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We exploit a time-resolved pump-probe spectroscopic technique to study the out-of-equilibrium

dynamics of an ultracold two-component Fermi gas, selectively quenched to strong repulsion along
the upper branch of a broad Feshbach resonance. For critical interactions, we find the rapid growth of short-
range anticorrelations between repulsive fermions to initially overcome concurrent pairing processes. At

longer evolution times, these two competing mechanisms appear to macroscopically coexist in a short-

range correlated state of fermions and pairs, unforeseen thus far. Our work provides fundamental insights

into the fate of a repulsive Fermi gas, and offers new perspectives towards the exploration of complex

dynamical regimes of fermionic matter.
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Ultracold quantum gases offer a pristine platform for the
realization of minimal Hamiltonians, enabling to inves-
tigate the relationship between the macroscopic behavior of
a many-body system and the interactions between its
constituents. In this context, a two-component atomic
Fermi gas with tunable short-range repulsive interactions
has attracted a growing interest, being regarded as a
paradigmatic framework to address the Stoner model of
itinerant ferromagnetism [1,2]. However, in contrast with
the widely explored case of attractively interacting Fermi
gases [3,4], the nature of the repulsive Fermi gas and its
instability towards a ferromagnetic state remain largely
debated, both in theory [5-15] and experiments [16-21].
This stems from the fact that genuine short-range repulsion
only develops along an excited upper energy branch of the
many-body system [8,14], which is unstable against relax-
ation into the paired many-body ground state [3,4], i.e., the
lower branch. As a consequence, it is still questioned
whether a repulsive Fermi liquid exists at strong coupling,
whether ferromagnetic correlations can develop therein,
and how they possibly compete with pairing correlations.

Here, we address these open questions by studying the
time-resolved spectral response of a balanced spin mixture
of ultracold °Li atoms. We first employ spin-injection radio-
frequency (rf) spectroscopy to precisely locate the upper
branch, finding that it remains well defined up to strong
couplings. Then, in analogy with ultrafast optical spectros-
copy in solid state [22,23], we exploit a pump-probe rf
scheme to investigate the out-of-equilibrium dynamics of a
strongly repulsive Fermi liquid. A first pump pulse selec-
tively transfers the gas to the upper branch, while a second

0031-9007/18/121(25)/253602(6)

253602-1

probe spectroscopy pulse monitors the following evolution
[see Fig. 1(a)] with a resolution of few Fermi times 7,
which sets the minimum collective response time in
fermionic many-body systems [24]. By tracking the evo-
lution of the atomic probe spectra center and amplitude, we
observe the build-up of atomic anticorrelations in the upper
branch and the onset of pairing processes into the lower
branch. We extract the initial growth rates for both these
mechanisms, developing over timescales of few 7. In
contrast with theoretical predictions for an instantaneously
quenched Fermi gas [11], the rate associated with the build-
up of short-range correlations between repulsive quasipar-
ticles is found to be faster than the growth rate of pairing
processes, albeit comparable with it. At longer evolution
times, we observe an unpredicted slowly evolving regime,
where a minority population of unpaired fermions coexists
with pairs in a short-range correlated state.

We produce weakly interacting mixtures of about 2 x 10°
®Li atoms in a cylindrically shaped optical dipole trap
[20,25] [see Fig. 1(a)], equally populating the two lowest
hyperfine atomic states, hereafter denoted as 1 and 2,
respectively. Unless otherwise specified, the initial system
temperature is 7 = 0.12(2)Ty, where Ty is the Fermi
temperature [25]. Our spin-injection spectroscopy protocol
for balanced mixtures is analogous to that employed for
investigating repulsive Fermi polarons [20]. We typically
employ 250 ps-long RF pulses, corresponding to a 0.8z
pulse for noninteracting atoms, whose detuning ov = v — 1
from the bare 2 — 3 transition is scanned. Here, 3 denotes
the third-to-lowest °Li hyperfine state. To adjust the inter-
particle interaction strength, we exploit a broad Feshbach
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(a) A pump pulse converts a weakly interacting 1-2 °Li mixture into a 1-3 strongly repulsive one. After a variable evolution

time the gas is probed by a second pulse. The spectroscopic signal is acquired within a central region of the cloud, denoted by a white
rectangle in the image. (b) Spin-injection spectrum at kza ~ 2.3 (red line). Both the atomic repulsive resonance located at A ,, > 0 and
the pair association spectrum are visible, referenced to the spectrum of a spin-polarized state-2 Fermi gas (black line). The pump pulse
remains fully selective up to kpa =~ 2.5, where the atomic and molecular spectral contributions overlap. (c) Probe spectra at kpa ~ 2.3 for
various evolution times (see legend), fitted to a phenomenological model consisting of the sum of Gaussian and Gumbel functions [25].
The spin-injection and pump-probe spectroscopy pulse sequences are also sketched.

resonance between states 1 and 3 located at 690 G [25].
For each magnetic field between 640 G and 680 G, the
spectroscopy signal is defined by the fraction of transferred
atoms, recorded within the central region of the cloud to
reduce the effects of density inhomogeneity [see Fig. 1(a)].
The initial average density i, of state-2 atoms within this
region sets the relevant Fermi energy ¢ and wave vector kp
of the gas [20,25]. The spectral response exhibits two
distinct features [see Fig. 1(b)]: an incoherent contribution
at ov < 0, related to the binding of two fermions into a 1-3
molecule, clearly detectable only at strong interactions, and
a coherent atomic resonance at ov > 0. The latter is
associated with the conversion of a weakly interacting
mixture into a strongly repulsive Fermi liquid. The center
position A, of this atomic peak encodes information about
the energy and effective mass of repulsive quasiparticles and
their mutual interactions [14,20,37].

We then exploit the knowledge of A, to selectively
quench weakly interacting mixtures into the strongly
repulsive regime. For each magnetic-field value, an opti-
mized rf pump pulse of about 150 ps ~ 67, with
Tp = h/ep ~ 25 us, enables a coherent 2 — 3 population
transfer to the 1-3 upper branch with high efficiency,
exceeding 70% for the strongest couplings investigated
here [25]. Immediately after the pump pulse, a 3 us-long
optical blast removes leftover state-2 atoms while negli-
gibly affecting the other spin components. The out-of-
equilibrium dynamics of the 1-3 mixture at different
interaction strengths is monitored by performing rf spec-
troscopy on the 3 — 2 transition, using a probe pulse
applied at variable hold time after the quench. Examples of
time-resolved probe spectra are shown in Fig. 1(c). From
these, we characterize the evolution of the atomic peak at
6v > 0 by extracting its amplitude A(7) and center A, (7)
through Gaussian fits. Owing to their halo character, the
weakly bound 1-3 dimers created via inelastic collisions

remain optically trapped, and atom-to-molecule conversion
does not cause any detectable particle loss. Hence, the
decay of A(t) directly reflects the drop of the average
fermion density 7(¢) and quantifies the development of
pairing processes. Conversely, the peak center A, (7)
provides a measure of the instantaneous (column-inte-
grated) average interaction energy experienced by the
surviving state-3 fermions due to the surrounding state-1
atoms and 1-3 pairs. For contact interactions, this is
directly linked to the local pair correlator at zero distance
(! (0)w (t)ys (), (1)), w, being a state-c fermion anni-
hilation operator [37]. A, (7) is also proportional to the
contact C [37], which quantifies the number of repulsive
fermion pairs at a short distance also in out-of-equilibrium
systems [38,39]. Therefore, A, (r) is sensitive to the
development of short-range anticorrelations in the upper
branch and to spin-polarized domain formation, both
causing a substantial drop of the pair correlator.

Figure 2(a) summarizes the results of our spin-injection
spectroscopy studies, shown for 7/T ~ 0.12 and 0.8. The
measured A,,, normalized to the Fermi energy e, is
displayed as a function of the 1-3 interaction strength,
parametrized by kra, where a = a3 is the s-wave scatter-
ing length. For both low (orange circles) and high (magenta
circles) temperatures, A,, is found to progressively
increase with increasing repulsion, featuring a trend quali-
tatively analogous to that observed in the impurity limit of a
spin-imbalanced gas (blue squares) [20]. As for this latter
case, we attribute the saturation of A at strong coupling
to the mass renormalization of state-2 fermions converted
into heavier repulsive quasiparticles [25]. Our data dem-
onstrate the existence of a well-defined repulsive branch for
kpa < 2.5, even in the regime of moderate degeneracy, in
spite of an increased atomic spectral width due to enhanced
momentum relaxation expected within Fermi liquid theory
[25,40].
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FIG. 2. (a) Interaction shift hA ,/er as a function of kpa,
measured in balanced mixtures at 7/T ~0.12 (orange circles)
and T//Ty ~ 0.8 (magenta circles), and in the impurity limit (blue
squares) [20]. Vertical error bars combine the standard error of the
Gaussian fits to the atomic spectra with the uncertainty in
determining e5. Horizontal error bars account for the uncertainty
in determining xr. (b) Examples of atomic probe spectra at
kpa~0.9 for various times after the quench (see legend),
together with Gaussian fits. (c) and (d) Evolution of relative
fermion density 7(¢)/7i, and shift A, (1)/A,, for different xra
values (see legend). Colored (white) data points are obtained with
a 250 us-long (50 ps-long) probe pulse. Error bars account for
the standard error of the Gaussian fit, and in panel (c) also for the
uncertainty in the calibration of 7y [25].

Figure 2(b) displays typical time-resolved atomic probe
spectra, acquired at kra ~ 0.9, together with Gaussian fits
used to extract A(r) and A (7). Examples of the obtained
evolutions at various interaction strengths are shown in
Figs. 2(c)-2(d), where both quantities have been normalized
to their initial values [25]. In the absence of sizeable particle
losses, the trend of A(#)/A(0) is equivalent to that of the
relative upper-branch population 7(¢)/7, [see Fig. 2(c)].
While, for weak repulsion, 7(r)/ig and A, (7)/A o show
only small and slow variations, their dynamics change
qualitatively once the gas is quenched to xpa Z 0.8.
There, both observables exhibit a considerable reduction
over submillisecond timescales, progressively faster and
more pronounced for increasing kra. This strongly points to
the onset of the pairing instability and to the concurrent
growth of anticorrelations between repulsive quasiparticles,
possibly arising from a competing ferromagnetic instability
[11,21].

We gain quantitative insights into these competing
processes by extracting the initial growth rates I',; and
I',. To this end, we use linear fits to the evolution at ¢ <
200 us of n(t)/ny and of A (7)/A,, respectively; the
linear fits represent the time derivatives of 71(7) and A_ (7).
To increase the time resolution of our spectroscopy pro-
tocol, we employ probe pulses as short as 50 us, yielding

for a minimum hold time of 10 s a highest measurable rate
[ax ~ 0.477'. When approaching Iy, the measured rates
should be regarded as lower bounds of the actual ones. For
kra > 0.8 both rates increase considerably, with I', being
larger than T, (see Fig. 3). In particular, whereas the
former saturates already for xpa ~1 near D'y, g

0.277! at kpa ~1.6. In contrast with theoretical expect-
ations [11], we find that atom-atom correlations in the
upper branch grow initially faster than the pairing ones.
Differently from recent studies of collective spin dynamics
[21], the present measurements can identify emerging
repulsive short-range correlations, but cannot discern
whether these develop within a paramagnetic Fermi liquid
[5], or herald instead a ferromagnetic instability. None-
theless, I'y reasonably agrees with the predicted growth
rate of the most unstable mode of the ferromagnetic
instability for a zero-temperature homogeneous Fermi
gas [11]. This is expected to establish short-range ferro-
magnetic correlations at wave vectors of order xj/2
for kpa 2 1 [11,12,17], promoting the development of
ferromagnetic order over a length & ~ (z/kp)(Ty7p) ™"/ ?~
27 /kp ~ 2.5 pym, or 1.6 interparticle spacings. Conversely,
[pair 18 about one order of magnitude lower than the pairing
rate obtained in Ref. [11], whereas it fits well to the rate I'5
expected for three-body recombination processes [25,41]
(see inset of Fig. 3). While this result matches that obtained
in the impurity limit [20], our data also agree with previous
measurements in balanced mixtures [17]. One reason for
the sizable theory-experiment mismatch may be found in
the spectral selectivity of the quench protocol employed in
this work, and presumably also in Ref. [17]. This starkly
contrasts with the instantaneous quench considered in
Ref. [11], which projects a noninteracting Fermi gas onto
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FIG. 3. Growth rates of anticorrelations in the upper branch I'y

(blue circles) and of pairing in the lower branch ' (red
diamonds), extracted through linear fits to the measured short-
time dynamics of A, (7)/A,, and of 7(t)/ny, respectively.
Vertical error bars combine the standard error of the fits with
the uncertainty in determining 7. Horizontal error bars account
for the uncertainty in the determination of kp. Inset: Iy, is
compared with the predicted three-body recombination rate
I'; [2541].
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FIG. 4. (a) Relative atomic populations 7 /7 (red triangles) and interaction shifts A ;7/A_ (blue circles), obtained by averaging

data points at evolution times 10 < 7 < 30 ms, as a function of xa. (b) Evolution of the atomic peak full width at half maximum w_ (7)
at kpa ~ 0.9, normalized to the noninteracting value wy;. Inset: atomic probe spectra at kza ~ 0.9 recorded at 0 ms (orange squares) and
10 ms (blue circles) after the quench, compared to that of a noninteracting gas (green crosses). The amplitude of each spectrum is
normalized to unity and artificially shifted to zero detuning. (c) Spectral width w; 7 at long times normalized to the t = 0 value w ., as a
function of xpa. Vertical error bars in all panels combine the standard error of Gaussian fits to the pump and probe spectra with the

standard deviation resulting from averaging several data points.

all available (atomic and molecular) many-body states of
the resonant mixture.

Let us now discuss the system evolution at longer times
t > 7. While ferromagnetic correlations in the upper
branch could foster domain formation over macroscopic
length scales at long evolution times [11,12,15,42], our
observations rule out this possibility, which is consistent
with Ref. [17]. For krpa 2 1, despite Iy, <T's, pairing
processes strongly deplete the upper branch population [see
Fig. 2(c)], yielding 7(r)/ny < 0.5 already at t~ 1.5 ms
~507r and a corresponding increase of the molecule
density. Although pairing slows down at longer times
t > 100z, it likely prevents the growth of anticorrelations
between repulsive fermions over distances beyond a few
interparticle spacings. The absence of macroscopic spin
demixing is supported by real-time measurements of the
in situ density distributions, which reveal only a maximum
twofold increase of local spin-density fluctuations [17,43],
attained after 1 ms for kya ~ 1 [25]. While this moderate
enhancement is compatible with the quick formation of
microscopic domains, it could also arise from a twofold
local temperature increase within a paramagnetic state [25].

Figure 4(a) shows the surviving fermion fraction 7, 1/
(red triangles) together with the relative interaction shift
Ay 1t/AL (blue circles), recorded within a long-time (LT)
interval 10 ms <t <30 ms, as a function of xra. For
kpa > 1, we find i; v/7ig ~ 0.2, a value essentially steady
over more than 100 ms for ka ~ 2. The combined trends of
7i(t) and spin fluctuations would suggest that chemical
equilibrium is reached after some transient time within a
hotter, incoherent atom-molecule mixture [9,17]. Yet, this
interpretation conflicts with other observations. A strong
suppression of the interaction shift A, r is found to persist
at long times, with A ;r/A  <0.1 for kpa >1 [see
Fig. 4(a)]. Neglecting atom-pair interactions, such small
A7 values are inconsistent with those measured in a
repulsive Fermi liquid at lower density, even when account-
ing for a twofold temperature increase [25], implying that

the surviving atoms remain indeed anticorrelated. On the
other hand, atom-pair interactions, which cannot be reason-
ably ignored for 7y /iy < 0.2, could significantly reduce
A, [25,44] in high-temperature samples, owing to the
compensation between atom-pair s-wave repulsion [45]
and p-wave attraction [46] at large collision energies.
However, the scenario of a hot, uncorrelated atom-molecule
mixture is irreconcilable with the observed evolution of the
atomic peak width w_ (7) [see, e.g., Fig. 4(b) for kpa ~ 0.9],
which directly reflects the scattering rate of the surviving
fermions with the surrounding particles [25,44]. This would
be substantially enhanced in a hot incoherent sample since,
as for the atom-atom case, the atom-dimer collision rate
greatly increases with increasing collision energy [25,46],
and would yield w_ (#) much larger than the initial w_,. On
the contrary, as directly visible in the probe spectra [see inset
of Fig. 4(b)], w, (¢) rapidly decreases below w._, reaching
within experimental uncertainty the Fourier-limited width
wnp of the probe pulse, calibrated on a noninteracting
sample. Figure 4(c) summarizes the long-time behavior of
the spectral width w1, normalized to the initial value w
obtained for the pump pulse, as a function of xpa. For
kpa > 1, woyt is significantly smaller than w_,,, matching
the Fourier width of our probe pulse within 10% uncertainty.
These observations, together with Rabi oscillation measure-
ments [25], show that the surviving fermions behave as
nearly noninteracting particles, although they remain mac-
roscopically overlapped with the paired component at all
times. Therefore, the picture of an uncorrelated atom-pair
mixture appears too simplistic and qualitatively inconsistent
with our data. Rather, our findings suggest that anticorre-
lated fermions and pairs coexist within a metastable quan-
tum emulsion [47] or glassy state [48,49], where the (two)
atomic and molecular many-body wave functions feature a
reduced overlap at short distances, possibly as small as a
single interparticle spacing [5].

In conclusion, we studied the evolution of a Fermi gas
quenched to strong repulsion. We observed the rapid
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emergence of short-range anticorrelations between itinerant
repulsive fermions, dominating the initial dynamics not-
withstanding the concurrent emergence of pairing correla-
tions [11]. These two competing mechanisms appear
equally crucial throughout the entire many-body dynamics.
Our results clarify previous observations, which were
ascribed to a ferromagnetic state of atoms only [16], or
to the lack of upper-branch correlations within a rapidly
formed atom-molecule incoherent mixture [17]. The
observed persistence of strong correlations between repul-
sive fermions over a long time is also consistent with
previous studies of spin dynamics at an artificially created
domain wall [21]. In the future, it will be interesting to
explore the transport properties of such an exotic atom-
molecule mixture, and its robustness in weak optical
lattices [42,50] or lower dimensions [51-53]. Our protocols
could also provide exciting possibilities to dynamically
access elusive regimes of fermionic superfluidity [12,54].
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