
The Kerr effect 
By Bruce A. Garetz 

I n 1875, the Scotsman John Kerr¬
d i scove red that t ransparent , 
amorphous substances, such as 

glass and many l iqu ids, become 
doubly refracting whi le subjected 
to a strong electric f ie ld. 1 This phe
nomenon became the basis for the 
construction of optically bistable 
devices and ultrafast optical shut
ters, and it has become valuable in 
the study of molecular structure 
and dynamics. 

Ac tua l l y , the K e r r effect has 
come to refer to a number of relat
ed optical phenomena. In its origi
nal sense it meant electric-field in
duced birefringence in amorphous 
media. Wi th the development of 
the field of electro-optics, it came 
to mean any quadratic electro-op
tic effect, i n crystals as w e l l as 
amorphous substances. 2 

More recently, with the advent 
of nonlinear optics, the Kerr effect 
has also meant birefr ingence in 
duced by the osci l lat ing electr ic 
field of plane-polarized light (opti
cal or ac Kerr effect), such that the 
original meaning has become the 
zero-frequency l imit (static or dc 
Kerr effect).3 

From another point of v iew, the 
Kerr effect has come to mean any 
intensity-dependent refractive in-
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dex due to electric-field induced 
molecular alignment. 4 In a special
ized application, it has referred to 
a number of resonant coherent in
teractions of a pair of l ight beams 
in a nonl inear med ium that en
hance the optical Kerr effect (e.g., 
the Raman-induced Kerr effect).3 

This article w i l l focus on the Kerr 
effect in amorphous media. 

Static Kerr effect 
The basic idea behind the Kerr 

effect is to make a l iqu id or glass 
behave l i ke a crystal. Normal ly , 
the molecules of a l iqu id or solu
tion are randomly oriented. If one 
applies an electric field to a l iqu id , 
the molecules of the l iqu id tend to 
al ign along the direct ion of the 
electric field. These al igned sam

ples share some of the properties 
of crystalline materials; in particu
lar, they are optically anisotropic 
and exhibit two indices of refrac
t ion (one each for inc ident l ight 
polarized parallel or perpendicular 
to the electric field), a property re
ferred to as birefringence. 

The mechanism for alignment is 
twofold. For molecules with a per
manent electr ic d ipo le moment, 
the external field applies a torque 
on the dipole, inducing orientation 
of the molecule along the direction 
of the field (Fig. 1). For nonpolar, 
anisotropic molecules, the external 
field induces a dipole moment in 
the molecule. Because the mole
cule is anisotropically polarizable, 
the induced dipole is not parallel 
to the external field. Thus the in
d u c e d d i p o l e exper iences a 

FlGURE 1. Electric field induced molecular alignment. 
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torque, causing al ignment along 
the field direction. This induced 
d ipo le cont r ibut ion also occurs 
with polar molecules, but is con
siderably weaker than the perma
nent dipole contribution. 

Some materials are more sus
ceptible to the Kerr effect than oth
ers. There is a larger difference be
tween the two refractive indices 
they exh ib i t . T h i s d i f fe rence 
equals a constant mu l t ip l ied by 
the square of the intensity of the 
applied electric field, mult ip l ied 
by the wavelength of the incident 
light. The proportionality constant 
varies f rom substance to sub
stance. The larger the constant, the 
greater the Kerr effect due to a giv
en electric field. 

For polar molecules, the Kerr 
constant can be either positive or 
negative, depending on whether 
the permanent dipole is parallel or 
perpendicular to the most polarizable 

axis of the molecule, respec
t ively. F o r nonpolar mo lecu les , 
the Kerr constant is always posi
tive. 

Optical Kerr effect 
The Kerr effect, as it was discov

ered in the 19th century, involved 
the response of a material to a stat
ic e lect r ic f ie ld . A sample was 
placed between two metal plates 
that were charged, one positively, 
the other negat ive ly , creat ing a 
constant e lect r ic f i e ld be tween 
them. This device is cal led a Kerr 
cell . Today, instead of a static elec
tric field, one can produce a transi
tory, oscillating field using intense 
pulses of laser light. 

Light is a form of electromagnet
ic radiat ion and has an e lec t r ic 
field associated with it. I f the pulse 
of light is sufficiently intense, an 
e lec t r ic f i e l d strong enough to 
cause al ignment of molecules is 
created. T h e resu l t ing b i re f r in 
gence is called the optical Kerr ef-

Some materials are more 
susceptible to the Kerr 

effect than others. There 
is a larger difference 

between the two 
refractive indices they 

exhibit. 

fect. Only the induced dipole con
t r ibut ion to the Ker r effect sur
v i ves ; the pe rmanen t d i p o l e 
contribution disappears, since the 
n u c l e i of the m o l e c u l e cannot 
move fast enough to fo l low the 
high-frequency oscillations of the 
field. 

Optical shutters 

One of the most important appl i 
cations of the Kerr effect is its use 
as a fast optical shutter. A Kerr 
shutter consists of a Ke r r c e l l 
placed between crossed polarizers 
(Fig. 2). As long as the medium re
mains in its randomly or ien ted 
state, l ight pass ing through the 
first polarizer cannot pass through 
the second one. However, when 

an electric field is appl ied to the 
medium, causing the molecules to 
align, the medium becomes bire¬
fringent and w i l l alter the state of 
polarization of the or iginal l ight 
beam, enabling some of it to pass 
through the second polarizer. 

The amount of light transmitted 
through a Kerr shutter depends on 
the Kerr constant of the medium 
used. Mater ia ls w i th large Ker r 
constants w i l l permi t a greater 
transmission for a g iven electr ic 
field. Kerr shutters based on the 
fast, nanosecond switching of the 
high voltage appl ied to Kerr cells 
con ta in ing n i t r obenzene were 
used as some of the first laser Q-
switches. 

A configuration is used so that 
the shutter is c losed w h i l e the 
high voltage (typically tens of kilo-
volts) is applied. The laser medi
um is excited whi le the shutter is 
closed, al lowing the bui ldup of ex
cess population inversion. When 
the bias vo l tage is s u d d e n l y 
switched off, the shutter opens, al
lowing stimulated emission to oc
cur, resulting in a giant laser pulse. 

Today, these Kerr shutters have 
been largely superseded by Pock-
els shutters, shutters based on 
crystals exhib i t ing a large linear 
electro-optic effect. 
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FIGURE 2. Static Kerr shutter 



FIGURE 3. Optical Kerr shutter. 

However, shutters based on the 
optical Kerr effect continue to be 
useful. 5 Picosecond optical pulses 
app l ied to carbon d isu l f i de are 
used to create picosecond optical 
shutters (Fig. 3). Such shutters can 
act as a k ind of strobe to freeze ul¬
trafast molecular processes in l iq
uids. Carbon disulfide, because of 
its large optical Kerr constant, has 
become a standard used to com
pare Kerr constants of other l i q 
uids and solids. 

In a search for l iquids with large 
Kerr constants i n our own labora
tory, we measured the Kerr con
stant of carbon diselenide and dis
covered that it was approximately 
three times larger than that pro
duced by carbon d isul f ide, thus 
making it the largest known opti
cal Kerr susceptibility for a simple 
l iqu id . 6 

Today lasers exist w h i c h can 
produce l ight pulses as short as 
about 10 fsec. Appl icat ion of such 
short pulses to an opt ica l Ke r r 
shutter does not generate a 10 fsec 
shutter, however. Once a l igned, 
the molecules of a l iqu id require a 
finite time to relax to the state of 
random orientation. This rotational 

diffusion time ranges from about a 
picosecond for small molecules to 
mi l l iseconds or longer for large 
macromolecules, so that a picosec
ond is the ultimate l imit for an op
t ical Ker r shutter based on the 
alignment of molecules. 

T o go to shorter t imes , K e r r 
shutters must rely not on an orien¬
tational mechanism, but on a pure
ly e lec t ron ic mechan ism. Such 
mechanisms exist, but they are 
generally much weaker, or are ef
fective as shutters only over a l im
ited range of wavelengths of light. 

Measurement of rotational diffu
sion times is, in itself, a useful ap
plication of the Kerr effect. This 
time is proportional to the viscosi
ty of the l iqu id , and is related to 
the shape of the rotat ing mo le 
cu les . Ke r r re laxat ion measure
ments of rigid-rod polymer mole
cules have been useful as a probe 
of polymer molecule structure. 1 

Optical bistability 
A pu lse of l i gh t p ropagat ing 

through a Kerr medium can alter 
the refractive index that the pulse 
itself experiences. This is referred 

to as an in tens i ty -dependent or 
nonlinear refractive index. It can 
give rise to a number of "self-act
ing " Kerr phenomena such as the 
self-focusing of a Gaussian laser 
beam and self-induced rotation of 
the polarization el l ipse. 4 

A n application of an intensity-
dependent refractive index is in 
the creation of optically bistable 
devices, i.e., devices that can be 
sw i t ched b e t w e e n two stable 
states with different optical prop
erties, analogous to generating a 0 
or 1 binary digit. Such a device can 
be created by placing a Kerr medi
u m b e t w e e n the mi r rors of a 
Fabry-Perot interferometer. The 
t ransmiss ion of such non l inear 
Fabry-Perot as a function of inc i 
dent intensity exhibits hysteresis 
(Fig. 4), so that the device can exist 
in two states, wi th transitions be
tween them induced by a smal l 
change in the incident light inten
sity. 2 These devices are the basis 
for the new field of digital optical 
computing. 

Traditionally, optical processing 
has been analog, as w i th opt ical 
Fourier transforms performed with 
lasers. Wi th optically bistable de-
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vices, one can create logical cir
cuits and memories analogous to 
those used in d ig i ta l e lec t ron ic 
computers. Such optical comput
ers wou ld be faster and require 
less power than existing electronic 
computers. 

One particular area in wh ich op
tical computers may have signifi
cant advantages over e lec t ron ic 
computers is matrix manipulation, 
where many separate calculations 
could be performed in paral le l . 
Because a beam of l ight has spatial 
extent, different spatial regions of 
the beam cross section are able to 
carry different pieces of informa
tion, al l of wh i ch cou ld be pro
cessed simultaneously. 

Wh i l e the technology has not 
yet advanced to the point of bu i ld
ing optical computers, this is at 
present an active area of research. 
It is conceivable that one cou ld 
see prototypes within a few years. 

Spectroscopic applications 
In another application, the opti

cal Kerr effect can be useful as a 

The optical Kerr effect 
can be enhanced if the 
frequency difference 

between the pump and 
probe laser is tuned to a 
vibrational resonance of 

the Kerr medium. 

spectroscopic tool. This is done us
ing a " p u m p " laser to provide a 
pulse of light which induces the 
b i r e f r i ngence , and a second 
"probe" laser to detect the result
ing birefringence. The optical Kerr¬
effect can be enhanced i f the fre
quency di f ference be tween the 
pump and probe laser is tuned to a 
vibrational resonance of the Kerr¬
medium. B y scanning the frequen
cy of either laser and recording the 
t ransmiss ion of the probe laser 
through a Kerr shutter, one can ob

tain the Raman spectrum of the 
medium. 

In our laboratory, we are using 
this "Raman-induced Kerr effect," 
or R I K E for short, as a probe of 
some of the more subtle details of 
the structure of b io logical mole
cules. If one considers a large or
ganic molecu le , there is a good 
chance that one or more of the car
bon atoms has four different sub¬
stituents. Those carbon atoms are 
ca l l ed asymmetr ic . Asymmet r i c 
carbon atoms can exist in either a 
right- or left-handed configuration. 
The identification of a carbon as 
being of the right- or left-handed 
variety is referred to as determin
ing its absolute configuration. 

We have developed an exten
sion of the Raman-induced Kerr ef
fect which is sensitive to Raman 
optical activity. 7 It would, in prin
ciple, al low one to determine the 
absolute conf igurat ion of many 
asymmetric centers in a molecule. 

This by no means exhausts al l of 
the spectroscopic applications of 
the Kerr effect. The whole area of 
polarization spectroscopy, wh i ch 
has been appl ied to double reso
nance and two-photon as we l l as 
Raman spectroscopy, can be con
sidered as a variation of the Kerr¬
effect. 
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FlGURE 4. Output characteristics of a nonlinear Fabry-Perot interfer
ometer, exhibiting optical bistability. 
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