IOP PUBLISHING

JOURNAL OF OPTICS A: PURE AND APPLIED OPTICS

J. Opt. A: Pure Appl. Opt. 11 (2009) 024002 (11pp)

doi:10.1088/1464-4258/11/2/024002

The effects of local fields on laser gain for
layered and Maxwell Garnett composite

materials

Ksenia Dolgaleva', Robert W Boyd' and Peter W Milonni’

! The Institute of Optics, University of Rochester, Rochester, NY 14627, USA

2104 Sierra Vista Dr, Los Alamos, NM 87544, USA

Received 14 November 2008, accepted for publication 24 November 2008

Published 14 January 2009
Online at stacks.iop.org/JOptA/11/024002

Abstract

We develop simple theoretical models for calculating the effective linear susceptibilities of
layered and Maxwell Garnett composite materials with a gain resonance in one of their
components. We distinguish two cases of resonant components: the case of ‘pure resonant
emitters’, in which all the atoms or molecules of the resonant medium are of the same sort, and
the case of ‘resonant emitters in a background’, in which only a fraction of the molecules or
atoms comprising the resonant component of a composite material are in resonance with the
optical field. Analysis of these models suggests that local-field effects in composite materials
can provide a useful means for controlling the optical properties of laser gain media.
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1. Introduction

Nanocomposite optical materials, which are nanoscale
mixtures of two or more homogeneous materials, are becoming
increasingly important in laser applications as nanofabrication
technology has been rapidly developing. In particular,
nanoscale ceramic composite laser gain media with improved
optical properties have been reported [1, 2]. It has also been
shown that one can improve the performance of a laser material
by mixing it with some other material on a nanoscale in such a
way that the thermal refractive index changes of the resulting
composite material are smaller than those of either of the
constituents [3, 4]. In the current paper we are concerned
with a somewhat different approach to controlling the laser
properties of nanocomposite materials: by implementing local-
field effects [5, 6].

It has been previously shown that local-field effects in
nanocomposite materials can lead to a large enhancement
of the nonlinear optical response [7-15]. The influence
of local-field effects on the linear optical properties of
composite materials is not as dramatic, but certainly deserves
investigation, as it can be a useful tool in controlling the
laser properties of materials. We have recently shown that
the basic laser properties, such as the radiative lifetime
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of the upper laser level, small-signal gain coefficient, and
saturation intensity, can be controlled independently by means
of local-field effects [16]. In that publication, we made an
approximation, treating a composite material of any geometry
as a quasi-homogeneous medium characterized by an effective
refractive index, with the local-field effects accounted for using
the Lorentz model [5, 6]. Within that model, the local field
Ejoc acting on a typical molecule or atom of a medium is
related to the macroscopic average field E in the medium
according to the expression Ei,./E = (¢ + 2)/3, where €
is the dielectric permittivity of the medium. The Lorentz
model of the local field has been shown to be applicable
to homogeneous media where only one type of atom or
molecule is present [17]. However, local-field effects can
manifest themselves differently in composite materials, and
separate theoretical models for describing the laser properties
of different composite geometries [18] are needed. In this
study we report such models for layered [9, 18] and Maxwell
Garnett [7, 18-20] composite geometries. One can follow the
recipe that we give in the current paper to assess the laser
properties of more complex composite systems as well.

In section 2 we present an overview of the Lorentz and
Onsager models, which are used for describing local-field
effects in homogeneous (non-composite) media. In section 3
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we present the modifications to the Lorentz model for the case
in which only a fraction of the atoms or molecules comprising
a medium is in resonance with the applied optical field. We
use the general results obtained in section 3 in the following
sections. In section 4 we consider composite materials
of layered geometry under the assumption that one of the
constituents contains molecules or atoms that are in resonance
with the optical field. We derive the complex susceptibility for
such a system, from which one can deduce the absorption and
gain coefficients. In the process of the derivation, we obtain
a modified local-field-induced frequency shift, similar to the
well-known Lorentz red shift [21] in ‘pure’ systems with only
one type of molecule or atom. We perform similar calculations
for the Maxwell Garnett composite geometry in section 5.
In section 6 we analyze the results obtained in the previous
sections, considering two physical systems corresponding to
the layered and Maxwell Garnett composite geometries. We
summarize our conclusions in section 7.

2. Local-field models for homogeneous media

It is conventional to describe local-field effects in a
homogeneous material medium using the well-known Lorentz
model. In the simplest version of this model, one treats
the medium as a cubic lattice of point dipoles of the same
sort. In order to find the local field acting on a typical
dipole of the medium, one surrounds the dipole of interest
with an imaginary spherical cavity of radius much larger than
the distance between the dipoles, and much smaller than the
optical wavelength of interest. The contributions to the local
field from the dipoles situated inside the spherical cavity are
accounted for exactly, while the dipoles outside the cavity are
treated as uniformly distributed, characterized by some average
macroscopic polarization P. This approach yields the well-
known expression®

4
Eioc =E + TP ey
for the local field in terms of the average macroscopic electric
field E and the macroscopic polarization. The details of the
derivation of equation (1) are given elsewhere [5, 6, 22]. It is
also convenient to express the local field as

Eloc =LE (2)

in terms of the local-field correction factor

€+2
L= . 3
3 3)

The other commonly used model for describing the
local field in homogeneous media has been developed by
Onsager [23]. In his study, Onsager treats a molecule or atom
as being enclosed in a tiny real cavity in the medium. Then
the field acting on the molecule is divided into the cavity field,
which would exist at the center of the real cavity in the absence
of the molecule, and the reaction field, which corrects the
cavity field for the polarization of the surrounding medium by

3 'We use Gaussian units in this paper.

the dipole field of the molecule in the cavity. The resulting
local field is given by

3 2(e =1
€ g (e—-1D

- 4
2e+1 " 2etDai? @)

loc
with the first and second terms being the cavity and reaction
field, respectively. Here a is the cavity radius, and p is the
dipole moment of the molecule. Even though the Lorentz and
Onsager models yield different expressions for the local field,
microscopic theories, developed in [17] and [24], reconcile
those two models, which appear to be two special cases of the
more general theories.

In reality, there is no need to apply a full microscopic
treatment of local-field effects in order to describe an
experimental outcome. In most cases, one of the two
macroscopic theories works reasonably well. The Onsager
model is applicable to polar liquids, while the Lorentz model
is applicable to solids and non-polar liquids. Both models
can describe a guest-host system. The Lorentz model
describes such a system in cases when the guest’s molecule
or atom replaces a molecule or atom of the host with similar
polarizability [17]. An example is neodymium-doped YAG,
where neodymium guest ions replace yttrium ions in the
crystalline structure. Both neodymium and yttrium belong to
the class of rare-earth metals, which implies that they have
similar properties. The Onsager model is more suitable when
the polarizability of a guest is significantly different from that
of the host molecules or atoms. Then the guest not only forms a
cavity in the host medium, but affects the local field outside the
cavity [23, 25]. A good example of such a guest-host system
is provided by liquid solutions of fullerene Cgq [25].

In this paper we consider composite materials consisting
of two homogeneous constituents. When studying local-field
effects in more complex systems one should account for the
local field in the constituents, together with the local-field
modifications imposed by the geometry of the composite.
Within this study, we limit ourselves to the case in which the
homogeneous constituents obey the Lorentz model of the local
field. One can easily extend our formalism to the case of
Onsager-type constituents.

3. Lorentz local field in a resonant medium

We first consider a pure, homogeneous resonant medium
illuminated by an optical field of frequency . We assume
that the field is tuned close to a resonance of the atoms. In
that case we can treat the medium roughly as a collection
of two-level atoms, and can apply a well-known formalism,
based on the Maxwell-Bloch equations [26], to describe the
optical properties of such a medium. We insert the local field
into the equations for the slowly varying amplitude o ") of the
coherence 6V (1) = o exp (—iwt) + c.c. and population
inversion w:

1 1
é'(l) — (IA — —> 0’(]) — EiKWEloc;

3 (5a)

W — Weq

Tt i (k Eroc(c")* —k*E .0 V).

(50)

W= —
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Here A = w — wy is the detuning of the optical frequency
w from the atomic resonance frequency wg, 77 and T, are
the population and coherence relaxation times, respectively,
Weq 1s the equilibrium value of the population inversion (e.g.,
in the case of an uninverted system, weq = —1), and k =
2w /h, where p is the dipole moment of the atomic transition.
Here and below, we use a tilde to denote the time-dependent
quantities, and similar variables without a tilde to denote their
slowly varying amplitudes. We will only concern ourselves
here with the linear optical response. The superscript ‘(1)’ is
used to emphasize this.

We substitute the Lorentz local field, given by equa-
tion (1), with the average electric field in the medium E (t) and
macroscopic polarization P (¢) into the Maxwell-Bloch equa-
tions (5). It is convenient to express the slowly varying am-
plitude P in terms of the coherence, transition dipole moment,
and molecular or atomic density N according to [27]

P=NuoW. (6)

Substitution of equation (6) into equations (5) with the local
field in the form of equation (1) results in the appearance of the
inversion-dependent frequency shift, Ay w, in the equation for
o,

1
—ikwkE, (7

1
oM = <iA +iALw — —) ol — 5

1

which is a consequence of local-field effects. The quantity Ap
is known as the Lorentz red shift [21], and is given by
4m Nipl
3 n

L=

®)

The inversion-dependent frequency shift Ap w involves a shift
of the resonance of the atomic transition. The equation for the
population inversion w retains its form upon the substitution of
the local field (1), with E in place of Ej.

The slowly varying amplitude P of the macroscopic
polarization can be expressed in terms of the linear
susceptibility x " as P = xVE. We find from equation (6)
that

N M*U(l)
= I

Substituting the steady-state solution of equation (5a) for the
coherence o yields

1

X &)

X(]) _ Niul? Weq
B A+ ALweg+i/T

(10)

Now we can find small-signal gain (g¢) and absorption (o)
coefficients of the medium from [16]:
4w h

= ——Imx( .
N

(11

8o = —&o

The dielectric permittivity € entering equation (11) is the
effective dielectric permittivity, describing the dielectric
properties of the entire material structure away from its
resonances.

The above analysis is valid for the case of ‘pure resonant
emitters’ (PREs) in which all atoms are of the same sort.
However, when dealing with laser gain media, it is more typical
to have a system with atoms or molecules of two or more
sorts. Therefore, it is useful to modify the above two-level
model to consider the case in which one has a background
(host) material with the transition frequencies far from that
of the optical field, doped with some portion of atoms with
a transition frequency in resonance with the optical field. We
refer to this case as ‘resonant emitters in a background’ (REBs)
in this paper. For this kind of medium, we can split the total
polarization entering equation (1) for the Lorentz local field
(we call it Py, from now on) into a contribution coming from
the atoms of the background medium and a contribution from
the resonant atoms:

1
Py = Nbg Qg Eroc + Nres /’Lfes U( !

res

12)

where ayp, is the polarizability of a background atom. Here
and below the parameters with the subscripts ‘bg’” and ‘res’
refer to the background and resonant atoms or molecules
of the medium. As we consider only media in which the
Lorentz model of the local field is valid, both resonant and
background types of molecules or atoms should experience the
same Lorentz local field.

One can relate here the polarizability oy, to the dielectric
constant of the background material epe using the Clausius—
Mossotti (or Lorentz—Lorenz) relation [6, 22, 25]

€bg — 1 4

e t+2 3

bg Ubg- (13)
Substituting equation (12) into equation (1) for the local field
and using the Clausius—Mossotti relation (13) and equation (3)
for the local-field correction factor, we find

4
Eyoc = ng E + ?Pres s

where Lyy = (€pg + 2)/3 is the local-field correction factor
in the background medium. The expression for the local field
reduces to equation (1) if one considers a vacuum to be a
background medium.

Next, we find the susceptibility of the medium from the
relationship x V' = P /E. Substituting equation (13) into
equation (12) for the total polarization, and then equation (12)
and the steady-state solution for o;\) into the above relationship
for x (U, we arrive at the result

(14)

2 2
Nres | tres| ng Weq.res

h A —+ Ai weq,[es + 1/ T2,res

= x + (15)
for the linear susceptibility of the REB medium. The frequency
shift Aj is a modified Lorentz red shift given by

_4£ NICS |I’LI’SS|2
3 h

This enhancement of the Lorentz red shift by Ly, due to
the influence of the background dielectric medium had been
previously noted in [28]*.

Al = Loy = Lig AL (16)

4 This shift should be distinguished from another frequency shift of an atom in
a host dielectric, namely the correction to the Lamb shift due to van der Waals
interactions of the guest and host atoms. The latter is analyzed in [29].
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Figure 1. Layered composite material.

4. Linear susceptibility of layered composite
materials

Layered composite materials [9, 18] are periodic structures
consisting of alternating layers of two or more homogeneous
materials with different optical properties. The thicknesses of
the layers should be much smaller than the optical wavelength.
We will consider a layered composite material comprised of
two types of homogeneous media (we call them a and ) with
different optical properties (see figure 1). Layered composite
materials are anisotropic. For light polarized parallel to the
layers of such a composite the effective (average) dielectric
constant is given by a simple volume average of the dielectric
constants of the constituents:

Ecfr,| = fa€a + fb€p- 17
Here f, and f;, are the volume fractions of the species a and b,
respectively. The electric field in this case is spatially uniform,
as the boundary conditions require continuity of its tangential
part on the border between the two constituents. For light
polarized perpendicular to the layers, the effective dielectric
constant is given by
L _fi b

(18)
€eff, L €a €b

In the latter case the electric field is non-uniformly distributed

between the two constituents in the composite, and local-

field effects are of particular interest. In our study we will

consider the situation in which the incident electric field has

a component perpendicular to the layers.

Let us assume that both components a and b of our layered
composite material respond linearly to the applied optical field.
Assume that the field of frequency w is tuned close to one of
the resonances of the component a, but does not coincide with
any of the resonances of the component ». We further follow
the recipe given in [9] for deriving the local field in a layer a.

We choose an axis Z to be perpendicular to the layers and
focus on describing the Z-component of the electric field and
polarization. We define E and P to be the average macroscopic
field and polarization in the composite material, respectively,
e, and ¢, to denote mesoscopic fields in layers a and b,
respectively, E, joc as a local field in layer a, and p, and pj, as
mesoscopic polarizations in layers a and b, respectively. For
simplicity of notation, we do not write the indices z, indicating
Z-components for the fields and polarizations. Following the
results obtained in [9] we can write

¢j=E+4nP —47p;, (19)

where j = a, b, for the mesoscopic fields in layers a and
b. The macroscopic polarization is related to the mesoscopic
polarizations in layers a and b as

P = fipa+ fo po

with the volume fractions obeying the relationship f,+ f, = 1.
As the applied optical field’s frequency does not coincide with
any of the resonances of the medium b, we can simply write

(20)

o= 1" e Q1

for the mesoscopic field and polarization in a layer b, with

(1 . . e .
X, denoting the linear susceptibility in the layer. Using
equation (21) and the relationship ¢, = 1 + 4x Xb(l) for the
dielectric constant and susceptibility in layer b, we obtain from
equation (19) the expressions for the mesoscopic fields in terms
of the average field E and the mesoscopic polarization p, in the
form

€p 47be
€y = ) E — 1) Pa (220)
L+4mfa x, L+4mfa x,
and
1 4
e = GE ey )
1 447 fo x, 1+ 4m fy x,

Next we want to express the local field E, j,c in a layer a
in terms of the average field E and the mesoscopic polarization
Pao. Here we distinguish two cases: the case of PREs, in which
all the atoms or molecules of the material a are of the same
sort, and the case of REBs, in which only some of the atoms
or molecules of the homogeneous medium a are in resonance
with the optical field.

4.1. Case of pure resonant emitters

We first treat the simpler case of PREs in the constituent a. In
this case, the local field in the medium a takes the form

4

Eqjoc = €4 + ?

Substituting equation (22a) into equation (23), we find the

expression for the local field in terms of the average field and
the mesoscopic polarization in a layer a,

€ A faep —2f)
1 4dnf, 0 3 14dnf, 0T

The effective susceptibility of the layered composite
material can be found from xe(flf) = P/E. Substituting p; in
the form of equation (21) and p, in the form of equation (6)
into equation (20) for the macroscopic polarization, and using
equation (22b) for e, and the steady-state solution for the
coherence a‘fl), we finally obtain the expression for the
effective susceptibility of a layered composite material with

PREs in the constituent a:

Pa- (23)

(24)

Eu,loc =

X(l) — Ja Eg N, |,u'a|2 Wegq,a
T Utanfx "2 R A+ Awega+i/Th
Jb Xb(l)

— (25)
1 +4nf, Xp
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The local-field-induced frequency shift A; of the resonance
feature has the form

_4_7T |:u'a|2Nu fu €p — 2fb
3 h 1 +4xf, xb(l).

A= (26)
The subscript ‘a’ for the atomic parameters indicates that they
refer to the resonant constituent a. One can easily verify that in
the limiting case of f, — 1 and f, — 0 equation (25) reduces
to equation (10) for the susceptibility of a pure homogeneous
medium, and equation (26) takes the form of equation (8) for
the Lorentz red shift. In the opposite limiting case of f, — 0
and f, — 1, the effective susceptibility reduces to Xb(l).

4.2. Case of resonant emitters in a background

Now we consider the case of REBs in layers a. In that case,
the local field E, 1o in the layer a can be expressed as

4
Eqloc = €4 + ?(pu,bg + Pares)- (27)

The background and resonant contributions to the total
mesoscopic polarization of the material a are given by

Pabg = Na,bg Ag,bg E4 loc (28a)

and

Pa,res = Na,res lu‘:,res O'a(,lr)ey (28b)

Substituting equations (28a) and (22a) into equation (27)

yields the expression for the local field in terms of the

average field and the resonant contribution to the mesoscopic

polarization,
Lyys €

“’t(’]g) . (€)) E
L+4m(fa Xp ™+ fo Xapg)

4 Lawe (L4 4nfu 03" =3 3)

3 144n(faxy” + fo X

We find the effective susceptibility from Xe(flf) = PJE,
using equations (20), (21), (22b), (28), (29), and the steady-
state solution for the coherence o (1) :

a,res”

€p €p
1+ 47Tfa Xb(l) 1+ 477:(fu Xb(l) + fb X[(tlt))g)

M Az xoe (L + AT fu x" = 313
X | Xajbg T Labe | =~ m o, 1
3T+ 4o x + o k)

Ea,loc ==

(29)

Pa,res-

(1)
Xeff = fa

% N res |:u'a,res|2 Weq, res
A A+ A{ weq, res T 1/ T2,res
1
foxp"

— (30)
1 +4nf, Xp

The frequency shift A[ of the resonant feature is given by

A/ _ 4 |I/La,res|2 Na,res Lu,bg (l + 47tfa Xlgl) - 3fb)
11— — 5 .
3 h L+47(fa xy” + fo Xohe)
3D
In the limit f, — 1 and f, — 0, equation (30) reduces
to equation (15), and the frequency shift (31) reduces to the

Figure 2. Maxwell Garnett composite material.

modified Lorentz red shift (16). In the opposite limiting case

of f, — O and f;, — 1, we obtain Xe(flf) = Xb(l).

5. Linear susceptibility of Maxwell Garnett
composite materials

The Maxwell Garnett type of composite geometry is a
collection of small particles (the inclusions) distributed in a
host medium (see figure 2). The inclusions are assumed
to be spheres of a size much smaller than the optical
wavelength; the distance between them must be much larger
than their characteristic size and much smaller than the
optical wavelength. Under these conditions, one can treat the
composite material as an effective medium, characterized by
an effective (average) dielectric constant, €.¢, which satisfies
the relation [7, 19, 20]

€i — €p

€eff —€n .
] .
€ + 2ep

€cff 1+ 2€p

(32)

Here ¢, and ¢; are the dielectric constants of the host and
inclusion materials, respectively, and f; is the volume fraction
of the inclusion material in the composite.

In this section we derive the local-field-corrected total
susceptibility function for a Maxwell Garnett composite
material with homogeneous host and inclusion materials.
Because of the geometry of Maxwell Garnett composite
materials, the local field is uniform in the inclusion medium
and non-uniform in the host [7]. We limit ourselves to treating
the case of resonant species in inclusions, as treating a more
complicated case of resonance in a host is beyond the scope
of this paper. Following our recipe, one can numerically solve
the problem of deducing the total susceptibility and associated
frequency shift of the resonant feature for the latter case.

Assuming that both the host and inclusion materials
respond linearly to the applied optical field and following the
prescriptions given in [7], we derive equation (A.8) for the
mesoscopic electric field e; in an inclusion in the appendix.
Here we drop the vector notation, as the inclusion medium is
assumed to be isotropic and uniform:

36h (33)

|:E 47 A i|
6= ————""o§ -z Jupi|-
3¢y, — 4nfi " 3€n

In the above equation XrE]) and f;, are the linear susceptibility
and volume fraction of the host, respectively, and p; is the
mesoscopic polarization in an inclusion. As in section 4, we
consider the cases of PREs and REBs in inclusions.
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5.1. Case of pure resonant emitters

We obtain the expression for the local field Ej joc acting on the
emitters in an inclusion from equation (1):

4

=3 P (34)

Eijoc = € +
Substituting equation (33) yields
3en 4 en2+ fi) =2k
3¢, — 4 fiy x" 3 3, — 4nfi "
Substituting the local field (35) into the Maxwell-Bloch
equations (5), we find their steady-state solutions.
The macroscopic polarization P is an average of the
mesoscopic polarization p(r):

Ei,loc = Di- (35)

P = / A(r —rp(r)dr'. (36)

The weighting function A(r) is defined in [7] and in the
appendix. Introducing the functions

pi(r)
p(r) = : ()

if r € inclusion,

: (37)
if 7 € host,

we can represent the macroscopic polarization as an average of
the mesoscopic polarizations p; and py in the inclusions and
host:

P = / A(r —r)pi(r) dr’ + / A(r —r)pu(r'ydr’. (38)

We can represent the macroscopic electric field E as an average
of the mesoscopic electric fields in the inclusion and host in a
similar way. Since the mesoscopic polarization and electric
field in an inclusion are uniform, the first term on the right-
hand side of equation (38) is equal to f; p;. Similarly, one can
obtain f; e; for the electric field. Using this result, we find the
expression for the macroscopic polarization:

P=fipir)+x" E— fixi"e. (39)

Substituting equation (33) for e;, equation (6) for the resonant
pi, and the steady-state solution for cri(l) into equation (39)
for the macroscopic polarization, and using the relationship
Xe(f]f) = P/E, we finally obtain the expression for the effective
susceptibility of a Maxwell Garnett composite material with a

resonance in the inclusions:

2 2
M _ 3en Ni |l
Xetf = f; (1) ki
36h — 47Tfh Xh

y Weg i X 2w+ 1)

. h .
A+ AMGWeq,i +1/ T2 3en — 47tfhx151)
The Maxwell Garnett frequency shift Ayg of the resonance
feature has the form

(40)

47 N; lwil® en2 + fi) — 2 i

300n 3 —dnfyx”

The subscript i’ on the atomic parameters indicates that they
refer to the inclusion material. It is easy to verify that
equation (40) reduces to equation (10), and the frequency
shift (41) reduces to the Lorentz red shift (8), in the limit
fi = 1l and f;, — 0. We obtain Xe(flf) = XrE]) in the opposite
limiting case.

Anc = — 1)

5.2. Case of resonant emitters in a background

Here we consider the case of REBs in inclusions. The local
field Ejjoc acting on an emitter in an inclusion is given by
equation (35) in terms of the macroscopic field E and the
mesoscopic polarization p; in an inclusion, but we need to
express it in terms of the field E and the resonant part p; r
of the polarization pj, which is now

Pi = Dibg + Dires- (42)

The background non-resonant and resonant contributions to the
mesoscopic polarization of an inclusion are given by

Dibg = Nibg ®ive Eiloc (43a)

and
1
Pires = Ni,res I’L;k,res U( ) (43b)

ires*
Substituting equations (42) and (43) into equation (35) yields
the expression

3¢ Li
Ei,loc = i (b]g) 0 E
3en + 47tfh (Xi,bg — Xn )
4 en 2+ fi) —2f
+ TLi,bg 0 5 pi,res (44)
3en + 47tfh (Xi,bg — Xn )

for the local field in terms of the macroscopic field and resonant
contribution to the mesoscopic polarization. Substituting the
local field in the form of equation (44) into the Maxwell—
Bloch equations (5), we find the steady-state solution for the
coherence o,

One can find the effective susceptibility from Xe(f]f) =
P/E by substituting P from equation (39) with ¢; given by
equation (33) and p; given by equations (42) and (43), and the
steady-state solution for ol

i,res*

1) 3€h 36}1

Xetf = fi
¢ 3en — 4o x” 3en + 47 fi (i — 2

T Xie len@+ £) — 2l |
X | Xipg T Libg 3 5) o, T
3en + 47tfh (Xi,bg — Xn )

« Ni,res |I'Li,res|2 Weg, res
h A+ AygWeq res + 1/ To,res
o 2en+1

+hn - (45)
" 36 —dmfi )
The frequency shift A}, is given by
47T Nies |iies|® Libg [€n 2+ fi) = 2fn
A;\/IG — _ es es g [ ] (46)

3 h (1 (1))'

3en + 47 fn (Kipe — Xn
In the limit f; — 1 and f;, — 0, equation (45) reduces
to equation (15), and the frequency shift (46) reduces to the

modified Lorentz red shift (16). In the opposite limit, Xe(flf) =
(h
Xp -

6. Analysis

In this section we analyze the results for the effective linear
susceptibility obtained in the previous sections for the layered
and Maxwell Garnett composite materials.
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6.1. Layered geometry

The local-field-corrected effective linear susceptibility for a
layered composite material with the resonance in the layers a
is given by equation (25) for the case in which all the atoms
or molecules of a are of the same sort (PRE case), and by
equation (30) for the case in which the component a consists of
particles of different sorts (REB case). One can find the small-
signal gain coefficient of the layered composite material by
substituting an expression for the effective susceptibility into
equation (11).

Here we analyze the behavior of the small-signal gain
as a function of various parameters, choosing a Rhodamine
6G-doped PMMA laser gain medium as the resonant species
a in our layered composite material. The parameters of the
gain medium that we used for our analysis are the emission
peak wavelength Ap = 590 nm, the transverse relaxation time
T, = 100 fs, the transition cross section o, = 2 x 10710 cm?,
the Rhodamine molecular concentration N = 1.8 x 10'® cm—3,
and the refractive index of PMMA, n,, = 1.4953. We take
the component b to be an unspecified material and vary its
refractive index to see how it affects the optical response of
Rhodamine-doped PMMA.

Rhodamine-doped PMMA is an example of the REB
case, and, therefore, one should use equation (30) in order
to describe the effective susceptibility of the system with
Rhodamine-doped PMMA resonant layers. We compare the
model given by equation (30) to the case of PREs, described
by equation (25), in order to test whether one can use the
latter approximation in case of REBs. Using the PRE model
in this physical case implies that we neglect the presence of
PMMA, assuming that the Rhodamine molecules are sitting in
a vacuum.

We also find it informative to compare the results given
by the more precise REB model (30) to that of the simplified
model that we proposed in our earlier publication (see
equation (40b) in [16]). The approximation underlying the
simplified model is that a composite laser gain medium is
represented as a quasi-homogeneous medium characterized
by an effective refractive index, and the local-field effects
are accounted for by the Lorentz model for homogeneous
media. For the purpose of comparison, we adapt this simplified
model to our REB case in the following way. We take the
expression (15) for the linear susceptibility of a medium with
REBEs, substituting Xe(flf), deduced from equation (18) for €.
of a layered composite material, in place of Xé;, and Leg =
(€err + 2)/3 in place of Ly, We also multiply the atomic
densities appearing in the expression by the fill fraction f, to
take into account the fact that, by changing the fill fraction of
the resonant component, we change the density of the resonant
molecules. Then we substitute the resulting expression for
%V to equation (11) to find the small-signal gain coefficient,
corresponding to the simplified model.

Setting the equilibrium value of the population inversion
Weq = 1, which corresponds to a fully inverted amplifying
system, and the detuning of the optical field with respect to
the resonance A = 0, we plot the small-signal gain calculated
using the effective susceptibility given by equation (30) as a
function of the refractive index of the non-resonant component

1 1.5 2 2.5 3 3.5 4
0y,

Figure 3. Small-signal gain of a layered composite material as a
function of the refractive index of the non-resonant component for
different values of the fill fraction of the resonant component:

(a) REB case (derived from equation (30)), (b) PRE case (from
equation (25)), (c) a simplified model from [16].

ny in figure 3(a), and of f; in figure 4. In addition, we plot
the gain coefficients derived from equation (25) and from the
simplified model of [16] as functions of n, in figures 3(b)
and (c), respectively. The comparison between parts (a) and (b)
of figure 3 indicates that the results for the cases of PREs and
REBs differ significantly, which means that the approximation
based on the assumption that all the atoms or molecules of the
resonant species are of the same sort does not work in the REB
case. The comparison of figures 3(a) and (c) shows moreover
that the simplified model is insufficiently precise. Therefore,
as we stated earlier [16], it is only good enough for a proof-
of-principle study, and separate, more precise models for each
composite geometry are required for an accurate description of
the optical response.

It can be seen from figures 3 and 4 that the gain coefficient
tends to grow with the increase of the refractive index of the
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600

500

Figure 4. Small-signal gain of a layered composite material as a
function of the fill fraction of the resonant component for different
values of the refractive index of the non-resonant component. The
gain is derived from equation (30) for the REB case.

non-resonant component. The reason for this behavior is that
the electric field tends to localize in the regions of a dielectric
with lower refractive index [9]. Therefore, the higher the
refractive index of the non-resonant layers is, the more the
electric field is displaced into the resonant layers, which causes
a stronger gain. The behavior of the gain coefficient as a
function of f, is more complex. It grows monotonically with
the increase of f, for small refractive indices. In the case
np = Ny, the growth is linear. For high values of the refractive
index the small-signal gain displays a rapid growth with the
increase of the fill fraction until it reaches a maximum value,
corresponding to an optimal value of f,, after which it starts
to decrease with further increase of f,. This behavior can be
understood as follows. The initial growth of gy with f, is due
to the fact that the number of resonant molecules in the medium
increases. On the other hand, by increasing f,, we make our
layers with the resonant molecules thicker, and the local field,
highly concentrated in these layers because of the high value
of ny, spreads over the layers, and each individual molecule
‘feels’ a smaller value of the local field. This causes the gain
to decrease with the increase of f, beyond an optimal value.
Thus, in order to achieve maximum gain or absorption in a
layered composite material, one needs to use a non-resonant
component with a high refractive index, while keeping the fill
fraction of the resonant component low.

Setting f, = 0.5 and n;,, = 1.8, we plot in figure 5 the
small-signal gain for REBs in the component a as a function
of the frequency detuning A of the optical field with respect to
the molecular resonance for different values of wq. Variation
of the population inversion from weq = —1, corresponding to
an uninverted system, to weq = 1, describing a fully inverted
system, clearly shows how the composite medium changes
from an absorber to an amplifier. In reality, it is not possible to
achieve a full inversion, so most physical cases correspond to
Weq < 0.5.

6.2. Maxwell Garnett geometry

The effective linear susceptibility for the Maxwell Garnett
composite geometry for the cases of PREs and REBs in

400 ———
300
200
100
0 o
-100
200
2300
-400_4---'----

20 (Cm-l)

A (sec’t x 10'%)

Figure 5. Small-signal gain of a layered composite material as a
function of the detuning of the optical field with respect to the
molecular resonant frequency. Marked on the graphs are the values
of equilibrium population inversion.

inclusions is given by equations (40) and (45), respectively.
Substituting these expressions into equation (11), we obtain the
small-signal gain coefficients for the cases of PREs and REBs.

We take for our analysis a Maxwell Garnett composite
material with Nd:YAG nanoparticles as inclusions. We use
the emission wavelength Ay = 1.064 um, the transverse
relaxation time 75 = 3 ms, the transition cross section o, =
4.6 x 10719 cm?, the neodymium atomic concentration N =
1.37 x 10?° cm™3 (this value corresponds to 1 at.% of Nd in
YAG), and the YAG refractive index np, = 1.82. We take
the host to be an unspecified medium, and vary its refractive
index ny, to see how it affects the optical response of Nd:YAG
nanoparticles.

Nd:YAG corresponds to the case of REBs, which
means that the effective susceptibility of the Maxwell
Garnett composite material with Nd:YAG inclusions obeys
equation (45). As in section 5, we compare the small-signal
gain coefficients, corresponding to the REB model, given by
equation (45), to the PRE model, given by equation (40), and
to the simplified model from [16], adapted to our case, in
order to test the applicability of the latter two approximations.
The simplified model is derived from equation (15) with Xe(flf)
and L.g, deduced from equation (32) for €. of the Maxwell
Garnett composite material, in place of Xéé) and Lp,. In
addition, we multiply the atomic density in the resulting
equation by the inclusion fill fraction f; in order to account
for its change with the change of f;. Then we substitute the
resulting expression for x () into equation (11) to deduce the
gain coefficient.

Setting the equilibrium value of the population inversion
Weq = 1 and the detuning A = 0, we plot the small-
signal gain coefficients derived from the REB (equation (45))
and PRE (equation (40)) models, and from the simplified
model, as functions of the refractive index of the host ny in
figures 6(a), (b), and (c), respectively. The dependence of g,
derived from equation (45), on the inclusion fill fraction f; is
depicted in figure 7. A comparison of part (a) with parts (b)
and (c) of figure 6 suggests that, as in the case of the layered
composite geometry, the PRE approximation and simplified
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Figure 6. Small-signal gain of the Maxwell Garnett composite
material as a function of the refractive index of the non-resonant host
for different values of the inclusion fill fraction: (a) REB case (from
equation (45)), (b) PRE case (from equation (40)), (c) a simplified
model from [16].

model do not agree with the more precise description of the
Maxwell Garnett composite material with REBs in inclusions.

One can see from figures 6 and 7 that the small-signal
gain of the Maxwell Garnett composite geometry exhibits a
monotonic growth with the increase of f;. It increases to some
maximum value with the increase of the host refractive index,
and then decreases with further growth of ny. The monotonic
growth of gy with f; is due to the fact that, unlike in layered
composite materials, the increase of the inclusion fill fraction
in the Maxwell Garnett composite material is not accompanied
by the decrease in the local field in an inclusion. The reason for
the complex behavior of gy as a function of ny, is as follows. It
is seen from equation (11) that gy o [@]’llm Xe(f]f)' Due to
the electric field localization in the component with the lower
refractive index, Im Xe(flf) grows monotonically with the increase
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Figure 7. Small-signal gain of the Maxwell Garnett composite
material as a function of the inclusion fill fraction for different values
of the host refractive index. gy is derived from equation (45) for the
REB case.
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Figure 8. Small-signal gain of the Maxwell Garnett composite
material as a function of the detuning of the optical field with respect
to the molecular resonant frequency. Marked on the graphs are the
values of equilibrium population inversion.

of n,. However, the term [\/@]’1, where €. is given by
equation (32), decreases with the increase of ny,, and at some
value of the host refractive index its decrease overcompensates
the growth of Im xe(flf). As a result, go starts to decrease with
further increase of ny,.

It is important to keep in mind that the Maxwell Garnett
model works well only for low fill fractions of the inclusions
(fi < 0.5). It does not account for a percolation phenomenon
that occurs when f; is higher than a certain value.

In figure 8 we plot the small-signal gain coefficient as
a function of the detuning A for different values of the
equilibrium population inversion weq with the fixed values
fi = 0.01 and n, = 1.3. As in the case of the layered
composite geometry, one can see the change from absorption
to amplification as weq changes from —1 to 1.

7. Conclusions

In this article we have developed theoretical models describing
the effective linear susceptibility of layered and Maxwell
Garnett composite materials with resonant components of two
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types. The first type is a simple case of a resonant medium
in which all the molecules or atoms are of the same sort (we
call this the case of ‘pure resonant emitters’, or PREs). The
second type of resonant component corresponds to a situation
in which only a fraction of the molecules or atoms of the
medium are in resonance with the optical field (we call this
the case of ‘resonant emitters in a background’, or REBs). The
latter model is more realistic, as most laser gain media consist
of species of different sorts. Along the way, we derived the
expressions for the frequency shifts of the resonant features
with respect to the actual resonances, which are the analogs
of the famous Lorentz red shift in a homogeneous medium.
These frequency shifts for the layered and Maxwell Garnett
composite geometries with PRE and REB components differ
from the Lorentz red shift and from each other.

We analyzed the theoretically obtained expressions for
the effective susceptibilities for the following two physical
cases. The first case is a layered composite material with the
resonant component consisting of Rhodamine-doped PMMA.
The second case is a Maxwell Garnett composite material
with Nd:YAG nanoparticles as resonant inclusions. Plotting
the small-signal gain coefficients of the composite materials
as functions of the resonant component fill fraction and the
refractive index of the non-resonant component, we observed
the following behavior. The gain coefficient of the linear
composite geometry displayed a monotonic growth with the
increase of the refractive index. Plotting the gain coefficient
of the layered composite material as a function of the resonant
component fill fraction, we observed a more interesting and
complex behavior: the gain coefficient displayed a growth up
to a certain maximum value, and then a decrease with the
increase of the fill fraction of the resonant component. It
appears that one can achieve a maximal gain or absorption
with a layered composite geometry, taking a non-resonant
component with a high refractive index, while keeping the
fill fraction of the resonant component low. The small-signal
gain coefficient of the Maxwell Garnett composite material
exhibited a monotonic growth with the increase of the resonant
component fill fraction, and went through a maximum as a
function of the refractive index of the non-resonant component.
The layered geometry seems to be more promising for tailoring
the optical properties of the composite laser gain media: under
certain conditions the gain coefficient of the layered composite
geometry can exceed the gain coefficients of its constituents.

We believe that the theoretical study that we performed
in this paper will be helpful in designing composite laser gain
media with controlled optical properties.
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Appendix. Mesoscopic field in an inclusion of a
Maxwell Garnett composite material

In this appendix we derive the expression for the mesoscopic
field in an inclusion of a Maxwell Garnett composite material.

e(r) at any point r of a Maxwell Garnett composite, obtained
in [7] (equation (3.8)):
= / / / / 477: / /
e(r) :E(r)+/T(r—r)p (r)dr + e [P(r) —p(r)].
h
(A.1)

Here iF(r) designates a static dipole—dipole coupling tensor for
a host medium with dielectric constant €,. The mesoscopic
polarization p’(r) is a linear part of the source polarization
defined in [7] (we will refer to it as the linear source
polarization). It is defined as

(Xi(]) - lel))e(r), if r € inclusion,

Here Xi(l) and XrE " are the susceptibilities of the inclusion and
host media, respectively. In this paper we are not concerned
with the nonlinear interactions, so we do not consider the
nonlinear part of the source polarization. The macroscopic
linear source polarization P’(r) is obtained by averaging p’(r),

(A2)
if r € host.

P(r) = / A(r—r)p'(r)dr, (A3)

where A(r) is a smoothly varying weighting function which

has a range R much smaller than the wavelength of light, but

much larger than a typical separation distance between the
inclusions. The weighting function is normalized to unity:

/ A(r—r)dr = 1. (A.4)

We are considering the mesoscopic field in an inclusion

of the Maxwell Garnett composite material. In the case of

an isotropic and uniform inclusion material one can assume

that the polarization p’(r) and the electric field e(r) are

mesoscopically uniform over an inclusion. Based on the above

assumption and on the mathematical arguments given in [7],

we can set the term involving the dipole—dipole coupling tensor

in equation (A.1) equal to zero. This brings us to the expression

4

ei(r) = E(r) + —

36h

for the mesoscopic field in an inclusion. We can find the

macroscopic average polarization P'(r) from equation (A.3),

using the assumption that p’(r) is mesoscopically uniform over

an inclusion:

[P'(r) —p'(r)] (A.5)

P'(r) = fip'(). (A.6)
Here f; is the volume fraction of the inclusions in the

composite material. Using equation (A.2), we can express the
mesoscopic polarization p;(r) in an inclusion as

pi(r) = x Vei(r) + p'(v). (A7)

Substituting equations (A.6) and (A.7) into equation (A.5) and
making use of the relation f;, + fi = 1 for the volume fractions
of the host and inclusion materials, we obtain the expression

3¢y 4
&) = ——"7 [E(l‘) —5—/h Pi(l‘)] (A.8)
3en — 47 fu Xy, 3én

As a starting point, we use the result for the mesoscopic field for the mesoscopic field in an inclusion.

10
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