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Direct Observation of the Optical Magnus Effect with a Trapped Ion
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We directly observe and spatially map an optical analog of the Magnus effect, where intrinsic spin-orbit-
like coupling of light generates a spin-dependent transverse displacement of the atom-light interaction
profile for a “°Ca* ion. Probed on a quadrupole transition using a tightly focused beam, we observe
displacements of the maximum in the profile of the effective interaction by several 100 nm originating from
intrinsic longitudinal electric field components beyond the paraxial approximation. The tight focus of the
beam induces additional transverse polarization gradients, which we characterize through a phase-sensitive
measurement and spatial maps for different beam configurations. The results establish the physical basis of
polarization-gradient interactions relevant to optical tweezer-based quantum control.
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The Magnus effect [1] describes how a rotating object
moving through a medium experiences a force that is
orthogonal to both its velocity and its axis of rotation. In
sports, this effect is widely exploited to send a spinning ball
along a curved trajectory, controlled by the direction of
rotation. An optical analog of the Magnus effect has been
predicted for atoms trapped in optical tweezers [2,3], where
intrinsic spin-orbit-like coupling of light (Appendix A)
gives rise to a spin-dependent transverse structure of the
atom-light interaction, which is not present in the plane
wave approximation.

A tightly focused Gaussian beam without intrinsic
orbital angular momentum (OAM) acquires local OAM
and longitudinal electric field components in the non-
paraxial description. The interplay of the induced OAM
and the beam’s spin angular momentum produces spin-
orbit-like coupling and an inverted wavefront curvature
across the focal plane, generating strong transverse polari-
zation gradients and shifting the maxima of its circular field
components off axis [4—8]. When an atom is placed within
the beam, the shift of these field components leads to a
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transverse displacement of the effective atom-light inter-
action profile. The predicted shift is wavelength (1)
dependent and calculated to lie between 1/2z and A/x
for different components of the quadrupole transition [9]
and A/2x for dipole transitions [2,3]. At the beam center,
this shift causes the atom to experience an intensity gradient
of the light, thereby enabling transverse motional excita-
tions forbidden for a paraxial Gaussian beam, analogous to
the interaction of an atom with structured light containing
intrinsic OAM [10-15]. A related polarization-dependent
spatial dependence of the origin of displacement in light
emission was previously observed with a trapped ion [16].

Spin-dependent transverse forces can introduce unwanted
coupling to the motion of ions positioned at the center of the
beam [9,17-19], but the same mechanism enables new
optical quantum gate schemes based on engineered polari-
zation gradients [20-22]. In recent work by Cui et al. [21],
polarization gradients are used to experimentally demon-
strate high-fidelity two-qubit gates. Despite this, the under-
lying features of the optical Magnus effect remain
uncharacterized and lack verification against theory. As
optical tweezers become increasingly central to atomic
physics—enabling parallel trapping and control of large
neutral-atom arrays [23-28] and offering new routes to high-
fidelity trapped-ion gates [20,29-32]—understanding such
intrinsic transverse interactions becomes important.

In this Letter, we report the first direct measurement of
the optical Magnus effect in the interaction of a single
trapped ion with a tightly focused Gaussian beam. Using
sub-100-nm spatial resolution in the positioning of laser

Published by the American Physical Society
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FIG. 1. Linear polarization. Spatial profiles of the normalized quadrupole couplings [4S;/,,m;) = |3Ds;>.m; 4+ Am;), with
Am; =0,+1 +2, for linear polarization along y, and &L B lk. At each position (x,y), we apply the tweezer for a duration
T probe» calibrated to yield a « pulse on each transition at the maximum Rabi frequency €, and then measure the ground state population.
The experimental maps (top row) are compared to simulated maps (bottom row) normalized to €, of the Am; = +2 case [Eq. (B1)],
with scale factors given in each panel. Blue and green arrows in the center of the simulated maps highlight the transverse displacement
arising from the optical Magnus effect. The Am; = +1 and Am; = £2 coupling profiles are displaced by approximately +4/2z ~ 115
and 1/ ~ 230 nm in the y direction. We resolve the strongly suppressed Am; = 0 transition by increasing the probe power P, by a
factor of ~100. Differences between experiment and simulation likely arise from polarization angle sensitivity and beam aberrations.

Vertical dashed lines mark the cuts for Fig. 2.

beams enabled by two crossed acousto-optic deflectors
(AODs) [33], we map the spatial profile of coupling
strength of all components of the 729 nm quadrupole
transition from 48/, — 3Ds,, in “*Ca’. We resolve the
spin-dependent transverse displacement of the interaction
profile arising solely from the Gaussian beam’s intrinsic
longitudinal components [2,3]. We also characterize addi-
tional transverse polarization gradients arising from the
tight focus of the beam leading to position-dependent
selection rules for the quadrupole transition.

The light-matter interaction can be formally described as
follows: the electric field of the tightly focused tweezer
beam can be approximated to first order beyond the
paraxial limit as [34,35]

i(ex + €,y)
20

E(r,t) ~Re [(@: - 2) f(r)e"(kz"‘”)} , (1)

where € = ¢,X + £,§ is the transverse polarization unit
vector, zg = awj/A = kwj/2 is the Rayleigh range, and
f(r) is the Gaussian beam mode function, defined explic-
itly alongside the other parameters in Appendix B. The
Hamiltonian of the quadrupole atom-light interaction is
Hp,(7) = ef;7;0,E; with Einstein’s summation implied, e

the elementary charge, 7; the electron position operator, and
E; the electric field component from Eq. (1), both evaluated
at the ion’s center of mass. The Hamiltonian components
that drive the quadrupole transition [4S),,m;) <
|3Ds/5,m; + Am;) with magnetic quantum number m;
and Am; =0, £1, £2 are defined in Appendix B.

In our experiments, we use a single *°Ca* ion confined
in a linear Paul trap with trap frequencies (w,, ®,,®,) =
27 x (1.18,2.38,2.07) MHz, shown schematically in
Appendix C [36]. The ion is initialized in the |48, /5, m; =
+1/2) Zeeman level and cooled close to the motional
ground state by a combination of dark resonance and
resolved sideband cooling. An optical tweezer beam
propagating along the z axis at a wavelength of 729 nm
is tuned to the quadrupole-allowed transitions between the
|48, /5, m; = 41/2) state and the different Zeeman levels
of the 3Ds/, state. The beam is focused to a diameter of
2wy ~ 2.6 pm using a custom NA = 0.4 objective. We use
two crossed AODs to position the tweezer in the focal plane
and then scan it across the ion location to map the spatial
dependence of the quadrupole interaction. Slow drifts in the
ion’s position during the measurements are tracked and
compensated, as described in Appendix D. A magnetic
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FIG. 2. Magnus effect displacement. Relative quadrupole
coupling for é L B1k as a function of position y around the
maximum coupling indicated by blue and green vertical dashed
lines in Fig. 1. (a) For Am; = £1 we obtain Ay = 240(16) nm,
in agreement with the theoretically predicted value of
A/m =232 nm. (b) For the Am;= 42 couplings we find
Ay =463(20) nm, consistent with the calculated value
2A/n = 464 nm. The measured ground state population is binned
in steps of 0.2 pm and error bars indicate the standard deviation
within each bin. The solid curves are Gaussian fits through which

we find the separation between the minima caused by the optical
Magnus effect.

y (pm)

field of B = 0.4 mT is applied along the —x direction using
permanent magnets, resulting in a Zeeman splitting of
~6.72 MHz within the 3Ds,, manifold.

For each measurement, the tweezer frequency is adjusted
to resonantly drive a selected transition [4S),,m;) <
|3Ds;,,m; + Am;). After the probe interaction time
T probe» We discriminate the final state via state-dependent
fluorescence from an additional dipole transition at 397 nm
[37,38]. To extract the transverse interaction profile, each
transition is treated independently by normalizing its spatial
map to the maximum carrier Rabi frequency €, measured
for that transition. The ground state population is given by
P(x,y) = 1 —sin?(Qp (x, )7/ (2Q)), where Qg (x, ) is
the local quadrupole Rabi frequency. This protocol enables
direct spatial imaging of the spin-dependent atom-light
interaction profile with subwavelength resolution.

Figure 1 shows the measured quadrupole coupling
strength as a function of tweezer position (x,y) in the
focal plane, together with simulated maps calculated using
Eq. (B1) in Appendix B. The tweezer polarization £ in this
case is vertically oriented along the y axis, enhancing the
Am; = £2 transitions at the center of the beam through the

geometric dependence of the quadrupole interaction [9,39].
To reveal the spatial profiles of the suppressed Am; =0
transitions the optical power was increased by a factor
~100. The peak Rabi frequencies €, were extracted from
Rabi flops performed at the maximum of each transition,
yielding Q,=2zx(7.7,1.3,0.7,1.7,16.7) kHz  for
Am; = (=2,...,42), which are sufficiently smaller than
the splitting between the individual Zeeman levels allowing
us to neglect off-resonant coupling to those states.

The coupling profiles in Fig. 1 exhibit both spin-
dependent transverse displacements due to the optical
Magnus effect as well as transverse polarization gradients
due to the tight focusing of the beam. The optical Magnus
effect causes the Am; = +1 and Am; = £2 couplings to
be shifted in the y direction, as indicated by the green and
blue arrows respectively, which we characterize in detail
below. Note that while the Am; = 42 couplings have a
Gaussian profile, the Am; = +1 couplings are suppressed
at the beam center, but the field gradients due to the tight
focusing of the beam result in two distinct lobes. As these
lobes are due to transverse (rather than longitudinal)
electric field gradients they persist even in the paraxial
description. While the measured coupling profiles show the
absolute magnitude of the quadrupole interaction, the two
lobes have opposite phases, giving rise to a nonzero field
gradient at the beam center, a feature that we explore in
more detail later. The Am; =0 transition is similarly
expected to be driven by transverse field gradients near
the edges of the beam. However, the experimental data
reveal a ringlike coupling pattern. This transition is highly
sensitive to the angle of polarization; small variations
significantly alter the observed pattern. An alternative
source of imperfection might arise from the ion sitting
away from the focal position; however, exploring this
through numerical simulations we could not recreate the
observed differences. We therefore think that residual
polarization imperfections originating from small misalign-
ments of the wave plate positions or aberrations in the
tweezer are the likely cause of the disparity. These effects
are inconsequential for the measured displacement due to
the optical Magnus effect in the spatial profiles of the
Am; = %1, 2 transitions.

We now quantify the displacement of the coupling profiles
due to the optical Magnus effect in more detail. Figure 2
shows line cuts along the y axis at the x position that feature
the maximum coupling for the Am; = £1 and Am; = £2
transitions. The measured Rabi frequencies are fitted using a
displaced Gaussian, Q(y) = Qg exp (—(y — §)?w3), where §
denotes the position of minimum coupling. For the Am; =
41 transitions, we extract a minimum separation of Ay =
240(16) nm in the y direction, in agreement with the
theoretical prediction of A/7 = 232 nm [9]. Similarly, for
Am; = £2 we measure a separation of Ay = 463(20) nm,
which is consistent with the calculated displacement
of 21/7n = 464 nm.
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FIG. 3. Circular polarization. Spatial profiles of the quadrupole couplings [4S; 5, m;) = [3Ds/,, m; + Am;), with Am; = 0, £1 £2,
for right-hand circular polarization. The experimental tweezer maps (top row) are compared to simulated maps (bottom row) calculated
using Eq. (B1). The scale factors in each panel give a relative scaling of the maximum Rabi frequency € for each transition with respect
to the Am; = +2 case. Blue and green arrows highlight the optical Magnus effect displacement. Similar to the linear polarization case,
the Am; = +1 and Am; = 42 couplings are displaced along the y axis by approximately +1/2z ~ +115 and +1/7 ~ +230 nm,

respectively.

The available power enables Rabi frequencies of Q) =
27 x 5 MHz for the Am; = +2 transition. For a Gaussian
intensity profile centered on the ion at (x,y) = (0,0), this
corresponds to transverse gradients of 0Q(y)/dy = Q' ~
27 x 2.7 kHz/nm, producing a strong spin-dependent
transverse force. If uncompensated, such gradients can
lead to a significant qubit-motion coupling error during
single-qubit gates [9]. However, calibrating the ion’s
position relative to the coupling profile provides a straight-
forward means to suppress this effect.

We next set the tweezer to right-hand circular polariza-
tion, € = &,X + ie,¥. In this configuration, both the Am; =
+1 and Am; = +£2 transitions are enhanced by the geo-
metric dependence of the quadrupole coupling. The mea-
sured spatial profiles of the couplings are shown in Fig. 3.
As in the linearly polarized case, we observe a displace-
ment along the y axis for both Am; = £1 and Am; = +2
couplings, consistent with the optical Magnus effect. From
Gaussian fits to the data we obtain a separation of 151
(21) nm for Am;= +1 transitions, compared to the
predicted A/7 =232 nm. The Am; = +£2 minima are
separated by 505(24) nm, compared to the predicted
2)/r = 464 nm. The somewhat larger deviation from
simulation, compared to the linear polarization case, likely
arises from a combination of reduced spatial resolution and
sampling, as well as imperfect polarization resulting from
stronger residual mechanical and thermal drifts in the

addressing and imaging system after in situ calibration
during that particular measurement. Finally, the Am; =0
transition exhibits two lobes due to the field gradients on
the sides of the beam.

Changing from right- to left-hand circular polarization
does not change the coupling profiles as it merely intro-
duces a global phase shift between the x and y components
of the beam and does not alter the gradients. By contrast, in
simulation we see that inverting the magnetic field direction
along x reverses the direction of the displacements along y.

The double lobe structure observed for some configu-
rations in Figs. 1 and 3 arises from transverse field gradients
of opposite sign, which we illustrate in Fig. 4(a) by showing
the simulated signed Rabi frequency [Eq. (B1)], rather than
its magnitude, as a function of x and y. This implies that at the
center of the beam there is a field gradient. Intuitively, the
curvature of the beam on either side of the tweezer has an
opposite sign (corresponding to a k vector rotation), and thus
the electric field gradient driving the quadrupole transition
does as well.

To experimentally confirm this phase difference, we
implement the z/2 pulse sequence illustrated in Fig. 4(b).
We first position the tweezer so that the left lobe of the
Am; = +1 transition illustrated in Fig. 1 is centered on the
ion. Then we apply a pulse (7';) of duration ¢t = 7/(2Qy),
where € is the maximum Rabi frequency in the center of
the left lobe. We then shift the tweezer horizontally along
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FIG. 4. Phase of the quadrupole coupling. (a) Simulation of the
signed Rabi frequency of the Am; = +1 transition with € L B_Lk
as a function of tweezer position x, showing that the two lobes
have opposite phase. (b) Pulse-sequence schematic on a Bloch
sphere for detecting this phase: an initial /2 pulse (T',) is applied
with the left lobe centered on the ion, followed by a second 7/2
pulse (7',) of equal duration at a tweezer position shifted along x.
If the second pulse is carried out on the left lobe, it adds to an
overall 7 pulse; on the right lobe, it cancels the first pulse.
(c) Measured ground state population versus tweezer position
along x. The data are binned in 0.2 pm steps and error bars show
the standard deviation within each bin. The shaded regions mark
the positions of the two lobes.

the x axis using the AODs and apply a second pulse (7,) of
identical duration. When this second pulse again addresses
the left lobe, the operations add to a full z pulse, trans-
ferring all 45/, ground state population to the 3Ds,,
excited state. In contrast, when the second pulse addresses
the right lobe, its opposite phase cancels the first z/2 pulse.
The resulting ground state population as a function of
tweezer position x shown in Fig. 4(c) directly reveals the
sign change of the Rabi frequency and the corresponding
gradient at position x = 0.

This field gradient can be exploited to generate a
transverse force without coupling to the carrier transition.
For example, simulating the Am; = +1 transition for P, =
10 pW and 2wy = 2.6 pm yields a vanishing carrier
coupling strength Q; — 0 and a gradient of Q' =2z X
76 Hz/nm at the beam center. This gradient magnitude is
comparable to that used in Ref. [21] to implement a two-
qubit gate in 7 &~ 400 ps and can be increased by raising the
optical power. Simulations further show that a 1° deviation
from the ideal e B configuration shifts the zero point of
the Am; = +1 coupling by Ax ~ +130 nm. Consequently,

polarization deviations, optical aberrations, and beam-
pointing drifts may present challenges for maintaining
alignment and stability in experiments.

We have observed the optical Magnus effect on the
729 nm quadrupole transition in *’Ca*, which manifests as
a transverse displacement of the atom-light coupling with
respect to the beam propagation. By characterizing the
effect for different polarization configurations, we find that
the displacement approaches 4+4/2z for Am; = 41 and
+A/m for Am; = £2, in the direction orthogonal to B, and
the resulting field gradients at the beam center may
introduce errors if unaccounted for. While the optical
Magnus effect arises due to the longitudinal field compo-
nents, the tight focusing of the transverse field induces
polarization gradients that we also observe. In particular,
the Am; = +1 transitions exhibit vanishing carrier cou-
pling and a nonzero field gradient at the beam center,
making them especially promising for implementing opti-
cal two-qubit gates [21,22]. A key advantage is that the
induced forces are purely transverse, that is, perpendicular
to the propagation direction, thus simplifying their use
compared with typical Mglmer-Sgrensen schemes, which
rely on the axial projection of the beam’s k vector. In the
context of integrated photonic structures, which can be
embedded in surface ion traps and realize tight foci in the
ion plane, the exact characteristics of the optical Magnus
effect as well as the transverse polarization gradients may
need to be taken into account to ensure optimal overlap
between the ion and the nonsteerable, tightly focused beam.
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End Matter

Appendix A: Spin-orbit-like coupling of light—The
term spin-orbit-like coupling of light [41-43] is used
here to denote the intrinsic interdependence between the
polarization ¢ and the spatial structure of a classical
electromagnetic field describing the light of the tweezer
[see Eq. (1)]. In this context, right- and left-handed
circular polarizations are described as spinlike degrees of
freedom of the light field, whereas the spatially varying
phase and amplitude of the field give rise to orbital-like
angular momentum associated with the transverse field
structure. Beyond the paraxial approximation, these two
properties are no longer separable, leading to a
polarization-dependent spatial field distribution. This
coupling arises entirely within a classical field
description and should be clearly distinguished from
coupling between true spin and orbital angular
momentum of atomic degrees of freedom.

Appendix B: Light-matter interaction beyond the
paraxial approximation—The electric field of the tightly
focused tweezer beam near the focal plane is
approximated to first order beyond the paraxial limit as
[34,35]

E(r,f) ~Re [(g _ilextey) 2) f(r)ei(kz—wt):| ’

20

where € = ¢,X + ¢,§ is the transverse polarization unit
vector, 7o = awj/A = kw3/2 is the Rayleigh range, k is
the wave number, and @ the angular frequency. The
Gaussian beam mode function is

w 2 2
f(r) = Eo— (Z) exp (— Wf & + ik If ) + iy/(z)),

where p = +/x? 4+ 32, w(z) =wo\/1+ (z/29)* is the
beam waist, R(z) = (z2 + z3)/z is the wavefront radius of
curvature, and y(z) = — arctan(z/z) is the Gouy phase.
The electric field gradients that drive the quadrupole
transition 45 5, m;) — |3Ds 5, m; + Am;) with magnetic
quantum number m; and Am; = 0, £1, +2 are [9,44]

1

(VE)S) =3 (0, & i0,) (E, + iE,).
1

(VE)Z) = 2 [F 0.(E, iE,) F (3, £ i9,)E]. and
V6

(VE)§) = 0.E..

The quadrupole Rabi frequency between the ion’s ground
state |J,, m,) and excited state |J,,m,) is

eay . Jom, NG
QEQ,mg,me = 7 QredCJg,mﬂ,Z,q(_l)q(VE)—Q’ (Bl)

where Qreq = ((J,||0P||J,)//2],+1) is the reduced
quadrupole moment in atomic units [45], Cleme | s the

Jymy2,q
Clebsch-Gordon coefficient, and a, is the Bohr radius.
Here, V denotes the field gradients rotated to the quantiza-
tion frame set by the magnetic field B. The resulting spatial
dependence of the Rabi frequency calculated from Eq. (B1)
is compared to experimental measurements in Fig. 1.

Appendix C: Experimental apparatus—Our
experimental apparatus operates at room temperature in
UHV featuring a monolithic segmented 3D linear Paul
trap [36]. A schematic of the experimental setup is
shown in Fig. 5. The tweezer propagates along the z
axis through the linear Paul trap, and the tweezer scans
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FIG.5. Experiment layout. A laser beam is tightly focused on a
trapped “°Ca™ ion confined in a linear Paul trap. The light of this
optical tweezer at 4 =729 nm is tuned to the narrow 45;,, <
3Ds, quadrupole transition. The polarization vector € illustrated
here (with € L B) is the configuration used for the measurements
in Fig. 1.

across positions (x, y) to map out the quadrupole
interaction profile shown in Figs. 1 and 3 using two
crossed AODs. While the AODs move the tweezer, a
double-pass acousto-optical modulator setup (positioned
before the AODs) keeps the laser frequency on
resonance with the transition. The magnetic field is
oriented along the —x axis. A two-layer Mu-metal
magnetic shield encloses both the vacuum chamber that
houses the ion trap and the surrounding beam delivery
optics, including the objective and AOD path, helping to
reduce magnetic field noise as well as potential air
fluctuations in the beam paths.

The polarization of the tweezer beam can be configured
arbitrarily by a combination of quarter- and half-wave
plates located in the beam path after the AODs. In order to
optimize the polarization to the two relevant cases (linear

E oo R T T T
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FIG. 6. Ion drifts. Drift of the center-of-mass position of the ion
along x and y, measured by a separate electron-multiplying CCD.
The red dashed lines indicate measurement times for each of the
couplings plotted in Fig. 1, which each took approximately
25 min. Data were binned in time steps of 10 min and the error bar
gives the standard error from the mean.

and circular) we use a polarimeter in situ before the
objective. For the linear case we further fine-tune the
polarization with measurements on the ion.

Appendix D: lon drift correction—To control for drifts
in the ion position during experiments, the ion’s position
was recorded every 100 ms by a separate electron-
multiplying CCD, and averaged over 10 min to give the
center-of-mass position. We account for drifts in our
analysis by recalibrating the position of each dataset
with the averaged center-of-mass position at the start of
each measurement. The drifts during the measurement
run for Fig. 1 are shown in Fig. 6, with the start time of
each measurement marked with red-dashed lines. Drifts
during each measurement are of the order 10 nm along
y (the direction in which we measure the optical
Magnus effect), which approaches the limits set by the
zero-point motion of the ion.
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