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Light-induced effective magnetic fields for ultracold atoms in planar geometries
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We propose a scheme to create an effective magnetic field for ultracold atoms in a planar geometry. The
setup allows the experimental study of classical and quantum Hall effects in close analogy to solid-state
systems including the possibility of finite currents. The present scheme is an extention of the proposal in Phys.
Rev. Lett. 93, 033602 共2004兲, where the effective magnetic field is now induced for three-level ⌳-type atoms
by two counterpropagating laser beams with shifted spatial profiles. Under conditions of electromagnetically
induced transparency the atom-light interaction has a space-dependent dark state, and the adiabatic center-ofmass motion of atoms in this state experiences effective vector and scalar potentials. The associated magnetic
field is oriented perpendicular to the propagation direction of the laser beams. The field strength achievable is
one flux quantum over an area given by the transverse beam separation and the laser wavelength. For a
sufficiently dilute gas the field is strong enough to reach the lowest Landau level regime.
DOI: 10.1103/PhysRevA.73.025602

PACS number共s兲: 03.75.Ss, 42.50.Gy, 42.50.Fx

One of the most fascinating subjects at the interface between ultracold atoms and solid-state systems is the possibility to experimentally study strong-correlation phenomena
with the precision and the large degree of variability provided by atomic physics. For example, interacting BoseEinstein condensates 共BEC兲 or degenerate Fermi gases in
rotating two-dimensional traps are studied in several laboratories with the goal to observe quantum-Hall-like effects
关1–3兴. The trap rotation provides an effective magnetic field
for the electrically neutral atoms. However, in order to reach
the fractional quantum-Hall regime it is necessary to rotate
the trap close to the critical frequency. Furthermore, the atom
density needs to be low enough such that the number of
magnetic flux quanta approaches the number of atoms, which
is an experimental challenge. Besides experimental difficulties this approach has some conceptual drawbacks: It is limited to rotational symmetric setups and does not allow to
study transport phenomena, i.e., the effect of magnetic fields
to a finite particle current.
In 关4–6兴 we have suggested an alternative method based
on light-induced gauge potentials for atoms with a spacedependent dark state. A dark state is created if three-level
⌳-type atoms interact with two laser fields under conditions
of electromagnetically induced transparency 共EIT兲 关7–11兴. If
the dark state is space dependent, a vector gauge potential
arises for the adiabatic center-of-mass motion 关12兴. As
shown in 关4,5兴 the vector potential is associated with a nonvanishing magnetic field, if at least one of the two light
beams has a vortex, i.e., an orbital angular momentum
共OAM兲. Yet the use of vortex light beams has similar drawbacks as the trap rotation regarding the spatial symmetry and
transport phenomena.
We here propose a variation of this scheme which is free
of the above-mentioned limitations. The scheme, shown in
Fig. 1, once again involves two laser beams interacting with
three-level atoms in the EIT configuration. Yet we are no
longer dealing with light beams posessing an OAM with
respect to their propagation axis. As we will show later on a
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nonvanishing magnetic field requires only a relative OAM
between the two light beams. This can be achieved by two
counter-propagating and overlapping laser beams with
shifted spatial profiles. In this case an effective magnetic
field appears perpendicular to the propagation direction and
to the gradient of the relative intensity of the light beams.
This configuration allows a planar geometry and a nonvanishing flow of atoms, e.g., an atomic BEC moving along an
atomic waveguide 关13兴.
Let us consider an ensemble of cold three-level atoms
with lower levels 兩1典 and 兩2典 and electronically excited state
兩3典. The atoms interact with two resonant laser beams in the
EIT configuration, see Fig. 1. The first beam 共to be referred
to as the control beam兲 has a frequency c, a wave-vector kc,
and induces the atomic transitions 兩2典 → 兩3典 with Rabi frequency ⍀c ⬅ 32Ec / 2, where Ec is the electric field strength
and 32 is the transition dipole moment. The second 共probe兲
beam with frequency  p, wave-vector k p causes the transition 兩1典 → 兩3典 with a Rabi frequency ⍀ p ⬅ 31E p / 2. The two
laser beams keep the atoms in their dark state 关7–11兴:
兩D典 = 兩1典cos  − 兩2典sin  exp共iS兲 ⬃ 兩1典 − 兩2典,

共1兲

where  = ⍀ p / ⍀c = 兩兩eiS ⬅ tan  eiS is the ratio between the
Rabi frequencies of the probe and control fields, S is their
relative phase, and  is the mixing angle between the states
兩1典 and 兩2典 in the atomic dark state 兩D典.
The dark state depends on the atomic position through the
r dependence of the Rabi frequencies ⍀ p共r兲 and ⍀c共r兲, so an
effective vector potential 共generally known as the Berry connection 关14,15兴兲 appears in the adiabatic equation of motion
for the atomic center of mass. The effective vector and trapping potentials governing the translational motion of the
dark-state atoms read 关5,6兴
Aeff = − ប

兩兩2
 S = − ប sin2  ⵜ S
1 + 兩  2兩

共2兲

and

025602-1

©2006 The American Physical Society

PHYSICAL REVIEW A 73, 025602 共2006兲

BRIEF REPORTS

propagate along the y axis, their intensities depend weakly
on y. Furthermore we shall disregard the z dependence of the
intensity ratio 兩兩2. This is legitimate, for instance, if the
atomic motion is confined to the xy plane due to a steep
trapping potential in the z direction. Hence one finds
Beff = êzបk

FIG. 1. 共Color online兲 共top兲 Schematic representation of setup
for light-induced effective magnetic fields: Two counterpropagating
and overlapping laser beams interact with a cloud of cold atoms.
共bottom兲 The level scheme for the ⌳-type atoms interacting with the
resonant probe and control beams characterized by Rabi frequencies
⍀ p and ⍀c.

Veff共r兲 = Vext共r兲 +

ប2 兩兩2共S兲2 + 共兩兩兲2
,
共1 + 兩兩2兲2
2m

共3兲

where
Vext共r兲 =

V1共r兲 + 兩兩2共V2共r兲 + ប21兲
1 + 兩兩2

共4兲

is the external potential for the dark-state atoms, V j共r兲 is the
trapping potential for an atom in the internal state j, and
21 = 2 − 1 + c −  p is the frequency of the two-photon
detuning.
One easily recognizes that the vector gauge potential Aeff
yields a nonvanishing magnetic field only if the gradients of
the relative intensity and the relative phase are both nonzero
and not parallel to each other:
Beff ⬅  ⫻ Aeff = − ប  共sin2 兲 ⫻ S.

共5兲

This equation has a very intuitive interpretation: 共sin 兲 is
a vector that connects the “center of mass” of the two light
beams; S is proportional to the vector of their relative momentum. Thus a nonvanishing Beff requires a relative orbital
angular momentum of the two light beams. As discussed in
关4–6兴 this is the case, e.g., for light beams with a vortex.
Here we consider, however, a different scenario. We suggest to use two counter-propagating light beams of finite diik py
−ikcy
ameter with an axis offset: ⍀ p = ⍀共0兲
and ⍀c = ⍀共0兲
,
p e
c e
共0兲
共0兲
where ⍀ p and ⍀c are real amplitudes with shifted transverse profiles. The beams possess a relative orbital angular
momentum similarly to two point particles with constant momenta passing each other at some finite distance. In such a
situation the phase of the ratio  = ⍀ p / ⍀c is given by
2

S = ky,

k = k p + kc ,

共6兲

so that S = kêy where êy is a unit Cartesian vector.
The spatial dependence of the intensity ratio
兩兩2 = 兩⍀ p / ⍀c兩2 is determined by the spatial profiles of both
兩⍀ p兩2 and 兩⍀ p兩2. Since the control and probe beams counter


sin2  .
x

共7兲

The field strength Beff depends generally on the x coordinate
and has a weak y dependence as long as the paraxial approximation holds.
If we are interested in fractional quantum-Hall physics
and thus in the possibility to enter the lowest Landau level
共LLL兲 regime we have to estimate the maximum strength of
the magnetic field. For this we determine the minimum area
needed for a magnetic flux corresponding to a single flux
quantum 2ប. From Eq. 共7兲 we recognize that this area is
given by the product xeff, where xeff is the effective separation between the two beam centers. To reach the LLL in a
two-dimensional gas the atomic density has thus to be
smaller than one atom per xeff.
The above analysis holds as long as the atoms move
sufficiently slow to remain in their dark states. This is the
case if the adiabatic condition 关5兴 holds: ⍀ Ⰷ F, where
F = 兩ⵜ · v兩 / 共1 + 兩兩2兲 reflects the two-photon Doppler detuning. In the present situation we have
F2 = cos2 

冋冉 冊
vx


兩兩
x

2

册

+ 共兩兩kvy兲2 Ⰶ ⍀2 .

共8兲

where ⍀ = 共兩⍀c兩2 + 兩⍀ p兩2兲1/2 is the rms Rabi frequency. The
adiabatic condition implies that the quantity ⍀−1 should be
much less than the time an atom travels a characteristic
length over which the amplitude or the phase of the ratio
 = ⍀ p / ⍀c changes considerably. For atoms moving along the
y axis, such a length is 1 / k ⬇ 1 / 2k p ⬃ 10−7 m. On the other
hand, the Rabi frequency can be of the order of
107 to 108 s−1 关16兴. Therefore, the adiabatic condition should
hold for atomic velocities up to meters per second.
The above estimation does not take into account a finite
lifetime of the excited atoms, typically 3 ⬃ 10−7 s. If this
is included, the atomic dark state acquires a finite lifetime
D ⬃ 3⍀2 / F2 due to nonadiabatic coupling 关5兴: For instance,
if the atomic velocities are of the order of a centimeter per
second, the atoms should survive in their dark states up to a
second.
Much larger atomic velocities are possible, however, as
long as the velocity spread ⌬v is much smaller than the
central velocity v0. For atoms moving along the y axis, one
can set a two-photon detuning 21 = −共k p + kc兲v0 to compensate the Doppler shift associated with v0. In that case it is the
velocity spread ⌬v rather than the whole atomic velocity v
that determines the nonadiabatic term F. For instance, in a
recent experiment 关17兴 on propagation of a BEC in a waveguide, the central atomic velocity is 5 cm/ s, whereas the
velocity spread is only 1.4 mm/ s. Note that the two-photon
detuning will also lead to a transversal slope in the trapping
potential represented by the term with 21 in Eq. 共4兲.
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dratic term. The frequency of the external potential fulfilling
such a condition is

ext =

FIG. 2. 共Color online兲 Effective trapping potential Veff and an
effective magnetic field Beff produced by counter-propagating
Gaussian beams. The external harmonic potential Vext cancels the
quadratic term in the overall potential Veff. The effective magnetic
field is plotted in the units of Beff共0兲 ⬅ បk / 4a, whereas the effective
trapping potential is plotted in the units of បrec共1 + 1 / 4a2k2兲, with
rec = បk2 / 2m.

Let us assume that both the control and probe beams are
characterized by Gaussian profiles with the same amplitude
⍀0 and width :

冉

兩⍀ j兩 = ⍀0 exp −

冊

共x − x j兲2
,
2

j = p,c.

共9兲

In the paraxial approximation, the Gaussian beams have the
width  ⬅ 共y兲 = 0关1 + 共y / 20兲兴1/2, where 0 ⬅ 共0兲 is the
beam waist and  is the wavelength. Since k p ⬇ kc ⬇ k / 2, we
have  ⬇ 4 / k both for the control and probe beams. We are
interested mostly in distances 兩y兩 much less than the confocal
parameter of the beams b = 220 /  ⬇ k20 / 2. For such distances, 兩y兩 Ⰶ b, the width 共y兲 is close to the beam waist:
共y兲 ⬇ 0.
Suppose the beams are centered at x p = x0 + ⌬x / 2 and
xc = x0 − ⌬x / 2, The intensity ratio reads then 兩兩2 ⬅ 兩⍀ p / ⍀c兩2
= exp关共x − x0兲 / a兴, where a ⬅ a共y兲 = 2 / 4⌬x is the relative
width of the two beams. Thus we have
Beff = − បk

1
ez ,
4a cosh 关共x − x0兲/2a兴

Veff共r兲 = Vext共r兲 +

2

共1 + 1/4a2k2兲
ប 2k 2
.
2m 4 cosh2关共x − x0兲/2a兴

共10兲

共11兲

It is evident that both Beff and Veff共r兲 are maximum at the
central point x = x0 and decrease quadratically for 兩x − x0兩 Ⰶ a.
Similar to Ref. 关5兴, the term quadratic in the displacement
x − x0 can be canceled in the effective trapping potential 共11兲
by taking an external potential Vext with the appropriate qua-

បk
冑1 + 1/4a2k2 .
4am

共12兲

With this the overall effective trapping potential becomes
constant up to terms of the fourth order in x − x0. In the vicinity of the central point 共兩x − x0兩 Ⰶ a兲 the magnetic field
strength is: Beff ⬇ បk / 4a. The corresponding magnetic length
and cyclotron frequency are: ᐉB ⬇ 冑ប / Beff = 2冑a / k and
c = B / m ⬇ បk / 4am. The magnetic length ᐉB is much smaller
than the relative width of the two beams ᐉB Ⰶ a provided the
latter is much larger than the optical wavelength: ak Ⰷ 1. In
that case many magnetic lengths fit within the interval
兩x − x0兩 ⬍ a across the beams. Furthermore the cyclotron frequency equals then approximately to the frequency of the
external trap: c ⬇ ext, both of them being much less than
the recoil frequency.
Figure 2 shows the effective trapping potential and effective magnetic field calculated using Eqs. 共10兲 and 共11兲, with
the external harmonic potential Vext of frequency ext 关Eq.
共12兲兴 added to cancel the quadratic term in the overall
potential Veff. The magnetic field is seen to be close to its
maximum value in the area of a constant potential where
兩x − x0兩 Ⰶ a. For larger distances the effective trapping potential forms a barrier, so the atoms can be trapped in the region
of a large magnetic field.
In summary, we have shown how to create an effective
magnetic field in ultracold gases with a planar geometry using two counter-propagating laser beams acting on threelevel atoms in the EIT configuration. If the amplitude ratio of
the two beams changes substantially in the transverse direction, an effective magnetic field appears in the plane perpendicular to the propagation direction of the beams. This can
be achieved if the beams are shifted relative to each other
共see Fig. 1兲, such that they have a relative OAM.
The suggested method provides a possibility to create an
effective magnetic field over an extended area along the
propagation direction. This allows for a geometrical setup
similar to that used in solid-state systems for classical and
quantum Hall measurements. In particular, finite currents
perpendicular to the magnetic field are possible and Hall
“voltages” can be detected by observing changes in the
chemical potential perpendicular to both the current and
magnetic field. Finally the suggested method is much more
robust than that of Refs. 关4,5兴, as it does not require vortex
light beams.
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