
the viroid character of the genome of [hepa- 
titis delta virus] encourages speculation 
about its possible plant origin." 

It so happens that during the past year 
several researchers have noted structural 
similarities between viroids and the group of 
introns known as group I. 

Group I introns include those in mito- 
chondrial messenger and ribosomal RNA 
genes, chloroplast transfer RNA genes, and 
nuclear ribosomal RNA genes. These in- 
trons are characterized by the possession of a 
series of conserved regions, which impose 
certain secondary and tertiary structure con- 
straints. What is most intriguing about these 
introns is that at least some of them are able 
to self-splice, that is to excise themselves and 
ligate the parental strands in the absence of 
enzymes, releasing a small circular RNA 
molecule. 

In separate studies Gail Dinter-Gottlieb, 
of Drexel University, and A. Hadidi, of the 
Plant Protection Institute, Beltsville, Mary- 
land, noted echoes of the group I intron 
conserved regions in most viroid structures 
they examined. In addition, parts of the 
central conserved region were also to be 
found in the introns. Both authors suggest- 
ed some kind of evolutionary relationship 
between the two groups of RNA molecules, 
and Dinter-Gottlieb wondered whether vi- 
roids may be "escaped introns." 

"When we saw Dinter-Gottlieb's paper 
we immediately looked at the hepatitis delta 
virus to see if there were any group I intron 
homologies to be found," Houghton told 
Science. 'What we saw wasn't particularly 
striking, but there are some homologies that 
are probably statistically significant." The 
link between the delta virus, the viroids, and 
the group I introns is therefore complete. 

Several interpretations of what this might 
mean are possible. For instance, perhaps 
both plant viroids and the hepatitis delta 
virus (including any other similar agents) 
are escaped introns. Instead, all three classes 
of RNA molecule may have derived from an 
as yet unidentified ancestor molecule. Or 
perhaps some other relational combination 
applies. As Houghton says, "It is hazardous 
to speculate too firmly about it." The guess- 
ing game will be settled only by more 
detailed sequence comparisons. 

ROGER LEWIN 
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An Optical Measurement 
of ~ e k y ' s  Phase 
Overlooked for 60 years, u phase factov that can creep into 
quantam mechanicul wave fancthns has implications in areas 
ranging pow molecglar physics t o  un$ed jeld tthoories 

T HREE years ago while lecturing in 
the United States, Michael Berry of 
the University of Bristol found him- 

self unable to field a question on the behav- 
ior of certain types of quantum mechanical 
wave functions when time-reversal symme- 
tq7 was violated. Berry went home, spent 2 
weeks thinking through the question, and 
discovered what he called the quantum adia- 
batic phase, although everyone else now 
calls it Berry's phase. The quantum adiabatic 

The path dependence is 
what makes Bemy's 
phase ageometric &ct. 

theorem, which Berry's phase modifies, is 
almost as old as quantum mechanics itself. 
"It should have been discovered 50 years 
ago," says Barry Simon of the California 
Institute of Technology. 

The finding triggered a flurry of theoreti- 
cal papers showing how Berry's phase turns 
up in contexts ranging from the mature field 
of molecular physics to the arcane world of 
the quantum field theories known as gauge 
theories. A key paper by Simon recast Ber- 
ry's result, which is geometrical in origin, in 
the compact language of differential geome- 
try. Simon's treatment not only makes com- 
putation less ponderous, but it also under- 
scores the close connection between geome- 
try and modern theoretical physics, where 
the topological properties of curved surfaces 
have become of decisive importance. 

While the theoretical work has left no 
doubt as to the existence of Berry's geomet- 
rical phase, direct experimental confirmation 
was lacking until recently. In August, Akira 
Tomita, who is now at the Raychem Corpo- 
ration, Menlo Park, California, and Ray- 
mond Chiao of the University of California 
at Berkeley published the first experimental 
measurement of Berry's phase. In short, as 
predicted by Chiao and Yong-Shi Wu of the 
University of Utah, the angle of rotation of 
linearly polarized laser light on passing 

through a helical, single-mode optical fiber 
is a measure of the geometrical phase. It is 
conceivable, says Chiao, that this kind of 
optical activity in a fiber will have applica- 
tions in optical devices, such as wavelength- 
independent phase shifters and optical rota- 
tors. Although highly speculative at the 
moment, Berry's phase could also be the 
basis for optical fiber gyroscopes and memo- 
ry devices. 

In June, Guy Delacrttaz and Ludger 
Woste of the Swiss Federal Institute for 
Technology in Lausanne, Edward Grant 
and Josef Zwanziger, who are now at Pur- 
due University, and Robert Whetten of the 
University of California at Los Angeles re- 
ported a spectroscopic study of triatomic 
sodium clusters in a supercooled molecular 
beam. Although the experiment did not 
measure Berry's phase, it did show that the 
so-called pseudorotational quantum num- 
bers of a cluster are half integers, which is a 
direct consequence of Berry's phase. Ordi- 
narily, pseudorotational quantum numbers 
are integers only. 

It turns out that other hints of Berry's 
phase have appeared in the molecular phys- 
ics literature for almost 30 years, but no one 
interpreted them to mean that standard 
treatments of the quantum adiabatic theo- 
rem were incomplete. In both classical and 
quantum mechanics, adiabatic refers to a 
change that takes place very slowly in the 
environment of a physical system. For exam- 
ple, molecular physicists commonly assume 
that the vibrational and rotational motions 
of the nuclei are so slow compared to the 
orbital motion of the electrons that the 
nuclear movement constitutes an adiabatic 
change in the environment of the electrons. 

According to the quantum adiabatic theo- 
rem, which was discussed as early as 1928, if 
the change is slow enough, the wave h c -  
tion of the physical system will instanta- 
neously adjust to the change. In particular, if 
the environment returns to its original con- 
dition after an adiabatic excursion, the wave 
function will also return to its original value 
multiplied by what is called a dynamic phase 
factor whose value depends on the time 
duration of the excursion. Except in special 
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cases where interference effects may arise, 
the dynamic phase factor has no measurable 
consequences. 

What Berry showed is that there is a 
second, geometric phase factor that is gener- 
ated during an adiabatic excursion of any 
parameter that characterizes the environ- 
ment of a physical system. This phase factor 
is independent of the duration of the excur- 
sion, but its value does depend on the 
particular path taken in an abstract coordi- 
nate system or "parameter space" through 
which the trajectories of environmental 
changes can be imagined as traveling. The 
path dependence is what makes Berry's 
phase a geometric effect. 

An essential ingredient in the generation 
of Berry's phase is the existence of a curved 
surface, each point of which represents the 
wave function for a different value of the 
environmental parameter. The adiabatic ex- 
cursion traces out a closed curve on this 
surface. The idea is easily visualized with the 
aid of a globe. Hold a pencil tangent to the 
surface of the globe so that it is on the 
equator and parallel to it. Keeping the pencil 
tangent to the surface at all times and with- 
out rotating it in any manner when making 
turns, make the following circuit. Move the 
pencil around the equator 90". Then, move 
it toward the North Pole along a longitude 
line. Upon reaching the North Pole, move it 
back down the longitude line that intersects 
the starting point. At the end of the circuit, 
the pencil will have rotated 90". 

The rotation occurs, despite the best ef- 
forts of the pencil carrier to maintain the 
pencil in a fixed orientation with respect to 
the local environment, because of the curva- 
ture of the surface of the globe. In particu- 
lar, the integral around the circuit of the 
curvature of the surface is nonzero. A similar 
excursion, which mathematicians call paral- 
lel transport of vectors, will result in no 
rotation if it is made on a flat surface, such as 
a tabletop. 

Berry derived a general, if somewhat curn- 
bersome, expression for the geometric phase 
that was published in 1984. In his reformu- 
lation of Berry's phase in the language of 
differential geometry, Simon equated the 
geometric phase with the holonomy for the 
connection of a Hermitian line bundle in 
Hilbert space. The holonomy is associated 
with the curvature of the line bundle. With- 
out trying to translate this language back 
into English, suffice it to say that the situa- 
tion is formally equivalent to parallel trans- 
port of a vector. The important point for 
theorists is that computation is made easier 
by taking the differential geometry point of 
view. 

The gauge fields that permeate modern 
theoretical physics also have a strong geo- 
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metrical character, so it may not be surpris- 
ing that there is a conceptual connection 
between Berry's phase and gauge fields. The 
simplest example of a gauge field is the 
electromagnetic field. The vector and scalar 
potential functions that generate the classical 
electromagnetic field arise from the require- 
ment that the Schrodinger equation, which 
governs the motion of nonrelativistic elec- 
trons, be invariant when the phase of an 
electron wave function is a function of posi- 
tion and time. The same idea holds in an 
appropriately generalized way all the way up 
to the grandest of the grand unified field 
theories. 

Molecdes provide a 
nataral stage for 
B e 7 3  phase to  do its 
act ecaase of the 
central role of the 
gztantztm adiabatic 
theorem. 

Aharonov-Bohm oscillations, named for 
Yakir Aharonov of the University of Tel 
Aviv and David Bohm of Birkbeck College - 
(London), illustrate the relation between 
gauge fields and Berry's phase. Fittingly, 
Aharonov and Bohm were both visiting at 
the University of Bristol in 1959, when they 
predicted the oscillations, and R. G. Cham- 
bers, who verified the existence of the oscil- 
lations experimentally the following year, is 
still there. 

The oscillations arise when a coherent 
electron beam is split into two parts that 
pass on opposite sides of a solenoid before 
recombining. When detected, the recom- 
bined electrons form a characteristic inter- 
ference pattern owing to their different path 
lengths and hence dynamic phases. Howev- 
er, there is a magnetic field that is entirely 
inside the solenoid, so that it perturbs nei- 
ther the paths of the electrons nor their 
dynamic phases. Yet the positions of the 
peaks and valleys of the interference pattern 
depend on the magnetic flux in the solenoid. 
In particular, they shift periodically with the 
value of the magnetic flux, hence the term 
"oscillations." 

Berry argued that the circulation of the 
electrons around the solenoid is a special 
case of the more general adiabatic excursion 
already discussed. In the translation of the 
language of differential geometry to that of 
physics, a connection on a line bundle corre- 
sponds to a vector potential of a gauge field. 

For Aharonov-Bohm oscillations, the adia- 
batic excursion takes place in real space 
containing a physical gauge field, and the 
result is the generation of an extra phase that 
depends both on the strength of the field 
and on the direction the electrons take 
around it. Generation of Berry's phase dur- 
ing a more general adiabatic excursion 
through parameter space can similarly be 
traced to the influence of a gauge field, 
although in general it is a fictitious, non- 
physical field. 

One example of such a fictitious field 
discussed by ~ e r r y  occurs when a physical 
system with a nondegenerate wave function 
makes an adiabatic excursion that takes it 
near a degeneracy. "Degenerate" means that 
more than one wave function has the same 
energy; normally nondegenerate wave func- 
tions may become degenerate for certain 
values of environmental parameters. Nonde- 
generate electronic wave functions of a mol- 
ecule may become degenerate for certain 
internuclear separations, for example. The 
fictitious field that generates Berry's phase 
during an adiabatic excursion around such a 
degeneracy is that of a stationary magnetic 
monopole. Here "fictitious" means that the 
field does not exist, but the physical system 
behaves as if its equation of motion con- 
tained the vector potential for the field. The 
Coriolis force in rotating coordinate systems 
is a more familiar example of a fictitious 
force. 

Molecules provide a natural stage for Ber- 
ry's phase to do its act because of the central 
role of the auantum adiabatic theorem in 
calculating electronic and vibrational prop- 
erties. For example, in the Born-Oppenhei- 
mer approximation, the electronic wave 
functions can be calculated with the slow- 
moving nuclei assumed to be motionless. 
And the nuclear motion can be calculated as 
if the electrons, which are the "springs" that 
hold the twisting, vibrating molecule to- 
gether, respond immediately. In some sense, 
Berry's phase in molecules is due to electron- 
ic springs that do not respond instanta- 
neously. 

In any case, reports of strange behavior 
now understood to be attributable to Berry's 
phase date back at least as far as 1957. In a 
1963 publication, H .  C. Longuet-Higgins 
of the University of Sussex and Gerhard 
Herzberg of the Canadian National Re- 
search Council in Ottawa showed that if the 
internuclear coordinates of a molecule make 
an adiabatic circuit around an electronic 
degeneracy, then the electronic wave func- 
tion changes sign; that is, its phase changes 
by T .  In 1979, C. Alden Mead and Donald 
Truhlar of the University of Minnesota dis- 
cussed the need for the addition of a vector 
potential term in the quantum mechanical 
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equation of motion for nuclear wave func- 
tions near an electronic degeneracy. 

The experiment by Delacrktaz and his co- 
workers is the first in molecules to be inter- 
preted in terms of Berry's phase, although 
the prediction that fractional pseudorota- 
tional quantum numbers should exist in 
certain molecules was made in 1961 by 
Longuet-Higgins. Pseudorotation refers to 
the motion in molecules undergoing so- 
called dynamic Jahn-Teller distortions. A 
static Jahn-Teller distortion occurs when a 
nominally symmetric molecule, such as a 
triatomic sodium cluster in the shape of an 
equilateral triangle, can lower its energy by 
adopting a nonsymrnetric configuration. 
However, the molecular configuration may 
change continuously with time in a periodic 
manner, which is the dynamic Jahn-Teller 
effect. 

In the course of one period, the dynamic 
Jahn-Teller motion for triatomic sodium 
corresponds to the rotation of a distorted 
triangle, hence the term "pseudorotation." 
Pseudorotation takes the cluster on an adia- 
batic circuit around the symmetric, electron- 
ically degenerate configuration, which is the 
signal for Berry's phase to come into play. 
The phase manifests itself in the pattern of 
peaks in the two-photon photoionization 
spectrum for the cluster, which the investi- 
gators could only fit by assuming half-inte- 
ger pseudorotational quantum numbers. 
The result is quite striking because angular 
momentum quantum numbers for atoms 
and molecules that do not involve spin are 
always integers. 

Half-integer quantum numbers corre- 
spond to a Berry's phase of 7; that is, to a 
sign change in the wave function. It may be 
possible to measure Berry's phase directly in 
a sodium cluster by means of the fluores- 
cence emitted when a cluster is excited to a 
particular quantum statc by light from a 
picosecond-pulse laser. The consequences 
on the fluorescence should be dramatic as 
the sign of the electronic wave function 
changes, says Whetten. However, molecular 
systems provide no opportunities for explor- 
ing other values of the phase and demon- 
strating its topological character. 

The optical fiber experiment of Tomita 
and Chiao allows these kinds of measure- 
ments. In his original paper, Berry had 
suggested for such demonstrations an inter- 
ference experiment with particles that have a 
magnetic dipole moment, such as a neutron. 
Some particles would pass through a mag- 
netic field whose orientation changed slowly 
with time, carrying the magnetic dipole 
moment vector with it. The field would 
make a complete circuit back to the original 
orientation, so that there would be no net 
change in the dipole moment of the particle. 

Other particles would bypass the field. The 
positions of the peaks and valleys of the 
interference pattern when the two beams 
recombined would be a measure of the 
Berry's phase acquired by the particles trav- 
eling through the field. 

Because this experiment is not so easy in 
practice, Chiao and Wu analyzed an analo- 
gous situation involving photons in a gently 
wound optical fiber. With circularly polar- 
ized light, for example, the spin angular 
momentum of the photon is in the direction 
of motion. In particular, the spin angular 
momentum vector smoothly follows the di- 
rection of the light through the fiber. After 
one winding of the fiber, the photon spin 
returns to its original orientation, but the 
photon wave function has acquired a Berry's 
phase determined by the pitch of the helical 
fiber. Interference could be observed be- 
tween circularly polarized light that is divid- 
ed between two helical fibers wound in 
opposite senses and then brought back to- 
gether. 

Polarizer 

H e - N e  
V laser 

Measuring Berry's phase. A n  optical 
Jiber inside a Tejon sleeve wink helically 
around a cylinder. The plane of linearly 
polarized lightfiom a helium-neon laser 
rotates when the light passes throug-h the fiber. 

Alternatively, linearly polarized light pass- 
ing through a helical fiber would have its 
plane of polarization rotated clockwise for a 
left-handed helix and counterclockwise for a 
right-handed helix. The angle of rotation is 
determined by both the dynamical and geo- 
metrical phases, but the former is negligible 
in fibers made of a material with no optical 
activity; that is, a material that cannot rotate 
linearly polarized light passing through a 
straight fiber. Tomita and Chiao did their 
experiment with linearly polarized light. 

As it happens, in the last 2 years, other 
researchers have made similar measurements 
on optical fibers, have observed rotation of 
the plane of polarization, but did not make 
the connection with Berry's phase. Tomita 
and Chiao did two types of experiments. 
The first series involved uniform helices of 
different pitch. The second involved nonuni- 
form helices of different average pitch. The 
variable environmental parameter is the mo- 
mentum vector of the photon, which rotates 
as the photon makes its way through the 
fiber. The effect of the different types of 

helices was to vary the solid angle subtended 
in momentum s ~ a c e  bv the ~ a c h  of the fiber. 
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For uniform helices, the path is a circle on a 
sphere, whereas for nonuniform helices the 
Dath is a noncircular closed curve. The es- 
sential finding was that the rotation angle of 
the plane of polarization depended only on 
this solid angle, in quantitative agreement 
with the calculations of Chiao and Wu. 

Although these calculations were quan- 
tum mechanical, it happens that, as is usually 
the case with optical phenomena, classical 
optics provides the same results. Purists 
might insist, therefore, that Tomita and 
chiao have demonstrated the classical ana- 
log of Berry's phase. John Hannay of the 
University of Bristol and Berry have inde- 
pendently discussed the geometrical phase 
in classical and semiclassical mechanics. The 
way to ensure measuring a truly quantum 
effect is by means of an experiment in which 
only a single photon is in the fiber at any 
instant, so that any interference must be due 
to the phase of the photon wave function; 
that is, to its quantum character. Chiao says 
that such experiments are under way. 

If experiments demonstrating Berry's 
phase remain sparse, contributions on the 
theoretical side have been more numerous. 
Berry told Science that he gets two or three 
preprints a week to read. Already published 
are generalizations of Berry's theory to in- 
clude degenerate physical systems and cases 
where the slowly varying environment is 
itself treated as a fully quantum mechanical 
system. For example, Frank Wilczek of the 
University of California at Santa Barbara 
and Anthony Zee of the University of 
Washington have shown how non-Abelian 
gauge fields of the type that dominate ele- 
mentary particle theory arise in the adiabatic 
development of degenerate physical systems. 
Theorists have also shown that Berry's phase 
pops up in such fashionable topics as the 
quantum Hall effect and anomalies in gauge 
theories that cause them to violate conserva- 
tion of energy or other cherished syrnme- 
tries of physics. 

All in all, if the full implications of Berry's 
phase are not yet apparent, its ubiquity 
makes it nonetheless surprising that the 
phase could have been overlooked for so 
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