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We report on the controlled creation of a valence bond state of delocalized effective-spin singlet and

triplet dimers by means of a bichromatic optical superlattice. We demonstrate a coherent coupling

between the singlet and triplet states and show how the superlattice can be employed to measure the

singlet-fraction employing a spin-blockade effect. Our method provides a reliable way to detect and

control nearest-neighbor spin correlations in many-body systems of ultracold atoms. Being able to

measure these correlations is an important ingredient in studying quantum magnetism in optical lattices.

We furthermore employ a SWAP operation between atoms which are part of different triplets, thus

effectively increasing their bond-length. Such a SWAP operation provides an important step towards the

massively parallel creation of a multiparticle entangled state in the lattice.
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Strong correlations in quantum many-body systems are a
cornerstone of modern condensed-matter physics. They
underlie the Mott-insulator (MI) state of electrons in the
cuprates, which feature an extremely rich phase diagram [1]
and exhibit high-Tc superconductivity upon doping [2]. The
experimental realization of theMI with ultracold bosonic [3]
and—more recently—fermionic atoms [4] in optical lattices
has demonstrated the prospect of these systems to address
fundamental condensed-matter problems [5]. One crucial
requirement for the study of quantum magnetism with ultra-
cold atoms is a sensitive probe of spin correlations that
characterize magnetic phases and can be employed to de-
termine the entropy of the system [6]. Furthermore, the
controlled manipulation of nearest-neighbor spin correla-
tions might allow for the creation of low-entropy spin-
correlated states that can, e.g., be adiabatically connected
to coupled dimer states or an antiferromagnetically ordered
state, circumventing cooling problems [7].

In this Letter, we demonstrate both the control and the
detection of short-range spin-correlations with ultracold
bosons in an optical superlattice. We create a 3D array
of effective-spin triplet pairs and induce coherent singlet-
triplet oscillations (STO) on the bonds. We make use of
the different parity of the singlet and triplet wave functions
to distinguish the two after merging pairs of sites [8].
The underlying mechanism is the singlet-triplet blockade
known from double-electron quantum dots [9]. The detec-
tion procedure can be applied to directly measure the
amount of nearest-neighbor singlet and triplet correlations
in a two-species MI of neutral atoms making it a valuable
method to measure the entropy, as, for example, the singlet
density in a fermionic MI at half filling is expected to
increase with decreasing temperatures [10]. We further-
more employ a massively parallel SWAP gate between

neighboring triplet pairs which provides an important
step towards the generation of multiparticle entanglement
with possible applications in one-way quantum computa-
tion [11].
Our experimental setup consists of a 3D optical super-

lattice filled with 87Rb atoms [12]. Along the x direction,
the superlattice is formed by two collinear retroreflected
laser beams of wavelengths �xs ¼ 765 nm (short lattice)
and �xl ¼ 1530 nm (long lattice). The relative phase �
of the two standing waves can be adjusted freely to
yield a potential of the form VðxÞ ¼ Vxs cosð4kxxÞ �
Vxl cosð2kxxþ�Þ with kx ¼ 2�=�xl and where the lattice
depths Vxs and Vxl are controllable by the intensity of the
individual laser beams [see Fig. 1(a)]. Transverse mono-
chromatic lattices with wavelengths �y;z ¼ 843 nm com-

plete the 3D array of double wells (DWs). Furthermore, a
magnetic field gradient @xBx can be applied to create a
potential bias in the DWs which depends on the Zeeman
state of the atoms.
We now consider the situation of symmetric DWs

(� ¼ 0), occupied by two atoms in two internal states
labeled j "i and j #i. If the largest energy scale in the
problem is given by the trap frequencies of the individual
wells, the system can be described by a two-site Bose-
Hubbard–type model

Ĥ ¼ �J
X

�¼";#
ðây�Lâ�R þ H:c:Þ þ ðU=2Þ½n̂Lðn̂L � 1Þ

þ n̂Rðn̂R � 1Þ� þ ð�m=2Þðn̂"L � n̂#L � n̂"R þ n̂#RÞ;
(1)

with the tunnel coupling J, the on-site interaction energyU
[see Fig. 1(a)], and the state-dependent bias of magnitude
�m which reflects the magnetic field gradient. The operator
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â�LðRÞ annihilates a particle in the spin state � localized in

the left (right) well, n̂�;LðRÞ ¼ ây�LðRÞâ�LðRÞ counts the num-

ber of particles per state and well, and n̂LðRÞ ¼
P

�n̂�LðRÞ.
For strong repulsive interactions (U � J), the ground

state manifold is characterized by an occupation of one
particle per site [13]. Virtual tunneling processes via
higher-energy states mediate an effective superexchange
coupling in this subspace [14,15]. The corresponding ef-
fective Hamiltonian can be derived from Eq. (1) [16]

Ĥ eff ¼ �JexðŜL � ŜR þ ŜR � ŜLÞ þ �mðŜzL � ŜzRÞ; (2)

with the (ferromagnetic) superexchange coupling
Jex ¼ 2J2=U > 0 and the effective spin-1=2 operators

Sxi ¼ ðây"iâ#i þ ây#iâ"iÞ=2, Syi ¼ ðây"iâ#i � ây#iâ"iÞ=2i, and

Ŝzi ¼ ðn̂"i � n̂#iÞ=2. This simple two-site model is well

known within the framework of electrons in double-dots
[9]. The ground state of the Hamiltonian Eq. (2) for Jex > 0
and �m ¼ 0 is the three-fold degenerate effective-spin
triplet which consists of jt�1i ¼ j #; #i, jtþ1i ¼ j "; "i, and
jt0i ¼ ðj "; #i þ j "; #iÞ= ffiffiffi

2
p

. The singlet state jsi ¼ ðj "; #i �
j "; #iÞ= ffiffiffi

2
p

is higher in energy by 2Jex [see Fig. 1(b)]. For
�m � Jex, the degeneracy of the states j "; #i and j #; "i is
lifted and they become the eigenstates replacing jsi and
jt0i. A coherent coupling of jsi and jt0i is realized by
rapidly changing �m from zero to �m � Jex, projecting
onto these new eigenstates. The subsequent phase-
evolution describes singlet-triplet oscillations with a fre-
quency �STO ’ 2�m=h. Previously, the reverse situation of
a coherent superexchange coupling of the states j "; #i and
j #; "i at �m ¼ 0 has been realized in the same system [17].

When the barrier is removed adiabatically (Vxs ! 0), the
singlet and triplet states in the DW are transferred into the
two-particle eigenstates of the underlying long-lattice well.
In Fig. 1(c), we plot the eigenenergies Ei of the two
particles in the DW with respect to the ground state energy
E0 as a function of Vxs as obtained from an extended two-
site Hubbard model [18]. While the triplet states are adia-
batically connected to the two-particle vibrational ground
state ½0; 0�jt0i of the underlying long-lattice well, the sin-
glet state requires one particle to occupy the first excited
orbital, thus ½0; 1�jsi. This can be seen as an analog to the
spin-blockade in electronic quantum dots [9]. To fulfill the
bosonic statistics, the spatial symmetry of the two-body
wave function has to match the spin-symmetry [19]. In
consequence, merging pairs of sites and subsequently
measuring the number of band excitations can be used to
distinguish triplet and singlet correlations in a two-species
MI. The on-site exchange splitting between ½0; 1�jsi and
½0; 1�jt0i could previously be measured via on-site ex-
change oscillations [20]. The ability to coherently couple
jt0i to jsi by means of the gradient term �m further
provides the possibility to distinguish the states j "; #i and
j #; "i from jt0i and jsi.
We begin our experiments by loading a Bose-Einstein

condensate of about 9� 104 87Rb-atoms in the
jF ¼ 1; mF ¼ �1i Zeeman state from a magnetic
trap with high offset field into the 3D optical lattice with
Vxs ¼ 36Exs

r and Vy;z ¼ 35Ey;z
r [21]. The resulting state is a

MI with at most one atom per site. By raising the long
lattice to Vxl ¼ 40Exl

r and removing the short lattice, we
merge pairs of lattice sites to yield constructed atom pairs
in the vibrational ground state in the long-lattice wells [18].
We use a radio-frequency rapid adiabatic passage to trans-
fer the atoms into the j1; 0i Zeeman state and afterwards
switch off the magnetic trap, maintaining a homogeneous
offset field of ’ 1:2 G. Atom pairs in j1; 0; 1; 0i are sub-
sequently transferred into j1;þ1; 1;�1i triplet pairs by
means of spin-changing collisions (SCC) [22]. The two
Zeeman states j1;þ1i and j1;�1i serve as the two effec-
tive spin states j "i and j #i [17].
We split the long-lattice wells into symmetric DWs by

ramping up the short lattice to 40Exs
r , within 10 ms which

creates an array of delocalized triplets jt0i. When the
superexchange coupling is fully suppressed, we switch
on a magnetic field gradient of variable strength for a
holdtime thold. We detect the emerging STO by ramping
down the barrier and employing a band-mapping technique
[23]. A pulsed magnetic field gradient at the beginning
of the expansion separates the different Zeeman states. In
order to avoid spurious signals due to imperfections of the
radio-frequency rapid adiabatic passage and the SCC, the
band excitations are measured for the jF ¼ 1; mF ¼ þ1i
Zeeman state alone—the only one not present before the
SCC [18]. The loading of the array of triplets and the
subsequent conversion into singlets yields the analogue
of a valence bond solid state with bosons [1,24,25]. This
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FIG. 1 (color online). (a) Schematic drawing of the DWs
formed by the superlattice. (b) Eigenstates of Eq. (2) for two
particles versus �m. At zero gradient, the states j "; #i and j #; "i
couple to yield the triplet state jt0i and the singlet jsi. (c) Relative
eigenenergies for two 87Rb atoms in the jF ¼ 1; mF ¼ �1i
Zeeman states in the DW potential versus barrier height Vxs.
The notation [v1,v2] forVxs ! 0 refers to thevibrational quantum
numbers for the first and second particle. The insets show the
overlap jct0j2 of the ground state with the triplet jt0i and the
amount of double occupancy pdbl.
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state is characterized by a bond order along the superlattice
direction with the period of the long lattice.

In Fig. 2(a), we plot the measured fraction of band
excitations after merging nexcðtholdÞ for the jF ¼ 1;
mF ¼ 1i Zeeman state for a gradient of about 10 G=cm.
We observe an amplitude of the STO of about 30%. The
reduction from the ideal value of 50% stems from a residual
magnetic field gradient present during the splitting, the
finite lifetime of the triplet and singlet state and imperfec-
tions of the detection method. About 4% of band excita-
tions created during the loading procedure give rise to
an additional offset. The phase shift of the oscillations
is a result of the finite switch-on time of the gradient.
Figure 2(b) shows the measured oscillation frequency
�STO which depends linearly on the current applied to the
coil producing the gradient. We independently measure the
energy bias h�SP between the left and the right well for a
single particle versus gradient strength. This is done by
coherently splitting long-lattice sites with single atoms in
j #i and recording the emerging interference patterns after a
short hold time ’ 1 ms and time-of-flight [13]. We find the
STO frequency to be 2�SP [see Fig. 2(b)] which confirms
the two-body nature of the measured effect. From a linear
fit of �STO we find a gradient offset of’ 120 mG=cmwhich
might stem from inhomogeneities of the 1.2 G offset field
and static magnetic field sources close to the experiments.

For all gradient strengths, we find a damping time of
the oscillations of about � ¼ 40–50 ms. This damping is
mainly caused by the decay of the triplet and the singlet
state. We measure the lifetime of the triplet by merging
the DWs after the hold time thold without applying the

magnetic field gradient. The same is done for the singlet
state, where only a short gradient pulse after the splitting
is employed to convert jt0i into jsi. In Fig. 3, we plot nexc
for the two measurements as a function of thold together
with a STO trace taken at a gradient current of 80 A. The
lifetime measurement provides an envelope to the oscilla-
tion data. A simultaneous fit of the triplet and singlet
lifetime yields � ¼ 43ð1Þ ms which matches the damping
time of the STO. This lifetime gradually decreases when
increasing the short-lattice and transverse-lattice depths.
Neither spontaneous scattering of lattice photons (��1

sc >
500 ms), nor tunneling of individual particles can explain
this lifetime. It is most likely limited by weak spin depen-
dencies of the external confinement due to imperfections in
the polarization of the lattice beams [18]. A larger detuning
of the lattice beams would significantly reduce the sensi-
tivity on these imperfections.
In addition to the formation and detection of the delo-

calized triplets, the superlattice also offers unique possi-
bilities for further manipulation [Fig. 4(a)], i.e., aimed at
generating multiparticle entangled states or to increase the
spatial extension of the entangled spin pairs [26]. After
having created the array of jt0i bonds on neighboring sites,
we remove the long lattice, shift its phase to � ¼ � and
ramp it high again, thus combining pairs of sites which
belong to different triplet-bonds to a DW. By lowering the
short lattice to 12Exs

r within 200 �s, we switch on a super-
exchange coupling between these sites with Jex ¼ J=3 ¼
h� 360 Hz [17]. We ramp the barrier high again after half
a superexchange period which realizes a SWAP operation
for the coupled spins. As a result, the triplets are now
delocalized over three lattice spacings rather than a single
one before [26]. We again use the magnetic field gradient
to induce the STO and subsequently repeat the SWAP

operation, in order to restore the original bond length of
the entangled spin pairs. Finally, the same combination
of merging and band mapping is used as before to reveal
the STO. The measured fraction nexcðtholdÞ is plotted in
Fig. 4(b) together with a trace recorded with the same
sequence but without lowering the short lattice to induce
the two SWAP operations. We find an oscillation frequency
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FIG. 2 (color online). (a) Plot of the relative population in the
vibrationally excited band nexcðtholdÞ for a gradient current of
80 A (circles) together with the fit of a sine-wave (solid line).
The insets show typical absorption images obtained by the
detection sequence. (b) Fitted oscillation frequencies �STO ver-
sus gradient current (filled circles) together with an independent
measurement of the single-particle shift �SP ¼ �m=h (open
circles). The solid line is a linear fit to �STO which translates
into a slope of 0:122ð1Þ G=ðcmAÞ and an offset of
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FIG. 3 (color). Measured lifetime of the triplet (dark blue) and
the singlet state (light blue) versus hold time in the split DWs.
The blue solid lines are the result of a simultaneous exponential
fit yielding a lifetime of 43(1) ms. The black data points show
STO taken with the same sequence and an additional gradient
field of about 10 G=cm during the hold time.
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three times higher when the SWAP operations are carried
out. This is explained by the linear dependence of �m on
the distance of the particles for a given gradient strength.
The corresponding STO amplitude is reduced by about
40%, which in parts stems from unsuccessful SWAP opera-
tions where there is a hole adjacent to a triplet bond. These
holes are detected as additional excitations, yielding a
higher offset of the STO.

The successful demonstration of the SWAP operation
constitutes an important step to further entangle neighbor-

ing triplet pairs which can be achieved by a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SWAP

p
operation. Since this manipulation is carried out between
all neighboring singlets simultaneously, the result after a
single step would be an entangled chain of neutral atoms.
With a second superlattice along a perpendicular direction,
this entanglement can be extended on a 2D plane in the
same manner. The resulting state is maximally entangled in
2D and therefore would be valuable for measurement-
based quantum computation.

In conclusion, we have demonstrated the controlled
loading of an array of nearest-neighbor Sz ¼ 0 triplets
and the conversion into singlets by means of an optical
superlattice and a magnetic field gradient. We note that the
same method can be applied to create a coupled dimer
antiferromagnet of fermions [25] from an initial low-
entropy band-insulating state. We have also established a
sensitive method to measure nearest-neighbor spin corre-
lations to reveal gradient-driven singlet-triplet oscillations.
Finally we have demonstrated the controlled stretching
of the triplet pairs by a massively parallel superexchange
SWAP gate between neighboring bonds. Bringing distant

spins together in a DW by SWAP operations is a way to
measure longer-range spin correlations. The implementa-

tion of a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SWAP

p
gate instead can be used to entangle

chains—and further 2D arrays—of neutral atoms.
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[12] S. Fölling et al., Nature (London) 448, 1029 (2007).
[13] J. Sebby-Strabley et al., Phys. Rev. Lett. 98, 200405

(2007).
[14] A. Auerbach, Interacting Electrons and Quantum

Magnetism (Springer, New York, 2006).
[15] P. Anderson, Phys. Rev. 79, 350 (1950).
[16] L.-M. Duan, E. Demler, and M.D. Lukin, Phys. Rev. Lett.

91, 090402 (2003); J. J. Garcı́a-Ripoll and J. I. Cirac, New

J. Phys. 5, 76 (2003); A. B. Kuklov and B.V. Svistunov,

Phys. Rev. Lett. 90, 100401 (2003).
[17] S. Trotzky et al., Science 319, 295 (2008).
[18] See supplementary material at http://link.aps.org/

supplemental/10.1103/PhysRevLett.105.265303.
[19] For fermions, the role of the jt0;�1i and jsi is reversed.
[20] M. Anderlini et al., Nature (London) 448, 452 (2007).
[21] All lattice depths are given in units of the respective recoil

energy Ei
r ¼ h2=ð2m�iÞ.

[22] A. Widera et al., Phys. Rev. Lett. 95, 190405 (2005).
[23] M. Greiner et al., Phys. Rev. Lett. 87, 160405 (2001).
[24] C. Lhuillier and G. Misguich, Lect. Notes Phys. 595, 161

(2002).
[25] S. Sachdev, Nature Phys. 4, 173 (2008).
[26] P. Barmettler, Phys. Rev. A 78, 012330 (2008).

FIG. 4 (color). (a) Scheme of the SWAP sequence: The spin
pairs (1) are split into triplets (2). A superexchange for half a
period exchanges the spins of neighboring triplets (3) before a
magnetic field gradient is used to drive STO (4). A second
SWAP gate (5) brings the spins back to their original position

(6). (b) Measured excited fraction after the final merging with
(blue circles) and without (black circles) exchange. The oscil-
lations with the SWAP gate are faster by a factor of 2.91(10),
confirming the successful stretching of the spin pairs.

PRL 105, 265303 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

31 DECEMBER 2010

265303-4

http://dx.doi.org/10.1103/RevModPhys.75.913
http://dx.doi.org/10.1007/BF01303701
http://dx.doi.org/10.1103/RevModPhys.78.17
http://dx.doi.org/10.1103/RevModPhys.78.17
http://dx.doi.org/10.1038/415039a
http://dx.doi.org/10.1103/PhysRevLett.92.130403
http://dx.doi.org/10.1103/PhysRevLett.92.130403
http://dx.doi.org/10.1103/PhysRevLett.98.080404
http://dx.doi.org/10.1103/PhysRevLett.98.080404
http://dx.doi.org/10.1038/nature07244
http://dx.doi.org/10.1126/science.1165449
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1080/00018730701223200
http://dx.doi.org/10.1080/00018730701223200
http://dx.doi.org/10.1103/PhysRevLett.104.180401
http://dx.doi.org/10.1103/PhysRevLett.93.250405
http://dx.doi.org/10.1103/PhysRevA.81.061603
http://dx.doi.org/10.1103/PhysRevA.77.023603
http://dx.doi.org/10.1126/science.1116955
http://dx.doi.org/10.1103/PhysRevB.72.165308
http://dx.doi.org/10.1103/RevModPhys.79.1217
http://dx.doi.org/10.1103/PhysRevB.63.125116
http://arXiv.org/abs/1009.2759v1
http://dx.doi.org/10.1103/PhysRevLett.86.5188
http://dx.doi.org/10.1103/PhysRevLett.86.5188
http://dx.doi.org/10.1103/PhysRevA.68.022312
http://dx.doi.org/10.1038/nature06112
http://dx.doi.org/10.1103/PhysRevLett.98.200405
http://dx.doi.org/10.1103/PhysRevLett.98.200405
http://dx.doi.org/10.1103/PhysRev.79.350
http://dx.doi.org/10.1103/PhysRevLett.91.090402
http://dx.doi.org/10.1103/PhysRevLett.91.090402
http://dx.doi.org/10.1088/1367-2630/5/1/376
http://dx.doi.org/10.1088/1367-2630/5/1/376
http://dx.doi.org/10.1103/PhysRevLett.90.100401
http://dx.doi.org/10.1126/science.1150841
http://link.aps.org/supplemental/10.1103/PhysRevLett.105.265303
http://link.aps.org/supplemental/10.1103/PhysRevLett.105.265303
http://dx.doi.org/10.1038/nature06011
http://dx.doi.org/10.1103/PhysRevLett.95.190405
http://dx.doi.org/10.1103/PhysRevLett.87.160405
http://dx.doi.org/10.1007/3-540-45649-X_6
http://dx.doi.org/10.1007/3-540-45649-X_6
http://dx.doi.org/10.1038/nphys894
http://dx.doi.org/10.1103/PhysRevA.78.012330

