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Abstract

The possible nonlocal electrodynamic effects on the optical excitation of the surface plasmon resonance (SPR) at a

metal–dielectric interface are studied theoretically adapting the Kretschmann attenuated-total-reflection (ATR) ge-

ometry. Calculations of the SPR reflectivity are performed using both the Lindhard–Mermin and the hydrodynamic

models for the dielectric response of the metal film. The results are compared with those obtained from the classical

Drude model, as well as those from previous study for a bimetallic system. It is concluded that, unlike the bimetallic

system, these nonlocal effects are relatively insignificant in the Kretschmann device, except perhaps at cryogenic

temperatures when appreciable changes in dip-reflectivity values can take place due to the significance of single-particle

excitation.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Surface plasmon resonance (SPR) refers to the

resonant collective oscillation of the free electrons

at a metal–dielectric interface, and has been well

understood since the early works of Ritche and

collaborators in the late 1950s [1], when experi-

ments were limited to excitations via charged-par-
ticle beams. Although optical excitation of such

modes had been observed accidentally by Wood [2]
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much earlier via reflection of light from a metallic

grating, systematic optical excitation of SPR was

achieved only in the late 1960s via the ATR ge-

ometry by Otto [3] and Kretschman [4]. This latter

geometry which has a metal film of tens of nano-

meter in thickness coated onto a prism is so simple,

and has been employed in various applications,

ranging from optical constant measurements to
sensor devices [5,6].

One of the simplest ways to monitor such op-

tical excitation in the ATR geometry is to generate

a reflectivity curve (e.g. reflectance vs incident

angle or wavelength) in which a dip appears when

the resonance condition is satisfied. The physical
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understanding of this phenomenon is simple in

terms of the coupling of light into the electronic

motions subjected to conservation of momentum

along the interface, and almost all experimental

observations to date can be quantitatively ac-

counted for via the simple classical Fresnel equa-
tions, in which local dielectric response of the

metal film has been assumed [6].

From a more fundamental point of view, how-

ever, all optical responses should be nonlocal in

nature, in the sense that the dielectric response to

the external source field depends not only on the

frequency, but also on the wave vector of the inci-

dent light [7]. In fact, it has been reported previously
in the literature the significance of these nonlocal

effects in the SPR excitation of a bimetallic (Ag/Al)

system [8]. It turns out that the ‘‘plasmon film’’ (Ag)

can be made very thin to support the SPR in this

system, and the nonlocal effects are then manifested

as the film thickness becomes much smaller than the

wavelength (d � 0:01k). In this previous work [8],

the simple hydrodynamic model has been used to
account for the observed nonlocal effects.

In our present study, we shall model these effects

for the more common Kretschmann geometry,

using both the hydrodynamic and the Lindhard–

Mermin (RPA) models. We shall see that, unlike

the bimetallic system, these nonlocal effects are in

general negligible in the Kretschmann geometry, as

is observed in common practice. The main reason is
that to excite efficiently the SPR in the Kretsch-

mann geometry, metal film thickness of d � 0:1k
has to be used and the nonlocal effects are much

less evident at such film thickness. However, these

effects can become significant at low temperatures

when the electron mean-free-paths are much longer

than the ‘‘classical skin depth’’ of the incident light.
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Fig. 1. Configuration of the Kretschmannn geometry.
2. Theoretical model

There has been an intensive theoretical study on

the nonlocal optical response at an interface since

the early work by Kliewer and Fuchs [9]. This in-

cludes, for example, the d-parameter theory of

Feibelman [10] and that of Schaich et al. [11], as
well as the more recent work by George based on

an extended version of the semi-classical infinite
barrier (SCIB) model to account for the smooth

variation of the electronic density across the geo-

metrical surface [12]. Works up to the early 1980s

can be found in the comprehensive review article

by Feibelman [10]. While more of the works in the

literature have focused on the nonlocal optics at a
single interface [9–12], multilayer systems have

also been studied [13–15]. One must be aware that

while the generalization from a single-interface to

multiplayer systems is straightforward in local

optics via the Fresnel theory, the same is not true

in nonlocal optics since the standard boundary

conditions (i.e. the continuity of various compo-

nents of the field vectors) cannot be applied. For
our purpose here to study the nonlocal effects in

the Kretschmann geometry which involves a mul-

tilayer system, we shall adopt the SCIB theory

worked out by Jones et al. [13] based on the di-

electric-constant tensor approach of Kliewer and

Fuchs [9]. A similar theory by Melnyk and Har-

rison [14] had been applied in the previous study of

nonlcoal effects in the bimetallic system [8]. To be
self-contained, we shall first give below a brief

summary of the results in [13] in our notation.

Thus, to define our Kretschman geometry

(Fig. 1),wewill have ametal filmof thickness d ¼ 2L
for�L6 z6 L, whi le glass of refractive index n0 fills
the space for z6 � L and for simplicity we assume

vacuum above zP L. Light (p-polarized) of fre-

quencyx and wave vector q is incident at an angle h
in the x–z plane from the glass and the SPR is excited

at the z ¼ L interface. It is well known that, at a
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certain h when SPR occurs, the light reflected at the

z ¼ �L interfacewill drop to a small value due to the

coupling of the incident light energy into the col-

lective oscillation of the free electrons [6]. In the case

of local dielectric response, we shall use the Drude

model for the metal film and calculate the reflec-
tivity by the usual Fresnel formula. Thus, in this

case, we have the dielectric function of themetal film

given by

eðxÞ ¼ 1�
x2

p

x2 þ ixc
; ð1Þ

where xp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pne2=m

p
is the plasmon frequency

and c the damping constant of the electron gas,

respectively, with n being the number density of
the electrons. In the case of nonlocal dielectric

response, the reflectivity can be obtained by fol-

lowing reference [13] with the incident medium

(vacuum in [13]) replaced by glass. In our present

application, this can be expressed as

R ¼ Zp � cos h=n0
Zp þ cos h=n0

����
����
2

; ð2Þ

where n0 is the refractive index of the glass and the

surface impedance Zp can be expressed as

Zp ¼ U1ð�LþÞ � U2ð�LþÞU1ðL�Þ
cos hþ U2ðL�Þ ; ð3Þ

with Ui defined as

U1;2ðzÞ �
1

4L

X
qz

Keiqzðz�LÞ: ð4Þ

Note that component wave vector qz is quantized
in the form mp=2L and

U1ðLÞ ¼ U2ð�LÞ � 1

4L

X
m

Kð�1Þm;

U1ð�LÞ ¼ U2ðLÞ �
1

4L

X
m

K:
ð5Þ

The quantity K in Eqs. (4) and (5) is defined in

terms of the dielectric tensor [9]

K � 2ix
c

Tzz
TzzTxx � TzxTxz

� �
ð6Þ

with Tij ¼ ðx2=c2Þeij � q2dij þ qiqj, where q2 ¼ q2x þ
q2z . The tensor Tij can in turn be expressed in terms
of the nonlocal longitudinal and transverse di-
electric functions e‘ðx; qÞ and etðx; qÞ as follows

[9,13]:

ezz ¼
1

q2
ðe‘q2z þ etq2xÞ;

ezx ¼ ðe‘ � etÞ
qxqz
q2

¼ exz;

exx ¼
1

q2
ðe‘q2x þ etq2z Þ:

ð7Þ

We want to remark that in the limit of local re-

sponse, one can show explicitly that the model

presented above in Eqs. (2)–(7) does reduce to the

standard result given by the Fresnel equations (see

Appendix A).

In order to calculate the nonlocal SPR reflec-

tivity from Eqs. (2)–(7), we shall adopt the Lind-
hard–Mermin model for e‘ and the simple

Lindhard model for et as was done in the previous

literature [12,16]. To compare with previous results

for the bimetallic system [8], we have also per-

formed the calculation using the hydrodynamic

model for e‘ and the simple Drude model for et,
respectively. Detailed expressions of these models

are well-available in the literature [16]. It may be of
interest to note that similar comparative study has

been performed previously on the absorbance of

metallic-insulator superlattice [16] as well as on the

static multipole polarizability of nanoparticles

[17].
3. Numerical results

We have applied the above model to a

Kretschmann geometry with a silver (Ag) film.

Though it is well known that the free-electron

model is an oversimplified description for Ag since

the interband transitions from the s and d elec-

trons (and their mutual interaction) are ignored, it

does provide an acceptable qualitative account for
the behavior of the plasmons in the metal [18].

Since our goal here is mainly to demonstrate the

nonlocal effects relative to the local ones, we have

thus adopted the free-electron model for its sim-

plicity. Besides, we are also interested to make

contrast with the previous work [8] on the bime-

tallic (Ag/Al) system in which the authors had also

used the Drude and hydrodynamic models
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(together with an added empirical local term for

the d-electron interband transitions). Indeed, there

exist in the literature more accurate dielectric

functions for Ag, both semi-empirical ones [19]

and purely theoretical ones [20], but for our pur-

pose of illustrating the nonlocal effects, we shall
adopt the simplest possible approach. We believe

that the qualitative features of these effects ob-

tained here will remain valid when more accurate
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Fig. 2. (a) SPR reflectivity versus incident angle for three different me
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models are used, this is substantiated by previous

experiments with Ag in which the free-electron

models were used as a comparison with the data

[18].

Fig. 2 shows the results for the SPR reflectivity

(R) versus the incident angle at fixed optical fre-
quencies for three different metal (Ag) film thick-

ness. It is observed that while the nonlocal effects

are quite insignificant at frequency much lower
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than the SPR frequency in Fig. 2(a), they can be
significant when close to the SPR frequency as in

Fig. 2(b) where x ¼ 0:5xp � 0:7xsp. This is in

contrast to the previous study of such effects on

the polarizability of nanoparticles, where they

were found to be significant even at off-resonant

frequencies [17]. In addition, one observes that

although the hydrodynamic (H) model gives re-

sults very close to the Drude (D) model in all the
cases (except for a small shift of the ‘‘dip angle’’ to
a lower value due to the nonlocal effects on the
dispersion relation), the Lindhard–Mermin (LM)

model gives significantly different values for

the ‘‘dip reflectivity’’ up to 10% below or above the

local values from the D model depending on the

thickness of the metal film. Similar results can be

seen from Fig. 3, where a spectral plot of R as a

function of the incident wavelength shows the

same distinct behavior for the LM model with
reference to the dip-reflectivity values. The
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Fig. 3. (a) Spectral plot of the SPR reflectivity at three different values of the incident angle (h ¼ 27�, 36�, and 45�) for a metal film

thickness of 50 nm (i.e. L ¼ 250 �AA). The results from the three models are illustrated in the same way as in Fig. 1. (b) Same as (a), but

for a film thickness of 60 nm (i.e. L ¼ 300 �AA). (c) Same as (a), but for a film thickness of 80 nm (i.e. L ¼ 400 �AA).
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nonlocal dispersion relations in both the H and

LM models again lead to a slight (<0.5%) ‘‘blue-

shift’’ in the resonance (dip) wavelength, as was
observed previously [8]. In addition, the H and D

models yield very close values for R in all cases.

Note that the resonance occurs at relatively short
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wavelengths since in this model calculation we

have taken the plasmon energy for silver to be �9

eV [8].

These results can be understood in terms of the

fact that while the H model accounts for mainly
the collective (plasmon) motion of the electrons in

the metal, the LM model accounts for, in addition,

also the single-particle (e–h pair) excitation which

can be important for large values of the wave

vector [15–17]. Thus the closeness between the re-

sults obtained in the D and H models indicate that

nonlocal effects are quite insignificant in the sur-

face plasmon excitation in the Kretschmann ge-
ometry. However, for the LM model, the e–h pair

excitation will provide a ‘‘competing mechanism’’

for the surface plasmon excitation as follows. For

smaller thickness (e.g. d ¼ 2L ¼ 50 nm), the LM

model turns out to couple more light into the SPR

excitation at the metal-vacuum interface via the

well-known anomalous skin effect [21], leading to

SPR dips lower than those obtained in the D and
H models. For larger thickness, however, the effect

due to the e–h pair excitation can lead to a de-

crease in the coupling of incident light to the SPR
excitation resulting in an overall increase in the

dip-reflectivity value.

Fig. 4 shows the dip-reflectivity value as a

function of the damping constant (c) in the various

dielectric response function in the three models. It
is seen that the results are again quite sensitive to

the value of the film thickness. Within the range of

damping considered, one can switch from a

monotonic decrease dependence of R on c to a

reverse trend for different film thickness. We again

understand this in terms of two mechanisms: the

absorption (determined by c) of the incident light

inside the film and the coupling of this to the ex-
citation of the SPR at the vacuum-metal interface.

While both will result in a decrease in the reflec-

tance, the suppress in the coupling of the SPR can

lead to an overall increase of R for a thicker metal

film. For the thinner film, such an increase trend

will have to occur at much greater values of c (e.g.
this occurs for c > 0:008xp for the L ¼ 250 �AA
film). In addition, it is seen once again that the LM
model behaves quite different compared to both

the D and H models due to its account for the e–h

pair excitation.
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4. Conclusion

From a comparative study, we conclude that

the nonlocal optical effects are relatively insignifi-

cant in the Kretschmann ATR geometry for the

optical excitation of SPR at a metal–dielectric in-

terface. This is based on the closeness between the
results obtained from the D and H models in all

our computations. The distinction between the

two in both the angular and spectral reflectivity is

less than 0.5% in the dip position, though it may

become possible to observe this difference in the

spectral case with high-resolution spectrometer.

Moreover, to exhibit large difference in both the

dip value and dip position between the D and H
models, one has to use very thin metal film thick-

ness (L � 2 nm), in which the SPR cannot be ef-
ficiently excited in the Kretschmann geometry (e.g.

with Rdip > 95%). This is in contrast to the bime-

tallic system studied previously in which the plas-

mon (Ag) film is made very thin (<10 nm) where

such effects were found to be important, and sig-

nificant difference was observed between the local
and the hydrodynamic models [8].

Moreover, the deviation between the LM model

and the other two models in the dip-reflectivity

values is significant even at reasonable metal film

thickness commonly used in the Kretschmann ge-

ometry (say, d � 50 nm). We believe that this is

possibly observable at low temperatures when the

electronic mean free paths become much longer
than the ‘‘classical skin depth’’ of the incident light

[21]. Such a cryogenic SPR experiment will be of

interest, and may open up new applications of the

SPR towards temperature sensing, as has already

been in practice in the monitoring of substrate

heating effects at elevated temperatures [22].
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Appendix A

To obtain the local limit of the ATR reflectivity

given in Eqs. (2)–(7), we observe that in this limit,

e‘ ¼ et � e is independent of the wave vector and

Eq. (7) simplifies to the following:

ezz ¼ e;

exx ¼ e;

ezx ¼ ex z ¼ 0:

ðA:1Þ

It follows from Eq. (6) that

K ¼ 2ix
c

Q2

ðx2=c2ÞeðQ2 � q2z Þ
ðA:2Þ

with
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Q2 � x2

c2
e� q2x : ðA:3Þ

As a result, Eq. (5) becomes

U1ðLÞ ¼ U2ð�LÞ � iQ2

2Leðx=cÞ
X
qz

ð�1Þm

Q2 � ðmp=2LÞ2
;

U1ð�LÞ ¼ U2ðLÞ �
iQ2

2Leðx=cÞ
X
qz

1

Q2 � ðmp=2LÞ2
:

ðA:4Þ
By using

cot z ¼
X
m

1

zþ mp
; ðA:5Þ

and with some manipulation, Eq. (A.4) can be

further simplified to

U1ðLÞ ¼ U2ð�LÞ ¼ iQ
eðx=cÞ sinð2QLÞ ;

U1ð�LÞ ¼ U2ðLÞ ¼
iQ

eðx=cÞ ð2QLÞ:
ðA:6Þ

Substituting U1;2ð�LÞ into Eq. (3), we obtain the

reflectivity from Eq. (2) as

R ¼ rgm þ rmve4iQL

1þ rgmrmve4iQL
; ðA:7Þ

where

rgm ¼ kzg=eg � Q=e
kzg=eg þ Q=e

ðA:8Þ

and

rmv ¼
Q=e� kzv=ev
Q=eþ kzv=ev

: ðA:9Þ

In Eqs. (A.8) and (A.9), egðvÞ and kzgðzvÞ are, re-

spectively, the dielectric constant and z-component

wave vector in glass (vacuum), respectively. Eqs.

(A.7)–(A.9) lead back to the reflectivity exactly the

same as that obtained from the local theory of

Fresnel optics [6].
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