are
shown in Fig. 4. The s-polarized light exhibits positive spatial
IFS ΔIF

s (see Fig. 4(a)). For the angular IFS of s-polarized light
ΘIF

s , it shows both positive and negative values with the mag-
nitude greater than that of ΘGH

s . The spatial and angular IFSs
of p-polarized light are enhanced around the resonant angle (see
Figs. 4(b) and (d)) although the magnitudes are still smaller than
those of p-polarized GHS. Similar to the temperature-dependent
spatial GHS ΔGH

p , the spatial IFS ΔIF
p exhibits positive and

negative peaks, which depends on the ambient temperature. The
spatial IFS peak of ∼21λ is obtained at the ambient temperature
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Fig. 3. Spatial and angular GHSs as a function of incident angle in the BK7 prism/Au/air structure. (a) Spatial GHS for s-polarized light: ΔGH
s ; (b) Spatial GHS

for p-polarized light: ΔGH
p ; (c) Angular GHS for s-polarized light: ΘGH

s ; (d) Angular GHS for p-polarized light: ΘGH
p .

Fig. 4. Spatial and angular IFSs as a function of incident angle in the BK7 prism/Au/air structure. (a) Spatial IFS for s-polarized light: ΔIF
s ; (b) Spatial IFS for

p-polarized light: ΔIF
p ; (c) Angular IFS for s-polarized light: ΘIF

s ; (d) Angular GHS for p-polarized light: ΘIF
p .
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Fig. 5. Variation of composite optical shift with the incident angle in the BK7 prism/Au/air strutucre. (a) s-polarized light CGHS δCGH
s ; (b) p-polarized light

CGHS δCGH
p ; (c) s-polarized light CIFS δCIF

s ; and (d) p-polarized light CIFS δCIF
p .

of 300 K. For the angular IFS of p-polarized light ΘIF
p , the

sudden change of the sign is also observed, as shown in Fig. 4(d).
At temperature T = 300 K, the positive peak of ∼24θ20 and
negative peak of ∼−42.7θ20 are obtained at the incident angle
just above and below the resonant angle.

The variations of composite optical shifts (i.e., total beam
displacement), CGHS (δCGH

α ) and CIFS (δCIF
α ), with incident

angle for s-polarized and p-polarized light are shown in Fig. 5.
Here, the waist is w0 = 40λ, and the observation distance is l =
10 cm. It is found that the composite shift δCGH(CIF )

α exhibits
the same behavior as that of angular shift, i.e., the CGHS (CIFS)
is mainly contributed from the angular GHS (IFS) effect. The
s-polarized light has much smaller CGHS (CIFS) than that of p-
polarized light. The s-polarized light exhibits larger CIFS δCIF

s

than the CGHS δCGH
s , whereas the CIFS of p-polarized light

δCIF
p is much smaller than the CGHS δCGH

p . The p-polarized
light shows noticeable CGHS at the ambient temperature T =
300K, as shown in Fig. 5(b). The positive peak and negative peak
of CGHS are ∼15766λ and ∼−16495λ, respectively, which are
about 0.998 cm and 1.044 cm. For the CIFS of p-polarized light
atT = 300K, it shows the positive peak of 252λ and the negative
peak of ∼−417λ just above and below the resonant angle (see
Fig. 5(d)).

The spatial and angular GHSs (IFSs) for α-polarized (α =
s, p) light incident on the air/Au interface (see Fig. S1 for the
sturcture) are also studied, as shown in Fig. S3 (Fig. S4). It is
found that the spatial and angular GHSs and IFSs for p-polarized
light beam reflected from the air/Au interface are negligible

Fig. 6. Temperature sensitivity as a function of incident angle for the BK7
prism/Au/air structure with (a) CGHSSCGH and (b) CIFSSCIF . The ambient
temperature is varied from 250 K to 275 K (red solid line), and from 325 K to
250 K (blue dashed line).
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Fig. 7. Temperature sensitivity as a function of incident angle for the BK7 prism/Au/air structure with (a) CGHS SCGH ; (b) spatial GHS SGH
Δ ; (c) angular

GHS SGH
Θ ; (d) CIFS SCIF ; (e) spatial IFS SIF

Δ ; (f) angular IFS SIF
Θ . The sensitivities are obtained by monitoring the variations of the optical shift differences

between p- and s-polarized light at three different ambient temperatures: 299 K, 300 K, and 301 K.

when compared to those in the prism/Au/air structure with the
existence of SPR. The composite shift δCGH(CIF )

p around the
resonant angle of SPR in the prism/Au/air structure is significant
larger than that in the air/Au structure (see Figs. 5 and S5), while
the CGHS (CIFS) of s-polarized light in the air/Au structure
is comparable to that in the prism/Au/air structure. All these
further validate the enhancement effect of SPR on GHS and IFS
of p-polarized light.

B. Temperature Sensing

The temperature-dependent CGHS and CIFS can be used
for temperature sensing. Here, the difference between CGHSs
(CIFSs) of p- and s-polarized light, δCGH(CIF )

ps =δ
CGH(CIF )
p -

δ
CGH(CIF )
s , was monitored in the temperature sensing experi-

ments. However, as shown in Fig. 5, it is impossible to obtain a
linear relationship between the CGHS (CIFS) of p-polarized
light and the ambient temperatures from 250 K to 350 K.
Therefore, the temperature sensitivity is defined as

SCGH(CIF ) =
Δδ

CGH(CIF )
ps

ΔT

=
δ
CGH(CIF )
ps (T2)− δ

CGH(CIF )
ps (T1)

T2 − T1
. (8)

Here, δ
CGH(CIF )
ps (T1) and δ

CGH(CIF )
ps (T2) are the CGHS

(CIFS) differences between p- and s-polarized light at temper-
atures T1 and T2, respectively. The temperature sensitivities for
the ambient temperature changes from 250 K to 275 K, and
325 K to 350 K are calculated in Figs. 6(a) and (b), respec-
tively. Both the CGHS and CIFS show positive and negative

temperature sensitivities. With the enhanced CGHS and CIFS,
improved temperature sensitivity is observed around the reso-
nant angle of SPR. For example, when the ambient temperature
varied from 250 K to 275 K, the CGHS shows the maximum pos-
itive temperature sensitivity of∼38.63λ 1/K, while the CIFS has
the maximum positive temperature sensitivity of ∼0.46λ 1/K.
The negative peak of CGHS (CIFS) temperature sensitivity
SCGH (SCIF ) is about −28.81λ (−0.8λ) 1/K. The temperature
sensitivity is improved for the temperature variations from 325 K
to 350 K. The positive and negative peaks of CGHS temperature
sensitivity are∼44.23λ 1/K and∼−36.84 1/K, respectively. For
the temperature sensitivity of CIFS, it exhibits a negative peak of
∼−1.24λ 1/K and a positive peak of∼0.56λ 1/K. The magnitude
of the sensitivity peak for CIFS is much smaller than that for
CGHS, which can be attributed to the pronounced enhancement
effect of SPR on the GHS for p-polarized light.

With the significantly enhanced CGHS and CIFS around the
ambient temperature 300 K, it is expected to obtain a higher tem-
perature sensitivity around T = 300 K. Here, the temperature
sensitivities for the SPR enhanced CGHS and CIFS are obtained
by monitoring the variations of δ

CGH(CIF )
ps at three different

ambient temperatures: 299 K, 300 K, and 301 K. The maximum
positive temperature sensitivity of CGHS is about 12463λ 1/K ≈
0.79 cm/K, as shown in Fig. 7(a). The negative peak of CGHS
temperature sensitivity is about −9755λ 1/K ≈ 0.62 cm/K. For
the temperature sensitivity of CIFS (see Fig. 7(d)), it exhibits a
negative peak of −297λ 1/K ≈ −188 μm/K and a positive peak
of 160λ 1/K ≈ 101 μm/K.

The temperature sensitivities for the spatial and angular GHSs
(IFSs) are also shown in Figs. 7(b) and (c) (Figs. 7(e) and (f)), re-
spectively, which are calculated with the temperature-dependent
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differences of ΔGH
α (ΔIF

α ) and ΘGH
α l (ΘIF

α l) between p- and
s-polarized light. It is found that the ultrahigh temperature sensi-
tivity of CGHS (CIFS) is mostly contributed by the angular GHS
(IFS) effect. For example, the temperature sensitivity of angular
GHS SGH

Θ exhibits a positive peak and a negative peak with the
magnitude of 12664λ 1/K and 9527λ 1/K. For the temperature
sensitivity of spatial GHS SGH

Δ , it possesses two positive peaks
(97λ 1/K ≈ 61.4 μm/K and 34λ 1/K ≈ 21.5 μm/K) and a nega-
tive peak −566λ 1/K ≈ −358.3 μm/K around the SPR resonant
angle. It should be noticed that the spatial and angular GHSs
and IFSs occur simultaneously for a light beam reflected from
a lossy surface (metal surface in this work) [17]. Therefore, the
experimentally measured CGHS (CIFS) is a linear combination
of the spatial and angular GHSs (IFSs). Thus the measured
temperature sensitivity in experiments is SCGH(CIF ), neither
S
GH(IF )
Δ nor SGH(IF )

Θ .
The temperature sensitivities of GHS and IFS for light beam

reflects from the air-Au interface are shown in Fig. S6. The
CGHS exhibits higher temperature sensitivity at the close-to-
grazing incidence (see Fig. S6(a)). For example, at the inci-
dent angle of 89◦, a temperature sensitivity of 0.026λ 1/K ≈
16.46 nm/K was obtained, which is five orders lower than the
positive temperature sensitivity peak of CGHS (12463λ 1/K) in
the prism/Au/air strutucre. For CIFS, its temperature sensitivity
exhibits a positive peak of 3.92× 10−4λ 1/K ≈ 0.25 nm/K and
a negative peak of −7.46× 10−5λ 1/K ≈ −0.047 nm/K, much
smaller than that of CGHS at close-to-grazing incidence in
air/Au structure.

IV. CONCLUSION

The temperature-dependent CGHS and CIFS for s- and
p-polarized light reflected from the prism-Au interface in
prism/Au/air structure are theoretically investigated. The CGHS
(CIFS) is a linear combination of the spatial and angular GHSs
(IFSs) that occur simultaneously within a lossy surface (Au
in this work). With the excitation of SPR, the spatial and
angular GHSs and IFSs of p-polarized light are significantly
enhanced around the resonant angle of SPR. The enhanced
temperature-dependent CGHS and IFS were employed for tem-
perature sensing. The temperature sensitivities of 0.79 cm/K and
188 μm/K are obtained with the CGHS and CIFS, respectively.
The achieved ultrahigh temperature sensitivities are five orders
higher than those obtained with CGHS and CIFS from a bare Au
surface (16.46 nm/K for CGHS and 0.25 nm/K for CIFS). The
ultrahigh temperature sensitivity is mostly contributed by the
angular shift. Our investigation demonstrated the role of angular
shift in achieving an ultrahigh temperature sensitivity, and will
help for the design of ultra-sensitive CGHS- and CIFS-based
sensors beyond temperature sensors, such as chemical sensors,
biosensors and refractive index sensors.
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