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Measurement of Berry’s phase using an atom interferometer

C. L. Webb, R. M. Godun, G. S. Summy, M. K. Oberthaler, P. D. Featonby,* C. J. Foot, and K. Burnett
Clarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom

~Received 11 January 1999!

We report on the demonstration of Berry’s phase in an atomic state interacting with a laser field. We draw
an analogy between this system and that of a spin interacting with a directionally varying magnetic field. This
allows us to identify an effective magnetic quantum number for the atom-light system that governs the
maximum Berry phase the atomic state can acquire. We realize two systems that have different effective
magnetic quantum numbers, and use a recently developed atom interferometer to make measurements of
Berry’s phase.@S1050-2947~99!51309-7#

PACS number~s!: 03.75.Dg, 03.65.Bz
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In 1984 Berry@1# showed that, in addition to the familia
time-dependent dynamical phase, the time-dependent Sc¨-
dinger equation requires the existence of an additional ph
that hasno time dependence. This is a topological phase@2#
that can be revealed by the adiabatic change@3# of a quantum
system whose Hamiltonian traces out a cyclic path in
parameter space.

In this Rapid Communication we study one such syste
an atom interacting with laser light. Here the Hamiltoni
depends directly upon readily adjustable parameters suc
the polarization and phase of the light field. This makes
system an ideal subject for an experimental study of Ber
phase.

The topological phase is generally small compared to
dynamical phase, so to observe it unambiguously the sys
should be in a state that has little dynamical phase evolut
A state which fulfils this criterion for the atom-light syste
is a so-called dark state, the zero-energy eigenstate of
atom-field Hamiltonian. If a state is initially dark, it remain
dark if the Hamiltonian is adiabatically changed via the p
rameters of the light field. Thus it is possible to have a st
that has no dynamical phase evolution, yet can trace o
path in the parameter space of the optical field. Another u
ful feature of the dark state is that its momentum can hav
dependence on the Hamiltonian parameters. This makes
states versatile tools for manipulating the momentum
position of atomic deBroglie waves.

This feature was used to create a Mach-Zehnder a
interferometer@4#, in which each of the arms consisted of a
atom in a dark state whose momentum was manipulated
making a cyclic evolution of the optical field. A compariso
of the interferometer fringes when both arms experien
identical evolutions in the parameter space to those obse
when the arms were subjected to different evolutions rev
the phase shift seen in Fig. 1. This phase shift has a geo
ric origin and was proposed by Ol’Shaniiˆ as a means o
realizing an achromatic ‘‘atom waveplate’’ for an atom
beam@5#. Although there have been realizations of Berry
phase in both neutrons@6# and atoms@7#, our experiment
shows that the flexibility afforded by an optical potential h
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been used to observe this effect. It has also allowed u
verify the spin dependence of Berry’s phase through the
of two different atomic states.

The atom-light system we used to realize a dark st
consisted of cesium atoms interacting with light reson
with the F53˜F853 or F54˜F854 transitions of the
D1 6 2S1/2˜6 2P1/2 line. It is a general feature of aJ˜J
transition~whereJ is a generic angular momentum! that the
dipole selection rules require that them50 state andm5J
state are dark when the field isp ~linear! ands1 ~circular!
polarized, respectively. For a light field composed of tw
beams having these polarizations, the dark state is a su
position of all the magnetic substates betweenm50 andm
5J. If the light field configuration is changed adiabatical
between thep ands1 beams, the atomic population is co
herently transferred betweenm50 andm5J with a corre-
sponding change in momentum. This process is known
adiabatic transfer~AT! @8# and is part of the beam splitter i
our atom interferometer. In reality our state was not co
pletely dark due to the nondegeneracy of the magnetic s

y,

FIG. 1. Fringes from the adiabatic transfer~AT! atom interfer-
ometer. In the first set of data the interferometer used two ident
AT pulses, while the second set shows data obtained when
phase difference between the AT beams is changed during the
pulse. The phase difference was altered in a way such that
starting and finishing values were the same. Note that the fringe
the two experiments are shifted with respect to each other by
proximately 1 rad. This a Berry phase.
R1783 ©1999 The American Physical Society
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states caused by their different kinetic energies. This was
an important factor since, in the interferometer used to m
sure the Berry phase, the states in each arm experience
same dynamical phase shift.

According to Berry@1# the geometric phase imparted
the eigenstateuC(r )& of a Hamiltonian with parametersr
can be calculated from

g5 i R
c
^C~r !u,rC~r !&•dr , ~1!

where c is a cyclic path in the parameter space. For
generalJ ˜ J transition interacting with the field describe
above, the atom-light Hamiltonian is characterized by t
parametersz and f. The parameterz is determined by the
ratio of the intensities of the two light beams andf is the
relative phase between the two laser fields. The dark stat
this system takes on the form

uCdark~z,f!&5 (
k50

J

f k~z!eikfuk&, ~2!

where the sum is performed over the different magnetic s
states which comprise the dark state. It is important to n
that the overlap of the dark state with the magnetic subs
uk& is separable inz andf. The functionsf k(z) are related
to the Clebsch-Gordan coefficients of the transition and
be calculated by finding the zero-energy eigenstate of
atom-light Hamiltonian. This dark state will have a corr
sponding Berry phase given by

g5 R
c
(
k50

J

ku f k~z!u2df. ~3!

Note that we have assumed that the norm of the stat
conserved so that( f k(z) d fk/dz 50 and thus the integration
over z has vanished.

An intuitive way to understand this system and its as
ciated Berry’s phase is via the geometric representation
the dark state on the surface of a sphere withz andf related
to the latitude and longitude, respectively. This is possi
sincef is periodic and is uniquely defined only within a
interval of 2p. For p2s1 AT, the poles of the sphere rep
resent the statesm50 or m5J. Other positions on the sur
face describe superpositions of these and all intermed
magnetic substates. As we will show later, the Berry phas
related to the solid angle enclosed by the path traced ou
the dark state on the sphere.

The phase shift of the fringes in Fig. 1 was obtained
transporting the dark state around the path’s ‘‘line’’ a
‘‘tear drop’’ shown in Fig. 2. AT experiments that have be
previously reported@8# involved transporting the dark stat
along geodesics of constant longitude, such as the ‘‘line’
Fig. 2, where only the relative intensities were chang
Since no area was enclosed by these paths, these earli
alizations of AT couldnot produce a topological phase. O
the other hand, the ‘‘tear drop’’ path represents a trans
from m50 to m5J with a simultaneous change inf. The
phase differencef then was discontinuously jumped back
ot
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its original value and, finally, the atomic population w
transferred back tom50 along a geodesic of constant lon
gitude.

Originally Berry’s phase was derived for the specific ca
of a spin in a magnetic field, where the direction of the fie
in polar coordinatesr5(u,f) determined the Hamiltonian o
the system. If the initial state is an eigenstate of the Ham
tonian, it will remain an eigenstate and alter its composit
in the original basis as the Hamiltonian parameters are a
batically changed.

For the example of a spin stateuCm
S(u,f)&, which has a

total angular momentumSand magnetic quantum numberm,
we can use the basis states in the original direction of
magnetic fielduCm8

S (0,0)& to write @9#

uCm
S~u,f!&5 (

m852S

S

dmm8
S

~u!ei (m82m)fuCm8
S

~0,0!&, ~4!

where thedmm8
S coefficients depend only onu and are ele-

ments of the rotation matrixdS. Using Eq.~1!, the geometric
phase for this state is found to be

g5m R
c
~12cosu!df5mV, ~5!

whereV is the solid angle subtended by the cyclic path
the magnetic-field vector. This intuitive geometric pictu
allows a direct comparison of the Berry phase arising in d
ferent spin systems.

Providing S5J/2 andm5J/2, the rotated spin state en
countered in Eq.~4! is a sum withJ11 terms and has a ver
similar form ~separable inu andf) to Eq. ~2!. One impor-
tant difference is that the Berry phase in the latter is
directly expressible as the solid angle subtended by the
rameter vector (z,f). This suggests that a mapping fromz to
u of the form

FIG. 2. The parameter space of the atom-light Hamiltonian a
thus the dark state can be represented on the surface of a sp
The latitude angle is related to the intensity ratio of the laser be
and the longitude to their difference in phase. Changingonly the
relative beam intensities produces the ‘‘line’’ path, the usual sit
tion for adiabatic population transfer. The graph ‘‘tear drop’’ sho
a more general trajectory where both relative beam intensity
phase are changed. This situation can produce closed loops wi
enclosed area and thus reveal a Berry phase as shown in Fi
When the ‘‘slice’’ and ‘‘triangle’’ type paths were realized, a Berr
phase was produced since they too had an enclosed area.
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u5arccosF12
2

J (
k50

J

ku f k~z!u2G ~6!

must be applied to allow the identification of the Berry pha
as the product of an effective magnetic quantum numbem
5J/2 and the solid angle enclosed by the path. It is notew
thy that even though both spin and mapped dark states
duce Berry’s phases, which can be identified as a solid an
the states themselves are not equal. This follows from
fact that Eq.~3! cannot provide a unique solution for th
constituent state amplitudes,f k(z).

We carried out experiments to demonstrate the validity
the solid angle picture with a variety of other paths and w
systems having different effective spins. We used a ces
atom interferometer which employed a combination of A
light pulses and microwaves to form the atom optical e
ments@4#. A p/2 pulse of the microwaves, resonant betwe
the F53 and F54 ground hyperfine levels, was used
create a coherent superposition of theF53, m50 and F
54, m50 states. Following this, an AT pulse formed b
two orthogonal resonant laser beams ofp ands1 polariza-
tion selectively manipulated the position of either theF53
or F54 part of the superposition. A state swapping mic
wave p pulse and a second AT pulse were then used
complete the closed loop. Finally, ap/2 microwave pulse
allowed the internal states of the atom to be recombined
interfere. The phase of this pulse relative to the first,d, was
scanned to produce the fringes seen in Fig. 1. The full

FIG. 3. Schematic of the experiment. The atoms were drop
from a magneto-optic trap and were immediately exposed to
sequence of microwave and AT pulses that constituted the inte
ometer. The AT was produced by linearly and circularly polariz
laser beams propagating orthogonally to each other. The volt
on the two Pockels cells were the experimental handles on the
state parameters: the phase difference and relative intensities o
beams. The inset shows the experiment withF54˜F854 AT
beams.
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quence of microwave and AT pulses is shown in Fig. 3. F
the Berry phase experiments, the second AT pulse was
figured so that the phase between the polarizations,f,
changed during the pulse. This caused the dark state to t
out a path which enclosed a nonzero area in the param
space, while the effect on the displacement of the ato
wave function remained the same as the first pulse. The
istence of this area manifested itself as a shift in the frin
when compared to an experiment with two identical A
with no enclosed area.

In order to examine the behavior of Berry’s phase in s
tems with different effective spins, the interferometry w
performed with two different types of AT, comprised of e
ther D1 @10# F53˜F853 or F54˜F854 light. In the
former case, after the atoms left the magneto-optic t
~MOT!, they were pumped into theF54 ground state with
F53˜F954 light. After the sequence of microwave an
light pulses of the interferometer, the population of theF
54 ground level was pushed away with a pulse of reson
F54˜F955 light. TheF53 population was then detecte
by measuring the absorption of anF54˜F955 probe
beam, pulsed on in conjunction with a beam ofF53˜F9
54 light. For theF54˜F854 AT the atoms were pumpe
into the F53 level after leaving the MOT by a pulse ofF
54˜F954 light. After the interferometer sequence th
population in F54 was measured with anF54˜F955
probe beam.

The AT pulses were controlled with two Pockels cel
The first cell was aligned so a voltage across its electro
caused a polarization change of the transmitted light. T
the two output ports of a polarizing beam-splitting cu
~PBS! placed after the cell had variable light intensiti
which depended on the applied voltage. This voltageV was
our experimental handle onu, the latitude angle on the dar
state sphere, via Eq.~6! and with z5pV/Vl/2 , whereVl/2
was the half-wave voltage of the Pockels cell. The seco
Pockels cell was placed in one of the output beams of
PBS with its axis aligned so that a voltage across its e
trodes produced a change in the phase of the light. Since

d
e
r-

es
rk
the

FIG. 4. Summary of the experimentally determined geome
phases as a function of the solid angleV. Systems with effective
spins equal to 3/2~open points! and 2 ~solid points! are displayed
for the four types of paths shown in Fig. 2. The solid lines are pl
of the equationg5mV, wherem is the corresponding maximum
magnetic quantum number for the spin.
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two outputs of the PBS eventually became thep and s1

beams of the AT, this phase change was a direct realiza
of the longitude anglef. Typically the AT pulses had dura
tions of approximately 50ms and intensities of 40 mW/cm2.

With control over the parametersu andf we were able to
realize the different paths on the spheres shown in Fig
Figure 4 shows the observed matter wave phase shift
function of the solid angle subtended by the path. As can
seen, all of the data points for each particular spin lie on
straight line and the gradient of the line depends upon
effective magnetic quantum number. These lines are plot
the equationg5mV, with the effective magnetic quantum
numberm equal to either 3/2 or 2. The fact that the geom
ric phase has no time dependence was tested experimen
by changing the duration of the adiabatic interactions.
dependence was observed.

In this Rapid Communication we have reported on
measurement of Berry’s phase in an atom that has under
an internal evolution under the influence of an external fie
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The parameter space of the atomic state was described b
relative intensities and phase difference of the two la
beams that comprised the field. Through the realization
several types of closed paths in the parameter space we
fied the geometric nature of Berry’s phase. By utilizing t
rich internal structure of the cesium atom we were able
realize a particle with either effective integer or half-integ
spin. The ability to study Berry’s phase with different spi
in the same system is a unique feature of atoms, which i
contrast with other massive particles, such as electrons
neutrons, which have fixed spin. This, together with the p
sibility of altering dissipative interactions with the environ
ment and creating nonadiabatic evolutions, may give furt
insight into the role of geometric phases in quantum mech
ics.

This work was supported by the U.K. EPSRC and the
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