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Realization of bichromatic optical superlattices
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We present the experimental realization of optical superlattices created by exposing lasef®blatbms
to a bichromatic standing-wave light field. The two light frequencies are tuned close o thedD, lines of
85Rb. The total optical potential seen by the atoms exhibits a modulation at the spatial beat period of the two
light fields in addition to the typical periodicity on the scale of an optical wavelength. The bichromatic light
field cools the atoms into the superlattice potential, resulting in a density modulation on a macroscopic scale.
We have observed the density modulation directly in one- and three-dimensional superlattice configurations
using an absorption imaging technique.
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In the last few years, optical lattices have been widelyperlattices have been demonstrategld] and superlattice
used as a model system for the study of fundamental corstructures have been written with an atom-lithographic
cepts of quantum physics. The almost perfect symmetry ofmethod[11], using monochromatic standing waves where
these arrays of light-bound atoms has made it possible tsome of the light beams subtended very small angles. A one-
apply well-known techniques from condensed-matter physicgimensional monochromatic lattice in which individual sites
such as Bragg diffractiofil] and to observe phenomena suchcould be optically resolved has been realized using the long-
as Bloch oscillations and Wannier-Stark laddgtkthat are wavelength light of a CQlaser[12].
hard to access in conventional crystals. The strong confine- By creating an optical lattice with two colors, the control
ment of the atoms in harmonic potential wells has been expver the lattice structure is greatly enhanced. In our bichro-
ploited to study the dynamics of atomic wave pack8fsand  matic superlattices, two light fields are tuned to different
to prepare atoms in well-defined quantum states of external;ymic transitions, namely, thB, and D, lines of 8Rb.

deglgrees .Of Trtlaed_or[n]. di . il This gives rise to a spatially modulated depth of the micro-
n optical lattices, atoms are trapped in micropotentia ;potentials where the atoms are expected to be preferentially

creat_ed .by standing-wave light fields and thus the lattic rapped in the deepest micropotentials. Generally, preferen-
spacing is generally on the order of several hundred nm. I}

most experiments to date only1% of the lattice sites were tial trapping of the atoms at certain locations can be attrib-

occupied; however, progress has recently been made in efﬁj-.ted to the presence of a long-range component Of t'he optical
ciently cooling dense samples in optical lattics and dipole force. .ThIS. compor?enF, kno.wn as the rgptlfled force
achieving almost unity occupation of lattice sité&. This [13], occurs in bichromatic light fl'elds' in addition to the
makes optical lattices a promising approach for achieving!Su@l component that alternates in sign on a wavelength
quantum degeneracy by all-optical means. Another promi-scale-_ Rectified forces have been employed_ in a variety of
nent application under study is quantum computing in opticafXPeriments to defledtl4] and slow[15] atomic beams as
lattices[7]. A first experimental step in this direction was Well as to cool atom§16]. In a bichromatic standing wave in
recently taken when quantum coherent dynamics in théhe cascade configuratidd?], trapping of atoms in macro-
double-well potentials of a far-off-resonant optical lattice scopic potential wells by means of rectified forces was
was observeds]. achieved.

In this Rapid Communication, we report on the experi- In our experiments the bichromatic optical lattice is
mental observation of one- and three-dimensional bichroloaded from a standard magneto-optical t@&pOT) with
matic superlattices, created with a two-color light field, asabout 10 laser-cooled®Rb atoms in an atomic cloud of
proposed by Grimnet al.[9]. The depth of the micropoten- ~1-mm diameter. The lattice light field is composed of a
tials in these superlattices is modulated on a macroscopiweak field ath ;=795 nm, blue-detuned by 3I" from the
scale, giving rise to preferential trapping of atoms at specifi&S,,, Fg=3—5P;,,, F¢; =2 transition, and a strong field
sites accompanied by a local density increase. If it becomest A,=780 nm, tuned~300" below the 5,,, F4=3
possible to trap individual atoms at well-defined superlattice—~5P,, F.,=2,3,4 transitions, wheré'~6 MHz is the
sites, the macroscopic separation of superlattice wells couldatural linewidth. The lattice laser beams have a diameter of
be used for addressing atoms and implementing quantush mm. A weak repumping laser recycles atoms that are
computing operations. Previously, one-dimensidddl) su-  pumped into thé=;=2 hyperfine ground state. All laser fre-

quencies are generated by grating-stabilized diode lasers,
where the light for the off-resonance lattice field is amplified
*Present address: MIT, 26-255, 77 Massachusetts Ave., Canwith a high-power tapered amplifier, since up to 100 mW are
bridge, MA 02139. required to obtain sufficiently large light shifts.
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tion over a wide range of light intensities, it is strongly de-
pendent on the detunings, and in particular, their signs. Only
if the D4 light field is blue-detuned and the, light field is
red-detuned does the density modulation build up. In Fig.
1(c), we show a cross section of the density along the vertical
direction in Fig. 1b) where the density is obtained by taking
the logarithm of the absorption signal. By fitting a sinusoidal
function to the density modulation, we determine a spatial
period of 21.3um=5%, which is in very good agreement
with the expected value. A measurement of the density
modulation decay after turning off the lattice fields allows us
to roughly determine the temperature achieved with our
bichromatic superlattice. It is on the order of A& and thus

in the same range as for monochromatic lattices.

From the amplitude of the density modulation in Fig. 1,
we can deduce a factor of 1.5 for the increase of the maxi-
0 100 200 mum local density. However, this value has to be regarded as

Position (um) a conservative estimate, since imaging is limited by the
diffraction-limited resolution of~6 um, the pixel size of
the camera o8 um, and the focal depth. The finite focal
the ratio of images with and without aton{s) Vertical cross sec- depth is presumably the main source of error, since the
tion of (b). Plotted is the ratio of local density and average densityatom'c en_semble extends Ove*,l mm along the probe
as a function of the position. The dashed line is a sinusoidal fifbeam, while the focal depth for imaging of a ln sized

yielding a period of 21.3:m=*5%. object is only several hundredm. o
The principle of our bichromatic superlattice is best ex-

To create a one-dimensional bichromatic superlattice W‘glained if we first consider the total light shift experienced
. : P ' Dby the atoms in the bichromatic light field. In addition to the
use a standing wave oriented along the vertical axis. The

polarization geometry for both individual light fields is Usual periodicity on the_sgale of th_e optlpa! wavgleng‘tlgg
L : . . - _and\,, the potential exhibits a spatial variation with a period
lin Llin, i.e., the standing wave is created by superimposin

two counterpropagating beams with orthogonal linear polarg-glven by
ization. Care is taken to spatially overlap the two light fields. 1 A\,
Only zeroth order polarization optics are used in our setup, As=5 1)
which ensures that the mismatch in polarization between the ton2
two colors is smaller than 2%. The spatial beat period forThe explicit form of the optical potential in the limit of small
our choice of light fields is 2Jum as calculated using Eq. 1. optical excitation can be calculated by diagonalizing the total
The atomic ensemble is typically exposed to the bichrodight-shift Hamiltonian[9,18], yielding the adiabatic ground-
matic light field for 5—-10 ms. During this period a steady state potential curves. In Fig(l$ the adiabatic ground-state
state of the vertical density distribution is reached, but thepotentials for a®®Rb atom interacting with a bichromatic
atomic cloud has not yet become diluted due to the lack ogtanding-wave light field composed of blue-detuledlight
confinement in the horizontal dimensions. To detect the denand red-detune®, light are shown. As in the experiment,
sity modulation, we use an absorption imaging techniquethe polarization geometry is linlin (two counterpropagat-
After switching off the lattice light fields, the atomic en- ing laser beams with orthogonal linear polarizatjoasd the
semble is illuminated with a laser beam tuned close to théntensities of the two light fields are chosen such that the
5Sy/2, Fg=3—5P3;, Fe=4 transition for a duration of individual light shifts are of comparable magnitude. The fact
50 us. The shadow cast by the atoms due to absorption ahat there are seven distinct adiabatic potential curves reflects
the probe light is magnified by a factor of 2 and imaged ontathe multiplicity of theF ;=3 hyperfine ground state.
a CCD camera. The probe beam is aligned perpendicular to From the shape of the adiabatic potentials alone, it is not
the lattice light field to better than 1°, since a larger devia-evident at what places within a superlattice period the atoms
tion would diminish the contrast of the observed densityare preferentially trapped. The location of these superlattice
modulation due to the finite size of the atomic cloud. wells depends on the subtle interplay between the total opti-
A typical absorption image of a 1D superlattice is de-cal potential and the spatially varying steady-state popula-
picted in Fig. 1. Figure (& shows the whole atomic cloud tions of the adiabatic states. These steady-state populations
where the gross structure reflects the density distribution ofre determined by the local polarization of e light field
the MOT from which the superlattice is loaded. The magni-that is responsible for optical pumping. Due to the rapid
fied detail[Fig. 1(b)] of the absorption image clearly reveals optical pumping, the average force on an atom is just given
that the atomic density distribution is spatially modulated.by the sum of the gradients of all micropotentials weighted
This density modulation could only be observed when weby the populations. We illustrate this effect qualitatively in
exposed the cloud of atoms to both standing-wave light field§ig. 2(c) by using a model in which the hyperfine structure is
simultaneously. While we have observed a density moduladisregarded, i.e., an atom with J3=1/2 ground state and
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FIG. 1. (a) Typical absorption image of a bichromatic superlat-
tice. (b) Magnified detail of(a). The image is normalized by taking
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FIG. 2. (a) Level scheme of°Rb showing the levels relevant to
the bichromatic light field(b) Optical potentials for®®Rb in the
bichromatic standing wave with lihlin polarization. To resolve
the microscopic periodicity of the potential, the ratg/\, has
been artificially set to 11/10c) Optical potentials for a simplified
case where the hyperfine structure is disregarded. The filled circle:
indicate the positions where the total population is found in the
my =+ 1/2 sublevelsolid ling). The arrows indicate the direction of
the rectified force.

. . _ _ - FIG. 3. Formation of the three-dimensional superlattice struc-
excited states witlle; = 1/2 andJe, = 3/2. We have indicated ture. The images are taken at various times after the bichromatic

the positions at which the total population is found in the iy
my =+ 1/2 sublevel. It can be seen that the atoms are prelJ—Ight field is turned on.
erentially pumped into this sublevel at locations where, due ) ]
to the local gradient of the optical potential, they experience T0 observe the 3D superlattice, we align the probe beam
a force directed towards the deepest micropotentials. On Barallel to one axis of the lattice field and perpendicular to
macroscopic scale, this gives rise to a long-range rectifiethe other two. Thus, the bcc structure is projected onto a
force as indicated by the arrows in Figh® The same rea- plane parallel to one of the surfaces of a unit cell and should
soning for the direction of the rectified force applies if oneyield a face-centered square structure in the absorption im-
considers themy=—1/2 magnetic sublevel. The cooling age. Typical absorption images of an atomic sample in a 3D
mechanism in the bichromatic potential is similar to the well-bichromatic light field are shown in Fig. 3. The images in
known polarization-gradient cooling mechani§i®] in a  Fig. 3 are taken after different times of interaction between
monochromatic light field. However, the long-range rectifiedthe lattice fields and the atoms. It is readily seen how the
force lends an additional directionality, which provides pref-density modulation is building up, which is a clear indication
erential cooling of the atoms into the deepest micropotenfor active cooling of the atoms into the superlattice wells.
tials. Since the atoms are almost decoupled frontthéight ~ From Fig. 3d), which is taken after a steady-state value of
field at these positions and excitation due toEhdight field  the density modulation is reached, we determine the period
can be neglected to lowest order due to the large detuningf the density modulation. We find 424Am=5% for the
our bichromatic configuration can be seen as a purely opticdiorizontal direction and 42.am= 5% for the vertical direc-
gray or dark latticd 20]. In the original proposal of Grimm tion. Analysis of the same image yields a peak density that is
et al. [9], the light fields were chosen such that the atomsat least a factor of 2.5 larger than the average density. The
were preferentially cooled into the shallowest micropoten-same problems as in the 1D case prevent us from giving a
tials. A general theoretical analysis of the cooling mechamore precise value for the enhancement of the local density.
nisms in bichromatic standing waves can be foun{2ity. We plan to employ Bragg diffraction from superlattice
It is straightforward to extend the bichromatic superlatticeplanes to determine the density increase more accurately.
scheme to three dimensions. We use a setup with three paifhe diffracted intensity will depend on localization in the
wise orthogonal standing waves. The two horizontal standinguperlattice wells, similar to previous wofR] where it de-
waves are both linearly polarized in the horizontal planepended on localization in the micropotentials. Another pos-
while the vertical one is circularly polarized. For the off- sibility to further analyze our bichromatic superlattices
resonancé®, light field, this yields a bcc lattice structure for would be to look for self-induced Bragg-type light scattering
appropriately adjusted time-phase differences between tH@3].
standing wave$22]. This bcc structure should also be re-  Our choice of the 3D light-field geometry should in prin-
flected in the periodicity of the 3D bichromatic superlattice. ciple allow adiabatic transfer of the modulated density dis-
The edge length of the cubic superlattice unit cell is expectedribution from the bichromatic superlattice into an off-
to be 2A4~42 um, since coincidences of the polarization resonance monochromatic optical lattice. This would
patterns of the individual light fields are repeated with thiscombine the locally enhanced filling factor of the superlattice
periodicity. with the simpler lattice geometry of a monochromatic lattice
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and lower dissipation in the off-resonance light field. Thisa well-designed bichromatic standing-wave light field can be
might be useful for the realization of quantum-logic gates,used to create an optical superlattice in one as well as three

since most of the proposed scheni@ have considered dimensions. In contrast to previous observations of density

monochromatic lattices but require that there be a probabilitwn%?#g'g?es fISII; ct\(gvr?s-i(;(t)(la%rt v’\\/lntoh-l[tzhdcfe] rﬁgéelex(ﬂegr?:%?ig q

that afcoms are trapped at adjacent Iattlcg S|te§. In prellmmar rce acting on the atoms in the bichromatic light field. In
experiments, we have seen that after adiabatically turning off scheme, the trapped atoms are almost decoupled from
only the D, light field, the density modulation decays more the lattice light fields and therefore density limitations due to
slowly by a factor of roughly 5 than in the case where bothlight scattering by the atoms should be alleviated and, in
light fields are turned off simultaneously. We attribute this toprinciple, a density increase by more than the observed factor
an at least partial transfer of the atoms from the bichromati®f 2.5 should be feasible.

lattice into a monochromatiD, lattice. T.K. acknowledges funding by the Alexander-von-
In conclusion, we have experimentally demonstrated thaHumboldt Stiftung.
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