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A new way of controlling the laser properties of optical materials by designing composite materials that exploit
local-field effects is proposed. It is shown that the basic laser properties, such as the radiative lifetime of the
upper laser level, small-signal gain coefficient, and saturation intensity can be controlled independently by
means of local-field effects. These ideas could be used to design laser systems with significantly improved

properties. © 2007 Optical Society of America
OCIS codes: 160.3380, 160.4670, 160.4760.

1. INTRODUCTION

Nanocomposite optical materials are nanoscale mixtures
of two or more homogeneous constituents in which the in-
dividual particles are much smaller than the optical
wavelength but still large enough to have their own di-
electric identities. The optical properties of composite ma-
terials can be adjusted by controlling the constituents and
morphology of the composite structure. Properly tailored
composites can display the best qualities of each of their
constituents, or, in certain cases, can display properties
that even exceed those of their constituents. These fea-
tures render composite materials valuable for applica-
tions in photonics and laser engineering.

It is well known that in dense media the electric field
acting on emitters (the local field) is generally different
from both the external field and the average (or Maxwell)
field within the medium [1,2]. Local-field effects have
been shown to be significant in uniform media [3,4]. They
can also be a valuable tool in tailoring laser properties of
composite materials.

The optical properties of composite materials have been
the subject of many studies (see, for example, Refs. [5-8]).
In particular, the modification of the radiative lifetime of
composite materials caused by local-field effects was ad-
dressed in many publications both theoretically [9-13]
and experimentally [14-22]. The influence of the local-
field effects on the nonlinear optical properties of compos-
ite materials is even more significant, as the material re-
sponse scales as several powers of the local-field
correction factor (i.e., the quantity equal to the ratio of the
local field acting on a typical emitter to the average field
in the medium). Theoretical modeling of the nonlinear op-
tical response has been reported for many different geom-
etries of composite materials [23-26]. In particular, rigor-
ous theories for Maxwell-Garnett-type composite
materials [23] and layered composite materials [25] have
been developed. It was shown that a significant enhance-
ment of the nonlinear optical response is possible under
certain conditions. A number of experiments in the field
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yielded promising results [27-30]. Thus, a composite-
material approach has proven to be a valuable tool in de-
signing optical materials with enhanced nonlinear re-
sponse.

While there have been numerous studies of nonlinear
composite materials, there has not been a systematic
study yet of their laser properties. In this paper, we
present a study of the influence of the local-field effects on
the laser properties of composite materials. Although
local-field effects can come into play differently in differ-
ent composite geometries, separate theoretical investiga-
tions of the laser properties of various composite geom-
etries is outside the scope of this paper. The goal of this
paper is to present a general picture and to show the sig-
nificance of the local-field effects in modifying laser prop-
erties. Thus, we limit ourselves with a simple treatment
of the local field based on the Lorentz model [1,31]. We be-
lieve that the analysis done in this paper will help in fur-
ther development of new materials for laser applications.

2. COMPOSITE GEOMETRIES

There are three types of composite geometries mainly dis-
cussed in the literature: Maxwell-Garnett composites
[5,6,23], Bruggeman composites [30,32,33], and layered
composites [25,26,29] (see Fig. 1).

The Maxwell-Garnett type of composite geometry is a
collection of small particles (the inclusions) distributed in
a host medium. The inclusions are assumed to be spheres
or ellipsoids of a size much smaller than the optical wave-
length; 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, character-
ized by an effective (average) dielectric constant, e,
which satisfies the relation [5,6]

€off — € €~ €,

= 1)

Eoff + 26}7, l€i+26h'

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

In the Maxwell-Garnett model, the composite medium
is treated asymmetrically. It is assumed that the host ma-
terial completely surrounds the inclusion particles, and
the result for the effective dielectric constant of the com-
posite will be different if we interchange the host and in-
clusion dielectric constants in expression (1). This prob-
lem is eliminated in the Bruggeman composite model, in
which each particle of each constituent component is con-
sidered to be embedded in an effective medium character-
ized by €.¢. The corresponding equation defining the effec-
tive dielectric constant thus has the form [30]

€q — €eff €p — Eeff

0=f, (2)

+7b .
€, + 26,4 €+ 2645
Here €, and ¢, are the dielectric constants of the constitu-
ent components ¢ and b and £, and f are the volume frac-
tions of the components.

The third composite model shown in Fig. 1 is a layered
structure consisting of alternating layers of two materials
(¢ and b) with different optical properties. The thick-
nesses of the layers should be much smaller than the op-
tical wavelength. Materials of this sort are anisotropic.
For light polarized parallel to the layers of such a compos-
ite, the effective dielectric constant is given by a simple
volume average of the dielectric constants of the constitu-
ents:

€ott=fu€a + o€ (3)

The electric field in this case is spatially uniform, as the
boundary conditions require continuity of its tangential
part on the border between two constituents. However, for
the light polarized perpendicular to the layers, the effec-
tive dielectric constant is given by

— =242 (4)

In the latter case, the electric field is nonuniformly dis-
tributed between the two constituents in the composite,
and local-field effects are of particular interest.

The composite geometries that we described above are
those studied most often in the design of composite optical
materials. In this paper, we limit ourselves to a simple
treatment of a composite material as a uniform medium
characterized by a dielectric constant €. At the present
level of approximation, the Lorentz model can be used to
describe the effects of the local field on the laser proper-
ties of the medium [11]. More detailed treatment of laser
properties of composite materials requires developing
separate theoretical models for each composite geometry,
which is beyond the scope of this paper.

(a) (b)
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3. LOCAL FIELD: LORENTZ MODEL

In this paper, we use the Lorentz model of the local field
to account for the modification of the linear laser proper-
ties, such as small-signal gain, radiative lifetime, and
saturation intensity, by local-field effects. In this section,
we briefly review the Lorentz theory of the local field.

Let us assume for now that the medium is lossless and
dispersionless. We represent the dipole moment induced
in a typical molecule (or atom) of the medium as

p= aEloc: (5)

where « is the microscopic polarizability and E,,. is the
local field acting on the molecule. (The tilde denotes quan-
tities oscillating at an optical frequency.) The expression

P, (6)

relating the local field to the average (macroscopic) polar-

ization P and the average electric field E in the medium,
is derived in many textbooks (see, for example, Refs.
[1,2,34]). The textbook model used for deriving Eq. (6) is
known as the virtual-cavity model, because the medium is
treated as a cubic lattice of point dipoles, and a fictitious
sphere is introduced as a trick for calculating the local
field acting on a typical dipole in the medium. An alterna-
tive, more elegant, derivation of the relationship (6),
which does not require introducing an imaginary sphere,
was described by Aspnes [31].

The macroscopic polarization of the material is given
by the equation

P=Np, (7)
where N denotes molecular (or atomic) number density.

Using Eqgs. (5)—(7), we find that the polarization and mac-
roscopic field are related by

_ _ 4m_
P=Na(E+?P). (8)

We assume that the polarization P is linear in the aver-
age field:

P="E, 9)

where x(V is the linear optical susceptibility of the me-
dium. Substituting expression (8) into Eq. (9), solving for

¥V, and eliminating the field E, we find that

(©)

Fig. 1. (Color online) Composite material structures: (a) Maxwell-Garnett geometry, (b) Bruggeman geometry, (c) layered geometry.



K. Dolgaleva and R. W. Boyd

@ Na
= 10
X - (10)
1-—Nu«
3

Expressing the left-hand side of Eq. (10) as yM=(eV
—1)/47 (Y is the dielectric function of the medium), we
can derive the well-known Lorentz—Lorenz (or Clausius—
Mosotti) relation

V-1 4x
———=—Na. 11
éVy2 3 “ b

Through rearrangement of Eq. (11), we can express the
linear susceptibility as

eV+2

3

1 _

X Na. (12)

Substituting expression (12) into Eq. (9), then Eq. (9) into
Eq. (7), and using the relationship (5) between the local
field and the dipole moment, we obtain the equation re-
lating the local field to the average field:

_ V42
Ey.= TE (13)

The local field given by Eq. (13) is known in literature as
the Lorentz local field, and the factor

eVt 2

3

L=

(14)

is known as Lorentz local-field correction factor. Expres-
sion (14) for the local-field correction factor is valid in the
case of homogeneous media, where all the particles (mol-
ecules or atoms) are of the same sort. It is also valid in
materials where the emitters enter as interstitial inclu-
sions [10,18].

We use the Lorentz model summarized in this section
to phenomenologically study the influence of local-field ef-
fects on the laser properties of composite laser media. As
we pointed out in Section 2, composite materials can be
treated as effective media, as the sizes of the particles of
the constituent components are much smaller than the
optical wavelength. Under this condition we can consider
a composite material as an effective medium character-
ized by an effective (average) dielectric constant e.g.
Thus, at the present level of approximation, we can use
Eq. (14) for the local-field correction factor with the effec-
tive dielectric constant in place of eb).

4. INFLUENCE OF LOCAL-FIELD
EFFECTS ON LASER PROPERTIES OF
DIELECTRIC MATERIALS

In this section, we describe the modification of laser prop-
erties, such as the radiative lifetime, the small-signal
gain coefficient, and the saturation intensity by the local-
field effects. We undertake our analysis based on a simple
argument of the validity of the Lorentz model for treating
the local-field effects.
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A. Radiative Lifetime

The radiative lifetime 7 of emitters in a dielectric material
depends on the dielectric constant of the material. It is in-
versely proportional to the Einstein A coefficient, which,
in turn, can be expressed through Fermi’s golden rule as

1 27
A=—=—|Viy(wg)*p(wp). (15)
T h

Here Vi3(wg) is the energy of interaction between the
emitter and the electric field in the medium, and p(w) is
the density of states at the emission frequency wy. In a
medium with refractive index ny in which the local-field
effects are significant, the interaction energy scales as

L
V12,10c & - (16)
\Vetf

The factor L enters the expression for the local-field-
corrected interaction energy Vg ..(wp) because the local
field acting on an individual emitter differs from the mac-
roscopic average field. The factor \c"ﬂf in the denominator
of Eq. (16) comes from mode normalization and thus ap-
pears in the expression for the electromagnetic energy
density in a dielectric medium [11]. The density of states
in the medium is proportional to the square of the effec-
tive refractive index:

plwo) = nlg. (17)

Using expressions (15)—(17), we can conclude that the
local-field-corrected spontaneous emission rate A, in the
medium with refractive index ns is related to the spon-
taneous emission rate in the medium of unit refractive in-
dex (we call it A,,.) as

Aloc = neff‘L|2AvaC‘ (18)

The relation (18) has been shown to hold also when the
effect of dispersion is included in V73, and in the density
of states [11]. The corresponding relation for the local-
field-corrected radiative lifetime 7, in terms of the
“vacuum” lifetime 7, takes the form

Tvac

=—. 19
Tloc neffIL|2 ( )

Here and in all later sections of this paper we assign
the “vac” subscript to the variables denoting quantities in
a medium with the same chemical environment as that of
the dielectric medium under consideration, but with the
refractive index equal to unity. The variables marked
with the “loc” subscript denote the local-field-corrected
quantities.

B. Small-Signal Gain

In this paper, we focus on laser gain media. Most laser
gain media can be modeled as collections of two-level at-
oms, regardless of what the actual level diagram of the ac-
tive medium is, because in most cases the nonradiative
transitions are much faster than the radiative transition
from the upper laser level. We use the two-level-atom
model to derive the expression for the local-field-corrected
small-signal gain.
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We start from the driven wave equation

1PE  4wPP

— == —. 20
e ot? e o? (20)

(We limit ourselves to considering scalar fields for sim-
plicity.) Here

E=E()e ™ + c.c. = Agel®*+) 4 c.c. (21)

is the average electric field. In the general case of a lossy
or amplifying medium, the parameter % is complex: =k
+iag/2. The real part of % is the wavenumber:

WN of

Re(k) =k =

(22)

where ng is the effective refractive index of the medium,

while the imaginary part of % characterizes amplification
or attenuation in the medium, according to

[

_ 1
Im(k) = —ap=- §g0~ (23)

\V]

Here oy and gy are the small-signal intensity absorption
and gain coefficients, respectively. We seek the solution
for the local-field-corrected small-signal gain coefficient,
which we denote as gg jo-

We take the polarization P entering the wave equation
(20) to be linear:

P=x.E, (24)
(1) is the local-field-corrected linear susceptibility.

where x;..
For a collection of two-level atoms [35],

_ CaO,vac(A)

Xioc = L(ToA -1), (25)

4wy,

where wy, is the frequency of the atomic transition, L is
the local-field-correction factor, A=w—wp, is the detuning
of the optical field with respect to the atomic transition
frequency, and Ty is the coherence relaxation time. The
vacuum absorption « y,.(A) experienced by a weak opti-
cal wave detuned from the resonance is given by [35],

47waa Nweq‘:ubaPTZ

¢ h(T:A?+1)°

aO,vac(A) == (26)

where w®? is the equilibrium value of the population in-
version, N is the atomic number density, and u,, is the
transition dipole moment of the two-level atom.

The local-field-correction factor L, given by Eq. (14) as
L=(e+2)/3, can be shown to take the form

ToA +i

L na-a o

if one chooses to express €. in terms of atomic param-
eters as [4,36]:
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ff‘e)\ocN

— (28)
A- AL + l/Tz

Eoff = 1-

Here A;=—(fr,\ocN)/3 is the Lorentz redshift [4] (fis the
oscillator strength of the atomic transition, r,=e?/mc? is
the classical electron radius, and A\, is the vacuum tran-
sition wavelength). The Lorentz redshift appears in the
expression for €. as a consequence of the local-field ef-
fects and leads to L # 1 (note that if A; =0, then L=1, and
there are no local-field effects).

Substituting the electric field given by Egs. (21)—(23)
and the polarization in the form of Eq. (24) into the wave
equation (20), then taking the time and space derivatives
and dropping the electric field that appears as a multipli-
cative factor on both sides of the resulting equation, we
end up with the equation

47k "
80,loc = — —5— Im[ 1] (29)
Nefr

for the gain coefficient. Substituting the factor L given by
Eq. (27) into expression (25) for the linear susceptibility,
and then Eq. (25) into Eq. (29), we arrive at the expres-
sion

Ay (A) w 8o,y (A) ®
ool d) = = ————|LP=""———IL]> (30)
Neff  Wpg Neff  Wpg

for the local-field-corrected small-signal gain in terms of
the vacuum absorption coefficient agy,(A), or vacuum
gain coefficient g¢ yac(A) (i.e., the absorption or gain coef-
ficient in a medium with the unit refractive index). As-
suming that the optical wave is in resonance with the
atomic transition (A=0), we find the following expression
for the local-field-corrected gain coefficient:

gO,vac(O)

8010e(A) = = L. (31)

Neff

It is in agreement with that obtained by Milonni [11].

C. Saturation Intensity
In this section, we use the following convention regarding
the way we denote different variables. We assign the vac
subscript to the variables describing quantities in a me-
dium with unit refractive index, no subscript to variables
denoting non-local-field-corrected quantities in a medium
with the refractive index n.g, and the loc subscript to vari-
ables denoting local-field-corrected quantities.

The gain g for a homogeneous atomic transition satu-
rates with increasing signal intensity I=(n.gc|E|?)/(27)
according to [37]:

B 8o
1+,

g (32)

The saturation intensity is the intensity that reduces the
small-signal gain coefficient to a half of its value; it is
given in terms of the atomic transition parameters by
[35]:
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Clofp ﬁ2

*2m 4w TiTy (33)
Here T is the population relaxation time.

To account for local-field effects in Eq. (32) for satu-
rated gain coefficient, one has to substitute the local-field-
corrected counterparts of the quantities entering the
equation. We obtained an equation for the local-field-
corrected small-signal gain coefficient g ), in the previ-
ous section [see Eq. (31)]. The local-field-corrected inten-
sity can be written as

NefiC NefiC
Ly = _lElocF: |L‘2‘E|2= |L‘2I (34)
2 2

Expression (33) for the saturation intensity contains two
quantities that may be affected by local-field effects,
namely, T; and T'5. We assume that T’y does not depend on
the local-field correction factor, as would be true for many
line-broadening mechanisms. Thus, we can simply retain
the vacuum value of Ty in the equation for the saturation
intensity. 7' is the lifetime of the upper laser level, which
we assume to be purely radiative. Thus, the result Eq.
(19) obtained earlier applies:

Tl,loc = n ’ PR (35)

Making use of Eq. (35) and the assumption that T3 does
not introduce local-field correction to the expression for
the saturation intensity, we find that

Clleff 1 Cleff h2neff|L|2

o 27 4":U‘ba|2Tl,10c:T2,loc - 27 4|:uba|2T1,vacT2,vac'

(36)

In Eq. (36), we denote the saturation intensity I, in order
to discriminate it from both the non-local-field-corrected
saturation intensity I, and the local-field-corrected satu-
ration intensity I 1., as we did not account for all the
local-field corrections affecting the saturation intensity
yet.

The local-field-corrected saturated gain coefficient can
be written as

3 — (37)

in terms of the quantities given by Eqgs. (31), (34), and
(36). We define the local-field-corrected saturation inten-
sity so that, if written in terms of it, Eq. (37) takes the
form

gO,loc
8loc= "5 - (38)

I
1+

s,loc

Making use of Eqs.(36)—(38), we express the local-field-
corrected saturation intensity in terms of the vacuum
saturation intensity as

Is,loc = ngffls,vaC' (39)
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5. ANALYSIS

The basic operation of lasers can be characterized most
simply in terms of the upper-level spontaneous emission
lifetime 7, the laser gain coefficient g, and the gain satu-
ration intensity I,;. All three of these parameters can be
controlled through use of composite material geometry. In
the simplest formulation of local-field effects, we can as-
sume that these laser parameters depend only on the ef-
fective value n.g of the refractive index of the host mate-
rial. We showed in the previous sections of this paper that
the basic laser parameters scale with the effective refrac-
tive index according to

Aloc = neff‘L|2Avac’ (40a)
L?

80,1oc = —80,vacs (40b)
Nefr

Is,loc = nszls,vac- (400)

The quantities marked with vac denote the values of the
parameters in a medium with the same chemical environ-
ment but with the refractive index equal to unity.

Treating the composite laser gain medium as an effec-
tive medium and assuming that the amplification (and
loss) at the laser transition frequency is small enough to
neglect the imaginary part of the effective dielectric con-
stant €., we can express the local-field correction factor,
given by Eq. (14), as

nsz+ 2
L= 3 (41)

Making use of expression (41) for the factor L, we plot the
local-field-corrected basic laser parameters, given by Eq.
(40), in Fig. 2. We choose the range of refractive indices
available in dielectric composite materials. Clearly, sig-
nificant control over the laser parameters is available
through use of a composite geometry.

Control of the three laser parameters is crucial for the
development of laser systems for the following reasons.
(1) The upper-state lifetime controls how large the pump-
ing rate of the laser needs to be in order to establish a
population inversion. (2) The gain coefficient determines

50

40

30

Enhancement

Fig. 2. Variation of the principal parameters that controls the
basic operation of a laser with the effective refractive index of the
composite material.
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the laser threshold condition. The gain needs to be large
enough for the laser to reach the threshold, but it is not
desirable for the gain to be too large because excessive
gain can lead to the development of parasitic effects such
as amplified spontaneous emission. (3) The saturation in-
tensity (and its related energy quantity, the saturation
fluence) determines the output power of a laser, from the
point of view that the output power is determined by the
condition that the saturated round-trip gain must equal
the round-trip loss. In practice, the output intensity of
most lasers is typically a factor of several times the satu-
ration intensity.

Our assumption that local-field effects in composite la-
ser gain media can be accounted for using the Lorentz
model with the effective refractive index entering the ex-
pression for the factor L is good for conceptual under-
standing of how the local-field effects help one to manipu-
late the laser parameters. For a more precise and detailed
analysis of a particular composite geometry, a more so-
phisticated model needs to be developed. This portion of
work is in progress.

6. CONCLUSIONS

We propose a method for controlling and tailoring the ba-
sic laser properties of laser gain media, such as the radia-
tive lifetime of the upper laser level, the small-signal gain
coefficient, and the saturation intensity. The idea behind
the method is designing new composite materials by mix-
ing two or more materials on a nanoscale to obtain new
laser gain media with the laser properties enhanced com-
pared with those of the constituents. The enhancement
can be achieved by implementing local-field effects that
can significantly modify optical properties of materials.
The composite-material approach has been used for en-
hancing the nonlinear properties of dielectric
[23-27,29,30] and metal-dielectric [28,38] composites.
However, we are unaware of any previous systematic
study of the modification of the laser properties of com-
posite materials by the local-field effects.

In this paper, we report a preliminary study of how
local-field effects can help one to change the laser proper-
ties of composite materials in a desired way. This proof-
of-principle study shows that it is possible to indepen-
dently control the radiative lifetime, gain coefficient, and
saturation intensity. The equations demonstrating how
these basic laser characteristics scale with the effective
refractive index and the local-field correction factor were
derived [see Eqgs. (40a)—(40c)]. We believe that the equa-
tions can be used for different composite geometries. Al-
though our approach is general to all composite geom-
etries for the linear optical regime and can be used with a
good precision for predicting the linear laser properties,
more complete theories, unique to different composite ge-
ometries, are needed. We are currently working in this di-
rection.
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