Motional Coherence of Fermions Immersed in a Bose Gas
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We prepare a superposition of two motional states by addressing lithium atoms immersed in a
Bose-Einstein condensate of sodium with a species-selective potential. The evolution of the superposition state is characterized by the populations of the constituent states as well as their coherence.
The latter we extract employing a novel scheme analogous to the spin-echo technique. Comparing
the results directly to measurements on freely-evolving fermions allows us to isolate the decoherence
effects induced by the bath. In our system, the decoherence time is close to the maximal possible
value since the decoherence is dominated by population relaxation processes. The measured data
are in good agreement with a theoretical model based on Fermi’s golden rule.
PACS numbers: 03.65.Yz, 67.85.-d, 67.85.Pq

Decoherence of immersed quantum systems [4] has
been experimentally studied in a variety of systems
such as atoms and ions exposed to electric as well as
light fields [5–11], and spins interacting with a spin
bath [12, 13]. The demonstration and systematic study
of motional decoherence with fermions immersed into a
Bose Einstein condensate is reported here. This new
experimental model system opens the route for further
studies in the direction of many particle phenomena such
as the emergences of Fröhlich polarons [14–16], and also
energy dissipation dynamics for supersonic motion of impurities moving in a superfluid [17, 18]. The detailed
study of the coherence loss also puts an important limit
on the applicability of oscillation measurements for inferring the effective mass of impurities [19].
In our experiment, fermionic 6 Li is confined in a deep
species-selective one-dimensional lattice potential and is
immersed in a Bose-Einstein condensate of 23 Na. The
lattice parameters are chosen such that tunneling is negligible and thus the dynamics along the lattice axis, here
referred to as longitudinal direction, can be described
by a set of independent harmonic oscillators. For the
manipulation and preparation of the motional quantum
states of 6 Li, we periodically modulate the lattice position which coherently couples the two lowest longitudinal
states [20] which are in the following denoted as ground
and excited state. To extract the motional coherence,
we realize a Ramsey sequence as indicated in the left
inset of Fig. 1(a). This is implemented by shaking the
lattice potential for a specific time (π/2-pulse) preparing the 6 Li atoms in an equal superposition of ground
and excited state. After a subsequent free evolution, we
apply a second π/2-pulse with variable delay and infer

the remaining motional coherence from the amplitude of
the interference signal deduced from the population in
the ground and excited state. The envelope of the interference signal shown in Fig. 1(a) (gray diamonds) reveals a fast decay in 1 ms. This decay results primarily
from dephasing due to the inhomogeneous distribution of
trapping frequencies. The implementation of a spin-echo
sequence, by introducing a rephasing π-pulse, compensates the dephasing effects and enables the observation
of the interference signal for more than 11 ms of free evolution corresponding to 800 harmonic oscillation cycles
(blue squares in Fig. 1(a)). These long observation times
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Dissipation due to coupling of a quantum system to
a bath is of fundamental interest since it provides a
route from quantum to classical dynamics via decoherence [1, 2]. Recently, it has been suggested that dissipative processes also provide access to a new class of many
particle systems building on the possibilities offered by
mixtures of ultracold gases [3].
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FIG. 1. Detection of motional coherence with and without
bath. (a) Shaking the position of the optical lattice as indicated in the insets implements motional Ramsey (gray) and
spin-echo spectroscopy (blue). Motional coherence is inferred
from the interference amplitude which is determined by the
population in the excited state after evolution times corresponding to zero/π phase of the last Ramsey pulse. The results are depicted as solid/open symbols. (b) Motional interference fringes for the spin-echo sequence obtained by a short
delay of the second π/2-pulse. The signal without/with bath
(present for 2.8 ms) is shown in the left/right panel. The blue
shading in the right panel indicates the signal height without
bath and clearly reveals decoherence.
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provide the access to the regime of decoherence that is intrinsically slow, due to the weak coupling to the bosonic
bath. In Fig. 1(b) the interference signals without and
with bath (present for 2.8 ms) are compared which reveal the impact of a three-dimensional degenerate Bose
gas on the motional coherence. We observe a clear decay
of the oscillation amplitude, i. e. decoherence between the
ground and excited state.
Before presenting the results of our detailed studies,
we introduce our experimental setup. We produce a
mixture of bosonic 23 Na and fermionic 6 Li in a crossed
beam optical dipole trap (λ = 1064 nm) with a geometric mean trapping frequency of ω̄ = 2π ·238 Hz for 23 Na
and 2π·500 Hz for 6 Li. Because of the large trapping frequencies and the attractive interaction between bosons
and fermions, the differential gravitational sag is about
a factor 10 smaller than the size of the 6 Li cloud and
is hence negligible for our experiments. Both species
are prepared in the respective hyperfine ground state.
The one-dimensional species-selective lattice for 6 Li [21]
is created by two laser beams (λ = 670.5 nm, 550 µm
waist) intersecting at 35◦ which results in a lattice spacing of dlat = 1.1 µm and a corresponding recoil energy
for 6 Li of Er = h2 /(8mLi d2lat ) = h · 6.9 kHz. The residual potential for 23 Na is more than 100-times lower and
thus negligible. For preparing the fermions in harmonic
traps, we exponentially increase the lattice depth within
100 ms to VLi = 33 E r yielding an energy gap of ∆E =
11 E r between the ground and excited state. We determine the populations of these states by a band mapping
technique [22], which is achieved by ramping down the
lattice potential exponentially within 500 µs and imaging
the 6 Li cloud after 4.5 ms time-of-flight. For our typical
atom numbers (NLi = 2 · 105 , NNa = 5 · 105 ) and temperature (T ≈ 600 nK), 85 % of the 6 Li atoms populate the
first Bloch band, i. e. the ground state. It is interesting
to note that ramping up the lattice without 23 Na background, we observe an occupation of the first Bloch band
of 70 % due to the absence of relaxation processes [23].
Thus, we attribute the remaining population in the excited state in the presence of the 23 Na atoms mainly to
the vanishing relaxation rates for the 6 Li atoms not overlapping with the 23 Na cloud. After the preparation, our
measurements start typically with a 6 Li cloud having a
peak density of 1.2 · 1013 cm−3 immersed in 23 Na BoseEinstein condensate with a condensate fraction of 60 %
and a peak density of 3.7 · 1014 cm−3 . For the generation
and detection of the motional coherence by the π- and
π/2-pulses, the lattice position is modulated by 0.01 lattice spacings which corresponds to a Rabi frequency of
Ω = 2π·3.5 kHz.
Investigating the dynamics in an ultracold gas gives us
the opportunity to directly compare a freely evolving system and a system immersed in a bath. Therefore, we can
isolate the impact of the bosonic bath and distinguish between interaction induced decoherence and other mecha-

0.4

0.2
0

2

4

6

8

10

12

evolution time [ms]

14

0.8
0.6
0.4
0.2
0

0

2

4

6

8

10

12

evolution time [ms]

14

FIG. 2. Systematic measurement of the decoherence time T2 .
(a) The interference amplitudes for zero/π phase (solid/open
symbols) reveal the faster signal decay in presence of the
bath (circles) compared to no bath (squares). Because of
the different sampling, the spin-echo signal does not show
the oscillatory behavior apparent in Fig. 1(a), but only one
revival at long evolution times. (b) The decoherence time
T2 = (6.8 ± 0.4) ms is deduced from the exponential fit to the
ratio of the interference amplitudes with and without bath.

nisms for coherence loss, e. g. dephasing due to technical
imperfections and residual tunneling between neighboring lattice sites. Tunneling dynamics and excitations in
the transverse directions cause the observed oscillatory
behavior of the spin-echo signal shown in Fig. 1(a). The
influence of tunneling processes has been confirmed in
separate experiments by increasing the harmonic confinement along the lattice axis leading to the suppression of tunneling (Wannier-Stark effect). By adding
lattice potentials in each of the transverse directions,
we observe a reduction of the amplitude of the oscillatory features. Since these species-selective potentials rely
on near-resonant light, the available observation time is
for the three-dimensional lattice reduced due to residual
spontaneous emission. Therefore, we use, for the following study, a one-dimensional lattice, i. e. two-dimensional
Fermi gases immersed in a Bose gas.
In order to determine the decoherence time, referred to
as T2 in the context of nuclear magnetic resonance [24],
we compare the evolution of the 6 Li atoms with and
without bath. Fig. 2(a) summarizes our observations revealing that after 12 ms the coherence is lost in presence of the Bose gas. By analyzing the ratio between
the fringe amplitudes with and without bath as shown in
Fig. 2(b), T2 can be extracted independent of a residual
time-dependence of the spin-echo signal. By fitting with
an exponential, we infer the characteristic decay time of
T2 = (6.8 ± 0.4) ms for the 6 Li cloud
experiencing an avR
eraged sodium density of n̄Na = nNa (r)nLi (r)dV /NLi =
1.8 · 1013 cm−3 , where nNa (r) and nLi (r) denote the
sodium and lithium density, respectively. All indicated
errors are statistical errors and denote one standard deviation.
More insight into the microscopic processes leading to
decoherence is gained by investigating the population decay of the excited state, i. e. energy relaxation dynamics
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For a quantitative comparison of experimentally observed decay time and theoretical predictions, we es−
timate the energy relaxation rates Rn→m
according to
Fermi’s golden rule [26]
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FIG. 3. Systematic investigation of the relaxation time T1 .
(a) The 6 Li atom numbers in the ground (diamonds), first
excited (circles) and second excited (squares) state reveal the
relaxation to the ground state. The third level is occupied by
a negligible number of atoms and does not contribute to the
dynamics. (b) For long evolution times, the normalized population in the first excited state (open circles) deviates from an
exponential fit (dashed line). Including the inhomogeneous
density distribution of the 6 Li and 23 Na atoms (solid line)
explains the deviation. The population in the excited state
without bath (squares) is consistent with the expected loss
due to spontaneous emission of the species-selective potential.
The inset reveals that the population of the excited state decays for short times exponentially. For clarity, we subtract the
observed long term background due to inhomogeneous density distributions. The dashed line shows an exponential fit
with a relaxation time T1 = (4.5 ± 0.4) ms.

(see e. g. [25]). For this purpose, we prepare the atoms
with a π-pulse in the first excited state and study the
evolution of the populations of the three lowest states extracted from the band mapping images (Fig. 3(a)). The
small atom number in the second excited state (third
band) supports the simplified description of our system
as two level system. The initial time evolution clearly
reveals the relaxation dynamics as the 6 Li atoms in the
first excited state decay mainly into the ground state.
The solid lines represent the result of a rate equation
model additionally taking into account the minor effect
of the independently determined loss due to spontaneous
emission. The model captures the physics for the time
scales of interest (T2 ), and implies an exponential population decay. For a quantitative determination of the
relaxation time T1 , we analyze the population in the excited state normalized to the total number of particles in
order to reduce the statistical errors originating from the
shot-to-shot fluctuations of the 6 Li atom number. The
dashed line in Fig. 3(b) represents an exponential fit to
the data which gives good agreement for short times. To
extract T1 , we analyze the first 15 ms as indicated in the
inset and obtain T1 = (4.5 ± 0.4) ms. The solid line in
Fig. 3(b) showing better agreement over the whole evolution results from a model accounting for the inhomogeneous sodium and lithium density distributions. For
this purpose, we sum over the exponential decays of the
different lattice sites assuming a linear dependence of the
relaxation rate with the sodium density nNa (r).

where n and m refer to the initial and final threedimensional harmonic oscillator state with the eigenenergies En and Em (the superscript minus indicates En >
Em ). Nq~ denotes the initial occupation of the Bogoliubov
excitations according to the Bose distribution. These excitations are characterized
by the quasimomentum ~q and
p
the energy q~ = (~~q)2 µ/mNa + ((~~q)2 /2mNa )2 with µ
being the chemical potential of the Bose-Einstein condensate. Vm,n (~q) = hm|V̂ (~q)|ni denotes the matrix element
for the initial and final state accounting for the interaction between the lithium and sodium atoms
r
nNa −i~q ~rˆ
e
(2)
V̂ (~q) = (uq~ + vq~ ) gNaLi
VN
with VN being the normalization volume. gNaLi =
2π~2 aNaLi (mNa + mLi )/mNa mLi refers to the coupling
constant between the two species with the scattering
length aNaLi ≈
p −75 a0 [27], a0 being the Bohr radius. uq~ =
(~2 ~q2 /2mNa + µ)/2q~ + 1/2 and vq~ =
p
2
2
− (~ ~q /2mNa + µ)/2q~ − 1/2 are the coefficients of the
Bogoliubov transformation in the homogeneous situation.
For our experimental situation, the energy gap between
the ground and excited state (∆E ≈ 70 kHz) is much
larger than the chemical potential of the 23 Na atoms
(µ ≈ 6 kHz). Thus, the relaxation processes involve,
to a good approximation, only real particle excitations
of the Bose gas. This has been confirmed by numerically
solving equation (1). The corresponding matrix elements
Vmg ,ne (~q) reflect that real particle excitations dominate
the relaxation process for the experimentally relevant
transverse excitations of the ground state mP
g and excited
−
state ne . The relaxation times 1/T1 =
mg Rne →mg
to the ground state manifold show, for the different initial transverse excitations ne , only a weak dependence
for our experimental parameters (less than 5 %). For
a quantitative comparison with the experimentally observed decay time, we take the mean relaxation time and
build on the linear scaling of the relaxation rate with
the sodium density in the case of real particle excitations. With that we can account for the inhomogeneity
of the sodium background by the averaged sodium density n̄Na = 2.0 · 1013 cm−3 and obtain T1 ≈ 4.6 ms (without free parameters) being in good agreement with our
observation of T1 = (4.5 ± 0.4) ms. It is interesting to
note that the estimate of the classical energy relaxation
time T1 = 1/(σn̄Na v) with the cross section σ = 4πa2NaLi
and the additional assumption that the relevant velocity
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FIG. 4. (a) Connection between relaxation and decoherence
time. For a two-level system coupled to a Markovian bath
T2 = 2 T1 as indicated with the dashed line. Additional coupling of the states to other unobserved degrees of freedom,
represented by the wiggly arrows, leads to a reduction of the
ratio to T2 = (1.5 ± 0.1) T1 . (b) Schematic representation of
the microscopic processes leading to Tg,e
⊥ involve phonon-like,
low energetic elementary excitations of the bath. The shadings display the chemical potential of 6 Li which indicates the
occupied transverse modes.

can be estimated from
p the momentum uncertainty of the
excited state (v = hv 2 i) leads to T1 ≈ 3.0 ms.
In Fig. 4(a) we compare the observed population and
coherence decay. For a closed two-level system at zero
temperature, the decoherence time is given by T2 = 2 T1
as indicated by the dashed line. Experimentally we observe that T2 = (1.5 ± 0.1) T1 revealing that other decoherence processes are also present in our system. However, as T2 > T1 , the relaxation processes from the excited to the ground state can be regarded as the dominant decoherence mechanism. We attribute the additional coherence decay to coupling to transverse excitations within the ground and excited manifold respectively, as indicated by the wiggly arrows in the inset in
Fig. 4(a) and (b). This interpretation is confirmed by
our observation of T2 = (2.1 ± 0.3) T1 in a deep threedimensional lattice potential for which transverse processes are negligible.
More insight into the role of the transverse degrees of
freedom for decoherence can be gained by assuming uncorrelated loss processes for the ground and excited state,
e. g. heating and relaxation to other transverse states. We
quantify these processes by the characteristic time scales
Tg⊥ and Te⊥ , respectively. In this case the decoherence
time is given by
1
1
1
1
=
+
.
(3)
g +
T2
2T1
2T⊥
2Te⊥

P
−
+
We estimate 1/Tα
⊥ =
mα Rnα →mα + Rnα →mα on the
−
basis of the relaxation rates Rn→m
and heating rates
+
Rn→m [26]
+
Rn→m
=

2π X
2
Nq~ |Vm,n (~q)| δ(Em −En −q~ ),
~

(4)

q
~

where the superscript plus indicates En < Em . The

initial assumption of uncorrelated loss processes implies that the scattering processes carries away information about the constituents of the coherent superposition [28]. This is not true for all transverse relaxation and
heating processes which involve low-energetic and thus
long-wavelength excitations. These processes do not inevitably cause the loss of coherence since the details of the
longitudinal wavefunctions are not resolved. This phenomenon has been explicitly observed for ions exposed to
a light field [10] or molecules immersed in a solvent [29].
In order to take this effect phenomenologically into account, we limit the sum in eq. (1) and (4)√to the momenta with longitudinal components qk > mLi ∆E/~,
where the right hand side is the inverse of the harmonic
oscillator length of the lattice potential. Assuming an
initial superposition with identical transverse excitation
as indicated in Fig. 4(b), we obtain T2 < 1.7 T1 for the
densities realized in the 23 Na cloud. This is consistent
with our observation of T2 = (1.5 ± 0.1) T1 .
In conclusion, we utilize fermions in a species-selective
potential immersed in a Bose gas to investigate decoherence and relaxation dynamics in a well-controlled system. For this purpose, we have developed a new tool
for investigating coherence of external degrees of freedom, namely motional spin-echo spectroscopy. Our experiments show that the decoherence time is longer than
the relaxation time implying that the two level system
can be regarded as well isolated from other motional degrees of freedom. Furthermore, the experimental technique of motional spin-echo spectroscopy developed here
opens new possibilities in studies of motional coherence
and precise oscillation frequency measurements. We also
anticipate that further refinements of this method will
allow us to resolve small changes in effective masses due
to the coupling to a background [14–16].
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