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We present a joint experimental and theoretical study of spin dynamics of a single ¥Sr+ ion colliding
with an ultracold cloud of Rb atoms in various hyperfine states. While spin exchange between the two
species occurs after 9.1(6) Langevin collisions on average, spin relaxation of the Sr* ion Zeeman qubit
occurs after 48(7) Langevin collisions, which is significantly slower than in previously studied systems due
to a small second-order spin-orbit coupling. Furthermore, a reduction of the endothermic spin-exchange
rate is observed as the magnetic field is increased. Interestingly, we find that while the phases acquired
when colliding on the spin singlet and triplet potentials vary largely between different partial waves, the
singlet-triplet phase difference, which determines the spin-exchange cross section, remains locked to a
single value over a wide range of partial waves, which leads to quantum interference effects.
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In recent years, the research of atom-ion collisions has
entered the ultracold regime. Since the first demonstrations
[1,2], laser-cooled atom-ion hybrid systems have matured
into a successful field of research [3] and many new
phenomena have been observed. Examples include state
and spin controlled charge-exchange reactions [4,5], mol-
ecule formation [6,7], the emergence of power-law energy
distributions and nonequilibrium dynamics [8,9], bifurcation
of ion energies [10], sympathetic and swap cooling [9,11],
three-body reactions [12—14], as well as spin exchange and
spin relaxation in atom-ion collisions [5,15,16].

Spin dynamics in atom-ion systems is particularly
interesting. A single spin-1/2 ion immersed in a cloud
of ultracold spin-polarized atoms realizes the model of a
controllable qubit coupled to a well-defined and adjustable
environment [17,18]. Such a system can, for example, be
used to model spin impurities in the solid state [19].
Understanding and controlling atom-ion spin dynamics
is also essential for applications such as generating atom-
ion entanglement or quantum gates [20,21]. Previous
experiments which investigated the spin dynamics of a
single ion interacting with an ultracold gas used Yb"/Rb
[15], YbT/Li [16], and Sr™/Rb mixtures [5].

Here, we present a joint experimental and theoretical
study of the spin dynamics of a single Sr™ Zeeman qubit
immersed in a spin-polarized bath of Rb atoms at mK
temperature. Similar to previous experimentally used spe-
cies, both 8Rb and ®3Sr* have a single electron in the
valence shell. We carried out our measurements with
Rb prepared in different hyperfine spin states and at two
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different magnetic fields. We found that similar to other
systems, spin dynamics is governed by the competition
between spin-exchange (SE) and spin-relaxation (SR)
processes. However, here, SR was found to be slow
compared with the Langevin collision rate [48(7)z.].
This makes the Sr™/Rb mixture promising for studying
spin-dependent interactions. We found quantitative agree-
ment between experimental observation and quantum
scattering coupled-channel calculations based on ab initio
potentials. Furthermore, we found that while at mK
temperature multiple partial waves (~15) contribute to
the SE cross section, the phase difference acquired between
the spin singlet and triplet incoming channels is the same
for all partial waves involved.

This new effect, which we term partial-wave phase
locking, leads to a dramatic sensitivity of the SE cross
section to a variation of the singlet-triplet energy gap even
in the multiple partial-wave regime. Similar sensitivity has
been observed in Ref. [16] and recent theoretical work has
explored related effects in cold ion-atom and atom-atom
collisions [22]. We show that the physical origin of partial-
wave phase locking is the short-range nature of the spin-
exchange interaction, which makes it independent of the
orbital angular momentum of the collision complex that
dominates long-range dynamics. This implies that analo-
gous to resonant charge exchange [23,24], SE collision
dynamics over a wide range of collision energies can be
completely characterized by three parameters: the singlet
and triplet scattering lengths and the atomic polarizability.
Our results open up the possibility to efficiently control
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FIG. 1. (a) Relevant potential energy curves (PECs) of the

(RbSr)™ complex [43]. Left inset shows the splitting of the 3£+
state into @0~ and al components. Right inset shows the 455 (R),
the ab initio (black), and scaled (blue). (b),(c) Level structure of
the 83Sr™ and the ®Rb ground states.

binary spin-exchange collisions in hot atomic and mole-
cular gases by varying the singlet-triplet energy gap or
the reduced mass of the collision complex. As an illus-
tration, we predict a substantial (threefold) isotope effect
for SE Sr™-Rb collisions in the multiple partial-wave
regime, which should be easily observable in near-future
experiments.

In our experiment [25], a single Sr™ ion is trapped in a
linear Paul trap, ground state cooled to ~40 uK and
spin polarized to a state either parallel (m = 1/2) |1)g+
or antiparallel (m = —1/2) |} )g,+ to the magnetic field. Rb
atoms are trapped in an optical trap, evaporatively cooled to
~3 uK, and prepared in one of the spin states of the
hyperfine manifold |F, my) of the electronic ground state
Fig. 1(b). Interactions between the ion and the Rb cloud are
initiated by moving the optical trap to overlap with the
trapped ion. After various interaction times, the atoms are
released from the trap, and the ion spin projection along the
quantization axis is measured using electron shelving on
an optical clock transition, followed by state-selective
fluorescence [26,42].

First, we polarize our ion and atoms to the |2, —2)g, ®
|})se+ “stretched” state. This state belongs to the triplet
manifold only and is therefore fully protected against SE.
Here, any spin dynamics we observe is solely due to SR
processes.

We use ion thermometry to extract the SR rate for the
12, =2)gp ® |{)s,+ initial state. Since most spin-relaxation
channels from |2, -2)g, ® || )+ lead Rb atoms to the
F =1 manifold, 328 mK of energy is released in the
process. This energy release heats the ion and leads to a
higher steady-state temperature which we detect using
Doppler cooling thermometry. From the fluorescence
recooling curve (blue points in the inset of Fig. 2), we
can extract the energy distribution of the ion at steady state
[44]. Through a comparison with a molecular dynamics
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FIG. 2. Experimental spin-relaxation rate constants (kgqg) for
various initial states and magnetic fields: |1, —1)gp, ® | )g+ =
lall)g, ® [1)g+ and 2, =2)g, ® [{)g+ = [F = 1), @ [all)gp:.
Bars represent the rate constants obtained from coupled-channel
(CC) calculated cross sections convolved with a corresponding
energy distribution. Inset shows Sr* ion fluorescence during
Doppler cooling after 500 ms interaction time with |2, —2) (blue),
2,0) (red), and |1,—1) (black) Rb atoms. We extract the
2,-2)|!) SR rate constant from a single parameter fit of the
ion fluorescence curve and the |1, —1)|]) SR rate constant from
the electron-shelving measurements (see Fig. 3).

simulation, the probability that hyperfine energy is released
in a collision pyr is extracted [26].

Our data indicate pyr = 0.079 +£ 0.028, which translates
to a hyperfine energy-release rate of once every 13(5)z;,
shown in Fig. 2. Furthermore, when initializing Rb in the
|2, 0)g, state, we get a higher steady-state temperature (red
points in the inset of Fig. 2), consistent with SE processes
adding to the hyperfine energy-release rate.

The increased ion temperature makes direct ion spin
measurements using electron-shelving techniques difficult
[26], as the ion is quickly heated out of the Lamb-Dicke
regime. We, therefore, turn to measuring spin dynamics
when Rb is initialized in the F =1 hyperfine ground
manifold. We start by initializing Rb in the |1, —1), state.
Here, we expect both SE and SR processes to play a role.
When initializing Sr" in the |1)g,+ state, SE flips its spin
to || ). However, when initializing in the || )+ state, SE
transfers Rb to the F' = 2 hyperfine manifold. This process
is energetically suppressed due to the 328 mK hyperfine
energy gap. This asymmetry in SE collisions with Rb tends
to polarize the ion spin to align with that of the atoms.
An example of such a spin dynamics is shown in the inset
of Fig. 3. The steady-state polarization of the ion spin is
determined by the ratio of SE to SR rates. We extracted
both rates by comparing the measured St ion spin dynamics
to rate equations [26].

In another measurement, we prepared Rb atoms in the
1,0) state with ions in either |1) or ||). Here, SE can
work both ways: [1,0)g, ® [1)g+ = |1, gy ® | )+ and
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FIG. 3. Experimental spin-exchange rate constants (kgg) for
various initial states and magnetic fields. Bars represent the rate
constants obtained from CC calculated cross sections convolved
with a Tsallis energy distribution. Red line shows the RPA results
showing a clear disagreement with most of our measured rates.
Insets show an example of the raw experimental data that were
used to extract the rate constant. The left inset shows the
evolution of the ion spin state prepared in either the |1)g+ or
[{)s+ state colliding with atoms in the |1, 0)g, state. Right inset
shows an ion initialized in the |1) state colliding with atoms in
1, —1)gy,. Both insets are for B = 9.61 G. The Langevin collision
rate is '~ 1 kHz.

1,0)gy ® )+ = |1, —1)gp ® |1)s+- The evolution of
the ions’ spin for both initial states is shown in the inset of
Fig. 3. As seen, the steady-state polarization of the ion spin
in this case is 0.64(1). The deviation from the expected
value of 0.5 is due to small imbalance between the endo- and
exothermic SE rates (see Fig. 3).

To theoretically explore SE collisions, we performed
scattering calculations at various levels of sophistication,
ranging from random-phase approximation (RPA), degen-
erate internal states approximation (DISA), to accurate CC
calculations.

We begin with an expression of the SE cross section in
the DISA [45-47], which assumes the degeneracy of
internal states of Rb-Sr,

N A (Sr A7 & .
oDISA — |<\Pi|S(Rb) .86 +)|\yf>|2p2(2[ + 1)sin2(An,),
=0

(1)

where S is the electron spin operator, ¥;/; describe the
initial or final state of the Sr*/Rb mixture, An; is the
difference of the singlet (s) and triplet (¢) scattering phase
shifts nf !k is the wave number, and 1 is the orbital angular
momentum. According to Eq. (1), SE between Rb and Sr™
can be thought of as an interference of the scattering wave
functions on V: the singlet (') and triplet °£*) PECs
in Fig. 1.

To obtain the scattering phase shifts, we carried out one-
dimensional scattering calculations based on the calculated
PECs [43] merged with the long-range form V,(R) =
—C,/R* — Cg/R® using the C, coefficients [48].

In the Langevin energy regime, Eq. (1) can be further
approximated [sin(A#;) = 1/2], which gives the RPA [49]

oRPA = (SR . S5 ) 206, (2)

where 6; = 271/C,/E is the Langevin cross section [50].
To solve the full ion-atom scattering problem including
spin-orbit (SO) coupling, the hyperfine interaction, and an
external magnetic field, we carry out CC calculations [26].
The second-order spin-orbit coupling coefficient 14 deter-
mines the strength of the effective spin-spin interaction
between the electron spins of valence electrons of Rb and
Sr*. It was identified as the main source of spin non-
conserving processes in the Yb™/Rb system [15,26,51].

We calculated the SO coupling coefficient Agy as
described in the Supplemental Material [26]. As shown
in the inset of Fig. 1, its value is below 2 cm™!, and in order
to match the SR rate predicted by CC calculations to the
measured value, we scaled it by a factor cgg = 0.45.
The scaling is necessary because quantitatively accurate
calculations of Agg at such a small energy scale require
extreme accuracy of the ab initio wave functions hardly
attainable in practice.

We now compare our measured SE and SR rates to the
results of the different calculations. The measured SR rate
when initializing in |1, —1)g, ® || )g+ 0of 48(7)7, is shown
in Fig. 2. The vertical bars in Fig. 2 show the calculated SR
rate using the scaled Agy for both cases where Rb is
initialized in the |1, —1)g, and |2, —2)y, states. As seen in
the latter case, CC calculations reproduce the measured
hyperfine-energy-release rate without additional adjust-
ment of the Agy parameter. The fact that the SR is faster
for |2,-2)g, atoms as compared to [I,—1)g, can be
explained by the higher number of open relaxation chan-
nels for the |2, —=2)g,|{) state. Also, the matrix elements of
the interaction involving the fully spin-stretched |2, —2)g,,
state are larger than those involving the |1,—1)g, state,
leading to larger inelastic collision rates for the F' = 2
hyperfine manifold of Rb.

The SE rate we extract from this measurement corre-
sponds to the |1, —1)g, ® [T+ = [1,0)gp ® |1 )g,+ tran-
sition. Here, we observe SE once every 9.10(59)z; on
average. To match the CC calculated value obtained by
convolving the CC cross sections with Tsallis energy
distribution, we tune the singlet-triplet gap by scaling
the singlet potential [26]. We find that the calculated SE
cross sections are highly sensitive to this scaling, as shown
in the inset of Fig. 4. We observe that the cross sections
oscillate periodically with full contrast, which suggests
coherent partial-wave phase locking as described below. A
scaling factor of ¢ = 1.0005 adequately matches our
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FIG. 4. [1,=D)gp ® [N+ = [1,0)gp ® | )g+ spin-exchange

cross section calculated at various levels of theoretical accuracy:
RPA (red), DISA (black), and CC (green). The upper inset shows
the difference of the scattering phase shifts sin?(Agy,;) as a
function of [/ obtained using the DISA at E =1 mK. The
individual scattering phase shifts on the singlet and triplet PECs
sin®(»}) and sin?(}) are shown by the blue and red filled circles,
respectively. The lower inset shows the spin-exchange cross
section at E =1 mK as a function of the scaling parameter c,
where the black line is for DISA, and the green line is the CC.

experimental result to CC theory. The scaled singlet
potential is used throughout this Letter [26].

We next analyze the case of Rb atoms prepared in the
|1,0) state. Because here SE and SR are experimentally
indistinguishable, we assumed the same SR rates as for
|1, —1)gp- The calculated SE rates agree with experimental
rates (Fig. 3), which justifies our initial parametrization of
the Sr™/Rb PEC.

As seen in Fig. 3, both theory and experiment indicate
that for the increased magnetic field, a difference between
the endo- and exoenergetic SE cross sections emerges. This
is due to the Zeeman energetic barrier of 0.2 mKG™,
which increases with the magnetic field. Because of energy
conservation, increasing the magnetic field suppresses the
SE cross section at different energies [26]. This demon-
strates that magnetic field provides additional control over
SE collisions.

To gain physical insight into the mechanism of SE
collisions, we compare in Fig. 4 the CC results at B =
3.02 G with those obtained using the DISA and RPA. In all

calculations, the cross sections scale as ¢ « /1/E, which
confirms that spin exchange is a Langevin process
[50,52,53]. We observe significant deviations of the results
between the CC and DISA, which comes from neglecting
the hyperfine interaction in the DISA. In particular, the
interchannel coupling effect with the closed channels in
the F' = 2 manifold of Rb is significant [26]. On the other

hand, the DISA cross section correctly shows the positions
of a series of shape resonances because those are determined
by the shape of PECs rather than the interchannel coupling.
In the RPA, the resultant cross section is systematically larger
than the DISA cross section, which implies a dependence of
the cross section on the details of the PECs and a correlation
between the difference of scattering phase shifts Az; in
different partial waves [Eq. (1)]. In what follows, we focus on
these points.

A remarkable result, which was also recently observed in
Ref. [16] and is apparent in the lower inset of Fig. 4 is the
extreme sensitivity of SE cross section to the potential
scaling parameter ¢ both with CC and DISA [26]. This is
unexpected, given that in the multiple partial wave regime,
one would expect random variations of sin?(Az;) with [ in
Eq. (I) and the lack of sensitivity of scattering cross
sections to the PECs. To gain further insight, in Fig. 4,
we plot the contributions sin®(77;") from the individual
phase shifts on the singlet and triplet PECs along with their
difference sin?(Az;). We observe that even though the
sin(n;"") for individual phase shifts change rapidly with /,
their difference sin?(A#;) remains constant and drops to
zero after the height of the centrifugal barrier exceeds the
collision energy I > (1/h)(164>C,E)'/*. The phase lock-
ing is responsible for the unexpected giant oscillations in
SE cross sections with respect to the scaling parameter c.

To elucidate the origin of partial-wave phase locking, we
evaluate the scattering phase shift using the WKB approxi-

mation [54]
/ \/ 1+1/2 _U(R)R
Ry

/, 1+ R12/2) iR, )

where k* = 2uE, U ,(R) = 2uV,(R), and R, and R}, are
the classical turning points in the presence and in the
absence of the potential. Separating the integration range in
Eq. (3) into the short-range and long-range parts we define

shift 7SR = [Fie R —
f m‘“‘,/ ‘dR and the long-range phase shlft nSfLR

mem VdR = [ \/7dR, with  Ryg = 30a,. Since
V¢(R)~V,(R) at long range, LR >y IR a5 illustrated

in Fig. 5. Thus, Az, is determined entirely by the difference

of the short-range phase shifts as An; ~ SR 11; SR

The value of R,;; was chosen such that the spin-
exchange interaction is negligible for R > Ry and the
interaction potentials V(R < R;q) are much larger than
the centrifugal energy. In Fig. 5, we observe that the
individual short-range phase shifts as well as their differ-
ence depend on [ only very weakly due to the small
magnitude of the centrifugal potential compared with the

the short-range phase
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FIG.5. Short- (diamonds) and long- (circles) range phase shifts

as a function of [ for the scattering wave functions on the singlet
(red) and triplet (blue) potential energy curves at E = 1 mK with
Ria = 30ay. Modulus is 2z for short range and 4z for long
range. Inset: Isotope dependence of the spin-exchange cross
section with 8Sr* (red) and 3Sr* (blue) using CC calculations
(B =3.02 G).

potential well depth at short range. The physical origin of
phase locking can thus be attributed to the short-range
nature of the SE interaction and to the large potential well
depth which renders short-range physics independent of /
[55]. In other words, centrifugal forces play an important
role only at atom-ion separations at which spin-exchange
interaction is negligible. A sensitivity to the singlet-triplet
gap could lead to a significant difference in the SE rate
between different isotopes. The inset of Fig. 5 shows a
comparison between the calculated SE cross sections of
86Sr+ and 38Sr* colliding with 8’Rb atoms indeed predicting
a threefold ratio between the cross sections over a wide
range of energies.

In conclusion, we have studied experimentally and
theoretically the spin dynamics of a single ®Sr* ion
immersed in a spin-polarized cloud of ¥Rb atoms. We
have shown that for this mixture, spin dynamics is
dominated by spin exchange while spin relaxation is
suppressed due to weak spin-orbit coupling. Our measure-
ments are in excellent agreement with theoretical calcu-
lations. Furthermore, by varying the ambient magnetic
field, we have been able to control the rate of endothermic
spin exchange. This ability, together with slow spin
relaxation, suggests that working at high magnetic fields
it would be possible to freeze spin populations in this
particular mixture for a long time. Interestingly, we have
found that at our collision energy, the collision cross section
is largely independent of the partial wave involved, leading
to coherent oscillation in the spin-exchange rate as atomic
potentials are varied. A future measurement of the spin-
exchange rate using a different isotope of the Srion, Sr,
would verify this phase-locking effect.
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