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Exchange-antisymmetric pair wavefunctions in fermionic systems can give rise to
unconventional superconductors and superfluids' . The realization of these states in
controllable quantum systems, such as ultracold gases, could enable new types of
quantumsimulations*®, topological quantum gates

9-11 12-15

and exotic few-body states

However, p-wave and other antisymmetric interactions are weak in naturally

occurring systems'®?,

and their enhancement via Feshbach resonances in ultracold

systems has been limited by three-body loss'®?*. Here we create isolated pairs of
spin-polarized fermionic atoms in a multiorbital three-dimensional optical lattice.
We spectroscopically measure elastic p-wave interaction energies of strongly
interacting pairs of atoms near amagnetic Feshbach resonance. The interaction
strengths are widely tunable by the magnetic field and confinement strength, and

yet collapse onto a universal curve when rescaled by the harmonic energy and length
scales of asingle lattice site. The absence of three-body processes enables the
observation of elastic unitary p-wave interactions, as well as coherent oscillations
between free-atom and interacting-pair states. All observations are compared both to
anexact solution using a p-wave pseudopotential and to numerical solutions using an
abinitio interaction potential. The understanding and control of on-site p-wave
interactions provides anecessary component for the assembly of multiorbital lattice
models?®?® and a starting point for investigations of how to protect such systems from
three-body recombinationin the presence of tunnelling, for instance using Pauli
blocking and lattice engineering®,

The emergent behaviour of a quantum many-body system is funda-
mentally tied to the quantum statistics of its constituents. For pairs of
identical fermions, the wavefunction must be exchange antisymmetric,
which is found only in odd-L pairwise collision channels, where L is
orbital angular momentum. Despite a well-understood connection
between odd-L interactions and topological properties>* ¢ liquid
*He remains the only laboratory example of well-established p-wave
(L =1) interactions. The discovery of tunable p-wave interactions in
ultracold atoms'®?° was promising, but experimental efforts have so
far been severely limited by enhanced three-body recombination, a
process whereby three atoms collide to form a diatomic molecule,
releasing enough kinetic energy to make all products escape confine-
ment®?*, The essential challenge for L > 0 systems is that wavefunction
amplitude at short internuclear separation, where recombination
processes are strong, is enhanced by centrifugal kinetics. Progress has
been made in understanding few-body correlations”? % and develop-
ing proposals towards overcoming this obstacle via wavefunction
engineering”, including low-dimensional confinement***. Still, p-wave
interactionenergies between free atoms are yet to be measured directly
or compared to predictions of any theory. Even at the level of two

particles, the description of p-wave interactions by a Feshbach-tuned,
energy-dependent scattering volume v(€)*** has yet to be tested
experimentally.

Inthisarticle, wereportthefirst direct measurement and coherent con-
trol of the elastic p-wave interaction between two identical fermionsin a
multiorbital lattice. Central to this advance is the use of strong three-
dimensional confinement to modify the wavefunction and to suppress
three-body processes. Interactions are tuned using the magnetic Feshbach
coupling® between free-atom pairs and a molecular dimer channel.
Our spectral resolution and orbital control allow us to transfer pairs of
weakly interacting *°K atoms into strongly interacting two-atom complexes
whose energies and wavefunctions separate theminto repulsive and attrac-
tive branches. Within the two lowest branches we are able to reach the
unitary limit, where v(€) diverges. We demonstrate the coherence of the
conversion process between non-interacting and strongly interacting
atomic pairs by measuring Rabi oscillations between them, and find an
oscillationfrequency consistent with theory. Finally, we demonstrate that
losses in the upper branch are limited by the intrinsic lifetime of the
40K molecular dimer, and we measure lifetimes that are 50 times larger
than observed previously for weakly confined p-wave dimers of °K>*.
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Fig.1|Spectroscopy of p-waveinteractionsbetween spin-polarized
fermions. a, Atomswith * or ¥ spinareloaded into aharmonic-trap array
formed by adeep three-dimensional optical lattice. The double-struck parabola
represents the two-atom n,, motional degree of freedom. Pairs of atoms are
showninthe non-interactingground (n,., = nqy = 0) or first excited (1, =1, ncy = 0)
motional mode. An applied magnetic field (B,2) creates the Feshbach coupling
between 1 atoms. b, Measurement protocol. An optical Raman mi-pulse converts
singlet |S, M V) pairsinthe ground motional stateinto |T, v V) witha motional
excitationn,, =1.AnRF sweep, centred at fy;, then transfers some pairs tothe
interacting |T, 1 1) state through atwo-RF-photon process. The off-resonant
intermediate state |T, 2V) isshownin the dashed box. ¢, The measured

Our optical lattice system realizes an array of isotropic harmonic
traps, each occupied by a pair of atoms with spin and orbital degrees
of freedom (Fig. 1a). The spin state of a pair is |S, Ms), where S=1{S, T}
indicates either singlet or triplet spinsymmetry, Mg = {* 1, ¥ ¥, MV }are
projections on the magnetic field axis,and ™ and ¥ are the lowest hyper-
fine states of “°K. Tunable enhancement of p-wave interactions is pro-
vided by a Feshbach resonance for spin-symmetric pairs |T, 1)
(Methods). The motional state of a pair is described by the relative
and centre-of-mass mode numbers .= {0, 1, ...}and ncy = {0, 1, ...},
respectively. The centre of mass decouples from the collisional inter-
actions and remainsin its motional ground state, nc,, = 0. The relative
mode number is n, = 2N+ L, where A is the conventional radial exci-
tation number for a spherical harmonic oscillator. As the overall pair
state must have odd exchange symmetry and the interacting spin state
[T, ~1) is even, the motional state must have odd L, which implies
n.=1,3,...for L =1(p-wave). This is in contrast to s-wave-interacting
spinsinglet states, which caninteract when preparedintheleast ener-
getic motional mode (n,, = ncy = 0)*7.

The magnetic field-dependent eigenstates of a | T, * 1) pair can be
understood as the coupling of the odd-n,,, motional modes to amolec-
ular state. We sketch the spectrum of the interacting pair in Fig. 1d. For
fields far below the Feshbach resonance, the spectrum is given by a
ladder with harmonic spacing 2Aw (correspondington,,=1,3, ...),
where w is the trap angular frequency, and a molecular dimer state
whose energy depends linearly on magnetic field. As each motional
mode becomes near resonant with this dimer, the Feshbach coupling
imparts a p-wave interaction energy shift and mixes the harmonic
states. We label the resulting eigenstates of the interacting pair as
branches {BR®, BR®, BR? ... }in order of increasing energy £“. In this
work, we probe the lowest energy branches, BR®” and BRY. As they are
both adiabatically connected to the n,, =1 mode, we use itasacommon
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magnetization (here, atmagneticfield 200.00(1) G and trap angular frequency
w =21 %x129(2) kHz) exhibits three distinct spectroscopic features for varying
RF centre frequency. The leftmost and rightmost peaks correspond to transitions
tointeracting statesinthe BR” and BRY branches, with interaction energies
UPandUY, aslabelled. The solid line is a best-fit spectral function. Error bars
represent the standard deviation of repeated measurements.d, The spectrum
ofinteracting|T, M) pairs after subtracting the energy associated with the
free-atom magnetic moments. The spectrumreflects mixing of the odd-n,,
harmonic states withamagnetic dimer state. Coloured squaresindicate the
spectral peaklocations fromc, and starsindicate points with unitary p-wave
interactions. AU, arbitrary units.

reference to define the on-site interaction energies Ug), that is,
£0=U0+ hwand eV= UV + 3 ho.

We assemble the desired pair states by orbital excitation of a
low-entropy spin mixture. First, |S, 2 ) pairs in the lowest motional
mode (n, = ngy = 0) are created by loading a spin-balanced degenerate
Fermi gas into a three-dimensional optical lattice of moderate depth
(Methods). The lattice depthis then rapidly increased, whichisolates
atom pairs and prevents undesired three-body processes. An orbital
excitation accompanied by a spin flip is created by a t-pulse from
optical Raman beams®, whose detuning from the electronic excited
state is chosen to minimize photoassociative loss of pairs (Methods).
The pulse transforms |S, M V) pairs into the spin-symmetric state
|T, ¥¥) witharelative orbital excitation n,, =1 (Fig. 1b).

Having engineered the required spin symmetry and orbital excita-
tion, we can create and measure strong p-wave interactions via
radio-frequency (RF) manipulation. The double-spin-flip resonance
condition between [T, M) and [T, VV) is 2f. =2f, + Ug)/h, where

frristhe centre frequency of the RF pulse, f;5is the Zeeman splitting
of  and ¥ spins, and his Planck’s constant. At resonance, the pulse
transfers |T, ¥ ) pairsto |T, 1) through a second-order process
via the virtual state |T, *¥) (Fig. 1b). Spin flips induced by the RF
pulse are detected as changes in the ensemble magnetization
obtained via time-of-flight imaging (Methods). Figure 1c shows
repeated measurements with variable fy; and features three distinct
spin-resonance peaks. The central feature corresponds to flipping
anisolated (and thus non-interacting) spin and is used to calibrate
the magnetic field strength. The two side features indicate success-
ful transfers of |T, L V) pairs tointeracting |T, 2 1) pair statesin BR®
and BR® with interaction energies U'”’ < 0and U > 0, respectively.
The observed spectra, such as Fig. 1c, constitute the first direct meas-
urements of the elastic p-wave interaction energy in isolated pairs,
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Fig.2|Characterization of unitary and elastic p-wave interactions.

a-c, The measured interaction energies (points) are shown versus magnetic
field atthree different trap frequencies w, as labelled. Vertical error bars are
full-width at half-maximum (FWHM) values from the best-fit spectral function.
Solid lines are the PsP predictions for orbital angular momentum projections
M,=-1,0,1,includinganharmonic corrections (Methods).d, When scaled by
the harmonic oscillator angular frequency, the measured energies collapse
onto asingle universal curve asafunctionofinverse scattering volume, in units
oftheoscillator length a,,. The black solid lineis the harmonic PsP energy, and
the coloured solid lines include anharmonic corrections, which are weakly

complementing prior measurements of molecular binding energies
inbulk3*%,

We probe the eigenspectrum of interacting p-wave atoms through
RF spectroscopicscans at various trap frequencies and magnetic fields.
The measured energies test the validity of an analytical treatment
that uses the p-wave pseudopotential®*** (PsP) to calculate the interac-
tionenergy asafunction of the energy-dependent scattering volume,
v(€) (Methods). At unitarity, v(€) diverges, but the interaction energy
remains finite with U'” = ~hwand U') = + hw. This resonant behaviour,
in which the energy is independent of the microscopic details of the
atomic interaction, is universal to harmonically trapped systems®*.
As shown in Fig. 1d, different branches of the energy spectrum attain
unitarity at distinct magnetic fields that differ from the free-space
resonance due to the energy dependence of the scattering volume.
In Fig. 2a-c we compare the measured interaction energy to the PsP
prediction, including a leading-order anharmonic correction (Meth-
ods). Inboth branches, we observe agreement across a wide range of
interaction strengths, includingin the unitary limit with the measured
interaction energies attaining + Aw for various trap frequencies.
Figure 2d collects all data as &/hw versus a3 /v(£), where ay,, = ./ A/pw
isthe harmonic oscillator length, i = m/2 is the reduced mass and mis
the atomic mass. The data collapse demonstrates the exclusive
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sensitive tolattice depth. e-g, Representative spatial wavefunctions of the
interacting pairs calculated for weakly attractive wEt=-200 a,) (e),
near-unitary (v(&)* = -5 ay, %) (F) and weakly repulsive (v(£)* =270 a,,, ) (g)
conditions. The solid bluelines are obtained from the PsP, and the red
dashed lines from an Abl calculation (see Methods). The short-range
divergence of the PsP wavefunctionrequires a cut-off to be normalizable.
Aseandgareinthe non-interacting limit with n, =3 and n,, =1 motional
quanta, respectively, the corresponding oscillator states are shown as black
dotted lines. Panel fcorresponds to the unitary limit of divergent v(é).

dependence of p-wave interaction energies on a single parameter,
which implies the universal applicability of this result to any p-wave
interacting systemin the tight-binding limit.

Further insight is provided by comparing the wavefunctions of
the PsP theory to those obtained numerically from an ab initio (Abl)
interaction potential specific to *°K (Fig. 2e-g). At short length scales
r 5 0.1a,,, which correspond to the characteristic size of the Feshbach
molecular state, the PsP diverges while the Abl does not. However, as
describedinthe Supplementary Information, after regularization with
ashort-range cut-off (at the van der Waals length), the PsP wavefunction
isnormalizable and accurately predicts the long-range wavefunction.
Far from resonance, both the PsP and Abl wavefunctions match the
non-interacting oscillator states (n,, =1inFig.2g and n,., = 3in Fig. 2e).

Next, we demonstrate coherent manipulation of p-wave interacting
pairs, which also probes the interacting wavefunctions. As shown in
Fig. 3a, application of RF radiation under the two-photon resonance
condition for the BR® branch results in an oscillating ensemble mag-
netization with atwo-tone frequency character. The faster oscillation
evidentatshorttimes corresponds to (off-resonant) -to-V Rabi oscil-
lations of single spins (Fig. 3b); the slower oscillation persisting for
longer time corresponds to resonant Rabi oscillations of pairs between
|T,¥¥)and [T, 1) (Fig. 3¢). The oscillation frequency of the pairs is
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Fig.3|Coherent manipulation of p-wave interacting pairs. a, Temporal
oscillationsinthe magnetization are observed when applying an RF drive
resonant withthe two-photon [T, V{) to |T, 1) transition. Here, the trap
angular frequencyisw =21 x 129(2) kHz, and the magnetic field is 200.00(1) G.
Aboxcaraverage with a50 pswindow is applied to the data for timesless than
200 psforvisual clarity. Error bars are the standard deviation of repeated data
points. Atwo-frequency fit finds Q; = 2m x 22.7(4) kHz and O, = 2t x 2.15(4) kHz,
which we identify as one- and two-atom processes, respectively. b, Rabi
oscillations caused by off-resonant coupling of single spins should occur with
generalized Rabi frequency Q; = ,/Q? + (U(p”/(Zh))2 .Anindependent calibration
givesthe single-particle Rabifrequency Q, =21 x 8.83(2) kHz. ¢, Rabi oscillations
caused by on-resonant two-photon coupling of |T, V¥) to [T, 1 1) occur with

sensitive to the wavefunction overlap n between the interacting and
non-interacting states (Methods). The two-atom RF Rabi frequency
also has a/2 enhancement above the single-atom coupling Q, due to
constructive interference among pure spin-triplet states. In Fig. 3d,
we compare the observed pair Rabi frequency to theoretical predic-
tions for arange of inverse scattering volumes, and find excellent agree-
ment. This measurement allows us to extract n directly, as shown in
Fig. 3e. The observed agreement between theory and experiment
demonstrates coherent control of the system and success of both the
Abl and regularized PsP to predict the interacting wavefunction.

A final experiment probes the lifetime 7 of the p-wave interacting
pairs. In the absence of three-body recombination, the lifetimes are
limited for *°K by inelastic two-body collisions of pairs of atoms at
short interatomic separation (Fig. 4a), with a characteristic lifetime
74~ 3.4 ms (refs. *>*) (Methods). The pair lifetime is measured with a
double-pulse sequence (inset of Fig. 4b) in which |T, 1) pairs are
created, held for a variable hold time and transferred back to |T, L V).
The survival lifetime is extracted from the exponential decay of the
ensemble magnetization, as shown in Fig. 4b for two different magnetic
fields. Eventhoughthe stronglattice confinementincreases the on-site

20 25 30

Inverse scattering volume (a;2)

frequency O, (Methods). The coupling strength between [T, v ¥) and [T, ¥ 1) is
/20,,and the coupling strength between [T, ¥ ) and [T, M) is 1/2Q;.

d, The measured pair oscillation frequency (, varies with inverse scattering
volume. Error bars are the fit uncertainty of the oscillation frequency. The solid
and dashed lines are the predictions based on the Abl and PsP calculations,
respectively (Methods). e, The wavefunction overlap nasafunctionofinverse
scattering volume, inferred from the measured two-photon Rabi frequency
ofd.Errorbarsarethe estimated statistical uncertainty of all experimental
parameters combined with the fit uncertainty of 3,. The solid and dashed
lines are the overlap calculated using Abl and PsP wavefunctions, respectively
(Methods).

atomic density, we find lifetimes in excess of 50 ms, which is 50 times
longer than previously observed for free-space dimers®. The relatively
long lifetime of the 199.2 G condition can be understood by its reduced
probability (y) for having small internuclear separation r < a,, where
relaxation processes are strongest (Fig. 4c,d). Both Abland regularized
PsP wavefunctions allow us to calculate x; as shown in Fig. 4e, these
show excellent agreement with measured lifetimes using the simple
relation 7= t,/x, with a 7;independent of lattice confinement. The
observed agreement across allinteraction energies demonstrates the
full suppression of three-body recombination, the absence of band
relaxation, the validity of both the Abl and PsP wavefunctions, and the
calculation of 7. Figure 4f plots y versus a3 /v(£), which emphasizes
the applicability of the wavefunctions to any p-wave system, even those
(such as °Li20%%33842) without the dipolar relaxation channel present
in*°K |T, 1) pairs*C.

The observation, control and comprehensive understanding of
strong p-wave interactions demonstrated here illuminate a path
towards the assembly of new many-body states of matter. Inafull lattice
model, the measured Ug)calibrates theon-siteinteraction, while lattice
depth controls tunnelling between sites. For sufficiently small
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Fig. 4 |Lifetime of p-wave interacting pairs. a, Thelifetime of aninteracting
0K p-wave pair is limited by dipolar relaxation of the metastable dimer at short
range. The Born-Oppenheimer potential energy (green) hasashort-range
interaction componentand along-range component due to harmonic
confinement (not toscale). b, The lifetime of BRY pairs is measured as the 1/e
decay time of the normalized magnetization for the experimental sequence
described inthe text (inset). Data are shown for trap angular frequency

=21 x129(2) kHz at magnetic fields 199.20(1) G (red) and 199.80(1) G (blue)
with lifetimes 51(9) ms and 13(2) ms, respectively. Error bars show the standard
deviation of repeated measurements. ¢, The probability density r?|¢|? exhibits
distinct short-and long-range components. Coloured solid lines correspond to
Ablwavefunctions for experimental conditionsinb; the vertical dashed line
indicates the distance up to which the short-range probability yis calculated

tunnelling strength, losses might continue to be suppressed either
through the quantum Zeno effect” or by the energetic gaps to triple
on-site occupation?®. In two dimensions, the Ug”< 0 interactions
observed here in BR” in the orbital angular momentum projection
|M,| =1channel are the precursors of a topological superfluid*® that
features gapless chiral edge modes or ‘Majorana zero modes’ in vortex
cores™, These modes are non-Abelian anyons that are predicted to
offer unique opportunities for topological quantum computation and
robust quantum memories>?, Even a metastable many-body state
would allow for the study of topological states in a quenched p-wave
superfluid®. The US) > Qinteractions observed here are the precursors
of orbital magnetism known from transition metal oxides**, as well as
orbitally ordered Mott insulators in a multiband Fermi-Hubbard
model®**¢, Strong orbital interactions demonstrated in this work can
alsobe used to engineer low-entropy states in amultiband lattice sys-
tem* and a full gate-based control of entangled many-body states*®.
Finally, the universal nature of the observed interaction energies indi-
catesthat they would bereproducedinother ultracold p-wave systems
such as °Li?***#42 and ultracold fermionic molecules***°.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information, details of author contributions
and competinginterests, and statements of data and code availability
are available at https://doi.org/10.1038/s41586-022-05405-6.
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(see Supplementary Information). d, Probability densities of c with linear
scalingininteratomic distance. The black dotted wavefunctions give the
non-interacting n,, = 1 oscillator state for comparison. e, The measured
lifetime decreases for magnetic fields closer to the unitary limit. Shown are
datafor harmonic trap angular frequencies w = 21t x 90(2) kHz (yellow) and

w =21 x129(2) kHz (pink). The square and diamond markers correspond to the
temporaldatashowninb. Errorbars are the fituncertainty of the 1/e decay
time. Thelinesare theory predictions based on the Abl wavefunctions (solid)
and PsP wavefunctions (dashed). f, The variation of the measured short-range
probability ywithinverse scattering volume. Error bars are calculated from
theuncertaintyinz.Solid and dashed lines are predictions from Abland PsP
calculations, respectively, where y attains amaximum value near the unitary
point (Methods).
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Methods

Spin and motional wavefunctions

The single-atom spin states * and V used in the experiment are adi-
abatically connected to the low-field m;=-9/2 and m,= -7/2 states
of the ground hyperfine manifold of *°K with total spin f=9/2. The
pair spin wavefunctions are given by |S, M) = (J¥, 1) — |1, ¥))/4/2,
[T, M) = |8, 2), [T, 44y = [¥,4) and [T, M) = (|4, 2y + |1, $))/2.
The motional states of the pair are defined in terms of spherical har-
monic oscillator eigenstates for the relative atomic separation
r (see Supplementary Information),

|E) = N, L, M),

E=hw(2N+L+%j. W

Here A€ {0, 1,2, ...} is the radial excitation number, L €{0, 1,2, ...}
is the relative angular momentumand M, € {-L, ..., L} is the angular
momentum projection along the magnetic field axis. The total number
of motional excitations canalso be characterized by a single quantum
numbern,,=2N+L=1,3, ..., as L =1for p-wave interactions.

State preparation and read-out

The degenerate Fermi gasis abalanced spin mixture of *°K iniits lowest
two hyperfine spin states created viasympathetic optical evaporation
with®Rbinacrossed optical dipole trap®*2. After evaporation, the gas
typically contains 2 x 10°atoms with temperature 0.1 T, where T; is the
Fermi temperature.

The opticallattice potential is formed by orthogonal retro-reflected
laser beams of wavelengths A,,=1,054 nmin the x-y plane and A, =
1,064 nmalong the z-axis withbeam waists (w,,, w,, w,) = (60, 60, 85) pm.
The potential depth of the lattice is parameterized in terms of the recoil
energy of thexylatticebeams, £, = hzkf/Zm, wherek, =21/, and mis
the mass of a*°K atom. The harmonic trap angular frequency of alattice
sitewisgivenby hw = Ey./4V, /Ez, where V, isthelattice depth. The lat-
tice depthsare regulated to beisotropic and are verified by comparing
amplitude-modulation spectroscopy to band structure. We estimate
the lattice anisotropy to be less than 2%.

Isolated pairsof atomsinthe |S, V) |0, stateare created by ramp-
ing thelattice depth to10 £ in 150 ms, waiting for 50 ms and then sup-
pressing tunnelling with a fast ramp to 60 E; in 250 ps. In situ
fluorescence imaging with a quantum gas microscope verifies that
approximately 10% of the sites are doubly occupied. The lattice depth
isthenramped to 200 £;in100 ms, and the magnetic field along the z
lattice direction is ramped to 197 G in 150 ms. Atom pairs in the
IS, MV |0, state are transferred to the |T, L ¥) |1)  state bya 65 ps
Raman mt-pulse which is detuned from the Zeeman splitting by a
motional quanta and the on-site s-wave interaction energy of the
IS, M) |0) , State.

Toperformstateread-out, the magneticfieldis first ramped (in 50 ms)
to 195 G where the atom pairs are weakly interacting. The resultant
absolute spin populations of the  and | states are measured via
absorption imaging after band mapping and a 15 ms time of flight.
A double shutter imaging technique enables measurement of both
spin populations in a single experimental realization.

Raman excitation

The Raman coupling is generated by two linearly polarized beams in
the x-y plane whose propagation directions are oriented at 30° and
60°, respectively, with the x and y lattice directions. A small angular
deviation from the x-y plane allows excitations along the z motional
degree of freedom, and thus M, = O features are presentin the spectra.
The single-photon detuning of each Raman laser beam is stabilized
to -50.1 GHz from the D2 transition and is chosen to avoid undesired
photo-association of pairs of *°K atoms at a single site.

RF spectroscopy

After preparing the non-interacting |T, v ¥) |1)  pairstate, thelattice
depth and magnetic field are ramped sequentially in 50 ms to their
operating values as indicated in the main text. The RF spectroscopy
implements the hyperbolic secant pulse shape, whichis defined by the
following time-dependent detuning 6(¢) about the central frequency
fre-and Rabi frequency Q(t):

Q(t) =0Qq sech (2Bt/T,) (2)

8(t) = 6,+ 6, tanh (2Bt /T,). G

Here, Q,is the peak Rabifrequency at resonance, whichis essentially
the single-particle Rabifrequency Q,. Note that in the Rabi oscillation
measurements, the Rabi frequency is fixed as a constant of Q(¢) = Q,.
In the expression of the detuning above, 6, is the maximum absolute
detuning withrespect to the central detuning of 6./(21) = fx — f2s, and
T,isthe characteristic pulse time. The dimensionless tuning parameter
PBsetstherelative sharpness of the sweep. Typical experimental param-
etersare§,,=2m x 2.5kHz, Q,=2n x 8.8 kHz, $=0.05and T,=2ms.

Feshbach resonance

Infree space, |T, M) pairs of atoms have a p-wave magnetic Feshbach
resonance at198.30 G for M, = +1,and 198.80 G for M, = 0. In the effec-
tive range approximation, the energy-dependent scattering volume
v(&) for each collisional channel is given by

-1
1 + e
A 2 ’
ng(l‘ ﬁ) #R(B)

V(€)= (4)

where vy, is the background scattering volume, 4 is the resonance width,
B, istheresonant magnetic field in free space, Bis the applied magnetic
field, u = m/2isthereduced massand R(B) is the field-dependent effec-
tive range given by the linear expression R(B) =R,[1+ (B - B,)/A,]. The
resonance parameters for M, = 0 are vy, = -(108.0a,)%,4=-19.89 G,
R,=49.4 a,and A,=21.1G. The resonance parameters for M, =+ 1are
Upg=—(107.35a,)>, A=-19.54 G, R, = 48.9a,and 4,=21.7 G*.

Pseudopotential
The p-wave interaction between two identical atoms can be computed

viaaregularized PsP*>*** given by
RUAVE) € @), 210" ,
Vp(l‘)=TVr5 (T)Vrzﬁf , O

whereristherelative position of theatomsand r=|r| thg_ir s_gparation,
6% is the three-dimensional Dirac delta function and V,, V, are left-/
right-acting gradients, respectively. In principle, the energy-depend-
entscattering volume v(&)is different for the M, =+ 1and M, = 0 chan-
nels duetodipolarinteractions. Thus, the PsP should be separated into
terms with spatial derivatives acting in the x-y plane and z direction
(asthe magneticfield points along z) with different scattering volumes.
However, this does not lead to coupling between the M, channels.
Therefore, the energies of the different channels are simply given by
the solution of the isotropic case with the appropriate scattering
volume.

Anisotropic scattering volume permits an analytic solution for the
energy £, which s given implicitly by*>*

gty _g i)
—Thg)—sr(_“%_;%) (6)



where I1(z) is the gamma function. The corresponding spatial wavefunc-
tion can be written as®

2
ro-5 £ , 5571
A——e 20U |~—+, 5,5 | I>T,
Y =1""an, [ 2he 42 ﬁo] cue )
0 r<ryy

where Aisanormalization constant, U(a, b, z) is the confluent hyper-
geometric function of the second kind and r,,,, = 50 a, is a cut-off used
totreatthedivergenceasr~ 0, obtained by comparing directly to Abl
wavefunction calculations (see Supplementary Information).

Anharmonic corrections

The anharmonic correction to the PsP energy is approximated using
first-order perturbation theory. We compute the expectation value of
fourth-order Taylor expansion terms of the lattice trapping potential
aboutthe centre of alattice site (see Supplementary Information). The
resulting correction is

A& nharmonic =~ [10 T I dr I‘6|l/1|m(l‘)|2

1 " 17 ®
4 2 _
ey Io dr r¥lg, ()] 3 ]

The perturbative treatment may break down if the relative motional
branches are split by exactly an integer multiple of 7w, which allows a
resonant anharmonicity-enabled coupling to the centre-of-mass motion.
This resonant coupling thenstrongly mixes the motional degrees of free-
domresultinginafurther splitting of each branch®. We do not observe
such structure experimentally, although we donotrule out its presence.
However, the good agreement and scaling collapse for our data suggest
that such effects are relatively small for the parameter ranges probed.

Pair Rabi oscillations
The Rabi oscillation spin dynamics of an interacting pair is captured
by the following three-level model (see Supplementary Information),

0 20 0
prn S| 200 ~USm 20m), )
0 J20n O

written in the basis of {|T, ¥ )| Dygy, [T, M) Dyep | T, MM, rel}- Here
0, is the single-photon Rabi frequency of the RF drive, while is a spa-
tialwavefunction overlap between the non-interacting and interacting
states (see Supplementary Information),

1= e WiodDrer=J , dr r205, (W),
where

(10)
Ano
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(v 8 | 1
wrel 3.'.[1/2aﬁ0

exol -
p 2at, |

Inthelimit ofug) > 7.0, dynamics under thisHamiltonian are char-
acterized by a single frequency:

_ ,\/(U(,})/h)z +8(1+n)Q7 -UY/n
Z .

(1)

Experimental measurements extract n from the above equation, as
all other parameters are independently measured.

Lifetime prediction
The lifetime 7 of the interacting state is limited by inelastic decay due
to dissociation of the pair into unbound atoms. Dipolar interactions
couple the interacting state|T, *1)|1),|0>cy to a lossy dimer state at
short interatomic separation, which undergoes dissociation with a
characteristic lifetime 74. The dimer lifetime for M, = +1and M, = -1is
w1=8.7ms and 7, = 2.1 ms, respectively*. Our motional excitation
is predominantly along a single Cartesian lattice directionin the X y
plane, which correspondstoan equal superposmon of M, =+1,-1;the
characteristic lifetime is thus T (T +1.7)/2, such that ry=3.4 ms.
The actual lifetime further depends onthe short-range wavefunction
probability y. We theoretically predict y from the interacting wavefunc-
tions by computing the overall probability up to acharacteristic thresh-
old (see Supplementary Information). At all probed magnetic fields,
wesee a clear distinction between short- and long-range components,
such as in Fig. 4c. The threshold is chosen to capture the short-range
portion of the wavefunction only.
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