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ABSTRACT

In this article active non-linear optical effects in semiconductors are reviewed.
These processes arise because of the dynamics of excited populations of charge
carriers temporarily created in otherwise empty states when a beam of laser radia-
tion is incident on the material. A large number of different effects have been
observed in different semiconductor materials recently and the non-linearities
cover a wide range of magnitudes both in time-scale and size of non-linearity.
The theory and physical concepts relevant to these processes are described and
experimental observations using both high power pulsed and low power c.w. lasers
are reviewed. Applications in optical histability. phase conjugation, optical gating
and optoelectronic gating are discussed.
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§ 1. INTRODUCTION
1.1. Scope of the review

It is well known that the electrical properties of semiconductors are greatly
influenced by the introduction of charge carriers into otherwise empty bands of
energy levels. These carriers are usually thermally excited, either across an
energy gap or from impurity states, giving the peculiar sensitivity of electrical
properties as well as the microengineering opportunities to construct devices
now common in the practice of microelectronics.

Semiconducting materials also have interesting and usable optical properties.
Until fairly recently most attention has been focused on the classic * passive '
effects. Non-linear optical effects leading to frequency mixing. harmonic
generation, parametric amplification and the like are relatively large in semi-
conductors and, in general, larger for smaller energy gaps. In this review we
will address a new subject which has arisen in the last few years and concerns
" active ' non-linear processes. This subject arises because of the possibility
of exciting the material under the influence of a beam of laser radiation in such
a way that real populations of charge carriers are temporarily created in other-
wise empty states. It transpires that a relatively small number of such
optically excited charge carriers can have profound effects on some non-linear
optical properties on timescales ranging between microseconds and picoseconds.
An early discussion of these concepts is given by Smith and Miller (1979).

A study of the dynamics of these excited populations shows that at least
three characteristic times are intimately involved with the processes. The
longest of these is the carrier lifetime or recombination time. This defines
the time for which the excited carriers remain in the otherwise vacant band.
It can be as long as hundreds of microseconds under some conditions and
shorter than nanoseconds under others. The second longest timescale is
imposed by intraband processes which tend to thermalize an initially non-thermal
distribution of optically excited carriers. In magnitude it tends to lie between
a few and a few hundred picoseconds depending upon the detailed conditions.
‘The shortest time is known as the dephasing or dipole lifetime. This time
describes how long a dipole transition between two quantum states of the system
can maintain its phase coherence. By the uncertainty principle it also describes
the effective width of the states. With this explanation of timescales it is clear
that the description of the subject as ‘ dynamic non-linear optics " is justified



whether the observations are made slowly, for example with c.w. lasers, or
rapidly with the aid of short-pulse techniques. At the time of writing a fair
number of observations of different effects in different materials can be re-
corded. Many of these investigations, using the new experimental facilities
provided by various lasers, began independently and for a variety of different
reasons. It can now be seen that there are many underlying common concepts
which we attempt to unify in this review.

In optical terms, the extent of the excitation depends upon the balance
between the rate of absorption of energy and the appropriate relaxation
mechanisms so that some energy states become temporarily saturated to a
greater or lesser extent. Surprisingly, a large degree of saturation can be
obtained in some cases for intensities as low as 1 W/em?2. At the other extreme,
intensities as high as 1 GW/cm? can be incident on semiconducting materials
before laser damage sets in. In practice, then, we are concerned with induced
carrier densities which may range between 10 and 10?? carriers per cm?.

A major division can be made between absorptive and refractive effects ;
however, both can be described in terms of complex electric susceptibilities.
In our case it is useful to consider the expansion of the component of polariza-
tion P; of the medium in powers of the electric field according to the equation

Pi=X;® B 4+ X3, ® B Epr + Xy ® By Epon B s, (1.1)

For reasons that will be explained, we shall be mainly concerned with
third-order effects, but it is useful to list effects of both active and passive
nature in terms of the susceptibilities and the frequencies contained therein
(Wherrett 1977). This is shown in tables 1 and 2.

We note from tables 1 and 2 that second-order effects are always passive and
therefore not of interest in thjs review. With three terms making up the
algebraic sum of frequencies in third-order effects the occurrence of w; and — w,
together allows excitation in the sense that we have discussed above.

In the field of atomic laser spectroscopy the  system ’ is sufficiently dilute
that individual energy states remain discrete and the phenomenon of saturation
is well known and described by the ¢ two-level atom” (see, for example, Sargent
et al. 1974, Yariv 1975). Although strong interactions take place between
individual states in the case of solids many of the simple principles concerning
the phenomena of saturation, population inversion and power broadening,
can be transferred to the more dense situation. Coherent phenomena are
difficult to observe due to the very short (picosecond) scattering time out of
individual states. Nevertheless ‘state filling’ effects can be observed and
saturation takes place readily through ‘ band filling .

The macroscopic description of eqn. (1.1) and tables 1 and 2 enables us to
make comparisons concerning the order of magnitude of non-linear effects.
The range is very large. For example, in second-order effects X varies be-
tween 10-? and 10-15 e.s.u. depending upon the energy gap of the material.
In SI units this quantity is 10-12-10-® m/V, the conversion factor being
X® (e.s.u.)=2-387 x 103 X (SI). In the third-order case, of interest in this
article, X®) defined in terms of the fourth rank tensor by the expression

P;® =X, ® B Eo1 E o (1.2)

varies between 10~ e.s.u. for GaAs, away from resonance to 1-0e.s.u. for
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Table 2. Active processes: imaginary parts of X and X%

Susceptibility Process

1st order XM w, ; wy) Linear absorption

3rd order XB®wy 3 wy, —w), wy) Raman scattering
XN w, 1wy, —wy, w) Intensity dependent absorption

e.g. two-photon absorption
or saturable absorption
and refraction

InSb at near-resonance to the energy gap at 77 K. (In the SI system these
magnitudes are X@) =101 m?/V? and 1078 m?/V? respectively, converted by
X® (e.s.u.)=7-162x 107 X® (SI).) Thisenormous difference from the ‘ passive
non-resonant situation is accounted for by band-gap resonant saturation effects
which can be excited by relatively weak laser fields in comparison with the
usual statement that the electric fields must be comparable to interatomic fields
to observe (passive) non-linearity. One should mention that although refractive
effects are described by the real part of X®) they become ‘ active ' near resonance
and so are included in table 2.

Finally, we should comment that the effects can be so large as to invalidate
the sense of an expansion in terms of powers of the electric fields. In terms of
the two-level model, however, an expression for X is readily obtained containing
in principle all orders of the electric field. The various orders of susceptibility
in the expansion remain useful to compare orders of magnitude in various
materials.

The organization of this review is to some extent arbitrary. Following
brief mention of experimental techniques in § 1.2 we describe the theory and
underlying concepts in § 2 and then divide description of the experiments in
terms of the use of pulsed lasers and relatively high intensities (§ 3) from those
of relatively weak excitation (§ 5). The presence of the laser beam can induce a
transient grating in a material and the method is important enough to merit
a section of its own (§ 4). Finally, we review a variety of applications.

Some topics are excluded : see the work on biexcitons covered by Chemla
(1980); we also omit photoconductivity and luminescence since these are
adequately covered elsewhere.

1.2. Experimental techniques
1.2.1. The laser sources

The generation and analysis of mode-locked picosecond pulses is now
standard practice using both dye lasers and Nd : Yag or glass (see, for example.
Kaiser and Laubereau 1977). Extension of the wavelength range using para-
metric oscillators is also possible. Peak power values of 100 MW are readily
obtained and multiple amplifier configurations can provide powers as high as
1012W. The mode-locked train of picosecond pulses, fig. 1.2.1, occurring
every cavity round trip time, provides the basic short-time resolution for time
resolved experiments and usually one pulse is switched out by electro-optic
methods. Most solid-state experiments are conducted using excite-probe
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Fig. 1.2.]

100ns (a)
10ns (b‘)

Oscilloscope display of mode locked pulse train (a) and of the selected pulse (b) rise

time of the detection system'is not sufficient to resolve the picosecond pulses.
(After Kaiser and Laubereau 1977.)

techniques. An optical delay line whose length can be adjusted then provides
the picosecond timescale (the pulse travels 30 em in 1 ns). Typical properties
of a 1 ps pulse switched from a pulse train are given in table 3 and fig. 1.2.2
shows schematically a typical layout with excite and probe beams.

More recently, synchronously mode-locked operation of such systems as
argon or krypton-ion pumped dye lasers allows the use of a regular sequence of
picosecond pulses (up to 108 pulses per second) with consequent signal averaging
possibilities. Peak powers ~ 10 kW are obtainable with typical pulse dura-
tions of a few picoseconds. Optical pulses as short as a tenth of a picosecond
have been generated by passive mode-locking of dye lasers. These sub-
picosecond pulses have been amplified to GW powers for non-linear measure-
ments (Ippen and Shank 1978).

For infrared wavelengths, notably 10-6 um (O, lasers, single mode ‘ hybrid-
TEA CO,’ or injection locked CO, lasers giving good reproducibie single mode
outputs are necessary for high-quality pulsed measurements. :

Table 3.
Pulse duration t,=6 ps
Frequency width Ai=29cem™?
t, X Av 0-6
Peak to background ratio - ~10¢
Pulse intensity 5 x 108 W/em™

Pulse energy after amplification +x1073J




Fig. 1.2.2
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Typical excite-probe layout.

1.2.2. Measurements e

Absorption measurements are made fairly readily but individual pulse
amplitudes are by no means constant. It is therefore quite common to
computerize the analysis and make averages over large numbers of pulses.

Detectors are usually working on a nanosecond timescale compatible with
reasonable electronics : on shorter timescales time delay is converted into
distance in the optical delay path as in fig. 1.2.2.

Non-linear refractive effects can be monitored by a number of different
methods :

(1) Reflectivity change—this can be quite large and therefore measurable
directly.

(2) Transient ellipsometry.

(3) Transient gratings and four wave mixing.

(4) Beam profile distortion (self-focusing or de-focusing).

(5) Non-linear Fabry-Perot action.

(6) Non-linear magneto-optic effects such as Faraday rotation.

- Often only the first order coefficient, n,, of non-linear refractive effects is
measured and this can be defined through

where I, the intensity, is proportional to the mean square of the electric field.
n, is measured in practice in units of em?/W although calculations (e.g. eqns.
(2.4.6) and (5.1.1)) are normally in cgs units (cm?/erg). A recent review of
general results for n, in many materials is given by Chang (1981), although many
of the developments reported in the present review are subsequent to Chang’s
review. _

Most experiments require good control of laser intensity. This is far from a
trivial problem : one solution that has been effective is the use of a wedged
multilayer attenuator in a spatial filter which s capable of continuously chang-
ing the intensity over four orders of magnitude whilst retaining an accurately
gaussian beam profile. This is described by Miller and Smith (1978) ; fig. 1.2.3
shows the unchanged beam quality over this large range of intensity.
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- S . <
Radial Distance /mm

Attenuator with beam intensity profiles taken at the position of the output lensx
(@) at 650 mW output power, (b) 65 mW, (c) 6:5 mW, (d) 650 uW (the resolu-
tion here is limited by detector noise). Curve (e) is a mathematical gaussian
of the same width. (The heights of all traces have been adjusted for com-
parison.) (After Miller and Smith 1978))

§ 2. THEORY

Many physical processes are involved in dynamic non-linear optics in semi-
conductors, and to give a full theoretical treatment of all of these would be too
extensive for this article, particularly as many of these processes are individually
reported elsewhere. However, since many processes are common to the diverse
investigations reviewed in this article, it is appropriate to summarize the rele-
vant mechanisms and also to remove some of the barriers of terminology that
can exist in relating work from different areas of study. Consequently in
this section we try to describe briefly the processes which are invoked frequently
in this review.,

2.1. Absorption and refraction (linear optical properties)
The theory of linear absorption and refraction in semiconductors has been
amply described in many texts (see for example, Greenaway and Harbeke.



1968, Moss et al. 1973, Bassani and Parravicini 1975, Pankove, 1975). Here
we will emphasize those aspects which are relevant to non-linear optical pro-
cesses so that we can establish some theoretical basis for the non-linear effects
discussed in this article. :

Any isolated atom has a characteristic set of electronic levels with associated
wavefunctions and energy eigenvalues. The absorption spectrum of the atom
thus consists of a series of lines whose frequencies are given by

where E; and E; are a pair of energy eigenvalues. We also know that the
spontaneous lifetime, 7, from any excited state to a lower state sets a natural
width of order h/r on the energy levels due to the uncertainty principle.
Perturbation theory to first order gives the probability per unit time that a
perturbation of the form H(ty=H exp (iwt) induces a transition from the
initial state. i. of energy E; to the final state. {, of energy E,,

O

Pi,=%" [f|H |0 |28(E— B — ho). (2.1.2)
where |i’ and |f- are the wavefunctions of the initial and final states. This
is often referred to as Fermi’'s Golden Rule.

If we imagine N similar atoms brought together to form a crystal, each
non-degenerate energy level of an atom will spread into a band of .\ levels.
If N is large, these levels can be treated as a continuum of energy states. Ina
pure semiconductor at low temperature the electrons will completely fill the
valence bands while the allowed states above these, the conduction bands, will
be empty. The optical properties of semiconductors are dominated by the form
of the valence and conduction bands and the energy gap separating them.
The wavefunctions and electron energies of these bands can be calculated by
various approximate methods. Within the one electron and adiabatic assump-
tions, each electron moves in the periodic potential field of the lattice leading to
the Schrédinger equation for a single particle wavefunction. neglecting spin.

p?
(2—+ V(r)) b(r) = Ed(r). (2.1.3)
my
The solution can be shown to have the form.,
S(ry=exp (tk - r) - u(k. r). (2.1.4)

where k is the electron wave-vector and u(k, r) has the periodicity of the
lattice. The wave-vector. k, is not uniquely defined by means of the wave-
function : the energy is a periodic function of k. allowing us to restrict the value
of k to the first Brillouin zone in reciprocal space.

The majority of commonly met semiconductors have structures closely
related to that of diamond with sp® hybridized tetrahedral bonding. In
general, this results in three upper valence bands which have retained the p-like
character of the atomic states (odd parity) ane a spherically symmetric s-like
lowest conduction band (even parity) for small values of k (as an example
see germanium, fig. 3.1.1). For larger wavevectors, these s- and p-like states
mix and the parities are not well defined. A solution of the Schrédinger
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equation using for instance the k.p approximation (Kane 1957) including

spin-orbit coupling results in the familiar E versus k electronic dispersion

curves in which the energy bands are approximately parabolic near their energy

maxima or minima and each band may be characterized by an effective mass
parameter, m*,

2 2

B = E(ky) + Tl

2.1.1. Darect absorption

Optical absorption can occur for photon energies in excess of the band-gap
energy, transitions occurring between the full valence band and the empty
conduction states. The first-order perturbation of the single electron hamil-
tonian by the radiation is given by,

H(t):;n% A.p. (2.1.6)

A is the vector potential of the radiation, _
A(r,t)=AdE-exp [i(x - r—wt)]+c.c, (2.1.7)

where % is the wave-vector of the,radiation and § is the polarization vector in
the direction of the electric field. (Here we use gaussian units consistent with
the bulk of published papers on the electrodynamics of charged particles.)
Using Fermi’s Golden Rule, eqn. (2.1.2), the transition probability per unit
time between a pair of valence and conduction band states will be given by

me

4,
Pw-—,@—(" ) [P Pl > 28, — B, — heo). (218)

There will be a change in the electron wave-vector after the transition
due to momentum conservation, but this is normally neglected because of the
small photon wave-vector. Thus, we assume vertical transitions in k-space
(the electric dipole approximation). The total transition rate per unit volume,
W (w), is obtained by integrating over all possible vertical transitions in the
first Brillouin zone taking account of all contributing bands,

w 27 [ 2me I
() B nem2w?

Here, we have replaced the vector pot-entia,l with the intensity of the radiation
through the relation,

(K2 E (k) — E (k) —hw). (2.1.9)

A2="=1, (2.1.10)

where » is the refractive index and ¢ is the velocity of light. M, (k) is referred
to as the momentum matrix element for a given transition, often assumed to be
slowly varying in k, so that

E * Mcvzg y <¢'c0|p|‘/lv0>
=K. I Peo®*(— 1AV ) odr, (2.1.11)

crystal
volume



where ¢, and ¢, are the zone centre wavefunctions. The momentum matrix
element may be evaluated from k - p theory for simple band structures which
relates it to the band-gap, E,, the spin-orbit splitting of the valence bands,
A, and the electron effective mass, m.*,

M |2=371102 E(B+Q,)( 1 1
o 23E,+2A,,) m* m,)

(2.1.12)

Finally, the absorption coefficient, «, is defined through the Beer's Law
dependence of intensity on propagation distance, z.

dl hw
= _1—=—— ’ A
a=I1— ; 0. (2.1.13)

2.1.2 Intervalence band absorption

Although vertical transitions between the valence bands near k=0 in
diamond-like semiconductors are forbidden to a first approximation because
these states have the same parity, transitions can occur at finite values of k
due to the mixed parity of these states away from the zone centre. Doping a
semiconductor p-type can result in a heavy hole valence band depleted of
electrons up to some k-value while the light hole band remains filled. This
results in absorption in the infrared ; in this case the momentum matrix
element is directly proportional to the electron wave-vector, k. Intervalence
band absorption may also be observed when large hole densities are created by
optical excitation.

2.1.3. Two-photon absorption

Two-photon absorption (TPA) has been employed as a means of generating
large densities of carrier in semiconductors for dynamic non-linear optical
studies (see, for example, Fossum et al. 1973, Von der Linde and Lambrich
1978, Miller, Johnston et al. 1979, Johnston et al. 1980). As an excitation
method, it has the advantage that a much more homogeneous carrier distri-
bution can be created in the crystal than for single-photon absorption because
of the larger penetration depth for the radiation, but it must be remembered
that the two-photon process is itself non-linear.

TPA can be treated by second-order perturbation theory. Although
two photons of different frequency can be employed, electron-hole pair
generation requires only one laser with a photon energy larger than half
the band-gap. In this case, the transition probability per unit time between
a pair of valence and conduction band states is,

P.. i <8_A2>4
h \ mc

where the summation spans all intermediate states. {. The interaction can be
regarded as a result of two successive processes. An electron first makes a
virtual transition from the initial state, ¢, to an intermediate level, {, by absorp-
tion of one photon. Energy is not conserved at this stage so that absorption
of the second photon must take place within a time set by the Uncertainty

¢ . NG . i> 2
Z{: ye|E ;tlftF\,l/fLi Pl S(E,— E,~2hw). (2.1.14)
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Principle resulting in the electron reaching its final state, f, satisfying the con-
dition, £, — E;=2hw. Theintermediate state can be any valence or conduction
band state such that momentum is conserved for each individual transition.
(i.e. vertical transitions within, the electric dipole approximation) but states
with energies far from the lowest conduction band and upper valence bands
will only have a weak contribution because of the resonant denominator.

Lee and Fan (1974) calculated TPA coefficients for several semiconductors
with zinc blende structures assuming parabolic bands and including exciton
effects. More recently, Pidgeon et al. (1979) have included the non-para-
bolicity of the bands to determine the frequency dependence. Figure 2.1.1
shows typical two-photon transitions in a model in which only the lowest
conduction band and the three highest valence bands are included (three-band
model). There are two types of process to be considered. One involves a
valence to conduction band transition plus either an intraconduction or intra-
valence band transition. The second type involves a valence to conduction
band transition plus a second interband transition. In all. there are twelve

Fig. 2.1.1 .
E
A

u,,u,

' k

~

u,u,
u,u,

\7 u,

Conduction and valence bands of InSb near k=0. Typical two-photon absorption
transitions are shown. (After Pidgeon et al. 1979.)




final states to be considered, each involving summation over intermediate
transitions of these two types. The electron transition rate is,

27 4mledl? dk g . Mtt(k)g .- Mti(k) R . i
T h n2eitmle’ T (27)3 ; E-E,—thw ME,— E,-2hw), (2.1.15)

W(w)

’

where the momentum matrix elements. My and M were defined in eqn.
(2.1.11).
The two photon absorption coefficient. B. is defined by the relation.

dl
S W) & (2.1.16)
dz
«0 that
2her .
B=—12— ", (2.1.17)

The two-photon absorption coefficient has proved very difficult to measure
accurately, particularly since the generation of electron-hole pairs causes a
free carrier absorption which varies during the laser pulse. Measured values in
various semiconductors have ranged from 10-3 to 16 em MW

2.1.4. Indirect absorption

For several semiconductors. e.g. Si. Ge and GaP, the energy minimum
of the conduction band and the maximum of the valence band occur at different
k-values. In this case, optical absorption can result from above band-gap
radiation through the additional interaction of a long wave-vector phonon
allowing momentum conservation to be satisfied. In the process shown in
fig. 2.1.2, an electron is excited by a photon in a virtual transition which
violates energy conservation, (a), and a phonon scatters this electron to take up
the energy mismatch, (b). The reverse ordering of phonon scattering followed
by photon absorption can also take place : phonons can be either emitted or
absorbed. Like two-photon absorption. this is an interaction in which two
particles contribute to the electron’s final energy and is therefore much weaker
than direct interband absorption involving only a photon. It can therefore be
treated by second-order perturbation theory similar to that described for TPA.
The change in the potential experienced by the electron due to the vibration
of the lattice is treated as the additional perturbation in the hamiltonian and in
its most general form is.

H, =Y [V(r—R;—3R;)—T(r—Rj]l. (2.1.18)
J

where r and R; are the position coordinates of the electron and a given atom. ;.
respectively and 8R; is the displacement of that atom. This can be simplified
due to the transitional symmetry of the lattice so that the contributions of the
individual phonon branches may be considered separately and the concentration
of phonons in each particular mode accounted for. The absorption is difficult
to evaluate because all possible combinations of intermediate and final states
must be summed and the electron-phonon interaction changes considerably with
k-value.
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Phonon-assisted transitions may also take place in direct gap semiconduc-
tors when the photon energy is within an optical phonon energy of the band-gap.
This has been suggested as the source of the Urbach absorption tail in some low
band-gap semiconductors. '

Fig. 2.1.2

- Ef.E
[

Indirect absorption process in a semiconductor.

2.1.5. Exciton absorption

The absorption processes discussed above do not take into account Coulomb
attraction between the excited electron and the hole state left behind in the
valence band when a quantum of radiation is absorbed in the semiconductor.
This attraction can lead to the formation of an excited state in which the
electron and hole are bound to each other in a hydrogen-like state (Knox 1963.
Dimmock 1967, Reynolds and Collins 1981). The binding energies of excitons
are typically a few meV and can be seen in the absorption spectrum of some
semiconductors as a series of sharp lines just below the fundamental absorption
edge. The energy of formation of an exciton is given by,

h%|K |2 R
E-E. + 0 2.1.19
B 2(m*+m,*) [ ( )
where K is the exciton wave-vector, R is the exciton Rydberg and [ is a quantum
integer. Absorption peaks result because transitions can only occur close to
k =0 because after any direct transition, the electron and hole will have equal
and opposite k-values. However, since the electron and hole are bound to-
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gether in an exciton, this can only be satisfied for K=0. The series of lines
converge to the absorption edge and overlap to form a continuum.

Excitons may also be found as a result of indirect transitions with emission
or absorption of a phonon. The optical absorption above the band gap is
often enhanced by Coulomb interactions between the main bands.

Exciton absorption structure can be difficult to observe in semiconductors.
Atomic vibrations and lattice imperfections can broaden the absorption lines
into the continuum. Also, excitons can be effectively screened. In particular.
low band-gap semiconductors whose excitons have small binding energies and
hence large orbital radii. loose their structure at even moderate doping levels.
In general, therefore, low temperatures are required for the observation of
exciton absorption lines.

2.1.6. Free carrier absorption

At frequencies below the threshold for interband transitions and exciton
absorption, semiconductors have a continuous absorption spectrum due to
intraband transitions (Fan 1956, 1967, Stern 1963). The absorption is approxi-
mately proportional to the number of electrons (or holes) in the band and there-
fore it can be varied by doping. When a free carrier absorbs a quantum of
energy, fiw, it must change its wave-vector such that it can make a transition
to an empty state at higher energy within the same band. As the photon wave-
vector is small, this is only possible if the lattice takes up the momentum in a
similar way to indirect absorption. Hence a phonon must be emitted or ab-
sorbed in the free carrier transition. The absorption thus depends on the
phonon scattering process involved but most materials follow a A% variation in
absorption coefficient at long wavelengthi. This type of free carrier absorption
can be masked in p-type semiconductors by intervalence band transitions
mentioned earlier which do not require the aid of phonons.

2.1.7. Refraction

The macroscopic interaction of electromagnetic radiation with matter is
normally expressed in terms of the frequency dependent complex dielectric
constant,

e(w)=¢€(w) +1e"(w), (2.1.20)

where ¢’ describes the refractive properties of a medium while ¢” describes its
absorption. The latter is related to the absorption coefficient. x, by,

w
x=—¢". (2.1.21)
nc

The real and imaginary parts of the dielectric constant are not independent
but are related through dispersion relations. This is because the induced
polarization of a medium is linked by causality to the electric field—there is
no response before a field is applied. This is manifested in the frequency
dependence of the real and imaginary parts of the dielectric constant. The
Kramers-Kronig relations give a convenient method of predicting the refractive



