RESEARCH | REPORTS

all grouped in the high-fugacity regime, below the
expected superfluid transition point, confirming
that this regime is dominated by superfluidity.
Conversely, in the low-fugacity regime the current
increases with temperature, corresponding to the
channel-dominated regime. The crossover takes
place close to the same fugacity for all the gate
potentials and is close to the universal transition
point for the unitary Fermi gas at the center of the
cloud. We expect that the exact location of the
crossover as well as the conductance at the mini-
mum depend on the details of the channel geom-
etry, such as its energy-dependent mode spacing.
In addition, proximity effects should be reduced
at high temperature, and one-dimensional phy-
sics could emerge in the QPC, making the results
dependent on the length of the contact (37). Our
setup, allowing for a direct and independent con-
trol of the geometry, could be used to investigate
such effects in future experiments.
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ULTRAFAST DYNAMICS

Direct observation of collective
modes coupled to molecular
orbital-driven charge transfer
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Correlated electron systems can undergo ultrafast photoinduced phase transitions involving
concerted transformations of electronic and lattice structure. Understanding these phenomena
requires identifying the key structural modes that couple to the electronic states. We report
the ultrafast photoresponse of the molecular crystal Me4P[Pt(dmit),],, which exhibits a
photoinduced charge transfer similar to transitions between thermally accessible states, and
demonstrate how femtosecond electron diffraction can be applied to directly observe the
associated molecular motions. Even for such a complex system, the key large-amplitude modes
can be identified by eye and involve a dimer expansion and a librational mode. The dynamics are
consistent with the time-resolved optical study, revealing how the electronic, molecular, and
lattice structures together facilitate ultrafast switching of the state.

he photoexcited states of correlated electron
systems often bear strong resemblance to
the states reached via thermally induced
phase transitions. The phenomenon of a
photoinduced phase transition (PIPT) is
considered to be an important concept to guide
further developments for control of material prop-
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erties (7). However, photoexcitation is intrinsi-
cally a far-from-equilibrium process, and new
phases or hidden states may also appear (2) that
differ qualitatively from those observed under
equilibrium conditions. Optical pump-probe tech-
niques provide access to the electronic states of
the system, but to complete our understanding,
it is essential to use an additional structural probe
to directly observe the atomic rearrangements
involved in propagating the structural transition.
This requires the additional step of synchroniz-
ing the femtosecond optical excitation laser pulses
used to trigger the structure change with a high-
brightness femtosecond pulsed x-ray or electron
source to observe the atomic motions involved on
the relevant time scales. Hard x-ray probes have
been shown to be capable of resolving coherent
phonons in inorganic materials such as bismuth
(3, 4) and in perovskites undergoing PIPTs (5);
more recently, femtosecond gas-phase x-ray dif-
fraction has been used to provide constraints for a
theoretical treatment of a ring-opening reaction (6).
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Electron sources have also been evolving (7-9),
and femtosecond electron diffraction (FED)
has been used to capture a variety of phenomena
in inorganic lattices, such as the melting of alu-
minum (Z0) and suppression of charge-density
waves in TaS, (11). Molecular crystals pose even
greater challenges for source brightness because
of the increased structural complexity and com-
bination of low damage thresholds, low thermal
conductivity, limited reversibility, and large unit

cell sizes. Reports of ultrafast diffraction exper-
iments on such systems are scarce, but electron
density fluctuations have been observed upon
intense nonresonant excitation using laser-based
x-ray probes (12, 13). Recent studies of (EDO-
TTF),PFs (EDO-TTF = ethylenedioxytetrathiaful-
valene) (14) and diarylethene ring-closing reac-
tion dynamics (I5) have demonstrated the
ability of electron probes to observe molecular
reactions from well-defined excited states using

Fig. 1. Chemical and crystal structure. (A) Chem- A

ical structure of Pt(dmit),. (B) Crystal structure of
Me,4P[Pt(dmit),], viewed along the b axis. The
dimer unit is surrounded by the thick dashed line.
(C and D) Crystal structure of Me4P[Pt(dmit).]>

viewed along the long molecular axis of Pt(dmit), B

at 100 K [charge-separated (CS) phase] and 290 K
[metallic, high-temperature (HT) phase]. Oa, Ob, 2a,
and 2b represent the crystallographically independent
dimers. (E) Overlay of the Me4P[Pt(dmit),]> mol-
ecules in the CS phase (blue for neutral dimer,
cyan for divalent dimer) and the HT phase (red).
(F) Schematic energy level diagram of the molecular
orbitals in the Pt(dmit), monomer and dimer.

Fig. 2. Ultrafast spectroscopy. (A) Temperature depen-
dence of the optical density (OD) spectra of Me,P[Pt(dmit),].
with polarization along the a axis. (B) Transient dif-
ference in the OD spectrum at 0.15 ps at 100 K (black
circles, pump: E|ja, 164 x 10" photons/cm?, 500 Hz;
probe: E||a) and compared with a scaled (0.32) difference
spectrum between 290 K (metallic phase) and 100 K (CS
phase). (C) Spectra of the components of the slow (A;)
and the fast (A,) relaxation processes from the photo-
induced response at 100 K (pink circles, t = 4.85 ps; blue
circles, © = 042 ps); these values are deduced by the
fitting procedure (19). The red line represents a scaled
(0.29) difference OD spectrum between 230 K (metallic
phase) and 100 K (CS phase); the blue line represents
the difference OD spectrum between 290 and 230 K
(both are in the metallic phase). (D) Typical temporal
profiles of the photoinduced OD change (pump-probe
signal; thick colored lines) with various probe photon
energies; the fitted curves are shown as thin red lines.
(E) Temporal profile of the components of the change in
ODat1.2eV.
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resonant one-photon excitation of the reactive
states. This latter work brings to the forefront the
challenge of retrieving the atomic motion from
an incomplete set of data.

Here, we followed the electronic and molecu-
lar dynamics upon photoexcitation of the correlated
electron-molecule-lattice system Me,P[Pt(dmit),],
(Me,P = tetramethylphosphonium, dmit = 1,3-
dithiol-2-thione-4,5-dithiolate) and directly ob-
served how the cooperative motion of a small
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number of collective modes leads to transient
states similar to those at elevated temperatures,
indicating the presence of charge reorganization
associated with PIPTs in this type of material.
This reduction of a highly multidimensional prob-
lem to a few key modes, most strongly coupled to
structural transitions (9, 14, 15), is now directly
observable.

Me,P[Pt(dmit),], is similar to the compound
Et,Me,Sb[Pd(dmit),], (Et,Me,Sb = diethyldeme-
thylantimonium), which exhibits a PIPT from a
unique charge-separated (CS) phase to an average
valence phase, triggered by an intradimer electron
excitation (16-18). Me,P[Pt(dmit),], shows a
similar CS phase transition, but with a different
charge ordering and a higher transition temper-
ature 7. (218 K rather than 70 K), as charac-
terized by resistivity, magnetic susceptibility, and
x-ray structural analysis (19). The chemical and
crystal structures in the high-temperature (HT)
phase are shown in Fig. 1, A and B, respectively.
The planar Pt(dmit), molecules associate into
tight dimers and assemble into sheets, which are
interleaved with planes of Me,P cations. Within
each Pt(dmit), plane, the CS phase transition
causes a structural change (Fig. 1, C and D).

There are four crystallographically independent
dimers in the unit cell of the CS phase, which can
be classified into two groups according to the
Pt-Pt distances between the molecules: Oa and
0b have a short Pt-Pt spacing of 2.93 A and are
neutral, whereas 2a and 2b are divalent with a
charge of -2 and a longer Pt-Pt distance of 3.42 A.
In comparison, the dimers in the HT phase have
a charge of -1 and equal Pt-Pt distances, with
values of 3.31 A at 293 K (3.22 A at 230 K). The
neutral and divalent dimers are ordered like a
checkerboard in the CS phase, and the breaking
of symmetry results in a doubling of the unit cell
along both the a and b axes. A direct comparison
between the local structures in the CS and HT
phases is shown in Fig. 1E. In the neutral dimer,
both the b-HOMO (highest occupied molecular
orbital) and b-LUMO (lowest unoccupied molec-
ular orbital) are filled (Fig. 1F), resulting in strong
dimerization, but in the anion, the antibonding
orbital a-HOMO is also filled, destabilizing the
dimer. The relative stability of the CS and HT
phases is dependent on a fine balance between
this localized effect, interdimer interactions, and
long-range Coulomb repulsion (20, 21). The family
of dmit salts is therefore considered to be one of

the highly correlated electron-molecule-lattice
systems.

Figure 2A shows the temperature depen-
dence of the optical density (OD) spectrum of
Me,P[Pt(dmit),], thin crystals with the polarization
of light along the a axis. Analogous to the optical
conductivity spectra of Et,Me,Sb[Pd(dmit)s],
(20, 22), we could assign the peak structures in
these spectra (19) and confirmed that the spectral
change was a good representation of the CS phase
transition. In addition, the height of the broad
peak around 1.5 eV in the HT phase increases with
decreasing temperature toward 7, corresponding
to the shortening of the intermolecular distance
within the Pt(dmit), dimer, which increases the
value of the intradimer overlap integral.

‘We performed time-resolved pump-probe opti-
cal spectroscopy and measured the OD changes
upon optical excitation using various probe pho-
ton energies at 100 K (CS phase). The photon
energy of 155 eV (E||a) used for the pump matched
the intradimer electronic excitation in the neutral
dimer. Typical temporal profiles of the pump-
probe signal are shown in Fig. 2D along with the
fitted curves. The traces also show relaxation-
type dynamics and a coherent oscillation. The
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Fig. 3. Femtosecond electron diffraction. (A) Experimental diffraction
pattern of Me4P[Pt(dmit),], at 90 K. (B) Simulated diffraction showing the
contributions of individual reflections and selected Miller indices. (C) Simulated
difference pattern for the thermal phase transition: CS phase - HT (metallic)
phase, assuming a fixed unit cell. (D) Difference FED data [/ °(t) — /25 °] at the
specified time delay, t, of the probe electrons with respect to laser excitation.
(E) A molecular movie of the structural dynamics constructed from the FED
data and knowledge of the structures at 100 and 290 K. Snapshots are
shown here focusing on one neutral dimer at time points corresponding to

SCIENCE sciencemag.org

the data in (D), with the Pt-Pt distance in the ground state (2.93 A) shown
behind the molecules. (F) Temporal profiles of the relative intensity changes
of selected diffraction peaks. (G to 1) Dynamics of key structural modes
involved in the PIPT for dimers initially neutral (blue) and divalent (red), and
compared with the thermal phase transition (dashed orange lines): (G) the
intermolecular separation, (H) the tilting of the dimers, and (I) the bend,
defined as the angle between the vectors normal to the dmit ligands. Uncer-
tainties were derived from the agreement between models using different
input parameters.
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temporal dependence of the optical density close to
time zero exhibits some variation with energy,
especially the data of 1.2 and 0.51 eV compared
with the other probe energies, suggesting multiple
relaxation pathways. We performed the fitting
analysis assuming the summation of two expo-
nential decay-type relaxation processes, one expo-
nentially decayed oscillatory component, and a
long-lived component that gradually appears
(19), as shown in Fig. 2D. Figure 2E shows each
fitted component in the 1.2-eV probe data
deduced from a global fit to all the data with
common relaxation time constants. The two re-
laxation processes indicate the relaxation of two
kinds of photoinduced states. The frequency of
the oscillatory component, 0.87 THz, is indicative
of a low-energy molecular vibration or lattice
phonon mode; this frequency is slightly lower
than those observed in other molecular crystals
undergoing dimer-Mott (23), neutral-ionic (24),
and spin-crossover photoswitching (25, 26).
Figure 2B shows the transient change in the OD
spectrum at 0.15 ps after photoexcitation, com-
pared with the difference OD spectrum between
100 and 290 K. The striking similarity suggests
the occurrence of a PIPT from the CS phase to a
HT-like averaged valence dimer phase. Figure 2C
shows the spectra of the photoinduced OD change,
which correspond to the slow (t = 4.85 ps) and
the fast (t = 0.42 ps) relaxation processes, with
different spectral shapes. We found that these
spectra can be well reproduced by the scaled dif-
ference spectra observed at different temperatures
for the different phases (red and blue curves in
Fig. 2C). The spectrum of the slow relaxation
process is similar to that of the thermally induced
CS phase transition, whereas the fast relaxation
process is similar to the spectral change upon
cooling the HT phase. However, the fast relaxation
time constant of 0.42 ps is too short to be assigned
to a thermal process, and we turn to electron dif-
fraction for more insight into the structural rear-
rangements accompanying the electronic changes.

The diffraction pattern of thin (<150 nm), crys-
talline Me,P[Pt(dmit),], in the CS phase (90 K),
as recorded in our FED instrument, is shown in
Fig. 3A. Comparison with the simulated pattern
in Fig. 3B reveals that each spot comprises more
than one reflection; we attribute this to a com-
bination of the large unit cell size (@ = 28.9A, b =
12.6 A, ¢ = 374 A), the finite electron coherence
length, and texture of the thin film.

The FED measurements were performed with
excitation conditions similar to those of the op-
tical measurements, with excitation of the neu-
tral dimer at a wavelength of 800 nm (1.55 eV)
and repetition rate of 250 Hz. The electron probe
was generated using a compact electron gun with
bunches accelerated to 110 keV, comprising about
4000 electrons and totaling 108 electrons per time
point measured. The averaged difference images
for selected time points are displayed in Fig. 3D.
The data immediately preceding excitation (-0.2 ps)
are essentially featureless, showing that the struc-
ture has relaxed back to the ground state before
the excitation pulse arrives at ¢ = 0, whereas the
difference images at +0.2 and +0.6 ps show a
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strong resemblance to the simulated thermal
difference pattern (Fig. 3C) (19), indicating that
the photoinduced structure change is similar to
the thermal phase transition, in good agreement
with the optical data. After +5.0 ps, the difference
pattern retains some similarity to those observed
on the subpicosecond time scale, although less
pronounced; the dark spots indicate a rise in
lattice temperature resulting from redistribution
of the absorbed energy into random thermal
motion. Quantitative evaluation was performed
by integrating the intensities of 40 clearly iden-
tifiable spots. A selection of these is shown in
Fig. 3F as a function of time. Fitting of the dif-
fraction data using the same functions as for
the optical data yielded similar values of the fast
time constant of about 0.5 ps, and a frequency
of 0.88 THz for the coherent oscillation (19), il-
lustrating that the same process is being probed
in both the optical and electron diffraction
experiments.

A full reconstruction of the atomically resolved
dynamics from FED data by direct transfer of the
methodology developed for time-resolved crys-
tallography at longer time scales (27) would ap-
pear to be impossible because of the limited
sampling of reciprocal space. Previous studies
have approached this problem by searching ex-
pected reaction coordinates for maximum cor-
relation between theory and experiment (14, 15);
instead, we refined individual atom positions by
defining a minimization function that combines
the experimental FED data with the known struc-
tures involved in the thermal phase transition and
using penalty functions to bias the optimization
toward chemically reasonable structures (19). The
additional information stabilized the refinement
and enabled us to optimize all atomic coordinates
in the asymmetric unit comprising 103 atoms.
In this way we could avoid assumptions of
specific reaction modes, making the discovery of
unexpected structures possible. Movies S1 and S2
show the structural dynamics as observed from
different perspectives; snapshots showing one
neutral dimer are displayed in Fig. 3E. Three
distinct motions can be easily identified from
the molecular movies: an expansion of the inter-
molecular distance in the neutral dimer, flatten-
ing of the molecules, and a libration or tilting of
all dimers in unison. To discuss the structural
dynamics quantitatively, we parameterized these
motions along with three additional collective

variables: a rotational motion perpendicular to
the tilt, and two orthogonal intradimer sliding
motions (fig. S5). The temporal profiles of the
intermolecular distance, monomer tilt, and
bend motions are shown in Fig. 3, G to L.

These photoinduced dynamics can be com-
pared with the structure changes associated with
the thermal phase transition, which are repre-
sented by the orange dashed lines in Fig. 3, G to
I; they can also be understood in terms of the
optical data as summarized in Fig. 4. Photoexci-
tation of the neutral dimer initiates a rapid ex-
pansion of the intermolecular distance, which
acts as a photoswitch and within 0.5 ps produces
a state that is similar to the HT phase at 290 K
(Fig. 4B), as seen by the convergence of the param-
eter values for the neutral and divalent dimers.
This is accompanied by a tilting of all dimers,
which should be identified as a librational mode
of the lattice, because there is no discrimination
between the neutral and divalent species. The
initial excitation also flattens the Pt(dmit), mono-
mers, predominantly in the neutral species. How-
ever, this state is unstable and relaxes back to an
intermediate structure, with t = 0.42 ps—a relax-
ation that appears optically similar to a cooling
from 290 K to 230 K (Fig. 4C). The associated
structural relaxation is a partial reversal of the
initial structure change, with a contraction of the
neutral dimer to give an intermolecular distance
just below the value of the HT phase at 230 K and
a smaller contraction of the divalent dimers to
produce a metastable state that is similar to the
HT phase. The tilting mode similarly relaxes back
to an intermediate value. These fast dynamics are
accompanied by a pronounced oscillation with a
frequency of 0.87 THz that persists for a few pico-
seconds, as clearly seen in both the optical and
diffraction data. The structural origin deduced
from the diffraction studies is related to the lattice
libration of the tilting mode (Fig. 4D), as revealed
by the especially pronounced oscillation in this
degree of freedom (Fig. 3H).

The large unit cell of this system demonstrates
that FED can provide insight into complex prob-
lems in ultrafast materials science, and suggests
the possibility of extension to even larger sys-
tems. The method used in the structure deter-
mination provides a general approach to FED
data analysis that can be applied to any system
with a known initial ground-state structure. This
approach provides a new window on directly
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Fig. 4. Summary of the ultrafast dynamics. (A to D)The solid circles depict Pt atoms; the solid bars
are dmit ligands. The color scheme represents the spectroscopic similarity of the excited states to those
at thermal equilibrium. The arrows indicate displacements along large-amplitude modes observed by FED.
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observing the key modes involved in propagating
structural transitions and the enormous simpli-
fication this affords in understanding the struc-
tural dynamics of complex systems.
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QUANTUM SIMULATION

Josephson effect in fermionic
superfluids across the

BEC-BCS crossover

Giacomo Valtolina,">? Alessia Burchianti,”> Andrea Amico,">* Elettra Neri,">*

Klejdja Xhani,” Jorge Amin Seman,’* Andrea Trombettoni,” Augusto Smerzi,

1,2,6

Matteo Zaccanti,”> Massimo Inguscio,>*7 Giacomo Roati"?t

The Josephson effect is a macroscopic quantum phenomenon that reveals the broken
symmetry associated with any superfluid state. Here we report on the observation of the
Josephson effect between two fermionic superfluids coupled through a thin tunneling
barrier. We show that the relative population and phase are canonically conjugate
dynamical variables throughout the crossover from the molecular Bose-Einstein

condensate (BEC) to the Bardeen-Cooper-Schrieffer (BCS) superfluid regime. For larger
initial excitations from equilibrium, the dynamics of the superfluids become dissipative,
which we ascribe to the propagation of vortices through the superfluid bulk. Our results

highlight the robust nature of resonant superfluids.

he Josephson effect (I) allows extraction
of the most elusive part of the superfluid
order parameter, the phase, through a mea-
surable quantity, a particle current (2). Fur-
thermore, Josephson dynamics provide
fundamental insights into the microscopic prop-
erties of superfluids and their robustness against
dissipative phenomena (3). Since its discovery,
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the Josephson effect has been demonstrated
in a variety of fermionic and bosonic systems
(8-12). However, it has so far eluded observation
in Bose-Einstein condensate (BEC)-Bardeen-
Cooper-Schrieffer (BCS) crossover superfluids
(18, 14) realized by ultracold Fermi gas mixtures
close to a Feshbach resonance (15, 16). These sys-
tems encompass the two paradigmatic aspects
of superfluidity within a single framework: Bose-
Einstein condensation of tightly bound mole-
cules and BCS superfluidity of long-range fermion
pairs (13). Moreover, in the resonant regime,
where the pair size is comparable to the inter-
particle spacing, they show universal properties,
exhibiting similarities to other exotic strongly
correlated fermionic superfluids, from cuprate
superconductors to nuclear and quark matter
(17, 18). Here we report on the observation of
the Josephson effect in ultracold gases of °Li
atom pairs across the BEC-BCS crossover. Our

Josephson junction consists of two superfluid
reservoirs, weakly coupled through a thin tun-
neling barrier. For all interaction regimes, we
detected coherent oscillations of both the pair
population imbalance AN = N;, - Ny and the

A

Density (a.u.)

Fig. 1. Josephson junction between two ultracold
fermionic superfluids. (A) Sketch of the experimental
apparatus. The junction is realized by bisecting trapped
superfluids of ®Li atom pairs with an optical barrier
that is only a few times wider than the correlation
length of the system. Red and blue arrows indicate
the two different spin components forming the fermionic
pairs. The dynamics are monitored by recording the
number imbalance and relative phase between the two
reservoirs via in situ (B) and time-of-flight (C) imaging,
respectively (a.u., arbitrary units).
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