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Twin Matter Waves for Interferometry
Beyond the Classical Limit

B. Liicke,™* M. Scherer,** ]. Kruse,* L. Pezzé,? F. Deuretzbacher,® P. Hyllus,* O. Topic," . Peise,*
W. Ertmer,* J. Arlt,® L. Santos,> A. Smerzi,? C. Klempt't

Interferometers with atomic ensembles are an integral part of modern precision metrology.
However, these interferometers are fundamentally restricted by the shot noise limit, which can
only be overcome by creating quantum entanglement among the atoms. We used spin dynamics
in Bose-Einstein condensates to create large ensembles of up to 10* pair-correlated atoms with

an interferometric sensitivity —1.61"-7

decibels beyond the shot noise limit. Our proof-of-principle

results point the way toward a new generation of atom interferometers.

tom interferometers exploit the wave na-
ture of matter, providing a unique tool
for modern precision metrology (I, 2);
most prominently, they have been used to define
the second (3, 4). However, interferometers with
uncorrelated atoms are fundamentally limited by
shot noise (5), a remnant of the atoms’ particle
nature. This limit can be overcome by creating
entanglement between the atoms (6). Recently,
this has been demonstrated for spin-squeezed sam-
ples (7—12). The ultimate Heisenberg limit, where
the sensitivity scales linearly with the number of
atoms, has been predicted for highly entangled
states, such as NOON (73) and twin Fock states
(14). However, they have only been created with
up to five photons (/5—19) or six ions (20, 21),
but not with neutral atoms. Spin dynamics has
been proposed as a possible mechanism to turn a
large fraction of an atomic Bose-Einstein conden-
sate into a mixture of twin Fock states (22, 23).
In an interferometric measurement, an en-
semble of N, particles undergoes a sequence
that distributes the particles over two independent
modes +1 and —1. The possible many-particle
states are best described by the collective spin J=
Nio/2 and the population imbalance J. = (N; —
N-1)/2, where N, are the mode populations in
the £1 mode. The collective spin can be visual-
ized on the generalized Bloch sphere, where the
z coordinate represents the population imbalance
J. and the azimuthal angle represents the relative
phase between the two modes. The spin uncer-
tainties can be visualized as the extent of the state
on the sphere. For instance, unentangled states
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spin polarized along the x direction have sym-
metric uncertainties in relative phase and number,
restricted by the uncertainty relation (Fig. 1 A).
A typical interferometer sequence results in a
rotation of the input state on the Bloch sphere by
an angle 6, which depends on the observable of
interest. The rotation angle is mapped onto the
population imbalance that is finally measured.
For unentangled input states, the measurement
of the rotation angle is limited by shot noise
A6 = o(J;)/(\/n|d{J.)/d0|) = 1/1/nNyy, where
o(J,) is the standard deviation of the population
imbalance and 7 is the number of independent
interferometric measurements.

A measurement beyond the shot noise limit
involves a reduction of the output uncertainty at
the expense of an increased uncertainty of the
conjugate observable, as has been realized by
spin squeezing (8, 9, 11, 12). An extreme case is
provided by the twin Fock state, where the num-
ber of particles in the two modes is exactly equal.
Because the relative number uncertainty vanishes,
the relative phase is completely undetermined.
The twin Fock state is hence represented by an
arbitrarily thin line around the equator of the
Bloch sphere (Fig. 1 B). A rotation of this state
maps the quantity of interest not on the expec-
tation value of the output (/) but rather on its
fluctuations (J.?) (24). The resulting sensitivity
overcomes the shot noise limit, and is only bound
by the Heisenberg limit A® o< 1/N,y. Such an
interferometer with twin Fock input states has
been created for very small samples, including
single (15) and double (16, 25) pairs of photons,
and a single pair of *Be" ions (20).

We use spin dynamics in Bose-Einstein con-
densates for the creation of up to 10* paired neu-
tral atoms in two different spin states. To generate
these nonclassical states of matter, we start with
a Bose-Einstein condensate with horizontal spin
orientation (Zeeman substate m; = 0). In these
ensembles, collisions may produce correlated
pairs of atoms with spins up and down (mp=£1)
(22, 23). These collisions are bosonically en-
hanced if the output modes are occupied. There-
fore, they act as a parametric amplifier for a finite

initial population in 7= *+1 or for pure vacuum
fluctuations (26). During the parametric ampli-
fication of vacuum (27), the total number of
atoms produced in mz = *1 and its fluctuations
increase exponentially with time. The conjugate
variable of the total number is the sum of the two
atomic phases, whose fluctuations are exponen-
tially damped (28). Furthermore, the number dif-
ference between my = £1 atoms is zero (without
fluctuations), and hence the corresponding conju-
gate variable, the relative phase, is fully undeter-
mined. The underlying physics closely resembles
that of optical parametric down-conversion in non-
linear crystals, currently the most important tech-
nique to generate nonclassical states of light.

The experiments are started by creating a
87Rb condensate of 2.8 x 10* atoms in the hyper-
fine state /' =2, my =0 in an optical dipole trap
(Fig. 2 A). We initiate the spin dynamics at a
magnetic field of 1.23 G, where an excited spatial
mode is populated and vacuum fluctuations are
amplified (29). The states F = 2, mj = +1 are
populated by spin dynamics for an optimal du-
ration of 15 ms (29). Subsequently, the dipole
trap is switched off and all three spin compo-
nents are recorded by absorption imaging (Fig. 2,
B and C).

In a sequence of 200 realizations, the total
number of atoms N,y in mz=*1 fluctuates strong-
ly, but we observe ultralow fluctuations of the
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Fig. 1. Interferometric sensitivity of an unen-
tangled and a twin Fock state. The blue shaded
regions represent the uncertainty of the corre-
sponding states. (A) Geometric representation of
the sensitivity of an unentangled input state. A ro-
tation on the Bloch sphere is detected by mea-
suring the expectation value of J,. (B) Geometric
representation of the sensitivity of a twin Fock in-
put state. Initially, the +1 states are equally pop-
ulated (J,) = 0 and the relative phase is undefined;
the state is represented by a ring around the equa-
tor. After a rotation, the 1 states are still pop-
ulated equally (J,) = 0, but the tilt of the ring
indicates fluctuations o(J,) increasing with the ro-
tation angle.
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population imbalance, represented by the stan-
dard deviation o(J,) (Fig. 2D). This standard de-
viation shows almost no dependence on the
total number of atoms and is compatible with a
number-independent detection noise of 64, (J,) =
20 atoms. The detection noise of 20(1) atoms has
been measured independently and is dominated
by the shot noise of the electrons in the charge-
coupled device camera pixels corresponding to
a calculated minimum noise contribution of 17
atoms. At a total number of 7800 £1000 atoms,
the variance of J, including all noise sources

is measured to be —6.917)% dB below the
shot noise limit. Although we expect atom loss
(mainly to other Zeeman and hyperfine states)
to prevent the production of perfect twin Fock
states, those imperfections are much smaller
than the detection noise and thus negligible in
our current experimental scheme. The produced
pair-correlated state hence constitutes a promis-
ing candidate to obtain sub—shot-noise sensitiv-
ity in an interferometer.

A test of this sensitivity requires the imple-
mentation of an internal-state beam splitter. To

drive the transition connecting the F' = 2, mp =
+1 states, we use three resonant microwave pulses
(Fig. 3A). On the Bloch sphere, the full sequence
represents a rotation around the x axis by an angle
0 = 1Qpg, where 1 represents the duration of the
coupling pulse and Qg is the Rabi frequency.
Figure 3C shows the standard deviation of the
normalized population imbalance o(J,/J) as a func-
tion of the rotation angle 0. It illustrates that the
phase to be measured in the interferometer is
mapped onto the fluctuations of the output in-
stead of the expectation value. As the picture of

A Cc

Atoms per pixel

Fig. 2. Preparation and analysis of the input state. (A) At a homogeneous
magnetic field, a Bose-Einstein condensate in a crossed-beam optical dipole
trap generates atoms in the states mz = 1. (B) Afterwards, the trap is switched
off and the three Zeeman sublevels are split by a strong magnetic field
gradient. (C) Finally, the three clouds are detected by absorption imaging, and
the number of atoms is counted within circular masks (white line). (D) Dis-
tribution of the relative number of atoms in m; = +1. The measured standard
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Fig. 3. Internal-state beam splitter for nonclassical matter waves. (A) Sche-
matic of the beam splitter sequence. (1) Spin dynamics initially populates
the states |F = 2,m = £1). (2) To couple these states, the atoms in [2,—1) are
transferred to 11,0) by a microwave pulse. (3) Next, a pulse of variable
duration t couples the states |2,+1) and 11,0). (4) Finally, atoms in |1,0) are
transferred to the state 12,—1) to enable their independent detection. (B)
Distribution of the normalized population imbalance for two coupling pulse
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deviation of the population imbalance o(J,) (orange line) is well below the
shot noise limit (dashed line) and mainly limited by the detection noise (dotted
line). The experimental result for unentangled atoms (blue line) corresponds
to the combination of shot noise and detection noise (dash-dotted line). The
shaded area indicates the error of the standard deviation. Inset: Distribution of
the total number of atoms. The total number of atoms N fluctuates strongly
as a result of the amplification of vacuum fluctuations.
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durations. The strongest fluctuations are obtained for a coupling pulse du-
ration corresponding to a symmetric & = /2 beam splitter. The shaded
area corresponds to the ideal result. (C) Fluctuation of the normalized
population imbalance. As expected from the representation on the Bloch
sphere, the standard deviation o(J,/J) oscillates as |sin 9|/\/§ as a function
of the rotation angle 0. All quantities were obtained for N, between 3000
and 8000 atoms.

SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on January 11, 2012


http://www.sciencemag.org/

the rotating ring on the Bloch sphere suggests,
the standard deviation oscillates approximately
as o(J,/J) = aJsin 6|, where o characterizes the
interferometric contrast. Similar to optical inter-
ferometers, the contrast relies heavily on an iden-
tical spatial mode of the two input states. Although
single-mode operation can be guaranteed for small
samples in tight traps, the creation of large sam-
ples demands more careful consideration. Gen-
erally, spin dynamics populates various spatial
modes (30), creating multiple twin Fock states
without a common phase relation. After the beam
splitter, a multimode state yields a number distri-
bution that is a convolution of many single-mode
distributions, resulting in a severe reduction of
the contrast. We have optimized the configura-

tion for single-mode operation (29) and reach a
contrast 0. = 0.67(0.04), close to the ideal value of
a=1/v/2=0.71.

The symmetric beam splitter obtained for 6 =
n/2 is of special interest. It turns the ring on the
Bloch sphere onto the xz plane, leading to a max-
imal uncertainty of the population imbalance and
consequently a minimal relative phase uncertainty.
It is therefore an optimal state to detect the phase
evolution during a Ramsey sequence. Figure 3B
shows the distribution of the normalized popula-
tion imbalance. For 6 = 1t/2, it assumes a charac-
teristic shape (37) that reflects a high probability
of detecting most of the atoms in one of the out-
put ports. Ideally, either all even or all odd num-
bers should appear in the distribution of the
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Fig. 4. Phase sensitivity of the pair-correlated state. (A) Variance of the population imbalance (5(],)?) =
(J,%) for a total number N, between 6400 and 7600 atoms as a function of the rotation angle 6. The
orange line is a quadratic fit to the data (29), and the shaded area indicates the uncertainty of the fit.
Orange dashed line: the theoretical prediction for a detection noise of 20 atoms. (B) Same for the fourth
moment of the population imbalance ((A],2)%) = (J,) — (J,%2. (C) Sensitivity of the nonclassical state. The
phase estimation uncertainty A® with respect to shot noise A6 = 1/v/n{Nist) (solid orange line) is
obtained from the fits in (A) and (B) and compared to the expected sensitivity (dashed orange line). At 6 =~
0.015 rad, the phase sensitivity lies —1.6179-28 dB below the shot noise limit (black dashed line). For a
range of values of 6, it is very close to the best achievable value given by the Cramer-Rao lower bound
(dotted orange line) (29). The experimentally measured sensitivity of an unentangled state (solid blue
line) is measured by applying a /2 beam splitter to a spin-polarized condensate. The technical noise of
the beam splitter causes the measured sensitivity to lie slightly above the combination of shot noise and

detection noise (black dash-dotted line).
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population imbalance J,, but this parity effect is
not accessible within our experiments owing to
detection noise and particle losses.

Based on the beam splitter, we demonstrate
that the experimentally created state is en-
tangled and useful for sub—shot-noise interfer-
ometry. The phase estimation uncertainty A6 is
inferred from the state’s sensitivity to small ro-
tations around an arbitrary axis in the xy plane.
It is deduced from error propagation according
to A = AJ2/(\/n|d(J2)/d8)) for n independent
repetitions of the interferometric measurement.
In our case, we only rotate the state around the x
axis, which is less susceptible to technical noise
than a Ramsey sequence because of its short du-
ration. The expectation values (/2) and (AJ2)?) =
(J4y = (J2)* are shown in Fig. 4, A and B, for
small rotation angles 0. The result agrees well
with the ideal case, including a finite detection
noise (29). The slight deviation for larger angles
indicates additional technical noise, such as mag-
netic field noise or microwave intensity noise.
Polynomial fits (29) allow for a precise estimate
of the sensitivity (Fig. 4C) according to the er-
ror propagation. At the optimal point (6 =0.015),
we reach a measurement uncertainty A6/A6, =
0.83(0.1), which is —1.61*"7® dB below the shot
noise limit A6y, = 1/+/n{Ny). This result is also
—2.57)7%dB below the optimal classical result
achievable with our apparatus when both shot
noise and detection noise are considered.

The signature of useful entanglement for sub—
shot-noise interferometry is a Fisher information
larger than the total number of particles F > Ny
(6). The Fisher information also provides the ul-
timate achievable sensitivity via the Cramer-
Rao bound A8 > 1/ v/nF, which can be reached
asymptotically for a large number of measure-
ments n. However, here, as well as in previous
experiments on squeezing, entanglement, and
quantum interferometry with ultracold atoms,
the total number of particles fluctuates in differ-
ent realizations; thus, the entanglement criteria
must be generalized by replacing the fixed num-
ber of particles N, with its statistical average
(N (32). A lower bound for the Fisher infor-
mation is provided by F > |d(J2)/d6[* / (AJ2)*.
In our experiment, this lower bound is maxi-
mized for an angle of 0.015 rad, resulting from
the finite detection efficiency. At this angle, we
obtain F /(Net) > 1.453%%, where a value great-
er than 1 proves entanglement. This entanglement
can be exploited for sub—shot-noise phase estima-
tion in a large variety of interferometer config-
urations (33), including the Ramsey interferometer.

The presented results are mainly restricted by
the detection limit of 20 atoms. A detection limit
of 5 atoms would allow for a minimum phase
estimation uncertainty of —13.6 dB below the shot
noise limit (29). Furthermore, the region of sub—
shot-noise interferometry can be extended up to
the whole phase domain by using maximum
likelihood or Bayesian phase estimation pro-
tocols. The combination of large samples and
quantum-enhanced sensitivity should open exciting
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perspectives for highly sensitive measurements
with a new generation of atom interferometers.

Biicker et al. (34) recently reported reduced
atom number fluctuations in twin-atom beams,
and the group of M. Oberthaler has independent-
ly used spin dynamics in Bose-Einstein conden-
sates to generate atomic two-mode entanglement
detected by a homodyning technique.
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Direct Observation

of Molecular

Preorganization for Chirality
Transfer on a Catalyst Surface

Vincent Demers-Carpentier,” Guillaume Goubert," Federico Masini,* Raphael Lafleur-Lambert,*
Yi Dong, Stéphane Lavoie,* Gautier Mahieu," John Boukouvalas,* Haili Gao,?
Anton M. H. Rasmussen,? Lara Ferrighi,? Yunxiang Pan,? Bjerk Hammer,?* Peter H. McBreen*

The chemisorption of specific optically active compounds on metal surfaces can create catalytically
active chirality transfer sites. However, the mechanism through which these sites bias the stereoselectivity
of reactions (typically hydrogenations) is generally assumed to be so complex that continued progress in
the area is uncertain. We show that the investigation of heterogeneous asymmetric induction with
single-site resolution sufficient to distinguish stereochemical conformations at the submolecular
level is finally accessible. A combination of scanning tunneling microscopy and density functional
theory calculations reveals the stereodirecting forces governing preorganization into precise

chiral modifier-substrate bimolecular surface complexes. The study shows that the chiral modifier
induces prochiral switching on the surface and that different prochiral ratios prevail at different
submolecular binding sites on the modifier at the reaction temperature.

hirality transfer and amplification on
surfaces is fundamentally important to
progress in the synthesis of enantiopure
compounds for pharmaceutical and agrochem-
ical applications (/—4) and to discussions of the
origin of biological homochirality (5). Chirally
modified heterogeneous catalysts, in which the
reaction is stereocontrolled at surface sites formed
by adsorbing a chiral molecule, offer a number
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of sought-after advantages, including ease of
separation of the catalyst from the product. The
best-explored examples in terms of potential ap-
plications involve the hydrogenation of activated
ketones to chiral alcohols and hydroxy esters on
cinchona-modified Pt (6, 7). A number of syn-
thetic modifiers that share some key structural
and functional characteristics of cinchonidine,
such as 1-(1-naphthyl)ethylamine (NEA) and its
condensation derivatives (8), can also be used.
However, a lack of mechanistic understanding
has long been seen as an impediment to the ra-
tional development of chirally modified hetero-
geneous catalysts (6, 7).

We directly characterized the surface com-
plexation of a prochiral reagent with a chiral
modifier by using 2,2,2-trifluoroacetophenone,
TFAP, as the prochiral substrate, (R)-(+)-NEA as

the modifier, and Pt(111) as the metal surface.
Preorganization in this chemisorption system can
be described in terms of molecular recognition
between a fully chiral molecule and a molecule
that is chiral only by virtue of its confinement
on the surface (4, 9—15). The experiment resolves
interactions at the level of functional groups at
individual modifier sites and thereby provides
insight into the structural preorganization that
biases the stereochemical outcome of the reac-
tion, in essence the mechanism of chirality trans-
fer. The scanning tunneling microscopy (STM)
measurements were carried out at room temper-
ature in parallel with room temperature catalytic
measurements on the asymmetric hydrogena-
tion of TFAP to 2,2,2-trifluorophenylethanol over
(R)-NEA modified Pt on an alumina support.

The interactions of the chiral modifier and
the prochiral substrate with the metal surface
were first studied separately. Two modifier mo-
tifs, present in a 7:3 ratio, are observed in the STM
images (Fig. 1, A and B). The two motifs may
be distinguished by the position of the bright
protrusion: It extends from the central region of
the image in the majority motif (A) and from
the left-hand side in the minority motif (B). The
two lowest energy structures predicted by den-
sity functional theory (DFT) are the (R)-NEA-1
and (R)-NEA-2 conformers (Fig. 1, E and F).
Their calculated adsorption energies are ~2 eV
with a pronounced 0.13 eV preference for the
(R)-NEA-1 conformation (figs. S10 and S11), sug-
gesting that their relative surface coverages are
determined in part by adsorption dynamics. Sur-
face vibrational spectroscopy measurements (figs.
S1 and S2) confirm that the NEA conformers are
chemisorbed in the geometry found in the DFT
calculations. In particular, the C-CH; bond is
nearly perpendicular to the surface, as also de-
scribed for the Pd(111) surface (/6).
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