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We investigate the decoherence of “°K impurities interacting with a three-dimensional Fermi sea of °Li

across an interspecies Feshbach resonance. The decoherence is measured as a function of the interaction

strength and temperature using a spin-echo atom interferometry method. For weak to moderate interaction

strengths, we interpret our measurements in terms of scattering of K quasiparticles by the Fermi sea and

find very good agreement with a Fermi liquid calculation. For strong interactions, we observe significant

enhancement of the decoherence rate, which is largely independent of temperature, pointing to behavior

that is beyond the scattering of quasiparticles in the Fermi liquid picture.
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Many-body fermionic systems with strong interactions
play a central role in condensed-matter, nuclear, and high-
energy physics. The intricate quantum correlations between
fermions challenge our understanding of these systems.
Mixtures of ultracold fermionic gases offer outstanding
opportunities to study strongly interacting fermions exper-
imentally. Since the turn of the century, the excellent control
over the strength of the interaction and the composition of
these mixtures has allowed investigations addressing the
broad spectrum from few-body to many-body phenomena
[1,2]. Tuning of the interaction is achieved using Feshbach
resonances [3]. The composition is varied by selecting
internal states or by mixing different atomic species. This
development has led to many exciting results concerning the
quantum phases of fermionic mixtures, their excitations,
superfluid behavior, and the equation of state [4].

In two-component fermionic systems with a large
population imbalance, the minority atoms have been shown
to form quasiparticles termed Fermi polarons, even for
surprisingly large coupling strengths [5—8]. These are long-
lived states described by Fermi liquid theory [9]. Their
lifetime is limited by scattering against the majority atoms,
which is suppressed by Pauli blocking as the temperature
approaches zero [10,11]. Although the quasiparticle
scattering rate has been determined in two-dimensional
electron gases [12—14], measurements in well-defined
three-dimensional (3D) fermionic systems have remained
an experimental challenge.

Intriguing questions are related to the behavior of
impurities and, more generally, Fermi mixtures in the
strongly interacting regime [8,15,16]. For investigating
an impurity in a Fermi sea, Refs. [17,18] suggested a
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time-domain method that is applicable for a wide range of
interaction strengths. This approach can be regarded as a
measurement of the coherence of a superposition of internal
states of the impurity atoms using interferometry [19].
Atom coherence has previously been used to probe many-
body demagnetization in fermionic systems [20] and
impurity scattering in bosonic systems [21].

In this Letter, we report on measurements of decoherence
of K atoms immersed in a Fermi sea of Li using the method
proposed in Ref. [18] in the regime of strong population
imbalance. We tune the interaction between the Li and K
atoms using an interspecies Feshbach resonance (FR). For
weak to moderately strong interactions, we interpret the
measured decoherence in terms of the scattering of K
quasiparticles by the Li Fermi sea. We find very good
agreement with a Fermi liquid calculation. This provides a
determination of the quasiparticle scattering rate in a clean
3D fermionic system. We extend our measurements to
strong Li-K interactions and find decoherence rates that are
comparable to the fastest dynamics available in our system.
These rates do not increase with temperature, which is an
indication of zero-temperature quantum dynamics in a
fermionic many-body system.

The starting point of our experiments is an evaporatively
cooled, thermally equilibrated mixture of, typically,
3 x 10° SLi atoms and 1.5 x 10* “°K atoms, trapped in a
crossed-beam 1064-nm optical dipole trap under conditions
similar to those in Ref. [6]. The Li cloud is degenerate, with
kgT /e aslow as 0.15, where T is the temperature and e ~
h x 35 kHz is the average Li Fermi energy sampled by the K
atoms. Because of the Li Fermi pressure and the more than
two times stronger optical potential for K, the K cloud is
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much smaller than the Li cloud [22] and, therefore, samples a
nearly homogenous Li environment, with a standard
deviation in the local Li Fermi energy of less than O.lep.
In spite of the smaller size of the K cloud, the concentration of
K in the Li sea remains low, with 71y /7i1; ~ 0.3, where 71
(711;) 1s the average K (Li) number density sampled by the K
atoms. The K ensemble is correspondingly nondegenerate,
with kzT/EX > 0.9, where EX is the peak K Fermi energy.

We tune the interaction between the K and Li atoms
using an interspecies FR between the Li atoms in the lowest
Zeeman sublevel Li|l1) and K atoms in the third-lowest
sublevel K|3) [23]. We quantify the interactions between Li
and K by the dimensionless interaction parameter —1/kra,
where kp = A~'\/2my ;e is the Li Fermi wave number
with my; the Li mass, and a is the s-wave interspecies
scattering length. The latter can be tuned as @ = ap,[1 — A/
(B — By)] by applying a magnetic field B, where By ~
154.7 G is the resonance center, ap, = 63.0 ay (ag is
Bohr’s radius) and A =880 mG [23]. The relatively
narrow nature of our FR causes significant momentum
dependence of the interspecies interaction. We characterize
this effect by the length parameter R* [6,24]. In our
experiments, kpR* is approximately 0.9, corresponding
to an intermediate regime where the interaction is near
universal with substantial effective-range effects.

We probe the decoherence of the K atoms using a
radio-frequency (rf) interferometric technique, as illustrated
in Fig. 1. The K atoms are initially prepared in the
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FIG. 1 (color online). Interferometric method for measuring the
decoherence of K in a Li Fermi sea. The upper illustration shows
a schematic of the rf pulse sequence. The atoms in the K|3) state
interact with a Fermi sea of Li|l) atoms, as indicated by the
shaded region. The graph shows the fraction of the K atoms
transferred to the K|3) state as a function of the relative phase of
the final z/2 rf pulse for various interaction times z and for
—1/KFa = 21, T =0.16 €F/kB'

second-lowest Zeeman sublevel K|2) while the Li atoms
remain in the Li|1) state throughout the experiment. On the
time scale of our measurements, the interactions between
these atoms, characterized by the s-wave scattering length
ajp ® apg, can be neglected. We apply a z/2 rf pulse
(typically 10 us long) to prepare the K atoms in an equal
superposition of the K|3) and K|2) states. After a variable
interaction time 7, we apply a second /2 rf pulse before
determining the numbers N, and N5 of atoms in the K|2)
and K|3) states using absorption imaging [25]. To decrease
the sensitivity to the magnetic field noise and to the
inhomogeneities in the atom densities, we perform a spin
echo by splitting the interaction time into two equal halves
separated by a z rf pulse.

Shifting the phase of the rf oscillator by ¢ between the 7
and the second /2 pulses causes a sinusoidal variation in
the fraction f = N3/(N, + N3) of the K atoms transferred
to K|3), as shown in Fig. 1. We quantify the coherence of
the state of the K atoms by the contrast C = (fax —
Smin)/ (fmax + fmin) Of these oscillations. The interaction
of the K atoms with the Li cloud causes an exponential
decrease in the observed contrast with increasing inter-
action time 7, as shown in Fig. 2(a). The interaction also
shifts the rf transition frequency and decreases the rf
coupling between the K|2) and K|3) states [6], which
we account for by adjusting the rf frequency and the
duration of our rf pulses. In this way, we measure the
decoherence of K atoms for —1/kpa <—0.8 and
—1/kpa > 1.4. Near the center of the resonance, the fast
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FIG. 2 (color online). Contrast C as a function of interaction
time 7. In (a), we show results for moderately attractive
interspecies interactions (—1/xra = 2.1), corresponding to Fig. 1.
In (b), we probe the system in the strongly interacting regime
(—1/xkpa = 0.15) for T = 0.20 €x/kp by rapidly shifting the
interaction parameter from 2.2 to 0.15 during the interaction time.
The solid lines are exponential fits to the points with 7 > 7 us.
The dotted line is an extrapolation to 7 = 0.
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loss of contrast during the rf pulses limits the applicability
of this method.

To measure the decoherence of K in the strongly
interacting regime, we use laser light to rapidly displace
our magnetic FR [32-34]. Optical control of our FR allows
us to apply the rf pulses away from the FR and then rapidly
bring the atoms into resonance for the duration of the
interaction time 7 [35]. This method circumvents the loss of
contrast during the rf pulses and allows us to probe the K
decoherence across the full range of interaction parameters.
The displacement of our FR arises from the laser-induced
differential ac Stark shift between the free-atom level and
the molecular state involved in the FR. The ac Stark shift is
induced by the 1064-nm trapping light, as we investigated
in Ref. [36]. Although the differential shift here amounts to
only 10% of the total trapping potential, using a high-
intensity beam with up to 65 kW /cm?, we can displace B,
by up to 40 mG in less than 200 ns—all while preserving
the harmonic trapping potential [25]. This displacement
corresponds to a change in the interaction parameter of up
to £2.1 on a time scale of 0.05 75, where 7 = fi/ep ~
4.5 ps is the Fermi time.

In Fig. 2(b), we show the dependence of the contrast C
on the interaction time 7 near the center of our FR. The
contrast starts to decay after an initial delay of approx-
imately 7p. This delay can be explained in terms of
quantum evolution of the system with an interaction energy
bounded from above by €y [18]. Fort > 1.6 X 7 &~ 7 us,
the decrease in contrast is well described by an exponential
decay. The fitted rate y.,, = 0.28(2) 77! is comparable to
the inverse Fermi time, indicating that our experiment
cannot be fully described by the scattering of quasiparticles
in the Fermi liquid picture, which assumes long-lived
quasiparticles [9].

In Fig. 3, we show the dependence of the fitted rate y,
on the interaction parameter. We present data with two
decades of dynamic range and demonstrate a dramatic
resonant enhancement of the decoherence rate, reaching
values up to 0.4 7z!. The data do not exhibit any clear
dependence on 7ag/ny; across the full range
0.17 < ng/ny; < 0.43. In addition to the statistical errors
indicated by the error bars, the data are subject to variations
of kyT /e, kpR*, and ng/ny; with standard deviations of
0.01, 0.02, and 0.07 about their mean values of 0.16, 0.93,
and 0.27, respectively. The calibration of the Li atom
number introduces a 6% systematic uncertainty in e and
7, as well as a corresponding 3% uncertainty in kg.
Further, our total error budget includes 3% systematic
errors in a and R* arising from the uncertainty in AB and a
+0.05 error in 1/kpa resulting from an uncertainty in the
determination of B of 1 mG [25].

For weak to moderate interactions, there are well-defined
K quasiparticles, and we now show that the evolution of the
contrast C on time scales much longer than 7 can be
related to the mean quasiparticle scattering rate y,. Each
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FIG. 3 (color online). Decoherence rate of K in a Li Fermi sea
as a function of the interaction parameter for an average temper-
ature 7 = 0.16 €z /kp (see text). The measurements with (with-
out) rapid shifting of the FR are shown as the red circles (black
squares). The measurements from Fig. 2 are indicated by open
symbols. The solid upper (blue) and lower (black) lines corre-
spond to the prediction of the Fermi liquid theory with and
without medium corrections, respectively. The dashed lines
incorporate corrections due to decay to Feshbach molecules.
The shaded areas show the 1o effect of the experimental
uncertainties on the theoretical predictions.

scattering event provides which-way information that
distinguishes between the two paths in the interferometer
in Fig. 1 and, thus, erases the interference effect. At any
given time, the interaction affects only one of the two paths,
decreasing the probability for the system to stay in this path
at the rate y,. Since our signal arises from the interference
of the amplitudes in the two interferometer paths, we expect
the interaction to lead to a decrease of the observed contrast
at the rate y,/2.

From Fermi liquid theory, the scattering rate y, of a K
quasiparticle with momentum p; is given by [9]

s a0 MrPr i i i
Yp = // dp2dQ4—n.2 |T|2[f]l;2(l - 53 - ]1;4) +f§3 %4]'
(1)

Here, 7 is the scattering matrix for the scattering of
K atoms with Li atoms with momenta p; and p,,
respectively, to momenta p; and p;. We have defined
dp, = d®p,/(27)3, and Q is the solid angle for the
direction of the outgoing relative momentum. The distri-
bution functions are f],j'/ K= [eﬂ(E;'/K'”U/K) + 1]~ with the
chemical potentials y; i/ for the Li/K atoms, respectively.
The dominant medium effects can be shown to enter in the
scattering matrix 7 via ladder diagrams, whereas the
quasiparticles can be assumed to have the ideal gas energy
dispersion Ep/™ = p?/2my ; [37,38]. The details of the
calculation of y, are described in [39]. In addition, we
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account for the reduced quasiparticles’ residue Z by
multiplying the collision rate by Z calculated from the
ladder approximation [8]. To obtain the mean scattering
rate y,, we calculate the thermal average y, = f dp f?yp.
To include the effects of the trap, we use effective Fermi
energies, which are obtained by averaging the local Fermi
energy over the density of the K atoms in the trap. This
approach is justified since the K atoms only probe a small
region of the Li gas, and because the momentum distri-
bution of the K atoms is nearly classical.

On the repulsive side of the FR, we need to consider
additional effects arising from the decay of the atoms into
the molecular state that underlies our FR. The rate I" of
this process was calculated and confirmed by measure-
ments in Ref. [6], reaching values as high as 0.02 r;l
close to resonance. Since the decay to molecules provides
which-way information, it will contribute at least I'/2
to the measured decoherence rate. The decay also
releases energy and creates holes in the Li Fermi sea,
increasing the value of kzT/ep during our measurement
to 0.20(1) [25].

In Fig. 3, we plot the calculated decoherence rate y,/2 as
a function of the interaction parameter. The lower solid line
is obtained by using the vacuum scattering matrix 7 ,. [39]
in (1), whereas the upper solid line is obtained by usinga 7
matrix which includes medium effects using the ladder
approximation. The dashed lines include the effects of
decay into the molecular state. The calculated decoherence
rate agrees with the experimental values very well for
—1/kpa = 1.5 and for —1/kpa < —1. This gives strong
evidence that the observed decoherence is, indeed, due to
quasiparticle collisions. The significant asymmetry of the
decoherence rate around 1/kra = 0 arises from the narrow
nature of the FR [39]. The calculated decoherence rate is
larger when medium effects are included in the 7 matrix.
This is due to pair correlations, which can increase the
collisional cross section significantly [39]. We see that the
inclusion of these medium effects on the scattering matrix
improves the agreement with the experimental data. For
stronger interactions, the calculation does not fit the
experiment, which is expected since there are no well-
defined quasiparticles in the unitarity regime [6]. Our
model agrees with the observed absence of a dependence
of y.on ON i /7y ; since the K cloud is close to the classical
regime where f}f3 < 1 and the momentum distribution of
the K atoms is solely determined by the temperature.

Further insight into the nature of the observed
decoherence can be gained by varying the temperature
of our atom mixture, which we accomplish by changing the
endpoint of our evaporative cooling. We show the depend-
ence of the measured decoherence rate on temperature in
Fig. 4. In addition to the statistical errors shown by the error
bars, the data are subject to small variations of —1/kra,
kpR*, and ng/np; with standard deviations of 0.05, 0.03,
and 0.1, respectively. Our total error budget also includes
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FIG. 4 (color online). Decoherence rate of K in a fermionic Li
cloud as a function of temperature. The data for —1/kza = 0.2,
kpR* =094, ng/n; =02 (=1/kpa =24, kpR* =0.89,
ng/ny; = 0.3) measured with (without) rapid shifting of the
FR is shown as red circles (black squares). The solid blue and
black lines correspond to the predictions of the Fermi liquid
theory for —1/kpa = 2.4 with and without medium corrections,
respectively. The shaded areas show the 1o effect of the
experimental uncertainties on the theoretical predictions.

the above-mentioned systematic uncertainties in €, K, 4,
and R*.

Away from the FR, the measured decoherence rates are
in very good agreement with the predictions of the Fermi
liquid theory. The linear dependence of y ., on temperature
in this regime arises from the high relative mass of the K
atoms, causing the Li-K scattering to resemble scattering by
fixed impurities. This is similar to the situation in metals
where the scattering of electrons by fixed nuclei gives rise
to the well-known linear dependence of the nuclear
decoherence rates on temperature [40]. The red circles in
Fig. 4 represent the measurements for resonant interactions.
The rates obtained in this regime are more than an order of
magnitude higher than the off-resonant rates and do not
increase with temperature.

In conclusion, we established that, for weak to moderate
interaction strengths, the decoherence of K in a Li Fermi
sea is dominated by quasiparticle scattering. Our observa-
tions for strong interactions cannot be explained solely by
quasiparticle scattering and indicate decoherence processes
which persist at zero temperature. This offers an exciting
opportunity to explore the many-body quantum dynamics
of an impurity submerged in a Fermi sea.
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