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Abstract

The dependence of nonlinear optical response on temperature is investigated theoretically for a metal–dielectric composite
with interfacial layers in a dilute limit. We show that the effect of interfacial layers on the nonlinear optical response of such
composites is more prominent at low temperatures than at high temperatures, that the interfacial factor depends on the volume
fraction of metallic particles and the frequency of the incident wave, and that an optimal interfacial layer is found for which the
nonlinear optical response is able to be enhanced to a maximal. It is shown that weak nonlinearity can be greatly enhanced if the
interfacial factor, frequency and volume fraction are chosen appropriately.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The nonlinear optical properties of disordered nonlinear
metal–dielectric composites have received much attention
because of their potential application to optical correlator
device and phase-conjugator as well as thresholding device
[1–3]. A typical system is composed of nonlinear (or linear)
metallic particles randomly embedded in a linear (or
nonlinear) dielectric host. A detailed analysis of the proper-
ties of a metal–dielectric composite reveals the existence of
many interesting phenomena such as optical bistability [4]
and optical percolation threshold [5]. Many authors have
devoted themselves to the discussion of the nonlinear opti-
cal properties of such composite media. However, most of
these theoretical studies [6,7] and experimental reports [8,9]
on the effective nonlinear response were limited to room
temperature. As far as elevated temperature is concerned,
the preponderance of previous work on optical responses
has treated the cases in which the phases are linear [10]
and nonlinear [11] materials.

All the previous works are of particular interest, but they
neglect the effect of the interfaces separating the metallic
particles and the dielectric matrix. The goal of the present
paper is to discuss the temperature effect on the nonlinear

optical response of a metal–dielectric composite in a dilute
limit, by incorporating interfacial-layer information. Our
model, in the following, is based upon two experimental
facts: (1) Transmission electron microscope (TEM) analysis
of some samples shows the metal nanoclusters to be
approximately spherical in shape and to be uniformly
dispersed in the dielectric host [12]. (2) The third-order
nonlinearity of metallic particles is about several orders of
magnitude larger than that of the dielectric host in general,
and the contribution of matrix to the effective nonlinear
susceptibility is small enough to be neglected [13]. The
discussion of this problem will be made by combining a
Drude model with the interfacial factor [14,15] that is intro-
duced to characterize the interfacial layer. Our results show
that the weak nonlinearity can be enhanced greatly if the
interfacial factor, frequency of incident wave and volume
fraction of metallic particles are chosen appropriately, and
give us some instructive information on how to get enhanced
nonlinearity from the material with weak nonlinearity.

2. Formalism

We start by considering a kind of nonlinear composite in
which nonlinear spherical metallic particles with concentric
coating shells of dielectric constante s are randomly
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embedded in a linear host of dielectric constantem. The radii
of the core and the shell arer0 andr0 1 t, respectively, witht
being the thickness of the coating layer. The dielectric func-
tion of the metal core satisfies the displacement-electric field
relation

~D � ec�~Ec�~Ec � ec
�0� ~Ec 1 xc

�3�u~Ecu2~Ec; �1�
wheree�0�c is the linear dielectric function andxc

�3�
; the third-

order nonlinear susceptibility.
Throughout the work, the nonlinear term is assumed to be

weak,xc
�3�u~Ecu2 p ec

�0�
: The same assumption was success-

fully made previously and such cubic nonlinearity is the
lowest-order nonlinearity in a material with inversion
symmetry or macroscopic isotropy [6,7,13].

For finite frequencyv , ~D and ~E are complex quantities,
and dependent on position and frequency, in general. They
satisfy the Maxwell equations7 × ~E � iv~B and7 × ~D � 0;
with ~B being the magnetic induction. However, if the sizes
of the metallic particles are much less than the wavelength
of the incident light, we can adopt a quasi-static approxima-
tion, namely,7 × ~E � 0 and 7 × ~D � 0; neglecting the
induction term iv~B in Faraday’s law. Then we can get the
simpler case that the metallic particles are immersed in a
uniform but time-dependent field. Also, such retardation can
be neglected. Accordingly, the electric potentialsf for the
dilute system are given by the solution of the Laplace
equations,

fc � 2AE0r cosu r , r0

fs � 2E0�Br 2 Fr22� cosu r0 , r , r0 1 t

fm � 2E0�r 2 Cr22� cosu r . r0 1 t;

�2�

where ~E0 is the external applied field and,A, B, F andC,
four parameters, can be determined under boundary condi-
tions. The expression of the dipolar polarizability of the
coated sphere,C, is given as follows

C � r�2es 1 em�x 1 �es 2 em�
2r�es 2 em�x 1 �es 1 2em� �r0 1 t�3 �3�

wherer ; �r0=�r0 1 t��3 and

x� ec�~Ec�2 es

ec�~Ec�1 2es

�4�

We now consider the effect of the interfacial layer
through the limit,t! 0, that is to say, the interfacial prop-
erty is concentrated on a surface of approximate zero thick-
ness. Onlytes can be seen as a significant quantity,~ı � tes:

Then we take a dimensionless quantity as

I � ~ı
r0em

�5�

to characterize the interface separating the metallic particles
and the dielectric host, andI is just called the interfacial
factor. A similar description has been made to discuss the
bounds on the effective linear thermal conductivity of

composite media with imperfect interfaces and the third-
order nonlinear optical response of such a composite
[14,15]. Generally speaking, for a sharp and smooth inter-
face, i.e.I � 0, there are no jumps in the normal component
of the electric displacementDn across the metallic-dielectric
interface; for imperfect interface, i.e.I ± 0; Dn jumps
across the interface. In addition,I can be taken as a positive
or negative value, which is reasonable because the dielectric
function of metallic particles is made up of real and imagin-
ary parts. The real part can be a negative large number,
while the imaginary part is a positive small one; for simpli-
city, the small imaginary part can be neglected. WhenI is
taken as a negative (or positive) value, the interface is shown
to be metal-like (or dielectric-like). The value ofem in Eq.
(5) can be taken as a constant number in that its dependence
on the frequencies of incident waves (e.g.v � 1.5, 2.4,
3.5 ev) is very small (e.g. MgF2). As for r0, we often take
an average value due to experimental data in theoretical
analysis. Thus, different values ofI denote different inter-
facial layers.

Considering this definition, Eq. (3) can be rewritten as

C �
ec�~Ec�
em

2 1 1 2I

ec�~Ec�
em

1 2 1 2I

�r0 1 t�3 �6�

According to the Clausius–Mosotti relation, the effective
optical response can be expressed as

ee�~Ec� � em 1
12pNC

3 2 4pNC
em; �7�

with N being the number of spherical metallic particles per
unit volume. Substituting Eq. (6) into Eq. (7), we have the
effective optical response such that

ee�~Ec� � em

1 3pem
ec�~Ec�1 �2I 2 1�em

ec�~Ec��1 2 p�1 �2�1 1 I 2 p�2I 2 1��em

�8�
with the volume fraction of metallic particlesp ;
�4=3�pNr3

0: By means of the Taylor expansion method for
weak nonlinearity, Eq. (8) is given by

ee�~Ec� � em 1 3pem
ec
�0� 1 �2I 2 1�em

Q

× 1 1
xcu~Ecu2

ec
�0� 1 �2I 2 1�em

 !

� 1 2
�1 2 p�xcu~Ecu2

Q

 !
; �9�

whereQ ; ec
�0��1 2 p�1 �2�1 1 I �2 p�I 2 1��em:

In principle, the local field~Ec; uniform in metallic parti-
cles, can be solved exactly. Here, we only represent the local
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field in the weak nonlinearity limit

~Ec � 3em

ec�~Ec��1 2 p�1 �2�1 1 I �2 f �2I 2 1��em

~E0: �10�

Due to the dependence of effective third-order nonlinear
susceptibility on the linear part of~Ec; we may obtain

~Ec <
3em

Q
~E0: �11�

The macroscopic effective linear optical responseee
0 and

third-order nonlinear susceptibilityxe
�3� could be defined as

[16–18]

ee � ee
0 1 xe

�3� ~E0

��� ���2: �12�

Consequently,ee
0 and xe

�3� can be determined by the
expressions

ee
0 � em 1 3pem

ec
�0� 1 �2I 2 1�em

Q
�13�

and

xe
�3� � pxc

�3� 3em

Q

� �2 3em

Q

���� ����2: �14�

As for the metal component, the Drude model is often
applied to describe the linear dielectric functions of noble
metals, which causes such dielectric functions to exhibit a
dependence on temperature. Then the linear dielectric func-

tion can be written as

ec
�0� � 1 1 De 2

vp
2

v�v 1 ivc� �15�

whereDe , the contribution of the bound electrons, can be
evaluated if compared with experimental data [19], andvp

is the plasma oscillation frequency given by

vp � Ne2

me0

 !1=2

�16�

whereN andm are the density and the effective mass of the
electron, respectively. In principle, bothN and m should
depend on the change of temperature, however, we may
assume this change invp is so small that it can be negligible
[20]. Such an assumption has been made to discuss surface-
enhanced Raman scattering at an elevated temperature [21].
Thus the temperature effect onec

�0� only lies in the collision
frequencyv c, which can be divided into two parts

vc � vcp 1 vce; �17�
where v cp and v ce denote the contributions from the
phonon–electron [20,21] and electron–electron scattering
[19]. Herev cp has the following expression

vcp �
vp

2e0

s

2
5 1 4

T
u

� � 5Zu=T

0

z4

ez 2 1
dz

4
T
u

� �5Zu=T

0

z5

�ez 2 1��1 2 ez� dz

�18�

whereu ands are the Debye temperature and d.c. conduc-
tivity, respectively, while the expressionv cecan be obtained
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Fig. 1. The normalized effective nonlinear optical response log10u�xe
�3�
=xc
�3��u; as a function of the temperature at invariant volume fraction

p� 0.05 and frequencyv � 3.5 ev for three values ofI(20.16, 0.0, 0.1).



in terms of the Fermi energyEF of the metal component
[10,19],

vce� 1
12

p3 SF
"EF

�kBT�2 1
"v

2p

� �2
" #

; �19�

whereSandF denote two constants giving the average over
the Fermi surface of the scattering probability and the frac-
tional unklapp scattering. Eqs. 15–19 determine the depen-
dence of the linear optical response of metallic particles on
the temperature.

General speaking, the linear dielectric function of the
dielectric component has a negligible dependence on the
temperature, compared with that of the metal component.
For example, MgF2, used in the following numerical calcu-
lation, has temperature dependence with a linear coefficient
of 1026 and its linear dielectric function is referred to [22].

3. Numerical calculation and discussion

So far, the temperature effect on nonlinear optical
responsexe

�3� has been formulated in detail with interfacial
factor I considered. Substituting Eqs. (15)–(19) into Eq.
(14), we get detailed information on the temperature effect.
This is investigated in the following by choosing Ag/MgF2

as the numerical illustration. The parameters, listed in Refs.
[10,11], for the temperature variation ofee

0 are well avail-
able in the present paper.

If we take I � 0, and pay no attention to the interfacial
layer separating metallic particles and dielectric host, we
will get all curves just similar to those from the Maxwell–

Garnett theory in Ref. [11] where many explanations can be
found.

In Fig. 1, the normalized effective nonlinear optical
response log10u�xe

�3�
=xc
�3��u is plotted as a function of

temperature T for three different interfacial layers
(I �20.16, 0, 0.1) at volume fractionp� 0.05 and
frequencyv � 3.5 ev, which is easily obtained from various
laser sources. It is shown that, given the volume fraction and
frequency, these curves for differentI are different from
each other, and that the interfacial effect on enhanced
nonlinear optical response is more dominant at low tempera-
tures than at high temperatures. For the case of the metal-
like interfacial layer, i.e. the value ofI is taken as a negative
number, the enhanced nonlinear optical response can be
obtained, inversely, for the case of the dielectric-like inter-
facial layer, the enhanced nonlinearity cannot be obtained.

In Fig. 2, the normalized effective nonlinear optical
response log10u�xe

�3�
=xc
�3��u is plotted as a function of

temperatureT for two values of I(0.0,1.93) atp� 0.05
and v � 2.4 ev. For differentI, the different curves are
obtained, the framework of which is very similar to that in
Fig. 1, so we can get some similar information. However, it
should be noticed that the enhanced nonlinear optical
response is obtained for the case of a dielectric-like inter-
facial layer, i.e. the interfacial factorI is taken as a positive
value.

Comparing Fig. 2 with Fig. 1, we find that the properties
of the interfacial layers are related to the frequencies. The
interfacial layer is shown to be dielectric-like at low
frequency and to be metal-like at high frequency. It is
well known that the metallic response to frequency is
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Fig. 2. The normalized effective nonlinear optical response log10u�xe
�3�
=xc
�3��u; as a function of the temperature at invariant volume fraction

p� 0.05 and frequencyv � 2.4 ev for three values ofI(0.0, 1.93).



more dominant than the dielectric response. Consequently,
even though the same volume fraction is chosen, the magni-
tudes of such enhanced nonlinear optical response are quite
different from each other, such as shown in Figs. 1 and 2.

In Fig. 3, the normalized effective nonlinear optical
response log10u�xe

�3�
=xc
�3��u is plotted as a function of the

interfacial factor I for different volume fractions at
v � 3.5 ev andT� 750 K. It is shown thatI has an optimal

value which makes the nonlinear optical response reach a
maximum (suchI will be denoted byImax in the following).
The result shows that an optimal interfacial layer exits for
which enhanced nonlinear optical response can be obtained,
which is reasonable in our discussed system. Fig. 3 also
shows that, for different volume fractions, different curves
are given even though their framework is similar.Imax

depends on the volume fractions at high frequency; the
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Fig. 3. The function of the normalized effective nonlinear optical response log10u�xe
�3�
=xc
�3��u versusI, for different volume fractions (0.1, 0.05,

0.01) atv � 3.5 ev andT� 750 K.

Fig. 4. The function of the normalized effective nonlinear optical response log10u�xe
�3�
=xc
�3��u versusI, at v � 2.4 ev andp� 0.1, for two

temperatures (500 and 750 K).



absolute value ofImax and the corresponding value of
log10u�xe

�3�
=xc
�3��u are larger for high volume fraction than

for low, which is due to the fact that the metallic property
within the interfacial layer is more dominant at high volume
fraction than at low. Also,Imax is nearly independent of
volume fractions at low frequency (e.g. 2.4 ev), the reason
for which lies in the fact that, at low frequency, the dielectric
property within the interfacial layer is more dominant than
the metallic property even though the volume fractions of
metallic particles increase a little.

In Fig. 4, the normalized effective nonlinear optical
response log10u�xe

�3�
=xc
�3��u is plotted as a function of the

interfacial factorI for two temperatures, atv � 2.4 ev and
p� 0.1. For different temperatures, different curves are
shown where the value of log10u�xe

�3�
=xc
�3��u is higher at

low temperature (e.g. 500 K) than at high temperature
(e.g. 750 K). The values ofImax at different temperatures
are nearly the same. This is consistent with our definition
of the interfacial factorI whereI is not a convex function of
temperature. From this figure, as far as this point is
concerned, it can be determined that the temperature has
almost no effect onImax.

Comparing Fig. 3 with Fig. 4, we also find that the effect
of I on the nonlinear response is increasingly dominant with
the increasing frequencies at given temperature and volume
fraction, i.e. the effect ofI is more dominant at high
frequency than at low. This conclusion has been made
from Figs. 1 and 2. The explanation has been put forward
therein because of the different response of the metal-like or
dielectric-like interfacial layer to different frequencies.

Thus, we can get the enhanced nonlinear optical response
of such a composite from the component with weak nonli-
nearity if a proper interfacial factor is chosen at a suitable
frequency of incident wave and volume fraction of metallic
particles.

4. Conclusion

In this paper, the dependence of nonlinear optical
response on temperature is investigated theoretically for
the metal–dielectric composite containing the interfacial
layers in a dilute limit. Effective nonlinear optical response
can be greatly enhanced even though the nonlinear compo-
nent takes on a weak nonlinearity. It is shown that the inter-
facial effect on the nonlinear optical response of such a
composite is more dominant at low temperatures than at
high, that I depends on the volume fraction of metallic
particles and frequency of incident wave, and that an opti-

mal interfacial layer,Imax, is found for which nonlinear
susceptibility may reach a maximum. Such results are parti-
cularly interesting and valuable in applications because they
make it known that the weak nonlinearity can be enhanced
greatly as well, if interfacial layer, frequency of incident
wave and volume fraction of metallic particles are chosen
properly. Also it gives us much instructive information on
how to get enhanced nonlinearity from weak nonlinear opti-
cal response under certain conditions.
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