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We use a two-photon dressing field to create an effective vector gauge potential for Bose-Einsteincondensed 87 Rb atoms in the F ¼ 1 hyperfine ground state. These Raman-dressed states are spin and
momentum superpositions, and we adiabatically load the atoms into the lowest energy dressed state. The
effective Hamiltonian of these neutral atoms is like that of charged particles in a uniform magnetic vector
potential whose magnitude is set by the strength and detuning of the Raman coupling. The spin and
momentum decomposition of the dressed states reveals the strength of the effective vector potential, and
our measurements agree quantitatively with a simple single-particle model. While the uniform effective
vector potential described here corresponds to zero magnetic field, our technique can be extended to
nonuniform vector potentials, giving nonzero effective magnetic fields.
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Ultracold atoms are an appealing system for the study of
many-body correlated states relevant to condensed matter
physics. These widely tunable, and nearly disorder-free
systems have already realized one-dimensional TonksGirardeau gases [1], and the superfluid to Mott-insulator
transition of a Bose-Einstein condensate (BEC) in an optical lattice [2]. The implementation of these simple iconic
condensed matter systems paves the way for more interesting systems with exotic correlations and excitations, as in
the fractional quantum Hall effect (FQHE) of a twodimensional electron system in a strong magnetic field
[3]. Simulating these systems with neutral atoms requires
an effective Lorentz force, associated with a vector gauge
potential. Current experimental approaches involve rotation of trapped BECs [4,5], where low field effects, such as
the formation of an Abrikosov vortex lattice, have been
observed. For technical reasons, this approach is limited to
modest effective fields, too small for FQHE physics [5,6].
Most recent proposals to create significantly larger effective magnetic fields without rotation [7–10] involve optical
coupling between internal atomic states, where the atoms
are dressed in a spatially dependent manner. The effective
magnetic field in such light-induced gauge potentials can
be understood as a consequence of changing into a spatially varying basis of internal states. Even absent spatial
gradients, light-induced gauge potentials can lead to remarkable physical effects such as an anisotropic
Bogoliubov excitation spectrum [10], double well structures in the free-particle dispersion relation [11] (which we
observe), and the spin-Hall effect in ultracold atoms [9].
Here we report the first observation of light-induced
vector gauge potentials, produced by dressing a BEC
with two counterpropagating Raman laser beams. The
Raman beams couple internal (spin) states with linear
momenta differing by twice the photon momentum. This
gives rise to a spatial gradient of the phase difference
0031-9007=09=102(13)=130401(4)

between spin components of the dressed state. As we will
show, this spatially varying state leads to a nonzero vector
potential when the coupling is detuned from Raman resonance. We adiabatically load the BEC into the dressed
state, and measure properties of the dressed-state dispersion relation by probing its spin and momentum decomposition. While the atoms are stationary in the lab frame
(i.e., zero group velocity), the momenta of the individual
spin components of the dressed state show a nonzero phase
velocity depending on the strength and detuning of the
Raman coupling. Our measurements agree with a singleparticle model, and demonstrate the presence of an effective vector potential.
We dress a 87 Rb BEC in the F ¼ 1 ground state with two
^ These
Raman laser beams counterpropagating along x.
beams couple states jmF ; kx i differing in internal angular
momentum by @ (mF ¼ 1), and differing in linear
momentum @kx by 2@kr . Here, @kr ¼ h= is the singlephoton recoil momentum, and  is the wavelength of the
Raman beams. We define Er ¼ @2 k2r =2m as the recoil
energy. The family of three states coupled by the Raman
field, ðk~x Þ ¼ fj1; k~x þ 2kr i; j0; k~x i; jþ1; k~x  2kr ig, is
labeled by the wave vector of the quasimomentum, k~x .
The Raman beams have frequencies !L and !L þ !L ,
and a bias field B0 y^ produces a Zeeman shift @!Z ¼
gB B0 ’ @!L [see Figs. 1(a) and 1(b)]. Since the mo^ the single-particle Hamiltonian
mentum transfer is along x,
can be written as H ¼ H 1 ðkx Þ þ ½@2 ðk2y þ k2z Þ=2m þ
Vðr~Þ  1, where H 1 is the Hamiltonian for the Raman
^ and
coupling, the Zeeman energies and the motion along x,
1 is the 3  3 unit matrix acting on the spins. Vð~rÞ is the
state-independent trapping potential (arising from a faroff-resonance dipole trap and the scalar light shift of the
Raman beams), and m is the atomic mass. In the rotating
wave approximation for the frame rotating at !L , H 1 =@
expressed in the state basis of the family ðk~x Þ is
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FIG. 1 (color online). (a) The 87 Rb BEC in a dipole trap created by two 1550 nm crossed beams in a bias field B0 y^ (gravity is along
^ with frequencies !L and (!L þ !L ), linearly polarized along z^
z).
^ The two Raman laser beams are counterpropagating along x,
and y,
^ respectively. (b) Level diagram of Raman coupling within the F ¼ 1 ground state. The linear and quadratic Zeeman shifts are
!Z and , and  is the Raman detuning. (c) As a function of Raman pulse time, we show the fraction of atoms in jmF ¼ 1; kx ¼ 0i
(solid circles), j0; 2kr i (open squares), and jþ1; 4kr i (crosses), the states comprising the ðk~x ¼ 2kr Þ family. The atoms start in
j1; kx ¼ 0i, and are nearly resonant for the j1; 0i ! j0; 2kr i transition at @ ¼ 4:22Er . We determine @R ¼ 6:63ð4ÞEr by a
global fit (solid lines) to the populations in ð2kr Þ.
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Here  ¼ ð!L  !Z Þ is the detuning from Raman resonance, R is the resonant Raman Rabi frequency, and 
accounts for a small quadratic Zeeman shift [Fig. 1(b)]. For
each k~x , diagonalizing H 1 gives three energy eigenvalues
Ej ðk~x Þ (j ¼ 1, 2, 3). For dressed atoms in state j, Ej ðk~x Þ is
the effective dispersion relation, which depends on experimental parameters, , R , and  (left panels of Fig. 2). The
number of energy minima (from one to three) and their
positions k~min are thus experimentally tunable. Around
each k~min , the dispersion can be expanded as Eðk~x Þ 
@2 ðk~x  k~min Þ2 =2m , where m is an effective mass. In this
expansion, we identify k~min with the light-induced vector
gauge potential, in analogy to the Hamiltonian for a parti~
cle of charge q in the usual magnetic vector potential A:
~ 2 =2m. In our experiment, we load a trapped BEC
ðp~  qAÞ
into the lowest energy, j ¼ 1, dressed state, and measure its
quasimomentum, equal to @k~min for adiabatic loading.
Our experiment starts with a 3D 87 Rb BEC in a combined magnetic-quadrupole plus optical trap [12]. We
transfer the atoms to a crossed dipole trap, formed by
^ y^ (horitwo 1550 nm beams, which are aligned along xzontal beam) and 10 from z^ (vertical beam). A uniform
bias field along y^ gives a linear Zeeman shift !Z =2 ’
3:25 MHz and a quadratic shift =2 ¼ 1:55 kHz. The
BEC has N  2:5  105 atoms in jmF ¼ 1; kx ¼ 0i,
with trap frequencies of 30 Hz parallel to, and 95 Hz
perpendicular to the horizontal beam.
To Raman couple states differing in mF by 1, the  ¼
804:3 nm Raman beams are linearly polarized along y^ and
z,
^ corresponding to  and  relative to the quantization
^ The beams have 1=e2 radii of 180ð20Þ m [13],
axis y.
larger than the 20 m BEC. These beams give a scalar
light shift up to 60Er , where Er ¼ h  3:55 kHz, and

contribute an additional harmonic potential with frequency
up to 50 Hz along y^ and z.
^ The differential light shift
between adjacent mF states arising from the combination
of misalignment and imperfect polarization is estimated to
be smaller than 0:2Er . We determine R by observing
population oscillations driven by the Raman beams and
fitting to the expected behavior [Fig. 1(c)].
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FIG. 2 (color online). Left panels: Energy-momentum dispersion curves Eðk~x Þ for @ ¼ 0:44Er and detuning @ ¼ 0 in (a)
and @ ¼ 2Er in (b). The thin solid curves denote the states
j1; k~x þ 2kr i, j0; k~x i, jþ1; k~x  2kr i absent Raman coupling;
the thick solid, dotted and dash-dotted curves indicate dressed
states at Raman coupling @R ¼ 4:85Er . The arrows indicate
k~x ¼ k~min in the j ¼ 1 dressed state. Right panels: Time-of-flight
images of the Raman-dressed state at @R ¼ 4:85ð35ÞEr , for
@ ¼ 0 in (a) and @ ¼ 2Er in (b). The Raman beams are
^ and the three spin and momentum components,
along x,
j1; k~min þ 2kr i, j0; k~min i, and jþ1; k~min  2kr i, are separated
along y^ (after a small shear in the image realigning the Stern^
Gerlach gradient direction along y).
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We developed a procedure to adiabatically load the BEC
initially in j1; kx ¼ 0i to the lowest energy, j ¼ 1,
Raman-dressed state. For a BEC initially in j0; kx ¼ 0i,
this could be achieved simply by slowly turning on the
Raman beams at  ¼ 0, resulting in the j ¼ 1, k~x ¼ 0
dressed state, located at the minimum of Ej¼1 ðk~x Þ.
However, our initial state j1; kx ¼ 0i, for which kx ¼
k~x þ 2kr , is a member of the family ðk~x ¼ 2kr Þ. This
loading procedure would therefore result in the j ¼ 1,
k~x ¼ 2kr dressed state. To transfer our k~x ¼ 2kr BEC
to the desired k~x ¼ 0 dressed state, we use an additional rf
coupling which mixes families with k~x differing by 2kr .
The rf frequency is equal to the frequency difference
between two Raman beams, !L =2 ¼ 3:250 MHz.
The loading sequence is as follows: (i) We turn on the rf
coupling in 1 ms to a resonant Rabi frequency rf =2 ¼
12 kHz, with an initial detuning @ ¼ 15Er . We then
sweep the detuning to resonance [14] in 9 ms ( is varied
by ramping the bias field B0 , leaving !L constant),
loading the atoms into the lowest energy rf-dressed state,
a spin superposition still at kx ¼ 0. (ii) We ramp on the
Raman coupling in ton ¼ 20 ms to a variable Rabi frequency R , and then turn off the rf in 2 ms. This loads
the BEC into the j ¼ 1, k~x ¼ 0 dressed state, where it heats
at 0:3 nK=ms, likely due to technical noise in B0 or !L .
Therefore, in step (ii) we further evaporatively cool by
decreasing the intensity of the horizontal trapping beam
by 20% in 20 ms, after which it remains constant. The
evaporation reduces the BEC number to 7  104 .
In the final step (iii), we load the k~x ¼ 0 dressed state
into a nonzero k~x state by sweeping the detuning from
resonance to a variable  in tsw and holding for th . As we
will show, this adiabatically loads the BEC into the j ¼ 1
Raman-dressed state at k~x ¼ k~min ðÞ for tsw * 20 ms.
We characterize the Raman-dressed state by abruptly
turning off the dipole trap and the Raman beams in less
than 1 s, projecting the atomic state onto its individual
spin and momentum components. The atoms then expand
in a magnetic field gradient applied during time-of-flight
^ and the three spin states
(TOF) approximately along y,
spatially separate due to the Stern-Gerlach effect.
Imaging the atoms after a 20 ms TOF gives the momentum
and spin composition of the dressed state (see right panels
of Fig. 2). The quasimomentum @k~x is given by the shift
along x^ of all three spin components from their positions
when k~x ¼ 0. We determine k~x ¼ 0 to within 0.03 kr by
using the loading procedure above, except that in (ii), the
Raman frequencies are sufficiently far-detuned that the
atoms experience the scalar light shift but are not
Raman-coupled; then the rf and Raman fields are snapped
off concurrently before TOF.
It is easy to adiabatically load into the rf-dressed state in
step (i)
pﬃﬃﬃbecause the smallest relevant energy gap is the
@rf = 2 separation between rf-dressed states. The associated time scale of  20 s is much less than the 1 ms

turn-on time and the 9 ms ramp time and step (i) is easily
adiabatic. To confirm subsequent adiabatic loading from
the rf-dressed state into the Raman-dressed state in step
(ii), we ramped up the Raman power in a time ton , then
ramped it off in ton . Here the energypgap
ﬃﬃﬃ between dressed
states at k~x ¼ 0 is greater than @rf = 2 (the added Raman
coupling increases the gap). We observe no discernible
excitation into other dressed states for ton 2 ms, justifying the loading time ton ¼ 20 ms in step (ii). To determine
tsw in step (iii), we measure k~x as a function of tsw for
negligible th . Figure 3 shows k~x versus tsw at @ ¼ 0, 1,
2Er and @R ¼ 5Er , for th ¼ 0:1 ms. We use tsw ¼
20 ms, the time at which k~x has nearly reached its equilibrium value. This adiabatic following is enabled by the
small  h  70 Hz energy gap provided by the external
trap, and the time scale observed for adiabatic loading is
comparable to our trapping periods. We also modeled this
using a 2D finite-temperature mean-field theory [15] and
found the same time scale. After tsw , we add a hold time
th ¼ 20 ms during which residual excitations damp.
Figure 2 shows spin-resolved TOF images of adiabatically loaded Raman-dressed states at @R ¼ 4:85ð35ÞEr
for @ ¼ 2 and 0Er . The resonance condition,  ¼ 0, is
determined from the symmetry of the rf-dressed state [16],
with an uncertainty of h  1:5 kHz ¼ 0:4Er , limited by
the stability of B0 . The quasimomentum @k~x ¼ @k~min ,
measured as a function of , is shown in Fig. 4(a), along
with the calculated k~min ðÞ. Each different k~min represents a
spatially uniform vector gauge potential, where k~min ¼
~ is analogous to the magnetic vector potential with
qA=@
~  A~ ¼ 0.
~
a magnetic field B~ ¼ r
For Rabi frequency R 4:47Er =@, Ej¼1 ðk~x Þ has multiple minima for some detunings . Figure 4(b) shows such
multiple k~min , expected for a < jj < b , where @a ¼
0:35ð20ÞEr and @b ¼ 1:2ð1ÞEr , at @R ¼ 2:95ð35ÞEr . At
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FIG. 3. Quasimomentum @k~x of the Raman-dressed state versus sweeping time tsw of Raman detuning from @ ¼ 0 to @ ¼
1Er (solid circles) and @ ¼ 2Er (open squares), at @R ¼ 5Er .
The crosses denote k~x ¼ 0 without sweeping (@ ¼ 0). The inset
shows the time sequence of R and  for the loading into a
detuned Raman-dressed state.

130401-3

PHYSICAL REVIEW LETTERS

PRL 102, 130401 (2009)
2

week ending
3 APRIL 2009

technical simplification compared with proposals which
rely on spatial variations in the light-fields [8]. The analog
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
of the magnetic length lB ¼ @=ðqBÞ is ð@k~min =@yÞ1=2 ,
and is about the spacing between vortices in a vortex lattice
like that formed in a rotating BEC [5]. For a gradient in
k~min of kr across a condensate of radius R, this gives an
analog lB  1:4 m for a R  10 m 3D BEC, and we
expect a 25-vortex lattice to form in the condensate. For
dilute 2D systems, this is sufficient to reach the quantum
Hall regime.
This work was partially supported by ONR, ODNI, ARO
with funds from the DARPA OLE program, and the NSF
through the JQI Physics Frontier Center. R. L. C. acknowledges support from NIST-NRC.
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FIG. 4 (color online). (a) Measured quasimomentum @k~min
versus detuning , and the calculated @k~min at Raman coupling
@R ¼ 4:85ð35ÞEr (with the uncertainty indicated by the shaded
region). The inset shows the time sequence of R and .
(b) Quasimomentum @k~min1 (circles) and @k~min2 (triangles) versus detuning , and the calculated @k~min (solid lines) at @R ¼
2:95ð35ÞEr . The intensity of the circles indicates the population
of j0; k~min1 i relative to its value at  ¼ 0. The intensity of the
triangles for  < 0 ( > 0) indicates the population of
jþ1; k~min2  2kr i (j1; k~min2 þ 2kr i) relative to its value at
@ ¼ 3Er (@ ¼ 3Er ). The insets picture Eðk~x Þ at @ ¼
0:8 and 2:5Er as indicated by the arrows.

small and large detuning, we observe only one k~min .
However, at intermediate detuning, we observe two k~min
at k~min1 and k~min2 [11]. In Fig. 4(b), the relative population
is indicated by the gray scale, and the solid line is the
calculated value(s). The observed k~min ðÞ agrees well with
the theory, and a simultaneous fit of k~min1 and k~min2 with
R as a free parameter gives @R ¼ 2:9ð3ÞEr , which
agrees well with the independently measured @R ¼
2:95ð35ÞEr . As expected, we observe population in only
one k~x for jj < a , however, for some jj > b , there is
discernible population in two k~x where we expect only one
k~min . We attribute this to nonadiabaticity when k~min1 disappears during the detuning sweep in loading step (iii).
In conclusion, we have prepared a Bose-Einstein condensate in a Raman-dressed state with a nonzero quasimomentum, controlled by the Rabi frequency R and the
detuning . This technique, in conjunction with a spatial
gradient of the bias field (and therefore the detuning) along
^ would give a spatial gradient of light-induced momeny,
tum @k~min ðyÞx^ and would create an effective magnetic field
along z^ [17]. Using an easily tunable magnetic field gradient to create the effective magnetic field is likely a
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