PHYSICAL REVIEW A 110, 063321 (2024)

Radio-frequency ac Zeeman force for ultracold atoms
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We measure the ac Zeeman force acting on ultracold ’Rb atoms due to a radio frequency (rf) field driving
intramanifold Zeeman transitions near 8 MHz. We observe about 2.5 times the force of gravity for 14 mW
of rf power acting on atoms ~100 um from the atom chip. Our measurements are consistent with theoretical
predictions and demonstrate the spin-state dependence of the force, as well as its resonant and bipolar behavior.
We demonstrate the ac Stern-Gerlach effect by spatially separating a spin mixture, using initial detuning to
determine which spins are ac Zeeman high- and low-field seekers. With an eye towards using this force for atom
trapping, we observe the time dependence of dressed state spin mixing as a function of detuning and power.

DOI: 10.1103/PhysRevA.110.063321

I. INTRODUCTION

Atom chips typically trap and manipulate ultracold atoms
using magnetic forces and potentials generated by dc currents.
However, these dc Zeeman potentials divide an atom’s hyper-
fine spin states into two fixed categories: high-field seekers
and low-field seekers. Only the latter can be trapped mag-
netically, since only dc magnetic minima are possible in free
space due to Earnshaw’s theorem, thus limiting experimental
control. Furthermore, the confinement of a typical magnetic
trap weakens substantially if the magnetic bias field (trap
bottom) is increased to the scale at which many Feshbach res-
onances occur, thus limiting the degree to which atom-atom
interactions can be easily controlled.

The ac Zeeman (ACZ) effect [1-4], based on ac mag-
netic near fields, provides an alternate and more flexible
spin-dependent mechanism for applying magnetic forces on
atoms. At low dc magnetic field, the dc Zeeman splittings
of neighboring hyperfine spin states are roughly equal and
Zeeman transitions between these can be driven with MHz-
range radio-frequency (rf) magnetic fields. The corresponding
ACZ energy shift is resonant and bipolar, so that any spin
state can be a high- or low-field seeker, depending on the
rf detuning. Furthermore, the rf field gradient necessary for
producing a significant force is independent of the dc field,
enabling operation at high magnetic fields.

These rf ACZ potentials are conveniently spin-dependent
and straightforward to generate, since MHz-range rf can be
easily coupled into an atom chip wire with good efficiency.
However, the rf ACZ potential generally affects all of the
hyperfine spin states and cannot be targeted at a single spin
state. In contrast, a microwave ACZ potential based on a
hyperfine transition (typically GHz range) can be targeted at
a single pair of spin states [3], although efficiently coupling
microwaves into chip wires is challenging [4].
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Looking forward, atom chip-based rf ACZ potentials could
provide a mechanism for generating spin-dependent poten-
tials for trapped atom interferometry [5], spin-squeezing [6],
quantum information, and one-dimensional (1D) many-body
physics experiments. Furthermore, the ability of ACZ poten-
tials to manipulate most hyperfine spin-states at arbitrary dc
magnetic field opens up the possibility of employing atom
chip traps for Feshbach resonance experiments. Finally, ACZ
potentials are expected to substantially suppress the potential
roughness encountered in dc atom chips [7,8].

We note that rf ACZ potentials can be viewed as rf
adiabatic potentials [9,10] in the limit of a strong inhomoge-
neous rf field and a uniform dc magnetic field. In practice,
rf adiabatic potentials typically use a rf field to control
the force that a dc magnetic field gradient applies to an
atom [8,9,11,12]. In contrast, rf ACZ potentials use a homoge-
neous dc magnetic field and produce a force using the rf field
gradient.

In this paper, we study this rf ACZ force by driving intra-
manifold Zeeman transitions in ultracold ’Rb atoms with an
rf magnetic near field generated by an atom chip. Section II
reviews the theory for the ACZ effect in a five-level ladder
system. In Sec. III, we describe our experimental system and
show that our measurements of the ACZ force are in good
agreement with theory. Furthermore, we use this ACZ force to
demonstrate the ac Stern-Gerlach effect. With an eye towards
an ACZ trap demonstration [13], Sec. IV presents a study of
the time evolution of rf-dressed spin states. Finally, Sec. V
concludes and provides an outlook for future work.

II. THEORY

In this section, we present the theory of the ac Zeeman
effect for a spin-2 five-level ladder system driven by a single
rf magnetic field. In essence, the conventional dc magnetic
Zeeman Hamiltonian term Hpcz = —[i ~§dc is extended to
if fields as Hacz = —fi - By. In the case of rf close to the
frequency of a Zeeman transition, the ACZ effect results in
resonant and bipolar energy shifts. If this rf magnetic field

©2024 American Physical Society
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FIG. 1. Theory of rf ACZ potentials in a five-level ladder system. (a) Energy-level diagram for the 5S,/,,F = 2 hyperfine manifold of
the ®Rb ground state. The five my levels are split by a modest dc magnetic field B,.. The splittings are nearly equal, and A,y are the
small nonlinear deviations of the mr = 0, 1, 2 levels from the ladder spacing defined by the two lowest levels. A magnetic field oscillating
at angular frequency oy drives transitions with Rabi frequencies 2, .41 between adjacent m states. (b) Calculated ACZ eigenenergy
curves versus rf frequency f; for typical experimental conditions, i.e., 2y = 27 x 1.224 MHz ~ (0.9G) (ug/h) and By, = 11.98 G with
A2y = 2 x {—=20.789, —62.213, —124.12} kHz. Eigenenergies are plotted as colored curves and energies of the bare states (€29 — 0) as
black dashed lines. (c) Calculated ACZ energy shifts Excz;, i.e., difference in energy between ACZ eigenstates and bare states, matching
parameters with panel (b). The small central structures are due to the bare state lines crossing at multiple points near 8.375 MHz.

has a gradient in amplitude, then the ACZ energy shift can
produce either a weak-field seeking or a strong-field seeking
force on the atom.

We consider the five mp Zeeman states in the F = 2 hy-
perfine manifold of the 5S,/,, ground level of 87Rb. A dc
magnetic field B, Z of several Gauss defines the quantization
axis and separates the five myp states almost linearly. The
dc Zeeman energy separation between adjacent pairs of mp
states is given by AEpcz = grupBy. ~ 0.7 MHz/G, where
gF %% is the Landé g factor, and pup is the Bohr mag-
neton. Magnetic transition amplitudes between neighboring
states (mg| — ji - B |mp £ 1) are proportional to the applied
rf magnetic field By, and the atom’s magnetic moment fi.
As shown in Fig. 1(a), the mp states form a five-level ladder
system, which is a more complicated version of the two-level
ACZ system studied previously [3,14]. Similar multilevel sys-
tems have been extensively studied in the context of adiabatic
rf potentials [10,15,16] and rf evaporation [17]. Notably, only
o+ transitions are allowed within the F = 2 manifold, the
spontaneous emission rate is essentially zero, and electric
transitions are forbidden.

For convenience, we define all of the near-resonant energy-
level differences relative to the energy separation of the
two lowest levels: E.; — E, = hwy = hfy, where h = 2w h is

J

—25+ Ay Qp/2
QL2 =S+
Htot *
= 0 §201/2
h
0 0
0 0

The five-level ladder consists of a chain of four two-
level interactions driven by distinct Rabi frequencies. For
two mp states m < m’, the Rabi frequency given by

Planck’s constant. The detuning § of the rf driving field is de-
fined by the rf frequency w,y = 27 fi relative to wy, thatis § =
i — wo. The energy deviations A(o;2; (due to small quadratic
Zeeman shifts) of the remaining three states mp ={0, 1, 2}
from a perfect energy ladder are defined using multiples
of wo: Ag = (Ep — E2)/l — 2o, Ay = (E1 — E2)/h — 3wy,
and A, = (E; — E»)/h — 4wy, with A{o[z} S 0, as illustrated
in Fig. 1(a).

In a dressed atom picture [14,16,18], we consider a rf
field of N > 1 photons at angular frequency w,; and local
amplitude B (x, y) that drives the atoms. Individual atoms can
absorb from or emit into the rf field, changing mp level by
41 and photon number by F1, without significantly changing
the field amplitude (N & 1 ~ N). We use the five nearly de-
generate atom plus photon states as a basis for the atom-field
system: |mp, N —mp) = {|4+2, N —2), |[+1,N — 1), |0, N),
[—1,N + 1), |-2, N 4+ 2)}. The energies of these five states
are linear with rf frequency, shown as dashed black lines in
Fig. 1(b). These state energies all cross at nearly the same
frequency, with offsets due to small nonlinearities in the dc
Zeeman shifts (Paschen-Back effect).

After applying the rotating wave approximation [16,19],
the Hamiltonian for the atom-field system (in the bare state
basis) is given by

0 0 0
Q01/2 0 0

Ao Q.10/2 0 ) (D
Q2 5 Q)2

0 @y,2 28

[

Quw = (m| — i - Big|m') can be simplified to Q. =
— 528 (m| S4By, |m'), with spin raising operator Sy = S, &
i8Sy, circular polarized rf field By 4 = By £ By, and
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FIG. 2. Experimental setup, atomic state preparation, and ACZ force measurement scheme. (a) Basic experimental setup, not to scale. The
cold atom cloud (green) is held in an optical dipole trap (purple), which is aligned along the 2 axis and below the central segment of the U
wire (yellow) of the atom chip carrying an rf current ;. A near-perpendicular X-oriented trapping laser beam is omitted for clarity. This rf
current generates B¢ (semicircular blue field lines), whose gradient creates a force in the £ direction at the location of the atoms. A uniform
dc magnetic field By, is oriented in the Z direction, providing a quantization axis. The dc Stern-Gerlach coil (SG) generates a pulsed magnetic
gradient for separating spin states along the % axis during imaging. (b) Plot of the dressed energy curves used for initial-state preparation at
B, =51.745 G (2 = 27 x 331 kHz). The |++) dressed energy curve (thick blue) is labeled at the “drop-off™ frequencies (black vertical
lines and circle markers) used for selectively populating a given initial my state. (¢c) Absorption images of atom clouds showing the maximum
“push” and “pull” vertical displacements from Fig. 3 due to the ACZ force with respect to the case of no applied force. (d) Timing diagram for
the ACZ force measurements shown in Fig. 3 (see description in text).

electron g factor g = 2.' Only o+ transitions are allowed,
and these are driven by a By, _ circularly polarized rf magnetic
field. The By and By, components of the rf field cannot
drive transitions within the ' = 2 manifold.

We define the “Rabi strength” Qo = wup|By—_|/h to
describe the ACZ couplings with a single parameter.
The matrix elements (F, m|S, |F,m’) between adjacent
myp states are calculated from the Clebsch-Gordan de-
composition of the mp states in the basis of nu-
clear and electron-spin states. In the low magnetic-
field limit, for the F =2 Zeeman transitions, we have

(2, m| Sy |2, m'y=h/ ) =) /Ay n 1 that then yields?
Q2 = Q01 & Qo/2 Qo1 = Q10 ~ /3/8%.

"We have neglected the contribution of the nuclear spin to the
magnetic moment, which is then given by i = (g;up/ h)g.

2We use the low magnetic-field limit Clebsch-Gordan decomposi-
tion for |F, mg) states, which is exact for B;. = 0. At B;. ~ 12 G, we
estimate that (2, m| S, |2, m’) matrix elements computed from this
approximation are accurate to better than 0.5%.

Diagonalizing the Hamiltonian in Eq. (1) across a range
of rf detunings results in a five-level avoided crossing, as
shown by the eigenenergy curves in Fig. 1(b). We label
the corresponding eigenstates [i) (i.e., dressed states) as
{|4++).14),10), =), |——)}, in order from highest to lowest
energy. As shown in Fig. 1(c), the actual ACZ energy shift
Eacz.; for each corresponding dressed state |i) is given by
the difference between the eigenenergy and the bare energy
[i.e., the corresponding dot-dashed black lines in Fig. 1(b),
where 9 — 0]. At low rf field strength, the atom has four
distinct resonances, which then broaden and meld into a single
resonance structure [see Fig. 1(c)] as the rf strength increases,
i.e., when Q| > Ajo12). Furthermore, at low magnetic field
B¢, the dc Zeeman splittings are such that A, >~ 2A,, re-
sulting in a largely frequency-symmetric eigenenergy plot,
see, e.g., Fig. 1(b) and also Figs. 2(b) and 6(b). Appendix A
discusses the five level degenerate ladder system (i.e., with
A1y = 0).

Far from the central resonance [at 8.375 MHz in Figs. 1(b)
and 1(c)], each of the dressed states |i) projects back to a
single my bare state. An atom prepared in an my state far from
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resonance can be mapped onto its corresponding |i) dressed
state by adiabatically following an eigenenergy curve, i.e.,
an adiabatic rapid passage, by sweeping the detuning slowly
such that |%8| < |)? [20]. Importantly, the initial state and
sign of the detuning determine the final dressed state |i), and
thus whether the dressed energy increases or decreases. For
example, as can be seen in Fig. 1(b), an atom in my = 2 that
begins with fi; well above (below) resonance will map onto
|——) (]4++)) as fif is brought closer to resonance and will thus
experience a downward (upward) ACZ energy shift Eacz _—
(Eacz,++)-

If the rf field strength varies spatially, then the ACZ energy
shift Eacz; will vary in space as well and result in an ACZ
force, ﬁACZ,[ = —%EACZJ-, which pushes atoms to regions of
lower ACZ energy. In this work, a rf current in a wire trace on
our atom chip generates a spatially varying rf field that falls
off roughly as 1/r, where r is the wire-atom distance. The
atoms are attracted or repelled by the wire, depending on the
atom’s dressed state. The |—) and |——) states experience a
negative ACZ energy shift in a rf field and so are strong-field
seekers, i.e., they are attracted to the rf wire. In contrast, the
|[+) and |++) states experience a positive ACZ energy shift,
and so are weak-field seekers. These weak-field seeking states
are repelled by the rf wire and, in principle, are trappable at a
rf magnetic near-field minimum [13].

III. FORCE EXPERIMENTS

In this section, we present our experimental setup, mea-
surements of the rf ACZ force, and the associated ‘“‘ac
Stern-Gerlach effect.” In brief, we apply a short (<1 ms) rf
impulse in an atom chip wire to impart momentum to the
atom cloud and measure the change in position after a time-
of-flight. We find that our measurements agree well with the
five-level theory of the rf ACZ force presented in Sec. II.
Appendix B describes measurements of the Rabi frequency
and its gradient.

A. Experimental setup

We prepare our ultracold sample of ®’Rb atoms in an op-
tical dipole trap (ODT) via a multistep cooling and trapping
process [21]. Briefly, the atoms are laser cooled in a magneto-
optical trap, transferred to a dc Z-wire trap on an atom chip in
a separate vacuum chamber, cooled by forced rf evaporation,
and finally loaded into the ODT in the |F = 2, mp = 2) state.
A uniform magnetic field By, directed along the long central
section of the Z-wire provides a spin-quantization axis along
the 2 direction [see Fig. 2(a)]. We typically load 3 x 10° atoms
with a temperature of 350 nK, using a thermal cloud above the
BEC transition temperature.

The ODT laser trap is spin-independent and is formed
by two focused laser beams at 1064 nm with a combined
power of 2 W split 1.2/0.8 into the main (Z) and cross (%)
beams, respectively. Both beams are focused under a U-
shaped wire [the main beam is illustrated in Fig. 2(c)], and
the combined trap is cigar-shaped with the long axis along
Z, which is end-capped by the cross beam. The ODT is lo-
cated ~100 um below the U wire and has measured trapping
frequencies w(, y,;) = 27 x (186, 164, 28) Hz and a calculated
trap depth of 23 uK.

We generate the ACZ potential and force by driving an
rf current Iy in the U wire trace on the chip, whose central
section is directly above the trapped atoms. The absolute
position of the atoms is poorly known, but they are estimated
to be 100 to 150 wm below the 50 um-wide U wire. This
rf current (1-50 MHz) generates a rf magnetic near field,
shown as blue semicircles centered on the U wire in Fig. 2(c).
The oscillating magnetic field at the location of the atoms is
X-oriented, driving o+ transitions around Z for F' = 2 atoms,
and has an amplitude gradient in the vertical y direction,
forcing atoms with or against gravity. The atom chip and its
rf connections are not impedance matched to the 50 €2 source,
and the U-wire impedance is a few Ohms in this frequency
range.

The rf source is laboratory-built (based on a AD9910
evaluation board) and generates a phase-continuous signal by
direct digital synthesis (DDS) with a microprocessor con-
troller. The rf amplitude is adjusted by an analog voltage
variable attenuator (VVA) and is switched on and off quickly
(&10 ns) with a high-isolation digital switch. To obtain a rf
signal at frequency fir, the DDS source generates a signal
at 100 MHz + fi¢, which we mix down with a high-quality
reference at 100 MHz. The down conversion suppresses the
second harmonic at 2f;s to —50 dBc, down from —25 dBc
at the output of the DDS source.* Higher-order harmon-
ics from the mixing process are suppressed by a low-pass
filter.

Adiabatic rapid passage. Importantly, the rf source is
capable of rapid, phase-continuous frequency sweeps for adi-
abatic rapid passage (ARP) population manipulations. We use
ARP sweeps to transfer atoms in an my state into a connected
dressed state (e.g., |[++), |+), etc.), and vice versa. To pop-
ulate a dressed state, the ARP frequency sweep begins far
off-resonance (|§] >> |€2]), so that the bare my state maps
onto the dressed state that it connects with, following the
avoided crossing diagram of Fig. 1(b). The sweep rate is set by
reducing it below the point where Landau-Zener transitions to
other states are no longer observed.

State preparation. We prepare the atoms in specific
mp states using the sequence outlined in steps (1-4) of
the timing diagram of Fig. 2(d). The dc magnetic field
is held at By, =51.745(10) G =~ 52 G, which is large
enough to break the Zeeman splittings degeneracy. We
perform a low 1f power ARP sweep with Qp = 2w x
0.3 MHz to transfer the initial mr = 42 population along
the |+4) dressed state curve, starting from a large neg-
ative detuning, without applying a significant force. By
ramping off the rf power at constant frequency, we can
“drop off” the atomic population from the |++) state into
any myp state, as illustrated in Fig. 2(b). To populate the
mp = {+2,+1,0, —1, =2} state, we sweep the frequency
from 25 MHz to {35.4,35.8,36.2,36.6,37.0} MHz, re-
spectively, for 100 ms before ramping off the rf power
adiabatically in 10 ms and lowering B, to 11.98 =~ 12 G for
the force measurements in Sec. III B.

3Without this suppression, the second harmonic was seen to cause a
small force on the atoms for ARP sweeps through the half-resonance
frequency.
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After preparing the atoms in the chosen my state, the atoms
are held in the ODT while B, is ramped down exponen-
tially for 150 ms, then held for 500 ms at ~12 G. This hold
time lets any residual motion from a known B,. gradient
dissipate.

Due to inelastic collisions during this ODT hold time,
as well as imperfect spin state preparation, we observe the
following initial spin state purities: For the mr = 0 and mp =
—1 initial states, we do not observe the presence of any other
spin states. For the stretch state mp = +2 (mp = —2), we
detect a population fraction of 7% of mp = +1 (mp = —1).
Finally, when preparing the mp = +1 spin state, mp = +2
atoms are present with a population fraction of 15%. These
spin admixtures are relatively small, and we account for them
in our data analysis.

ac Zeeman force. An ACZ force is applied to the atoms
by subjecting them to an rf magnetic-field gradient (primarily
step 7). This process is described in later sections and figures.

Imaging. After dropping from the ODT and applying
the ACZ force to the atoms, they undergo a time of flight
At 16 ms at a small constant magnetic-field strength to
minimize state-dependent curvature from By, (step 9). Atoms
are then imaged on a camera with an absorption probe laser
directed along the Z direction (step 10). Gaussian fits along
the x and y axes are used to determine the atom cloud
center-of-mass position and atom number. We also perform
spin-dependent imaging by using the dc Stern-Gerlach (SG)
effect to separate different myp spin states horizontally (£X)
during the time of flight. A copper wire coil, labeled SG in
Fig. 2(a), provides a &7 ms magnetic gradient pulse along the
x axis to induce the separation. Atoms with mg = +1, 42 are
pushed away from the SG coil (—% push), whilemp = —1, —2
are pulled closer to the coil (+x pull).

B. ac Zeeman-force measurements

Following the method in Ref. [3], we measure the ACZ
force by turning off the ODT and applying an rf pulse for
a time Aty = 0.5 ms to impart an impulse F’ACZ’[Atrf to the
atoms in dressed state |{). Since the atoms are located im-
mediately below the U wire that generates the ac force, the
ACZ potential gradient and the impulse are along the vertical
y axis. After a time of flight Aty = 16.55 ms, we measure
the difference in atom position Ay; traveled by the atoms due
to the impulse, compared with the same state falling with no
impulse. Due to the small atomic cloud size and short Ay, the
ACZ force is essentially constant in space and time and is

mAYy;

—_— 2)
Al‘rfAttof

Faczi =

To apply Facz; to a specific dressed state |i), we in-
clude short rf ARP sweeps of duration Azsgp = 0.05 ms
immediately before and after the rf pulse. These ARP fre-
quency sweeps map the initially prepared my state onto a
dressed state |i), and vice versa, in the following manner:
If the rf frequency’s initial detuning &y is very far below
(above) resonance and is then swept up (down) adiabat-
ically, then the mp = -2, —1,0, 1,2 states map onto the
{I++) 14100 =) == Kl ==) . =), 10) L [+) 5 [++)D)
dressed states in accordance with the eigenenergy curves in

Fig. 1(b). Reversing the sweep returns the atom to the original
myp state. In all cases, the power and rate of ARP frequency
sweeps are chosen to avoid Landau-Zener transitions.

The specific experimental sequence for measuring the ACZ
force is the following [see Fig. 2(d)]: After preparing the
atoms in one of the five mp states with B;.=51.745 G~52G
[steps 1-4 of Fig. 2(d)], see details in Sec. III A, we ramp
down the magnetic field to By, ~ 12 G. The rf frequency is
set to fif =5 MHz in preparation for the initial ARP sweep,
the rf power is ramped on to 13.6 mW over the course of
1 ms, and the ODT is then turned off (step 5). The first ARP
sweep ramps the rf frequency to the rf pulse frequency f;¢ in a
time Atagp = 0.05 ms (step 6). During the time Ar = 0.5 ms
of the rf pulse, the atoms are accelerated by the ACZ force
(step 7). Next, the ARP sweep is reversed, again with Atygp =
0.05 ms, back to the initial rf frequency f;; = 5 MHz to return
the atoms to their initial my state (step 8). Finally, the atoms
undergo free fall for a time of flight of At = 16.55 ms (step
9) with B, reduced to near zero to suppress the effects of
its small magnetic gradient on atom position. The free fall
is followed by a 100 us absorption image of the cloud to
determine the center-of-mass change in the vertical position
Ay; (step 10). Figure 2(c) shows example images of atomic
clouds that have been pushed or pulled by the ACZ force for
an on-resonance tf pulse, along with a reference image for no
applied ACZ force (i.e., Ay; = 0).

We measure the displacement Ay; for all five ACZ eigen-
states, from both initial detunings: §; < 0, §; > 0. Figure 3
shows the measured Ay; on the left axis versus the applied
rf pulse frequency fi for dressed states populated by an ARP
sweep from above [Fig. 3(a)] and below [Fig. 3(b)] the res-
onance at fy &~ 8.375 MHz. The Ay, data points and error
bars are obtained from a weighted mean of positions extracted
from Gaussian fits of atomic cloud images from up to three
distinct measurements taken in randomized order.

We see that the |[++) and |+) states are weak-field seekers
(i.e., pushed away from the rf wire, located at y < 0), while
the |——) and |—) states are high-field seekers (i.e., pulled
towards the 1f wire). The |0) state remains largely unperturbed
for these power levels. Furthermore, the data in Fig. 3 shows
that a high-field seeking or a weak-field seeking force can
be applied to any mp # O state depending on whether the
starting frequency of the initial ARP sweep is above or below
resonance. As with the dc Zeeman case, the initial my value
scales the magnetic interaction strength, resulting in an ACZ
force about twice as strong for the |[+-+) and |——) states as
for the |[+) and |—) states.

The right axes for the dashed lines of Fig. 3 show the
force corresponding to a given displacement, based on Eq. (2).
This force conversion does not include the contribution to the
impulse from the 50 us ARP sweeps before and after the rf
pulse. Notably, the on-resonance ACZ force strength is a little
over 2.5 times Earth’s gravity, for only 13.6 mW of rf power
directed to the chip.

Theoretical predictions based on Eq. (1) are given by the
solid, dotted, and dashed line curves in Fig. 3 and are con-
sistent with the data. These theory curves represent ab initio
predictions for the force Facz; (dashed line, right axis) and
displacement Ay; (solid line, left axis) based on measured val-
ues for the Rabi strength Q(¥y) = 27 x 1.224(3) MHz and
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FIG. 3. Comparison of data and theory for the ACZ force measurements. Both plots show the displacement Ay; (left axis) and corre-
sponding ACZ force Fycz,; (right axis, with units mg for Earth’s gravitational force on a 8’Rb atom of mass m) versus rf pulse frequency fis
for the five dressed states. Ay; = 0 corresponds to no applied rf (€29 = 0). (a) The dressed states are populated with an initial upward ARP
sweep starting at fiy — 5 MHz, as shown in the inset. (b) The dressed states are populated with an initial downward ARP sweep starting at
fir +5 MHz, as shown in the inset. The theory curves for Ay; (solid lines) and the ACZ force Fucz,; (dashed lines) are not fits and use separate
measurements of the Rabi strength 2, and its associated gradient d€2y/dy. The Ay; theory curve includes the small displacements due to the
pre- and postpulse ARP sweeps. The dotted lines show the expected Ay; displacements when the spin impurities of the initial spin states are
included: these theory curves are calculated by taking a weighted average of the solid line predictions, with the weights given by the initial
spin distributions. The 1-o shading gives the uncertainty in the Ay; dotted theory curves due to errors in the €2y and d€2/dy measurements

(see Appendix B).

its vertical gradient d2y(¥y)/dy = 2w x 10.64(77) kHz/um
at the initial location of the atoms 7, (see Appendix B).*
The dotted line is generated from the solid line prediction
and represents the expected displacement Ay; when the initial
imperfect spin distribution is included (see Sec. III A).

The ACZ force Fcyz,; is calculated from the gradient along
y of the ACZ energy shift Eacz i (fif, Q0(y)):

. d S
Facz.i(Fo) = _d_yEACZ,i(frfv Qo(7)) (3)
Py
__dExczi dQ(7) @
A0 lg=giy  4Y  lr=7,

where dEacz;/dS2y is evaluated numerically from the
eigenenergies of Eq. (1) using the measured value of Q2(7p).
The gradient d<2¢/dy is obtained experimentally by slightly
adjusting the trap vertical position around y = yy and measur-
ing the change in Rabi strength €2 (see Appendix B).

The prediction for the displacement Ay;(fi¢) includes the
contributions from both the rf pulse and the initial and final
ARP sweeps. The contribution of the ARP sweeps is evident
in the small asymmetry of the data in Fig. 3, where sweeps
across resonance display a deviation from the dashed sym-
metric theory force line. We calculate the Ay;(fi¢) prediction

4This Rabi strength corresponds to B, &~ 0.9 G. If we assume a 1/r
falloff for B, away from the U wire, then this value for €, implies
an rf current I ~ 30 mA rms.

by numerical integration of the theoretical ACZ force over the
duration of the rf pulse and ARP sweeps:

Aot / FAcz,i(a(r), (1), @)dr. )
m dt

The time dependence of §(¢) is due to the ARP sweeps,
and is the primary contribution to the gap between the solid
and dashed lines of Fig. 3.° Lesser effects include the time
dependence of Q2y(fi¢(?), y(¢), 1), due to sweeping f;+ through
the unmatched rf coupling into the chip U wire, the depen-
dence on y from the short gravitational free fall during the
rf impulse, and the direct dependence on ¢ from transient rf
power variations when turning on the rf, although this happens
far off resonance. These last three dependencies are relatively
small and contribute less than 1% to the total Ay;.

The shaded bands in Fig. 3 show the 1-o uncertainty on
the Ay; displacement prediction curves (dotted lines) due
to the measurement errors for 2y and d<2p/dy. The largest
source of uncertainty is in d€2y/dy due to errors in evaluating
small changes in position (see Appendix B). Furthermore, the
ODT is known to move with variations in room temperature,
typically 5-10 wm vertically over a roughly 1.5 hr timescale
and additionally shows long-term drifts on the same length
scale.

Ayi(fir) =

5This effect suggests more generally that, in atom chip experiments,
an ARP sweep with a rf field with a strong gradient may signifi-
cantly impulse a cloud of atoms, when only a population change is
expected.
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Finally, we include the result of using an initially imperfect
spin state, i.e., due to the mixing of mp = %2 into mp = +£1,
respectively, and mp = —1 into mp = —2. The dotted lines in
Fig. 3 are computed by taking a weighted average of the solid
line predictions with the weights given by the spin population
fraction (see Sec. IIT A for the spin distributions). The dotted
line prediction in Fig. 3 does not differ much from the solid
line for the | + +) and | — —) states. However, in the case of
the |+) state in Fig. 3(a) and the |—) state in Fig. 3(b) (both
generated by an initial mp = +1 state, with 15% contamina-
tion by mp = +2), the dotted line prediction for Ay; better
matches the data.

Overall, we see that the theory curves are generally good
predictors for the data. However, we note that the dressed
states that are populated with ARP sweeps starting from the
mp = +2 state, i.e., the | + +) state in Fig. 3(a) and the | — —)
state in Fig. 3(b), have systematically larger shifts than the
theoretical predictions.

C. ac Stern-Gerlach effect

The rf ACZ force can be used to generate an “ac Stern-
Gerlach effect” that is more versatile than the original dc
Stern-Gerlach effect discovered a century ago [22]. In the dc
version of the effect, a dc magnetic gradient is applied to a
spin mixture of atoms to spatially separate them according to
their quantized spin. In the case of ’Rb, atoms in F =2 with
mp > 0 (mp < 0) travel to lower (higher) magnetic fields,
which can be used for spin-resolved imaging of spin mix-
tures [3]. The ac Stern-Gerlach effect operates in a similar
manner, except that a near-resonant rf magnetic field gradient
is used to generate a spin-dependent ACZ force: Depending
on the initial detuning of the rf field sweep, states with mp > 0
can be either high-field or low-field seekers, and vice versa for
the mr < O states.

We demonstrate the ac Stern-Gerlach effect (see Fig. 4) by
modifying the force measurement experiment from Sec. III B
into a two-part process. First, starting with atoms in a mixture
of mp states, we use a resonant ACZ force to separate mp
states vertically. The initial detuning of the rf impulse deter-
mines whether an my state is pulled towards or pushed away
from the chip. Second, the dc Stern-Gerlach effect is used to
separate the my states horizontally for state identification.

The experimental sequence is the following [see Fig. 4(a)]:
With B,;. &~ 12 G, we generate a mixture of all five mp
states in the ODT (step 1), by applying resonant rf for much
longer (1 ms) than the Rabi flopping coherence time (about
10 us). Next, we apply the rf ACZ force impulse used in
Sec. III B (steps 2-6). After setting the initial rf frequency
to fo£5 MHz with the rf power off (step 2), we turn
on the rf power to 13.6 mW and release the atoms from
the ODT (step 3), and apply a brief 50 us ARP sweep to
Jfit = fo &~ 8.375 MHz (step 4). As in the force measurement,
this ARP sweep maps each my state onto a specific |i) dressed
state. Over the duration of the 0.5 ms ACZ force impulse
(step 5), each |i) state experiences the resonant force in Fig. 3,
with the force direction given by the initial detuning of the
ARP sweep. Next, a second 50 us ARP sweep returns the rf
frequency to its initial value fiy = fy =5 MHz (step 6), thus
returning each atom to its original mp state. In essence, we

OO 6 O OOE ® W

T >
(a) fo+5 MHz frf% fo BSG ? 8
— N E
aliza| |o-snm e
— o o -, ~ S 8
i At el (~ |52

08 5 01 00505 0051 5 1055 0.1

Time (ms)

oy dec SG — o (SG coib

FIG. 4. ac Stern-Gerlach effect. (a) Timing diagram for prepar-
ing a spin mixture in the F = 2 hyperfine manifold and then applying
an ACZ force to separate the spin states vertically (see text for
details). (b), (c) Images of the five distinct my atomic clouds after
undergoing ac Stern-Gerlach separation in the vertical direction due
to a vertical rf magnetic gradient and dc Stern-Gerlach horizontal
separation due to a horizontal dc magnetic gradient. The images are
averages over more than a dozen experimental cycles. (b) For an
initial rf detuning above resonance, my > 0 states are high rf field
seekers, and my < 0 states are low rf field seekers; (c) the roles are
reversed for an initial detuning below resonance.

repeat the experimental points of Fig. 3 at fif = 8.375 MHz
for all five states simultaneously.

After the vertical ACZ impulse, we reduce By, to 5 G
(step 7) for imaging. Then, we apply a horizontal dc magnetic
gradient [using the SG coil in Fig. 2(a)] to separate the mg
states horizontally via the dc Stern-Gerlach effect (step 8). In-
dependent of the ACZ impulse, atoms with mp > 0 (mp < 0)
travel to high (low) dc field. Finally, after a time of flight to
sufficiently separate the five mp atomic clouds (step 9), we
image the atoms (step 10).

The two images in Figs. 4(b) and 4(c) show that the ac
Stern-Gerlach effect works as expected. The ac version of the
effect is more versatile than the dc case, since a spin state can
be either a low-field or a high-field seeker. For example, the dc
high-field seeker mp = —2 (F = 2) is always pulled towards
a chip dc current but can also be pushed away from the chip
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by a rf current. Notably, the first observation of the ac Stern-
Gerlach effect required a 1 kW amplifier to generate up to 8 A
rms of rf current to deflect the spins of an atomic beam [23],
whereas our chip-based approach uses about 13 mW of rf
power.

IV. TIME EVOLUTION OF STATES

In this section, we investigate the long-term time evolution
of the |++) and |——) dressed states (i.e., their stability) with
an eye towards future applications of rf ACZ potentials, such
as trapping and spin-dependent manipulations. Specifically,
we determine the extent to which the |++) state (or the
| ——) state) leaks into, or mixes into, the other dressed states.
Importantly, we find that the |[++) and |——) states show
increased stability for an rf frequency further from resonance
and for a larger rf field strength. In contrast, on-resonance rf
leads to faster leakage out of the initial dressed state, albeit
at different rates for |++) and |——). The resonant nature
of the leakage is suggestive of spin-changing collisions or
Landau-Zener transitions [24,25].

We measure the time evolution by holding the atoms in
the ODT and using the same timing sequence as the force
measurements (Sec. III B), but with a variable ACZ force
application time #y014, as shown in Fig. 5(a). We populate the
|[+-+) or | ——) state by starting with atoms in either my = 2 or
mp = —2, and the rf frequency at a large detuning, &5 MHz.
Next, we sweep the rf frequency close to resonance, hold for a
variable time, and then sweep the frequency back to its initial
detuning value so that the atoms are projected back into the
bare my states. Finally, we turn off the ODT and the rf and
use the Stern-Gerlach imaging from Sec. III C to measure the
population in the various my states. Notably, we use a reduced
rf power of 0.66 mW (a factor of ~20 smaller than for the
force measurements in Sec. III B) resulting in a ACZ force
that does not forcibly remove atoms from the ODT: The |++)
and |——) states experience a —18% and +19% change to the
trap depth, respectively, relative to the case of no applied rf.

Figure 5(b) shows a sample plot of the fractional popula-
tion of atoms in each my state versus the duration of the rf
application time for atoms prepared in the |++) state. The
atoms in the initially prepared state steadily populate (“mix
into”) the adjacent dressed states, and so on until a rough
equilibrium across the states is reached.

We define the mixing time Af;,, as the time that it takes
the initial slightly mixed dressed state fraction Py, to drop
to 50% of the total atomic population in the ODT. The total
population fraction in the other states (i.e., not the initial state)
is given by Pother = 1 — Pytarr. We use Aty as a figure of
merit for evaluating the timescale over which a future rf trap
will potentially confine atoms in a given dressed state. Conve-
niently, this definition does not depend on the functional form
of the time evolution nor on the population in each dressed
state, but only on the fractional population distribution. We
determine At;/; by linear fitting of Py, versus the logarithm
of 1f hold time log,,(#ho1a), taking the crossing of the fit lines
for Pyux = 1/2 (=Poer), 1llustrated in Fig. 5(b). Datasets
were hand-bound to exclude the initial constant population
period before decay and later low-population points. When
Pytart > Pomer beyond our longest hold time of 3 s, we extrap-
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FIG. 5. Time evolution of the dressed states. (a) Timing diagram
for the time evolution measurements. Steps 1-8 are similar to those
in Fig. 2(d), albeit with variations in the timing. The rf power is
ramped off in step 9 in 5 ms, and the Stern-Gerlach imaging method
used in Sec. IIIC is implemented in steps 10 and 11. (b) Time
evolution data showing the fractional population in the |[4++) state
(blue, left vertical axis) as a function of the hold time for a resonant
rf hold frequency (fiy = 8.375 MHz) and a 1f power of 0.66 mW.
The fractional populations in the other dressed states are shown using
the same color scheme as Figs. 1(b) and 1(c); the legend shows the
corresponding my state used for imaging. Here, the |++) state is
populated by applying an rf ARP sweep with an initial detuning
8; = —5 MHz to atoms initially in mr = +2. The black line and
circles (o, left axis) show the total fractional population that is not
in the |++) state. The dashed line shows the interpolation fit (using
points in the gray shaded region) for determining the hold time Az, ,
at which the fractional population in the |++) state drops to 50%.
The total atom number, i.e., the sum of the dressed state populations,
is represented with the crosses (x, right vertical axis).

olate fits for At;,. In the sections below, we study Aty as a
function of rf detuning and rf field strength.

We note that the lifetimes for the mp spin states in the
ODT are not equal for our trapping conditions (atom number,
temperature, and density). Atoms in the mp = +2 and —2
states have 1/e lifetimes of roughly 7 and 5 s, respectively.
In contrast, atoms initially prepared in one of the mp = 1, 0,
or —1 states have lifetimes just below 1 s, due in part to
allowed inelastic spin-changing collisions for these states.
Consequently, At/ includes the result of the different life-
times of my states in the ODT.

A. Mixing vs detuning

We find that the detuning of the applied rf has a major effect
on the rate of state mixing. Figure 6 shows that the mixing
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(b) AC Zeeman dressed state energies
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FIG. 6. Dressed state mixing time versus r1f frequency.
(a) Dressed state mixing time At measurements versus rf hold
frequency f;; for the |[++) (blue) and |——) (red) dressed states. The
Aty ), values and 1 — o errors are obtained from fits to time evolution
data, e.g., Fig. 5(b). The data points are slightly offset right and left
of the applied f; for clarity. The two dressed states are populated
by using atoms initially in mr = 42 (filled triangles) or mp = —2
(unfilled triangles) and then applying a rf ARP sweep with initial
detuning §; = —5 MHz (left-pointing triangles) or §; = +5 MHz
(right-pointing triangles). The rf power is 0.66 mW, corresponding
to Qp =2 x 238 kHz. (b) Calculated ac Zeeman dressed state
energies versus hold frequency fir at B, = 11.98 G. The black
lines show the my bare state energies. The blue and red circles (e)
show the bare state crossings relevant to the |[+-+) and |——) states,
respectively. The vertical dashed lines mark the f;; positions for
these crossings on both plots.

time At /, exhibits a strong reduction near resonance for both
the |[++) and |——) states, while off resonance the mixing
occurs on a much slower timescale. This change in At,/; is
largely symmetric with respect to detuning, in contrast with
a similar experiment with microwave ACZ dressed states [3].
We suspect that the resonant behavior is due in part to inelastic
collisions of population in the mp = —1, 0, 1 components of
the dressed states. Notably, the | ——) state shows faster mixing
on resonance than its [++) counterpart, while off-resonance
it displays slower mixing.

The dressed energies of the |4++) and |——) states mir-
ror the detuning behavior of spin mixing for these states

700 T T
<4

600 - <] |++) state |

E o |++) state, data from Fig. 6
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FIG. 7. On resonance mixing time At,,, versus rf field strength
for the |[4++) dressed state. The |++) state is populated by an ARP
sweep of the rf frequency with §; < O to f;r = 8.375 MHz. The Aty),
values are obtained from linear time fits (small triangles) or logarith-
mic time fits (large triangles) of state evolution data, e.g., Fig. 5(b).
The 1 — o error bars are on the order of the vertical triangle size. The
Rabi strength 2 is varied by adjusting the rf power. We determine
Qo at a given rf power P, by scaling down Q¢ = 27 x 1.09 MHz
measured directly at rf power P = 11.36 mW by /P./Piro.

[Fig. 6(a)], suggesting a link. Figure 6(b) shows that near
resonance the |++) state involves four avoided crossing over
a detuning span of 60 kHz and is separated in energy from
the |+) state by about 75 kHz. In contrast, the | ——) state has
one avoided crossing with an energy gap of about 45 kHz.
While we do not propose a specific mechanism, the resonant
spin mixing behavior in Fig. 6(a) suggests that spin changing
collisions mix the dressed states, or that other transitions
between dressed states are happening inadvertently. Exam-
ples of transition mechanisms include magnetic noise in the
30-90 kHz range or Landau-Zener transitions [24,25] due to
noise in the dc magnetic field By,.

B. Mixing vs power

Another major contributing factor to the mixing rate of
dressed states is the applied rf power. We study the on-
resonance behavior of the low-field seeking |++) state, a
prime candidate for rf ACZ trapping, and find that the spin
mixing time Afy, increases with rf field strength by varying
the rf power over a 10 dB range. Figure 7 shows that At/
increases monotonically with the Rabi frequency €2, and
this dependence tends asymptotically towards a linear one for
high €, so that At,; is maximized by operating at high rf
power. The main conclusion is that higher rf powers minimize
mixing, while low powers are more prone to it. This behavior
is consistent with spin mixing via Landau-Zener transitions
across rf power-broadened avoided level crossings between
bare states [24,25].

C. Outlook for trapping

In the context of designing a rf ACZ trap [13], the rf
detuning and rf field strength studies show that state mixing
can be minimized by operating off resonance and with high
rf power. In the case of the weak-field seeking |++) state,
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these studies show that At;,, mixing times greater than 1 s
are achievable at detunings greater than 100 kHz. Using off
resonance rf suppresses the state mixing rate at the cost of a
somewhat lower trapping force.

V. CONCLUSION

We have demonstrated the ability to generate a force for
neutral atoms using rf near field gradients at MHz frequencies
to drive Zeeman transitions within a hyperfine manifold. Mea-
surements of the rf ACZ force are consistent with theoretical
predictions based on dressed atom theory. Furthermore, all
nonzero my states can be high- or low- field seekers, depend-
ing on the detuning of the rf field. Notably, low-field seeking
states should be trappable if placed in a rf field with a local
minimum [13]. Looking toward trapping, we find that the time
for the dressed states to mix depends strongly on rf power
and detuning: More specifically, a large detuning and a high
rf power reduce the mixing rate.

In the broader context of atom chip experiments, a signif-
icant rf ACZ force (roughly 2.5 times Earth’s gravitational
force on a Rb atom) can be applied to atoms in a standard mi-
cromagnetic chip trap for a modest rf power (14 mW). Indeed,
in the case of a standard micromagnetic chip trap, an on-chip
rf evaporation wire is capable of applying a comparable rf
ACZ force and thus affecting the evaporative cooling process.
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FIG. 8. Comparison of ac Zeeman shifts for dressed states of
a nondegenerate five-level ladder (solid) and the degenerate ladder
approximation (dot-dashed). The nondegenerate curves are a repro-
duction of those in Fig. 1(c) for the ¥Rb F = 2 hyperfine manifold
with By, = 11.98 G and Qy = 27 x 1.224 MHz. The degenerate
ladder approximation sets Az = 0.

APPENDIX A: FIVE LEVEL DEGENERATE
LADDER SYSTEM

For large rf field strengths (|€29] > A(o12}), the five-level
ladder system behaves as a degenerate ladder (i.e., A(g12,—0),
and the resonance substructure found from solving for the
Hamiltonian given by Eq. (1) [see Fig. 1(c)] broadens into a
single resonance. In this case, the ac Zeeman energy shifts are
given by Eacz,, = nhi[3(168% + |Q|*)"/? — |8]] where n =
{-2,-1,0,+1, 42} forthe {——, —, 0, +, ++} ACZ dressed
states, respectively. Figure 8 shows the degenerate and nonde-
generate ac Zeeman energy shifts for B, = 11.98 G. Finally,
we note that the Excz , energy shifts for the {—, 0, 4} dressed
states are identical for the degenerate ladders of the F = 2 and
F =1 hyperfine manifolds.
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FIG. 9. Rabi strength 2, and Rabi gradient d</dy mea-
surements. (a) Five-level Rabi flopping showing the fractional
populations of the my states (F = 2) versus applied rf time to
measure 2. The resonant rf is at 8.375 MHz with B;. = 11.98
G. The solid lines are the result of a single least squares fit of the
five populations based on a numerical model of the time evolution.
The fit yields a Rabi strength of Q¢ = 27 x 1.05 MHz. (b) Plot
of Rabi strength €2, versus atomic position for measuring d2y/dy.
Rabi strength is measured at several positions relative to the original
atomic cloud position by relaxing the ODT laser power so that the
trap sags under gravity. The y = 0 position corresponds to the ODT
trap center used for the Fig. 3 data. The Rabi flopping data are taken
at two rf power levels, full power (blue points), and with the power
reduced by —1.34 dB (red points), resulting in a measured gradient
of dQ2yp/dy = 9.38 £ 0.71 kHz/um, based on a least squares linear
fit (dashed line). The Rabi strength measured for the data used in
Fig. 3 (green point) is larger than for the data used to measure
the gradient, and so the corresponding slope has been scaled up to
dQy/dy = 10.64 £ 0.77 kHz/um (dash-dot line).
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APPENDIX B: RABI FREQUENCY MEASUREMENT

The theory curves in Fig. 3 require measurements of the
Rabi strength 2 and its vertical gradient d<2y/dy as inputs.
We measure 2 directly by applying resonant rf at 8.375 MHz
to mp = +2 atoms in the ODT (with B;. = 12 G) and then
observing the Rabi flopping of all the mp state populations
as a function of the applied rf time [see Fig. 9(a)]. The Rabi
flopping transfers the my state through the sequence +2 —
41-0—»>—-1—--2—- —-1—-0— 41— +2 and then
repeating. The flopping decoheres over time, in part due to
a spatial gradient in the rf field strength across the trapped
atomic cloud.

We compare the measured mp population ratios against
a numerical time evolution model based on the Schrédinger
equation 0|y (¢))/0t = Hiot|¥ (¢)), where Hyy is given by
Eq. (1). Here, |) represents the spin state of an atom as a
superposition of the five mp states |y) =) ey € i1j). The
fractional population in each my state is given by P; = |c;|.
The solid lines in Fig. 9(a) represent a single fit of the time
evolution of all five populations simultaneously with three
parameters: Rabi strength ¢, a modest initial mp = +1 pop-
ulation, and a time delay offset. The fit does not include any
decoherence (state mixing), although it is present in the data.
Rabi strengths obtained at different rf powers Py are com-
pared by using the scaling relation $2g o¢ Byt o< Iy o< +/Pys.

We determine the vertical gradient d€2¢/dy by measuring
the Rabi strength €2( at several different vertical y positions

[see red and blue data points in Fig. 9(b)]. The vertical po-
sition of the atoms is adjusted by up to 10 um downwards
by reducing the ODT laser power so that the trap center sags
under gravity. We use a linear least squares fit to determine
the slope d2yg/dy. There is no obvious sign of curvature in
the data, and so we do not include a quadratic term.

As shown in Fig. 9(b), the €y measurements for deter-
mining d2y/dy were taken at full power (blue points) and
also with the rf power reduced by 1.34 dB (red points).
The 2o measurements at reduced power are rescaled by
+/10134/10 in Fig. 9(b) for comparison with the full power
measurements.

The data in Fig. 3 and the data for measuring d <2 /dy [red
and blue points in Fig. 9(b)] were both taken at the nominal
full rf power but not on the same day. The green point in
Fig. 9(b) shows the measured Rabi strength 2 for the data
taken in Fig. 3 and is about 13% larger than the corresponding
red point at y = 0. We hypothesize that this discrepancy is
due to rf amplifier power drift and vertical position drift of
the ODT relative to the chip. In the case of a position change,
a 13% increase in €2 corresponds to the ODT being 15 pm
closer to the chip: A position drift on this scale is consistent
with observed ODT movement due to a room-temperature
change of about 0.5° C, which is common. Due to the 13%
higher Q( for the data in Fig. 3, we scale d€2y/dy (obtained
with red and blue points) by this same factor before applying
it to Fig. 3.
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