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We employ collisions of individual atomic cesium (Cs) impurities with an ultracold rubidium (Rb) gas to
probe atomic interaction with hyperfine- and Zeeman-state sensitivity. Controlling the Rb bath’s internal
state yields access to novel phenomena observed in interatomic spin exchange. These can be tailored at
ultralow energies, owing to the excellent experimental control over all relevant energy scales. First,
detecting spin-exchange dynamics in the Cs hyperfine-state manifold, we resolve a series of previously
unreported Feshbach resonances at magnetic fields below 300 mG, separated by energies as low as
h × 15 kHz. The series originates from a coupling to molecular states with binding energies below
h × 1 kHz and wave function extensions in the micrometer range. Second, at magnetic fields below
≈100 mG, we observe the emergence of a new reaction path for alkali atoms, where in a single, direct
collision between two atoms two quanta of angular momentum can be transferred. This path originates
from the hyperfine analog of dipolar spin-spin relaxation. Our work yields control of subtle ultralow-energy
features of atomic collision dynamics, opening new routes for advanced state-to-state chemistry, for
controlling spin exchange in quantum many-body systems for solid-state simulations, or for determination
of high-precision molecular potentials.
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Understanding and controlling collisions of two atoms at
ultralow energies are the basis of quantum engineering
[1,2], chemistry [3,4], and metrology [5] applications.
Advances in cooling and trapping of atoms have opened
experimental routes to study atomic interactions with well-
defined quantum states at ultracold temperatures [6]. The
energy scale and resolution of individual collision and
reaction processes are set by the thermal broadening in a
finite-temperature system, as well as the system’s lifetime.
Collisional spectroscopy involving single ions [7–9] or
atoms [10] are capable of tracing individual collision
pathways or spin-controlled collisions, with an associated
energy resolution in the order of few h × GHz. Recently,
also Rydberg excitations in cold gases yield access to single
ion-atom collisions [11,12], where an energy resolution in
the h ×MHz regime is achieved for excitation lifetimes of
a few microseconds. By contrast, collisional energies for
neutral atom mixtures at ultralow temperatures are in the
order of few h × kHz. These low collisional energies have
been employed, e.g., to determine scattering phase shifts in
an atomic clock [13] or to build ultracold molecules from
pairs of atoms in optical lattices [2,14]. Hence, probing the
interspecies interaction of individual collisional channels
should be possible with unprecedented resolution, where
we focus on scattering processes of unbound ultracold
atoms in close proximity to the dissociation threshold,
rather than bound molecular states [15,16].

Low energies and internal-state resolution yield access
to intriguing phenomena of a single atom-atom collision
that originate from the complex interplay of collisional,
Zeeman, hyperfine, and molecular interaction energies.
Particularly, we reveal ultralow-energy features of inter-
species spin dynamics, interfacing an ultracold 87Rb bath
with single neutral 133Cs atoms [17,18] via s-wave colli-
sions. A hierarchy of rates for different collisional proc-
esses is identified, i.e., elastic collisions and spin exchange
(SE) in quanta of 1ℏ and 2ℏ, where respective cross
sections σ roughly scale as σel ≈ 10σ1 ≈ 102σ2. We adjust
both the internal Rb state and the magnetic-field value to
address specific regimes of SE. Scattering channels at
such small energies couple to the last bound state in the
molecular potential. An unusually small binding energy
below h × 1 kHz leads to a giant molecular wave function
in the micrometer range. Coupling to this state results in a
series of Feshbach resonances in different collisional
channels, energetically spaced by less than h × 15 kHz ¼
kB × 350 nK and detected via SE. Moreover, the hyperfine
analog of dipole-dipole coupling can drive SE in quanta of
2ℏ between Cs and Rb with a measurable contribution of σ2.
Experimentally, we prepare a dilute, thermal Rb bath

of typically 3.0ð6Þ × 103 atoms at TRb ¼ 450ð80Þ nK in a
desired hyperfine state and, independently, on average 6
Cs impurities in the absolute energy ground state [see
Fig. 1(a); details are given in Refs. [17,18]]. Subsequently,

PHYSICAL REVIEW LETTERS 122, 013401 (2019)

0031-9007=19=122(1)=013401(5) 013401-1 © 2019 American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.122.013401&domain=pdf&date_stamp=2019-01-08
https://doi.org/10.1103/PhysRevLett.122.013401
https://doi.org/10.1103/PhysRevLett.122.013401
https://doi.org/10.1103/PhysRevLett.122.013401
https://doi.org/10.1103/PhysRevLett.122.013401


Cs atoms are transported into the Rb bath by means of a
species-specific optical potential [19] and SE-driven
dynamics of the Cs Zeeman state is studied by measuring
the Cs Zeeman population as a function of the interaction
duration ti. By repeating the experiment typically 100
times for constant parameters, information on effective
spin dynamics is obtained. In our strongly imbalanced
mixture, Cs atoms exclusively interact with Rb atoms
in one internal mF;Rb state, and correlations by a second
collision with the same Rb atom are negligible, thus
realizing particle state control for each collision event.
Additionally, the use of only a few Cs atoms is crucial,
because it avoids Cs-Cs interaction. In fact, the Cs
intraspecies scattering cross section exceeds the interspe-
cies cross section by a factor of ∼20, due to a broad
negative-field Feshbach resonance [20].
Cs and Rb interact via the Hamiltonian [21]

H ¼ Ecoll þ
X

j¼Cs;Rb

ðVZ
j þ VHFS

j Þ þ Ĥint; ð1Þ

with collisional energy Ecoll and single-particle Zeeman
and hyperfine energies VZ

j and VHFS
j , respectively. Finally,

the interaction of both collision partners Ĥint is determined
by a molecular potential model, originating from inter-
particle singlet and triplet potentials [22]. In our experi-
ment, we control all parameters that determine the Cs-Rb
dynamics, emerging from (1). These are the temperature
(Ecoll ∝ T [23]), the magnetic field B (VZ

j ∝ B), and the
internal Rb state (VHFS

b , VZ
b ). In the s-wave limit at low

collisional energy, the interaction Ĥint can be effectively
expressed in terms of asymptotic Cs (Rb) states, given by
total angular momentum FCs (FRb) with quantum number
FCs (FRb) and projections mF;Cs (mF;Rb) as Ĥint ¼P

i¼0;1;2ciðFCs · FRbÞi (for details, see [23]). We conduct

experiments in hyperfine ground states FCs ¼ 3, FRb ¼ 1,
and denote collisional channels by jmF;Cs; mF;Rbi. For
Cs-Rb distances of few 10a0 (a0 ≈ 0.5 Å is the Bohr
radius), the interaction energy Ĥint reaches values that
are of the order of VHFS

j , coupling FCs and FRb [22].
The coupling can lead to state-changing collisions
jm0

F;Cs; m
0
F;Rbi ¼ jmF;Cs − ΔmF;mF;Rb þ ΔmFi, and the

tensorial structure of Ĥint allows processes with ΔmF ¼
0;�1;�2. For ΔmF ¼ 0 processes, the internal states
remain unchanged and the collision is elastic, setting the
foundation for the description of interacting Bose gases
[32] and thermalization, e.g., [33]. SE processes with
ΔmF ≠ 0 exchange angular momentum between the colli-
sion partners [see Fig. 1(a)], which is the basis for spinor
dynamics [34]. Energy and angular momentum conserva-
tion restrict observable SE processes, as shown in Fig. 1(a).
At low magnetic fields B, Zeeman energies VZ

j ¼ μjmFjB
of Cs and Rb determine the direction of SE due to their
different magnetic moments μj (μRb ¼ 2μCs). SE processes
with ΔmF ¼ 1, 2 are exoergic, while SE with ΔmF ¼ −1,
−2 is endoergic and energetically forbidden for magnetic
fields used here. Exoergic processesΔmF ¼ 1, 2 are further
restricted by angular momentum conservation. For Rb in
mF;Rb ¼ 0, only ΔmF ¼ 1 is allowed, while for mRb ¼ −1,
both ΔmF ¼ 1, 2 processes are accessible. By contrast, for
mF;Rb ¼ 1, SE with positive ΔmF is forbidden. Thus, the
magnetic field B and the choice of the Rb mF;Rb state grant
control over collisional phenomena. Scattering cross sec-
tions σΔmF

for respective SE processes are calculated in a
coupled-channel scattering model and shown in Figs. 1(b)
and 1(c). The calculations are based on a Cs-Rb interaction
potential model, obtained from more than 30 × 103 spec-
troscopy lines and Feshbach resonances [22]. For Rb bath
atoms prepared in mF;Rb ¼ 0 [see Fig. 1(b)], our coupled-
channel simulations indicate a regime of constant SE cross

(a) (b) (c)

FIG. 1. System overview. (a) In the experiment, individual Cs atoms collide with atoms of an ultracold, thermal Rb bath [temperature
typically 450ð80Þ nK, atom number 3.0ð6Þ × 103]. Elastic collisions between Cs and Rb lead to thermalization of Cs in Rb.
Additionally, in a spin-exchange (SE) collision, Cs (bottom left) and Rb (bottom right) can exchange angular momentum by ΔmF ¼ 1
(blue, solid) or ΔmF ¼ 2 (green, dashed). Interaction parameters, i.e., collision energy, magnetic field, and internal states, are
experimentally controlled, which allows tailoring the dynamics. In a SE collision with ΔmF ¼ 1, the energy Q ¼ jVZ

Rb − VZ
Csj ¼

h × 350 kHz=G × B is released. (b) Collision cross sections for Rb in mF;Rb ¼ 0, where only ΔmF ¼ 1 is allowed, showing Feshbach
resonances (I) and quasi-constant SE cross sections (II). (c) For Rb in mF;Rb ¼ −1, at low B fields ΔmF ¼ þ2 processes become
accessible as well (I, dashed lines).
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sections (regime II, B > 300 mG), whereas a series of
Feshbach resonances in various collision channels
jmF;Cs; mF;Rbi emerges at magnetic fields below 300 mG
(regime I). The series originates from a coupling of the
asymptotic state jmF;Cs; mF;Rbi to the first molecular bound
state below the dissociation threshold, with total angular
momentum F ¼ 2 and a binding energy as low as
−h × 490 Hz at the magnetic field B ¼ 80 mG, where
the first resonance occurs. At these low binding energies,
the molecular wave function is highly delocalized with its
mean radius calculated to be approximately 4000a0 ≈ 2 μm.
Note that the resonance also yields an enhanced elastic
scattering cross section. For ultracold Cs-Cs collisions,
resonances have been found in a similar low-field regime
[13,35], which is the result of the large reduced masses in
both systems (Rb-Cs and Cs-Cs). These lead to a dense
spectrum of bound states below the dissociation threshold,
which makes the occurrence of Feshbach resonances prob-
able. For bath atoms prepared in mF;Rb ¼ −1 [see Fig. 1(c)]
SE with ΔmF ¼ 2 arises, showing highest cross sections at
magnetic fields≤50 mG. ThisΔmF ¼ 2 SE process is so far
unreported for collisions of alkali atoms. In fact, for alkalis,
scattering cross sections for dipolar spin relaxation, leading
to 2ℏ processes in dipolar gases [36], are at least 3 orders of
magnitude smaller than of SE [23], thus negligible in our
system.
As the elastic cross section σ0 exceeds SE by a factor of

∼10, thermalization of Cs impurities to the Rb temperature
is ensured in the presence of exoergic SE (see [23]). This
allows modeling the time evolution of an initially prepared
Cs atom in state mF;Cs ¼ 3 with population NmF;Cs

, driven
by SE with Rb. The model bases on a rate equation, where
all possible SE processes ΔmF are incorporated (see [23]).
The collision rates for elastic and SE processes ΓΔmF

,
entering this model, are directly calculated from cross
sections ΓΔmF

¼ σhjvreljihni, with expectation values of
relative collision velocities hjvrelji of thermalized Cs atoms
and the independently obtained Cs-Rb density overlap hni
(see [23]).
We first explore SE phenomena for the Rb bath in

mF;Rb ¼ 0, starting at the high B-field regime [regime II in
Fig. 1(b)]. Cs atoms are prepared in the mF;Cs ¼ 3 state
initially and SE is resolved temporally for a constant
magnetic field of 440 mG [Fig. 2(a)]. In the absence of
Feshbach resonances, SE cross sections σ1 of consecutive
jmF;Cs; mF;Rb ¼ 0i entrance channels are of similar mag-
nitude. Therefore, Cs atoms are subsequently pumped into
the final mF;Cs ¼ −3 state in a chain of SE events. As SE is
unidirectional, Cs uniformly samples the full quasi-spin
space mF;Cs and the chain of collision events is encoded in
the final mF;Cs state. Thus, due to the fixed ratio of elastic
versus SE events, the mF;Cs state after the interaction also
serves as an elastic-collision counter. Interestingly, since
collisional cross section are state dependent, this collision
probe has non-Markovian character. The measured time

evolution is well reproduced by our model [see Figs. 2(c)
and 2(d)].
Avery different picture emerges, when the spin evolution

of Cs, initially in mF;Cs ¼ 3, is recorded at a smaller
magnetic field of 220 mG [see Fig. 2(b)]. Here, the
population splits into two parts, one remaining in
mF;Cs ¼ 0, while another part is pumped to mF;Cs ¼ −3.
This emergence of a metastable mF;Cs (here mF;Cs ¼ 0)
state is a direct hallmark of a magnetic Feshbach resonance
in our system [regime I in Fig. 1(b)]: In the vicinity of
Feshbach resonances in multiple scattering channels [com-
pare Fig. 1(b)], SE cross section of the j0; 0i and j − 1; 0i
channels are suppressed for a wide range of collisional
energies due to the zero value of scattering cross sections
σ1. At the same time, interaction in the j − 2; 0i channel is
strongly enhanced at the same B field, leading to a fast
depopulation. Consequently, SE does not lead to a uniform
pumping to the mF;Cs ¼ −3 state (regime I). We include
the thermal distribution of collision energies pðEcollÞ into
our model (see [23]) and find excellent agreement with our
measurements [see Figs. 2(c) and 2(d)].

FIG. 2. Spin control in the Feshbach resonance regime. SE
dynamics of Cs atoms (initially in mF;Cs ¼ 3), immersed in a Rb
bath of mF;Rb ¼ 0. The color code indicates the total measured
Cs population N for respective mF;Cs states. (a) Measurement at
B ¼ 440 mG, showing uniformmF;Cs evolution. SE occurs at rate
≈Γþ1 ¼ 26 Hz for our density overlap of hni ¼ 2 × 1012 cm−3.
(b) Measurement at B ¼ 220 mG shows a metastable mF;Cs ¼ 0

state, where the population freezes in the vicinity of the zero value
of the SE scattering section of the j − 1; 0i Feshbach resonance
[compare Fig. 1(b)]. (c) Time evolution of the mF;Cs ¼ 0 pop-
ulation [dashed arrow in (a),(b)] for B fields of (a) (triangle) and
(b) (circles) compared to results of our coupled-channel model
(dashed lines, no free parameters), demonstrating the emergence of
a metastable statemF;Cs ¼ 0 in the resonance regime (b). (d)mF;Cs

population for a given interaction time ti ¼ 120 ms [solid arrow in
(a),(b)], showing enhanced population in mF;Cs ¼ 0 and sup-
pressed population in mF;Cs ¼ −2. Open symbols show the same
model as in (c), with solid lines guiding the eye. Atom counts in
(a)–(c) result from the repetition of the experiment under the same
conditions and error bars give statistical count uncertainties.
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In order to find resolution limitations, we probe the
energy distance between the Feshbach resonances in
subsequent channels. Therefore, we scan the magnetic
field over the range of expected Feshbach resonances
[see Fig. 3(a)] for a constant Cs-Rb interaction time. We
find population enhancement in mF;Cs states to emerge in
all scattering channels, where we expect Feshbach reso-
nances [see Fig. 3(c)], as discussed before. A clear
distinction of individual resonances is only possible for
narrowly distributed collision energies pðEcollÞ at ultralow
temperatures. By contrast, if the thermal spread ΔEcoll ≈ffiffiffiffiffiffiffiffi
3=2

p
kBT strongly exceeds the width of the Feshbach

resonance γΔB (γ is the magnetic moment of the Feshbach
bound state, see [23]), the thermally averaged cross section
does not show a minimum; thus it cannot be identified via
a metastable Zeeman population. In fact, for T ¼ 450 nK
(ΔEcoll=h ¼ 9.4 kHz) the occupation of metastable states is
less pronounced for lower-lying Feshbach resonances,
where the width of the Feshbach resonances is decreasing,

e.g., 27 mG (9.5 kHz) for j−2; 0i channel versus 10 mG
(3.5 kHz) for j2; 0i [see Fig. 3(a)]. The influence of
thermal broadening on the resolution is shown in Fig. 3(d).
Here, we compare a direct measurement of the SE cross
section σ1 in the collision channel j−2; 0i with our
finite-temperature model [23] and find excellent agree-
ment. By contrast, already at a bath temperature of 1.5 μK
(ΔEcoll=h ¼ 31 kHz) thermal broadening impedes the
resolution of individual Feshbach resonances, underlining
the necessity to employ thermalized impurities at ultralow
temperatures. Finally, we turn to the situation of a Rb bath
in mF;Rb ¼ −1, where SE processes in quanta of 2ℏ
(ΔmF ¼ 2) become significant for low magnetic fields
(B < 50 mG). In order to distinguish ΔmF ¼ 2 SE from
ΔmF ¼ 1 processes (σ1 ≈ 10σ2), two data sets are taken
at magnetic fields at 50 and 250 mG [see Figs. 4(a) and
4(b)], respectively. At these fields, SE rates for ΔmF ¼ 1
processes are the same to a level of ≈1%, while σ2 cross
sections differ by a factor of 2. As a consequence, we
expect a faster spin evolution for Cs at the lower magnetic
field, driven by the influence of ΔmF ¼ 2 SE. In our
experiment, we realize the same bath conditions for both
magnetic fields by iteratively changing the background
field in the measurement throughout a total of 14 × 103

independent runs. We compare both SE series, calculating
the population difference N50 mG

mF;Cs
− N250 mG

mF;Cs
. Thereby, we

effectively exclude the influence of ΔmF ¼ 1 and find a
faster mF;Cs ¼ −3 pumping for the lower magnetic field,
as expected [see Fig. 4(d)]. The behavior is reproduced by
the full rate model, including bothΔmF ¼ 1 andΔmF ¼ 2
processes. By contrast, when excluding ΔmF ¼ 2 from

FIG. 3. Low-energy Feshbach spectroscopy. Spin population of
Cs (initially in mF;Cs ¼ 3) immersed in a Rb mF;Rb ¼ 0 bath for
ti ¼ 100 ms and various magnetic fields. (a) Metastable states,
where the evolution towards the global energy minimum with
mF;Cs ¼ −3 is interrupted in multiple jmF;Cs; mF;Rb ¼ 0i chan-
nels, indicating zero values of respective Feshbach resonances
[marked in (b)]. HighmF ¼ −3 population at low magnetic fields
results from enhanced SE cross sections in all channels at low B
fields and thermal broadening [see Fig. 1(b)]. (b) Coupled-
channel scattering model corresponding to measurement in (a),
including thermally distributed relative collision energies (no free
parameters), which shifts the Feshbach zero value (white square)
towards higher B fields (white circles). (c) Comparison of
measurement (a) (data points) and our model (b) (solid lines)
for two Cs states mF;Cs ¼ −3 (red) and mF;Cs ¼ −1 (blue),
showing excellent agreement. (d) Direct measurement of the
scattering cross section for ΔmF ¼ 1 in the j−2; 0i channel,
by measuring mF;Cs populations for two interaction times ti
(see [23]). Lines show the coupled-channel results for a fixed
collision energy (gray), and temperature-broadened model for
T ¼ 450 nK (red, solid) and T ¼ 1.5 μK (red, dashed).

FIG. 4. SE measurement with ΔmF ¼ 2. Spin evolution of Cs
mF;Cs ¼ 3 in Rb mF;Rb ¼ −1 bath, measured for (a) B ¼ 50 mG
and (b) B ¼ 250 mG. (c) Modeled evolution (no free parameters)
for settings in (a). (d) Difference of low and high B-field
evolution in mF;Cs ¼ −3 state. Positive values mean faster
evolution at low B-field values (data points). Solid lines give
the expectation from our model, including 2ℏSE (blue, solid), and
a model, where 2ℏ processes are excluded (red dashed), for
comparison. Counts and errors, see Fig. 2.
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our model, the difference in mF;Cs ¼ −3 pumping is
negligible and the measured faster population of mF;Cs ¼
−3 at low magnetic field cannot be reproduced. We
conclude that our observation reveals SE processes in
quanta of 2ℏ, driven by hyperfine interaction, only.
Controlling individual impurity-bath collisions at h × kHz

energies has enabled the exploration of new SE regimes,
with numerous future perspectives. Ultralow energies allow
studying and controlling individual reaction processes with
Zeeman-state resolution. Furthermore, the collision energy
Ecoll is tunable by accelerating Cs impurities in a species-
specific transport lattice [18], allowing for high collision
energies at ultralow temperatures. Finally, at even lower
energies, endoergic SE with ΔmF ¼ −1 becomes appreci-
able, turning the impurities’ spin-state manifold into a local,
highly sensitive probe of the bath’s kinetic energy distribu-
tion. This might facilitate, for instance, the probing of
quantum many-body relaxation by impurity immersion,
when the bath has been driven out of equilibrium.
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