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We study theoretically a nonlinear response of the planar metal/dielectric nanostructures constituted from periodical array of

ultra thin silver layers and the layers of Kerr-like nonlinear dielectric. We predict hysteresis-type dependences of the compo-

nents of the tensor of effective dielectric permittivity on the field intensity allowing the change in material transmission prop-

erties from transparent to opaque and back at extremely low intensities of the light. It makes possible to control the light by

light in all-optical nanoscale devices and circuits.

Keywords: nonlinear metal/dielectric nanostructures, quasi-static resonance, tensor of effective dielectric permittivity,

optical bistability.

1. Introduction

The development of linear and nonlinear optical devices to

provide a light localization and light control at nanometer

scales is highly important for perspective applications in

integrated optical circuits. One of the promising features of

the light propagation in a nonlinear medium is bi- or

multistability when two or more possible stable self-consis-

tent states of the field take place at the same intensity of ex-

ternal field [1]. This important nonlinear phenomenon is

assumed to be used for ultrafast all-optical switching. The

possible way to obtain bistability at low light intensities

can be based upon using multilayered nonlinear structures.

This is caused by electromagnetic field amplification be-

cause of resonances arisen due to the light reflections from

the layers. There were a number of theoretical studies of

nonlinear layered dielectric and metal/dielectric structures

as far as the optical bistability is concerned [2–5]. Applica-

tion of intrinsic electromagnetic resonances of another na-

ture has a special interest because it extends the class of

structures demonstrating bi- and multistability. The impor-

tant possibility on this way opens at using the plane-layered

periodic artificial structures consisting of ultrathin metal

and dielectric layers with the thicknesses much less than

optical wavelength in dielectric medium and than skin-la-

yer width in metal. It is well-known that such a structure

possesses, so-called, quasi-electrostatic resonance at opti-

cal frequencies (Refs. 6 and 7, and references therein) re-

lated to the charge separation in the adjacent layers with

different signs of dielectric permittivity. It is well-known,

at the same time, that such planar structures behave them-

selves like effective continuous anisotropic medium and

can be described within effective medium approximation

[8,9] which has been used in this paper.

In this paper we analyse, for the first time to our knowl-

edge, nonlinear properties of such metal/dielectric layered

nanostructures in terms of effective medium. We show that

the components of the tensor of effective dielectric per-

mittivity depend on intensity of the macroscopic electric

field in a nontrivial way, allowing to reach the extremely

strong nonlinear properties in optical frequency domain be-

cause of the, so called, “geometrical” quasi-static resonance

in the system referring sometimes as plasmonic resonance.

2. Formulation of the problem

We consider a metal/dielectric periodical planar structure

formed from ultra thin silver and Kerr-like nonlinear di-

electric layers, shown in Fig. 1. We suppose that thick-

nesses of the layers making up the structure are much

smaller than electromagnetic wavelength in a dielectric and

skin-layer thickness in silver. This condition limits the sil-

ver layer thicknesses by several tens of nanometers [7].

Thus, to calculate a nonlinear response of the mentioned

structure we can follow the standard approach treating the

layered structure like an effective continuous anisotropic

medium with effective tensor of nonlinear dielectric

permittivity
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(Coordinate axes correspond to those in Fig. 1). This prob-

lem is actually reduced to the problem of finding the rela-

tion between local and macroscopic field in composite ma-

terials containing the nonlinear inclusions (such a problem

has been solved, in particular, for the left-handed

metamaterials composed from direct metal wires and non-

linear split-ring resonators, Refs. 10 and 11).
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Dielectric permittivity of the silver can be described by

means of Drude-like formula taking into account nonli-

nearity of metal nanolayers because of electron confine-

ment and energy quantization effects [12,13]
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where wp is the plasma frequency, v is the electron scatter-

ing rate, and ECS is the characteristic field of silver non-

linearity. Within the wavelength band l ~600–900 nm,

Drude parameters of silver have the following values �wp

»8.85 eV and �v »0.14 eV [14]. Intensity dependent dielec-

tric permittivity of Kerr-like dielectric

e e ad CDE= +0
2 2E (3)

assumed to be frequency independent at optical band,

where ECD is the characteristic field of nonlinearity, a = ±1

corresponds to the focusing (+) or defocusing (–) nonline-

arity, respectively.

It is quite obvious that the considered structure can be

treated as LC-oscillator in the frequency domain, where di-

electric permittivities of the silver and dielectric layers

have opposite signs. Indeed, the high-frequency electric

field directed along the structure axis induces the charges

of opposite signs at the interfaces of the layers with posi-

tive and negative permittivities (Fig. 2). Therefore one can

attribute the usual positive capacitance to the dielectric

layer with positive permittivity, whereas the metal layer

with negative permittivity has negative capacitance (so it

behaves itself like effective inductance). Hence, such a

structure looks like a LC-oscillator, the eigen frequency of

which depends on dielectric infilling factor r = h dD ,

where hD is the thickness of dielectric layers and d is the

structure period. In a nonlinear system, this eigen fre-

quency depends on macroscopic field intensity, Eqs. (2)

and (3). It is well known [15] that specific property of non-

linear oscillators is the response of a hysteresis (bistable)

type. So, one can expect a hysteresis response of the struc-

ture as a whole at the frequencies about resonant value.
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Fig. 1. Schematic of the metal/dielectric layered structure.

Fig. 2. Metal/dielectric planar structure and equivalent LC-oscillator (a). Resonance curve of nonlinear LC-oscillator with focusing (b) and

defocusing nonlinearity (c). wres is the linear resonance frequency of the oscillator.



3. Results and discussion

In order to get the relation between the components of the

tensor of effective dielectric permittivity and intensity of

the macroscopic electric field we should satisfy the bound-

ary conditions of the continuity of the tangential compo-

nents of electric field and normal components of the elec-

tric displacement at interfaces between the layers and find

out the relation between the local (microscopic) and macro-

scopic electric fields and electric displacements, which can

be obtained by averaging the local fields in the layers over

a period of the structure
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where Ed,s, Dd,s are the electric field tensions and electric

displacement in dielectric and silver layers, respectively.

Angle brackets denote averaging over the structure period.

The relations between the local electric field and local elec-

tric displacement in the layers are
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Tensor of effective dielectric permittivity, Eq. (1), gives

the relation between macroscopic electric field and electric

displacement

D E= $eeff . (7)

Thus, using the averaged description we come to the

equivalent homogeneous anisotropic medium instead of ac-

tual multilayered structure. Taking into account the above

conditions we obtain the implicit parametric expressions

for intensity-dependent components of effective dielectric

permittivity tensor in the case of zero silver nonlinearity
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where åd plays the role of the parameter, the variation of

which gives the implicit dependences åxx, åyy, åzz on E
2

in

accordance with Eq. (8) (at the focusing nonlinearity (a =

1) åd > å0 and at the defocusing one (a = –1) åd < å0), J is

the angle between macroscopic electric field E and z axis

(Fig. 1). The results for Ag/AlGaAs structure at J = 0 and

J = p/3 are summarized in Figs. 3, 4, and 5, where intensity

dependences of real and imaginary parts of the effective di-

electric tensor components are shown. In these figures, the

electric field strength is normalized upon critical field of

dielectric nonlinearity ECD.
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Fig. 3. Real part of the longitudinal component e|| of the effective dielectric permittivity tensor vs. intensity of the average electric field in

the case when å0 = 8.0, J = 0, (a) �w = 2.3 eV, a = 1, r = 0.3, (b) �w = 1.7 eV, a = 1, r = 0.3, (c) �w = 2.3 eV, a = –1, r = 0.3, (d) �w = 1.7

eV, a = –1, r = 0.3. The dashed curves show unstable branches.
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Fig. 4. Imaginary part of the longitudinal e|| component of the effective dielectric permittivity tensor vs. intensity of the average electric

field in the case when å0 = 8.0, J = 0, (a) �w = 2.3 eV, a = 1, r = 0.3, (b) �w = 1.7 eV, a = 1, r = 0.3, (c) �w = 2.3 eV, a = –1, r = 0.3, (d)

�w = 1.7 eV, a = –1, r = 0.3. The dashed curves show unstable branches.

Fig. 5. Real part of the transverse e^ component of the effective dielectric permittivity tensor vs. intensity of the average electric field in the

case when å0 = 8.0, J = p/3, (a) �w = 2.3 eV, a = 1, r = 0.3, (b) �w = 1.7 eV, a = 1, r = 0.3, (c) �w = 2.3 eV, a = 1, r = 0.3, (d) �w = 1.7 eV,

a = –1, r = 0.3. The dashed curves show unstable branches.



The type of behaviour of the curves in Figs. 3, 4, and 5

strongly depends on the sign of nonlinearity and initial (lin-

ear) frequency detuning from linear resonance frequency

value which corresponds to the zero of the denominator

real part in the expression for e|| in Eq. (8) and in the

lossless case, the expression for the resonant frequency can

be represented explicitly

w w er
rres p= + -

1
1

0 . (9)

The dependences wres(r) are shown in Fig. 6 for differ-

ent dielectrics with different dielectric permittivities.

In the case of focusing nonlinearity (i.e., when a = 1),

the eigen frequency wres decreases with the intensity of the

electromagnetic field because of a growth of the LC-osci-

llator capacitance. When w w wres p< < , the real part of

the longitudinal component of the effective dielectric per-

mittivity tensor Re(e||) monotonically increases being al-

ways negative, see Fig. 3(a).

More complicated behaviour of Re(e||) is observed for

w w< res , this is shown in Fig. 3(b). Here, in the linear

limit Re(e||) is always positive, but the resonant frequency

decreases with the growth of the electric field. Thus, the

system is driven into resonance. In this case, e|| is a

three-valued function of the external electric field intensity

and this result in jump of the longitudinal component of the

effective dielectric permittivity tensor with the growth of

the electric field at some E Ez c

2

1
2= from positive to

negative value. Thus, the initially transparent (for appropri-

ate polarization of the light) medium becomes opaque. The

reverse transition takes place when the electric field inten-

sity decreases to the value Ec2 < Ec1.

In the case of a defocusing nonlinearity (i.e., when a =

–1), the eigen frequency increases with the amplitude of

the external field. That is why the resonance effects take

place for w w< res , as shown in Figs. 3(c), 3(d), 4(c), and

4(d). Here, we observe the opposite behaviour when the

medium is switched from the opaque to the transparent

state at the increasing field intensity. The reverse transition

occurs at lower field intensities and in the case when

w w< res Re(e||), monotonically decreases with the growing

field intensity as shown in Fig. 3(d) and no bistabilities are

observed.

Also our results show that the imaginary part of the lon-

gitudinal component of the effective dielectric permittivity

tensor can be controlled by a proper choice of the external

electric field intensity (Fig. 4).

Note that curves in Figs. 3 and 4 are qualitatively simi-

lar to those which have been obtained for the split-ring res-

onators array [10] that reflects the common properties of

nonlinear oscillators.

It should be also noted that hysteresis behaviour can

also take place for Ree^ at J ¹ p/2, as it is shown in Fig. 5

because of the nonlinear coupling of different (longitudinal

and transverse) components of the electric field. At the

same time, the imaginary parts of transverse components of

dielectric tensor do not depend on the field intensity ac-

cording to Eq. (8).

The intensity thresholds of switching, shown in Figs. 3,

4, and 5 by arrows can be significantly reduced up to the

values which are much less than characteristic nonlinear in-

tensity ECD
2 by the proper choice of operating frequency

detuning. Figures 3, 4, and 5 correspond to the relatively

large operating frequency detuning from resonance value,

in Figs. 3(a), 3(c), 4(a), 4(c), 5(a), and 5(c) w = 1.15wres

and in Figs. 3(b), 3(d), 4(b), 4(d), 5(b), and 5(d) w =

0.85wres. For these cases, the estimations of the switching

field strengths for the structures containing microcrystal

films of AlGaAs (defocusing nonlinearity at the wave-

length l ~810 nm, ECD »0.97´106 V/cm [16]) and the

heterostructures GaAs-AlGaAs (focusing nonlinearity at

the wavelength l ~900 nm, ECD »1.1´106 V/cm [17]) yield

the values Ec1 »6.1´104 V/cm and Ec1 »6.9´104 V/cm, re-

spectively.

In the case when silver nonlinearity is also taken into

account, the expression for the tensor of effective dielectric

permittivity can be obtained by the same way that has al-

ready used. The dependences of effective dielectric tensor

components on field intensity are shown in Fig. 7 under as-

sumption of linear dielectric. The hysteresis behaviour can

also take place, however, the hysteresis loop is shifted to-

wards significantly higher intensities. This is caused by two

factors, first, the critical field of dielectric nonlinearity ECD

is much less than silver one (ECS »1.5´108 V/cm [13]) and,

second, a difference between the values of dielectric permi-

ttivities in metallic and dielectric layers in considered fre-

quency band leads to suppression the local field intensity in

metal layer in comparison to the dielectric one. Quasistatic

approach gives the following factor E Ed s s dµ »e e 22.

in our particular case. It means that when both dielectric
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Fig. 6. The dependences of the resonant frequency of the silver/

dielectric nanostructures on dielectric infilling factor for different

dielectrics: AlGaAs (å0 »8.0 – solid), SiO2 (å0 »2.1 – dotted), ZnS

(å0 »5.7 – dashed). The shaded band indicates the optical spectral

range.



and silver in the structure possess nonlinearities the corre-

sponding dependences of effective dielectric tensor compo-

nents actually coincide with the curves shown in Figs. 3, 4,

and 5 and they can be distinguished only after essential

magnification of the scales at the coordinate axes.

4. Conclusions

In conclusion, we demonstrate the optical bistability of the

nonlinear metal/dielectric layered nanostructures. The na-

ture of this bistability is the nonlinear quasistatic resonance

appeared due to the different signs of the permittivity of di-

electric and metal layers that is equivalent to the nonlinear

LC-oscillator. We show that the transmission properties of

the structure can be changed from transparent to opaque

and back at extremely low intensities of the light that opens

a perspective to use such composite materials for nanopho-

tonic applications.
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