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a b s t r a c t

Based on the generalized reflection and refraction theory, the visible light wavelength-dependent refrac-
tion behaviors occurring at both Ag–air and Au–air interfaces are qualitatively attributed to the
non-synchronized variations of electric and magnetic parameters of the light. Numerical results show
that distribution of time-averaged Poynting vector of the transmitted light traveling through a wedge
shaped noble metal film may be affected by width and divergence of the incident light beam, energy
losses, and so on. Careful consideration of effects of multi-factors on the refraction phenomena are nec-
essary to establish reasonable relationship among measured results by using different experimental
methods. Our work may provide a new possible angle of view to understand the refraction phenomena
occurring at noble metal–air interface.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

The noble metals play significant roles in the artificial metama-
terials, resulting to the interesting negative light refraction [1–8],
which has been assumed to be induced by the effects of the mag-
netic resonators [1], surface plasmon waves [2], Goos–Hänchen
shifts [3], energy losses [4,5], and so on. Partly due to the configu-
ration complexity of the metamaterials adopted, origins of the neg-
ative refraction phenomena have not been fully understood yet.

For simplicity, the pure noble metal wedge shaped films have
been adopted to experimentally investigate light refraction proper-
ties at noble metal–air interface [5–7]. Several interesting and
somewhat surprising results have been discovered. For an instance,
the refraction index of Ag and Au films measured by using spectro-
scopic ellipsometer are close to each other when the incident light
have free-space wavelength of k ¼ 632:8 nm, however, the power
refraction index of Ag wedge shaped film obtained from the distri-
bution of energy flow of the transmitted wave is significantly
different from that of Au wedge shaped film [6,7]. In addition, dif-
ference of refraction behaviors between transverse magnetic (TM)
and transverse electric (TE) polarized lights seem trivial in these
experiments [6,7]. Here, we shall mention another experiment, in
which all-angle negative refraction of TM polarized light and pos-
itive refraction of TE polarized light in Ag–TiO2–Ag multilayered
structures have been observed [8]. In principle, the refraction

phenomena mentioned above are associated with reflection and
refraction of light at the noble metal–dielectric interface, thus a
common physics mechanism and similar refraction behaviors
may be suggested from the view of reflection and refraction.

Several types of generalized laws of reflection and refraction
have been proposed previously [9,10]. It is still somewhat difficult
to predict theoretically the distribution of energy flow of the trans-
mitted wave traveling through the lossy interface. For example,
two sets of typical equations were developed to study the situa-
tions for the light entering from the dielectric medium to the metal
[9] or vice versa [10]. Detailed calculations show wrongly that the
light path or the pseudo-refractive index will not be reversible and
continuous in all-angle conditions [6,7]. Therefore, theoretical
study of light refraction phenomena occurring at the noble
metal–air interfaces may be helpful for developing and testing
the generalized theory of reflection and refraction.

In this work, we shall attempt to provide a new possible angle
of view to understand the refraction phenomena occurring at noble
metal–air interface. The remainder of the paper is organized as fol-
lows. In Section 2, the generalized reflection and refraction theory
developed by us recently [11–13] and calculation model are briefly
introduced. In Section 3, numerical results and discussions are pre-
sented. Finally, some conclusions are drawn in Section 4.

2. Theory and calculation model

The generalized reflection and refraction theory [11–13] devel-
oped by us have provided reasonable explanations for several

http://dx.doi.org/10.1016/j.optmat.2015.04.032
0925-3467/� 2015 Elsevier B.V. All rights reserved.

⇑ Corresponding author at: College of Electronic Science and Engineering, Nanjing
University of Posts & Telecommunications, Nanjing 210046, PR China.

E-mail address: jwchen69@sohu.com (J. Chen).

Optical Materials 46 (2015) 276–281

Contents lists available at ScienceDirect

Optical Materials

journal homepage: www.elsevier .com/locate /optmat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2015.04.032&domain=pdf
http://dx.doi.org/10.1016/j.optmat.2015.04.032
mailto:jwchen69@sohu.com
http://dx.doi.org/10.1016/j.optmat.2015.04.032
http://www.sciencedirect.com/science/journal/09253467
http://www.elsevier.com/locate/optmat


refraction phenomena observed, e.g., the negative refraction at
left-handed material (LHM)–air interface obey the Snell’s law
[12,14], whereas negative refraction may also be produced by
heavily lossy wedge without negative refraction index [5–7,12],
negative refraction of TM polarized light and positive refraction
of TE polarized light in Ag–TiO2–Ag multilayered structure [8,13],
and so on.

For simplicity, we consider the case of a TM polarized harmonic
homogeneous plane wave (HHPW) traveling through a noble
metal–air interface. It is known that a noble metal can be repre-
sented by a complex scalar relative permittivity ~e ¼ j~ej expðjaeÞ
and a real scalar relative permeability l = 1, respectively [6–
8,15]. (In this paper, the complex valued parameters are marked
with ‘‘�’’.) Apparently, variation of electromagnetic wave parame-

ters of eEðtÞ; ~DðtÞ; ~HðtÞ and ~BðtÞ is usually non-synchronous in the
noble metal or at the noble metal–air interface,. Thus the real val-
ued boundary conditions with time terms are adopted as follows
[11–13]:

Reð~HiðtÞÞ þ Reð~HrðtÞÞ ¼ Reð~HtðtÞÞ; ð1Þ

aiReð~HiðtÞÞ cos hi � arReð~HrðtÞÞ cos hr ¼ atReð~HtðtÞÞ cos ht ; ð2Þ

biReð~HiðtÞÞ sin hi þ brReð~HrðtÞÞ sin hr ¼ btReð~HtðtÞÞ sin ht : ð3Þ

where a1 ¼ Reð~gnÞ � Imð~gnÞImð~H1Þ=Reð~H1Þ (since ReðeE1ðtÞÞ ¼
Reð~gn

~H1ðtÞÞ � a1Reð~H1ðtÞÞ; ~gn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~lnl0=~ene0

p
is wave impedance),

b1 ¼ Reð~knÞ � Imð~knÞImð~H1Þ=Reð~H1Þ (since Reð~D1ðtÞÞ ¼ Reð~kn
~H1ðtÞÞ �

b1Reð~H1ðtÞÞ; ~kn ¼ x
c

ffiffiffiffiffiffiffiffiffiffi
~ln~en

p
is wave vector), 1 = i, r, t refers to the inci-

dent, reflected and transmitted wave, and n = 1, 2 indicates the two
media on both sides of the interface, respectively. According to Eqs.
(1) and (3), we have bi sin hi = br sin hr = bt sin ht. Thus the general-
ized Snell’s law including effects of energy losses is obtained as

hr ¼ hi; ð4aÞ

sin ht ¼ bi sin hi=bt ¼ sin hi
Reð~k1Þ
Reð~k2Þ

1þ tgðak1 ÞtgðxtÞ
1þ tgðak2

ÞtgðxtÞ : ð4bÞ

Further, solving Eqs. (1) and (2), formulas for transmission and
reflection coefficients may be obtained [11–13].

To take into account the effects of non-synchronized variation

of electromagnetic wave parameters of eEðtÞ; ~DðtÞ; and ~HðtÞ; all pos-
sible direction relationships among electric and magnetic parame-
ters of the incident, reflected and transmitted waves at the metal–
air interface have to be considered [13]. A half of possible cases the
normalized Hi towards inside are given in Fig. 1, the other similar
cases correspond to the normalized Hi towards outside.
Neglecting the imaginary part of noble metal permittivity in the
visible range, the noble metal permittivity becomes a negative real

number [15], which refers that direction of D
*

ðtÞð� Reð~D
*

ðtÞÞÞ in the

noble metal is contrary to that of E
*

ðtÞð� Reð~E
*

ðtÞÞÞ. It is found from
Fig. 1(a) that, to satisfy the real valued boundary conditions 1–3,
the refracted angle is negative. Fig. 1(b) presents the case that
the time-dependent Poynting vector (TDPV) of the usual incident
wave propagates away from the interface, and the usual reflected
wave plays a role as real incident one [13], the refracted angle is
negative respecting to the real incident wave. When imaginary
part of metal permittivity is nontrivial, i.e., direction of

D
*

ðtÞð� ReðeD*ðtÞÞÞ in the noble metal may also parallel to that of

E
*

ðtÞð� Reð~E
*

ðtÞÞÞ; it is clear from Fig. 1(c) and 1(d) that, in these
cases, the refraction is positive respecting to the real incident
wave. The details of refraction behaviors of HHPWs occurring at

the lossy interface may refer to the Refs. [12,13]. It is demonstrated
that negative refraction of TM polarized wave and positive refrac-
tion of TE polarized one may occur at the lossy interface when dif-
ference between the electric damped angle ae and magnetic
damped angle al( = 0) of the lossy medium is significant.
Decreasing the electric damped angle ae of the lossy medium, pos-
itive refraction of both TM and TE polarized waves may occur at
the lossy interface. Noting the facts that ae of the noble metals
decrease with decreasing wavelength of light, the predictions men-
tioned above are qualitatively in agreement with the
wavelength-dependent refraction behaviors presented in Refs.
[6,7].

Furthermore, we shall quantitatively address the light refraction
phenomena observed at noble metal–air interfaces. Following the
experiment device presented in Refs. [6,7], the model and coordinate
axis x adopted in numerical simulations are shown in Fig. 2.
Assuming the center of the incident light beam locals at xc = 1.2 mm.
The width (w = 2 mm) and divergence angle (hd < 0.3 mrad) of the
incident light beam are divided into 2N1 and N2 equal parts, respec-
tively. Choosing a position of x ¼ xc þ n1w

2N1
(n1 e [�N1, N1]) and an

angle of hi ¼ n2
N2

hd (n2 e [�N2, N2]) for the incident light, the time

dependent refracted angle ht, fields of H1(t) and E1(t) at the interface
are calculated by using formulas mentioned above, propagation of
light in the layer of homogeneous film is taken into account by using

the term of e�Imðk
*

Þ � r
*

, (r is the propagation distance of the light in
the film) [13]. When the transmitted light arrive at the screen, the
TDPV of transmitted light is given as

S
*

1
ðx; tÞ � E

*

1
ðtÞ � H

*

1
ðtÞ: ð5Þ

Further, the TAPV may be obtained

hS
*

1
ðxÞi �

XT

t¼0

S
*

1
ðx; tÞDt=Tperiod: ð6Þ

The position of peak of TAPV is written as xpeak, according to the
adopted model and coordinate shown in Fig. 2, the calculated
power refracted angle hcal

t;S may be given as

hcal
t;S ¼ hwedge � arctg

xc � xpeak

h

� �
: ð7Þ

where h = 20.55 m is the distance between the wedge shaped film
and the screen. Further, the power refraction index ncal

S is obtained
as

ncal
S ¼

sin hcal
t;S

sin hwedge
: ð8Þ

3. Numerical results and discussions

In calculations, the permeability of the non-magnetic noble
metal films is always taken as lm = 1, the permittivity is given as
~em ¼ ~n2

m, where ~nm is refraction index measured by using spectro-
scopic ellipsometer [6,7]. It is pointed out that the power refraction
index obtained from distribution of the TAPV of the transmitted
light traveling through the wedge shaped film is termed as nexp

S .
We firstly focus on the case of a beam of visible light travel

through a wedge shaped Ag film. Choosing the wedge angle as
hwedge = 58.8 lrad and the free-space wavelength of the incident
light as k ¼ 632:8 nm, which corresponds to one of the experi-
ments presented in Ref. [6]. The permittivity of the Ag film is taken

as ~eAg ¼ ð0:216þ j3:881Þ2 ¼ �15:02þ j1:68 ¼ 15:1ej0:96p for the
light with k ¼ 632:8 nm [6]. The Drude–Lorentz model with five
Lorentz oscillators has been adopted to simulate the spectral
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