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ANALYSIS OF THE OSCILLATION DATA

Here, we explain the fitting procedure for our data by which we extract the results presented in the main text. We
obtain the data by taking absorption pictures of the partial BECs. We fit the images with a bimodal distribution
(assuming a simple Thomas-Fermi distribution for the BEC) and extract the width of the condensed part of the
atomic cloud in both the radial and the axial (z) direction. By varying the time after the excitation (see Fig. 2 in the
main text), we typically record six oscillation periods of the radial width. In Fig. S1(a) we show an extended time
evolution of the radial width R, which shows the dynamics on a longer time scale. We observe an oscillation at a
frequency ω, which corresponds to the radial breathing mode of the BEC. Its frequency is twice the trap frequency of
the bosons. In addition to that, we notice a slow background oscillation. This corresponds to an axial mode, which
is known as the quadrupole mode for BECs in elongated traps [1]. The excitation of this mode is visible in the time
evolution of the axial width Rz depicted in Fig. S1(b). It takes place on a much longer time scale than the radial
breathing mode, because of the large aspect ratio (7.6) in our elongated trap.
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FIG. S1. Long-term time evolution of the BEC size R in the radial and the axial directions at abf = 362a0 (ac /abf ≈ 1.66) and
Nb /Nf = 0.18. The error bars show the 1σ error of the bimodal fit. Panel (a) shows the fast radial mode on the background of
a slow oscillation induced by the axial mode and panel (b) the slow axial mode. The results of the fits are presented as solid
red curves.

We obtain the radial breathing mode frequency, by fitting R(t) by a damped harmonic oscillation with a slowly
oscillating background,
R(t) = R0 + Ae−γt sin(ωt − φ) + Az e−γz t sin(ωz t − φz ),

(S1)

where the free parameters of interest are the frequency ω and the damping rate γ. Other free parameters of this fitting
function are the offset R0 , the amplitudes A and Az and the phases φ and φz . We determine the axial frequency

2
ωz and damping rate γz independently by fitting a damped sinusoidal function to the time evolution of the axial
width Rz , as depicted in Fig. S1(b). For most of the data presented in the main text we record about six breathing
mode periods. This means that each set of oscillations only shows a part of a period of the axial mode. Therefore
the obtained values of ω and γ are largely insensitive to the exact values of the axial parameters ωz and γz . For
this reason we take only one data set for the axial mode and then fix ωz and γz in Eq. (S1) for the analysis of all
measurements of the radial breathing mode.

THEORETICAL MODELS

Here we briefly summarize the two models, the adiabatic Fermi sea (AFS) and full phase-separation (FPS), which
we used in the main text to describe our experimental observations. Both models approximate the elongated mixture
as a cylindrical system, where the density distribution in radial direction over the whole z-axis (axial direction)
corresponds to the radial density at the center of the original system. Detailed studies on these models as well as
another numerical model applying the test-particle method [2] for fermions will be discussed separately [3].

Adiabatic Fermi sea (AFS) model

For each given set of parameters, e.g. {abf , Nb , Nf }, we obtain the equilibrium state of the Bose-Fermi mixture via
a numerical procedure as described in Ref. [4]. Then we approximate our elongated mixture with a cylindrical system,
of which the radial density profiles take the numerical values in the plane at the trap center (z = 0). Particularly,
√
the order parameter of the BEC at equilibrium is given by the BEC density as ψ0 = nb0 . In order to simulate the
oscillations, we start with a perturbed order parameter ψ = ψ0 + δψ, e.g. the ψ0 for a slightly different abf . Then we
let ψ evolve in time following
i~

~2 2
∂ψ
=−
∇ ψ + gbb ψ ∗ ψ 2 + (Ub + gbf nf )ψ,
∂t
2mb

(S2)

where gbb = 4π~2 abb /mb and gbf = 2π~2 abf (mb + mf )/mb mf are coupling constants, and Ub is the external trapping
potential for bosons. The fermion density is
nf = C(µf − Uf − gbf nb )3/2 H(µf − Uf − gbf nb ),

(S3)

where C = (2mf /~2 )3/2 /2π 2 , µf is the global chemical potential of fermions, Uf the trapping potential for fermions,
nb = ψ ∗ ψ the BEC density, and H the Heaviside step function. Furthermore we apply the fermionic reservoir
approximation [4], which assumes a constant global chemical´ potential µf´.
The weighted averaged width of the cylindrical BEC, R = r2 nb (r)dr/ rnb (r)dr, is recorded as a function of time
up to the typical duration of observations and fitted with a cosine function to extract the oscillation frequency ω for
the current set of parameters.

Full phase separation (FPS) model

At the limit of large abf when the full phase separation occurs, we first study the dynamics of the two components
separately within the Thomas-Fermi approximation. Then the frequency of the collective mode is determined by
matching the boundary conditions, i.e. velocity and pressure, at the interface. Following a procedure introduced in
Ref. [5] for a spherical case, we investigate the oscillation for a cylindrical mixture, which is more relevant to our
experiment. We note that the currently ignored finite kinetic energy of the BEC at the interface can be included as
a surface tension effect [6]. However, to adhere to a simple and transparent picture here, we neglect the contribution
off the surface tension term, which involves several further assumptions and tends to give a slightly higher frequency
shift.
In the cylindrical case, the perturbation of the BEC density is described by
!
p
p
1 + 1 + 2ω 2 /ωb2 1 − 1 + 2ω 2 /ωb2
r2
δnb (r) ∝ F
,
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(S4)
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where F is the hypergeometric function 2 F1 , ω the frequency of the collective mode, ωb the trapping frequency of
bosons, and R the Thomas-Fermi radius of the BEC. For a phase-separated mixture in a harmonic trap, the value of
R is determined by the chemical potential µb of the compressed BEC via µb = mb ωb2 R2 /2.
The ansatz describing the deformation of the Fermi surface in a cylindrical system is f = f0 +δ(|p|−pf )u(r, α, β)e−iωt ,
where α = cos φ as φ is the angle between the momentum p and the
p position r in the radial plane, β = cos θ as θ is
the angle between p and the z-axis (axial direction), and pf (r) = 2mf [µf − Uf (r)] is the local Fermi momentum.
Then the fermion perturbation has a solution as
u(r, α, β) = F1 [L2 ]F2 [vz2 ]e−iωτ /2

(S5)

L2 = ωf2 r2 (Rf2 − r2 )(1 − α2 )(1 − β 2 ),

(S6)

vz2

(S7)

where

=

ωf2 (Rf2

2

2

− r )β ,

F1 [x] and F2 [x] are arbitrary differentiable functions of x, the angular momentum L and velocity vz in the axial (z)
direction are constants of motion. Rf is the Thomas-Fermi radius. The single fermion trajectory period τ is
ψ0 − arctan[2α/g(r, β)]
,
(S8)
ωf
q
q
where ψ0 = πH[g(r, β)], g(r, β) = (1 − β 2 )(Rf2 − r2 )/r − r/ (1 − β 2 )(Rf2 − r2 ) and the domain of α and β is [0, 1].
τ (r, α, β) =

For other values of α and β, we have τ (r, −α, β) = −τ (r, α, β) and τ (r, α, −β) = τ (r, α, β). In an intuitive picture,
fermions repeatedly bounce off (α > 0) the Bose-Fermi interface and fall back (with α0 = −α) to it, because of the
trapping potential, at a time interval of τ .
We obtain the collective motion frequency ω by matching the boundary conditions at the interface r = ζ. In the
first place, the pressures of the BEC and the fermions should be equal when the surface
tension is ignored [6]. The
´
pressure of the excited Fermi sea is given by the momentum flux Π(r) = (1/mf h3 ) d3 pα2 (1 − β 2 )p2 f (p, r) in the
radial direction. Moreover, assuming a perfect phase-separation without exchange of particles, the radial speeds of
the two components are equal at the interface. We now arrive at the equation for ω as
∂r F
=
F

ω 2 mb nb
p4f CΠ
(2π~)3

,

(S9)

− ∂r (Pb − Pf )

´ π/2 ´ 1
where CΠ = 8ω 0 dφ 0 dβ(1 − β 2 )3/2 cos3 φ cot (ωτ /2). Finally we apply the parameters at the interface into
Eq. (S9) and solve it to get ω.
ROLE OF THE ATOM NUMBER RATIO

Here we clarify the dependence of ω in the full phase-separation regime on the atom number ratio Nf /Nb , as this
dependence is shown in Fig. 4 of the main text. In view of our theoretical models, the dependence can be understood
by considering the FPS model and apply further approximations to Eq. (S9). First we ignore the fluctuation of the
Fermi momentum flux, i.e. the term with CΠ , and arrive at an AFS model in the Thomas-Fermi limit. Secondly, we
assume ζ  Rf and drop ∂r Pf . Finally, we consider the limit of Nf /Nb  1, where the BEC is tightly squeezed
(ζ  R) and nb becomes a constant. In this condition, Eq. (S9) reduces to ω 2 /ωb2 = (r∂F/∂r)/F , the pressure balance
condition requires R4 ∝ Rf5 , and the atom number conservation corresponds to Nb ∝ R2 ζ 3 and Nf ∝ Rf6 . By solving
25/24

the simplified equation, we find ω/ωb ∝ (Nb /Nf
)1/3 ∼ (Nb /Nf )1/3 . Consequently, it is valid to approximate ω/ωb
(and ω/ω0 in the main text) as a function of Nb /Nf .
In the numerical calculations, we use a total atom number of 1.0 × 105 and change the atom number ratio Nf /Nb to
study the corresponding variation of ω. To justify that any change of the total atom number has only minor influences
on our results, we test the dependence of ω on the total atom number. We verify that if we increase the total atom
number by a factor of two while keeping Nf /Nb constant, the breathing mode frequency increases by less than 1%
(4%) in the FPS (AFS) model.
In the experiment we change the atom number ratio by varying the duration of loading atoms into the magnetooptical trap. In our system we consecutivly load Li and K. While loading the latter, the Li atom number decays.
Therefore to increase the atom number ratio Nb /Nf we increase the K loading time, which increases Nb and reduces
Nf . We tune Nb from 6.6 × 103 to 2.3 × 104 while the corresponding Nf is between 2.2 × 105 and 1.0 × 105 .

4
OTHER MODES AND THE ATTRACTIVE SIDE OF THE FESHBACH RESONANCE

We briefly report some further observations in our system. First we look into the radial breathing mode frequency
at negative abf values. Our measurements on the attractive side of the Feshbach resonance are limited to |abf | . 600.
For very stronge attractive interactions the oscillations are not well-defined, because the mixture is close to the regime
where the BEC undergoes collapse [7, 8] and rapidly decays. In this complex regime we see a small upshift in frequency,
which reaches a maximum value of 6(2)%.
Secondly, we measure the frequency of the radial dipole mode at positive scattering lengths. We excite this oscillation
by shortly switching on an additional trapping beam, which is slightly displaced and parallel to the beam that provides
the radial confinement in the crossed optical dipole trap. This displaces the center of mass of the cloud. By switching
off this excitation beam we release the sample into the original trap and record the oscillation. Our observations show
that there is no interaction-induced shift on the level of 0.5%.
It would be interesting to study also frequency shifts in the low-lying axial modes, i.e. the axial dipole and the
quadrupole mode. Due to their surface character these shifts are expected to be small. For the slow axial mode
that we clearly observe in both panels in Fig. S1, the oscillations are of opposite phase. This points to the fact that
the mode, as expected [1], is mainly a quadrupole mode and thus has predominant surface character. However, two
reasons hinder the observation of the frequency shifts in our system. As mentioned before, the timescale of the axial
modes is much longer than that of the radial modes. Consequently in the interesting regime, where the interaction
is strong and frequency shifts may occur, the fast decay of the atom number leads to large errors in the frequency
measurements and prevents us from resolving a frequency shift there. A large uncertainty in these measurments
results from the excitation scheme in our experiment. In the time evolution of the axial dipole mode, for example, we
observe various hints for higher-order excitations. For these reasons we can only state within an uncertainty of 8%
that we do not see a frequency shift for these modes.
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