Lithuanian Journal of Physics, Vol. 45, No. 3, pp. 191-199 (2005)

EFFECTIVE MAGNETIC FIELDS IN ULTRACOLD ATOMIC GASES *

G. Juzelitnas ?, J. Ruseckas?®, and P. Ohberg b

& Institute of Theoretical Physics and Astronomy of Vilnius University, A. Gostauto 12, LT-01108 Vilnius, Lithuania
E-mail: gj@itpa.lt
b Department of Physics, University of Strathclyde, Glasgow G4 ONG, Scotland

Received 25 April 2005

We consider the influence of two resonant laser beams (to be referred to as the control and probe beams) on the mechanical
properties of a degenerate atomic gas. The control and probe beams of light are assumed to have orbital angular momenta
(OAM) and act on the three-level atoms in the electromagnetically induced transparency (EIT) configuration. We have carried
out an explicit analysis of the quantum dynamics of the atoms coupled with the two laser beams. Using the adiabatic approx-
imation, we have obtained an effective equation of motion for the atoms driven to the dark state. The equation contains a vector
potential type interaction as well as an effective trapping potential. The effective magnetic field is shown to be oriented along
the propagation direction of the control and probe beams containing OAM. Its spatial profile can be controlled and shaped by
choosing the proper laser beams. We have demonstrated how to generate a constant effective magnetic field both in the disc
and ring geometries of the atomic trap. We have also studied situations where the effective magnetic field exhibits a radial
dependence. We have shown that the effective magnetic field can be concentrated within a region where the effective trapping
potential holds the atoms. Furthermore the estimated magnetic length can be considerably smaller than the size of the atomic
cloud.
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1. Introduction

Recent experimental advances in trapping and cool-
ing atoms have made it possible to produce atomic
Bose-Einstein condensates (BECs) [1-4] and degen-
erate Fermi gases [5—7] forming at temperatures of the
millikelvin range. The atomic BECs and degenerate
Fermi gases are the systems where an atomic physi-
cist often meets the physical phenomena encountered
in condensed matter physics. For instance, atoms in op-
tical lattices are often studied using the Hubbard model
[8] familiar from the solid state physics.

Ultracold atomic gases have turned out to be a re-
markably good medium for studying a wide range of
physical phenomena. This is mainly due to the fact that
it is relatively easy to experimentally manipulate para-
meters of the system, such as the strength of interac-
tion between the atoms, properties of a lattice in which
the atoms are trapped, the geometry of an external trap,
etc. Such a freedom of manipulating the parameters is
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usually not accessible in other systems known from the
condensed matter or solid state physics.

Atoms forming quantum gases are electrically neut-
ral particles, and there is no vector potential type coup-
ling of the atoms with a magnetic field. Therefore, a
direct analogy between the magnetic properties of de-
generate atomic gases and solid state phenomena is not
necessarily straightforward. It is possible to produce an
effective magnetic field in a cloud of electrically neutral
atoms by rotating the system so that a vector potential
would appear in the rotating frame of reference [9-11].
This would correspond to a situation where the atoms
feel a uniform magnetic field. Yet stirring an ultracold
cloud of atoms in a controlled manner is a rather de-
manding task.

There have also been suggestions to take advantage
of a discrete periodic structure of an optical lattice to in-
troduce assymetric atomic transitions between the lat-
tice sites [12—14]. Using this approach one can induce
a nonvanishing phase for the atoms moving along a
closed path on the lattice, i.e. one can simulate a mag-
netic flux [12—-14]. However, such a way of creating the
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effective magnetic field is inapplicable to an atomic gas
that does not constitute a lattice.

A significant experimental advantage would be
gained if a more direct way could be used to induce
an effective magnetic field. In the previous papers
[15, 16] we have shown how this can be done using two
light beams in an electromagnetically induced trans-
parency (EIT) configuration. Here we present a more
detail analysis of the phenomenon for various spatial
distributions of the laser fields. We demonstrate that
if at least one of these beams contains an orbital an-
gular momentum (OAM), an effective magnetic field
appears, which acts on the electrically neutral atoms.
In other words, the coupling between the light and the
atoms will provide an effective vector potential in the
atomic equations of motion. Compared to the rotating
atomic gas, where only a constant effective magnetic
field is created [9-11], using optical means will be ad-
vantageous since the effective magnetic field can now
be shaped by choosing the proper control and probe
beams. Note that the appearance of the effective vec-
tor potential is a manifestation of the Berry connection
which is encountered in many different areas of physics

2. General equations of the atomic motion
2.1. Translational motion for the multilevel atom

Let us begin with a general treatment of the transla-
tional motion of an atom taking into account its internal
degrees of freedom. The full atomic Hamiltonian is

2
A~ p A~ A~
H=—+H 1
IM + O(r) + V(I‘), ( )
where p = —iAV is the momentum operator for an

atom positioned at r, and M is the atomic mass. Here
the Hamiltonian ﬁo(r) describes the electronic degrees
of freedom of the atom, and V(r) represents an ex-
ternal trapping potential. Note that the Hamiltonian
ﬁo(r) can also accommodate effects due to external
light fields (if any). For fixed r the electronic Hamilto-
nian Hy(r) can be diagonalised to give a set of N ei-
genvectors |x,(r)) and eigenvalues &,(r), with n =
1,2,...,N. The full atomic wave function ® is then
expanded as

~—

N
2(r) = > Un(r)[xa(r)) @
n=1

where a composite wave function W, (r) describes the
translational motion of the atom in the electronic state
n.

Substituting Eq. (2) into the Schrédinger equation

























