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We measure the AC Zeeman force on an ultracold gas of 8’Rb due to a microwave magnetic field
targeted to the 6.8 GHz hyperfine splitting of these atoms. An atom chip produces a microwave
near-field with a strong amplitude gradient, and we observe a force over three times the strength of
gravity. Our measurements are consistent with a simple 2-level theory for the AC Zeeman effect and
demonstrate its resonant, bipolar, and spin-dependent nature. We observe that the dressed atom
eigenstates gradually mix over time and have mapped out this behavior as a function of magnetic
field and detuning. We demonstrate the practical spin-selectivity of the force by pushing or pulling
a specific spin state while leaving other spin states unmoved.

PACS numbers: May be entered using the \pacs{#1} command.

I. INTRODUCTION

Atomic physics has developed a formidable toolbox of
experimental techniques for precision control of the ex-
ternal and internal states of atoms. The quantum control
of internal states has led to the development of Ramsey
interferometry [1], atomic clocks [2—4], and spin polarized
gases [5, 6], among other applications. The precision con-
trol of the external degrees of freedom using laser cool-
ing, evaporative cooling, and optical and magnetic traps
are the key techniques for producing ultracold quantum
gases [7, 8]. Notably however, methods that couple in-
ternal and external control remain more challenging and
less versatile: optical Raman pulses can selectively kick a
given spin state, but cannot trap it. A DC magnetic field
produces spin-dependent potentials for each spin state,
but these are all proportional. Optical dipole potentials
at a magic wavelength behave similarly or must be peri-
odic [9-11].

The AC Zeeman (ACZ) effect can be used to produce
fully spin-dependent potentials and is a versatile addi-
tion to the quantum control toolbox [12-14]. In princi-
ple, multiple spin states can be selectively targeted with
qualitatively different and independent potentials simul-
taneously. ACZ forces are broadly applicable to atomic
systems with non-degenerate spin states. The ACZ force
is resonant and bipolar, such that any hyperfine state can
be either a weak- or strong-field seeker [15]. In the case
of alkali hyperfine ground states, the relevant transitions
are in the microwave (uw) and so are essentially immune
to spontaneous emission.

However, since first being proposed and implemented
for atomic beam [12, 13] and cold atom systems [15, 16],
ACZ potentials have seen only occasional use due to
the limitations of propagating (far-field) pw fields. The
length scale for intensity variations in the far-field is given
by the wavelength (cm-scale or larger), which severely
limits the gradients and ACZ forces that are feasible at
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FIG. 1. Experimental scheme. (a) Hyperfine ground levels of
5"Rb (5S1,2) and relevant transitions (green). (b) Plot of the
eigenenergies Eacz (red and blue avoided crossing curves)
for the |£) eigenstates versus yw detuning J, along with the
energies of the dressed atom basis states (black). (c) Atom
chip set-up. An ODT confines atoms (blue dot) a distance
d =~ 100 pum below a z-axis wire (yellow), which supports a
6.8 GHz current I,. that generates the yw magnetic near-field
Bae.

practical pw powers. For example, the ACZ potential
produced by a puw power build-up cavity in ref. 16 was
sufficient for weak horizontal confinement of cold atoms,
but could not hold these against gravity.

More recently, strong ACZ forces have become feasi-
ble with atom chip-based pyw near-fields, in which the
length scale for field variations is set by the geometry
of the uw currents. This technology change has enabled
the use of ACZ potentials for spin-dependent interferom-
etry [17], spin-squeezing, and ion-based quantum gates
[18, 19]. However, despite these recent applications, the
ACZ effect has not been studied experimentally on its
own. We note that ACZ potentials are distinct from



adiabatic RF potentials [20], though both effects can be
present simultaneously. ACZ potentials use a uniform
DC magnetic field and produce a force with an AC field
gradient. Adiabatic RF potentials produce a force with a
DC magnetic gradient and use an AC field to couple DC
high field-seeking and DC low field-seeking spin states.

We describe our experimental system (section II) and
present the first detailed measurements of the ACZ force
in an ultracold gas of neutral 8"Rb atom and find reason-
able agreement with 2-level dressed atom theory (section
III). We study the time-evolution of a pw-dressed spin
state as a function of magnetic field and detuning (sec-
tion IV). Finally, we use the ACZ force to push, pull,
and remove a specific spin state within a spin mixture
(section V).

II. EXPERIMENTAL SYSTEM

In the 5575 ground levels of 'Rb (see Fig. 1(a)), the
le) = |F = 2,mp = 2) and |g) = |1,1) hyperfine states
form an effective 2-level system with transition energy
hwy. When driven by a uw magnetic field B,. at fre-
quency wg. and detuning 6 = w,. — wp, atoms in |e) can
only transition to |g) directly. Atoms in |g) can transition
to le), |2,1), and |2,0), though off-resonant excitation of
these last two is suppressed for large energy separations.

Following the original treatment of Agosta et al. [15],
we use a dressed-atom basis {|g, N),|e, N — 1)} to de-
scribe an N photon pw field and a 2-level atom. Al-
ternatively, an equivalent semi-classical treatment of the
uw field uses the {|g), |e)} basis of bare atomic states in
a rotating frame. As shown in Fig 1(b), the two basis
states (black lines) differ in energy by hd, but are de-
generate on-resonance. The interaction between the pw
field and the atom produces two energy eigenstates that
are linear combinations of the basis states: a weak-field
seeking |+) state and a strong-field seeking |—) state [15].
Fig. 1(b) shows that once the interaction is included, the
on-resonance degeneracy of the basis state energy levels
becomes an avoided crossing for the |£) eigenstates (red
and blue lines). The system can be made to travel along
either eigenenergy curve by an adiabatic rapid passage
(ARP) sweep of §. For example, |e, N —1) can access the
|=) (J4)) eigenstate at any § by sweeping from a large
positive (negative) initial detuning.

A spatially varying gac(ﬁ results in an ACZ energy
[15] gradient and the following ACZ force for |+):

., h Q
foet) =55 Uy e

where Q(7) = (g| — i - Bae(F)|e)/Rh is the Rabi fre-
quency, and B, is the amplitude of the AC magnetic
field. Neglecting the nuclear spin, the magnetic moment
is i = (2up/h)S, where pp is the Bohr magneton, and
S is the valence electron spin operator.

(=VQ() (1)

A sketch of the experimental set-up and coordinate
system are shown in Fig. 1(c). A thermal cloud of 105
ultracold 8"Rb atoms in |e) is transferred from an atom
chip micro-magnetic trap [21] into an optical dipole trap
(ODT) located roughly 100 pm below the chip’s sur-
face. The ODT consists of two crossed 1064 nm laser
beams: a 1.2 W beam directed along 2 with a 1/e?
waist radius of 60 ym and a 0.8 W beam along & (with
a small § component) with a waist radius of 120 um.
The resulting cigar-shaped ODT has trapping frequencies
W(g,y,z) = 2 x (186, 164,28) Hz, a calculated depth of 23
K, and atoms in |e) at 0.32 uK with calculated RMS
radius 0,y ~ 5 pm. A uniform magnetic field By, defines
the quantization z-axis for atomic spin states. Gravity is
down along 7.

We generate the pyw magnetic near-field B, by direct-
ing 6.8 GHz microwaves from a 3 W amplifier into a
z-axis wire above the atoms (see Fig. 1(c)). Due to
significant losses in the amplifier-to-chip cabling, only a
small fraction (~15%) of the yw power makes it to the
chip. Furthermore, we do not impedance match the mi-
crowaves to the chip and so suffer additional loss due to
reflection. Nevertheless, the generated uw current I, is
sufficiently large to produce a significant B,. and ACZ
force. The chip wire into which we direct the yw power
is roughly in the form of a “U”: The central segment is
along the z-axis directly above the atoms, as shown in
Fig. 1(c), with length 2 mm, width 50 pm, and thick-
ness 3 pum. The resulting B, is expected to be primarily
polarized along # at the atoms and drive o& transitions
(Amp = £1). Stray polarization along Z drives 7 transi-
tions (Amp = 0), as shown in Fig. 1(a). The pyw current
distribution in neighboring wires (due to capacitive and
inductive coupling) is not known, but its effect on the
near-field By, at the atoms is included when one mea-
sures ) and V(.

III. AC ZEEMAN FORCE

We measure the ACZ force by turning off the ODT
and applying a uw pulse of duration ¢,,, = 0.5 ms. The
resulting ACZ impulse to the atoms is along § (£5°). We
measure the impulse velocity Av = Ay/At by absorption
imaging of atoms in |e) for a time of flight At = 12.25
ms; Ay is the change in the atoms’ y-position due to the
uw pulse (see Fig. 2(a-b)). As a first approximation,
we assume that the cloud size and t,,, are sufficiently
small that the ACZ force is constant in space and time
over the duration of the pulse. The force is given by
F,. = mAv/t,,, with m as the mass of an atom.

We can apply the puw pulse with or without an ARP
sweep. For the no-ARP case, the pw pulse is applied di-
rectly to atoms in |e) at a fixed d, and the cloud splits in
two (see Fig. 2(a), no-ARP) according to the projection
of |e) onto the |+) (push-down) and |—) (pull-up) states.
If a brief ARP sweep (0.1 ms) is added to the start of the
uw pulse, then the atoms are prepared in one of the |+)



states, and the entire cloud experiences either a “push”
or a “pull”. The ARP sweeps start at a large initial
detuning 0y = +£13 MHz to populate the |F) state and
ends at the pw pulse detuning deqp. The ARP frequency
ramp is sufficiently slow compared to the Rabi frequency
(|dé/dt] < |2|) that atoms initially in |e) travel adiabat-
ically along the |+) (]—)) eigenenergy curve in Fig. 1(b)
for an upward (downward) sweep of the detuning. Since
the ACZ force is “on” during a frequency ramp, the ad-
dition of an ARP sweep increases the impulse imparted
to the atoms by 5% for deqp = 0 to 20% at depp = + 13
MHz.

The Fig. 2(b) plot shows our ACZ force measure-
ments as a function of § for 3 W of uw power and
Bg. = 5.1 G. The left axis shows the vertical displace-
ment Ay produced by the ACZ impulse. In the no-ARP
case, the ACZ force is proportional to Ay and is indi-
cated on the right axis. This proportionality (and the
right axis) is only approximately correct for ARP-based
measurements because of the applied force during the
ARP sweep. The “2-level theory” curves (see Appendix)
use Eq. 1 to plot the expected Ay including the ARP
sweep and employs no free parameters. The theory curve
uses ) = 27 x1.284(22) MHz and dQ/dy = 27 x12.0(2.3)
kHz/pm, which are inferred values for 3 W based on Rabi
oscillations measurements with 30 mW of pw power. We
note that if we assume a 1/d dependence for By, then
this value for Q implies a pw current I, = 37 mA rms.
We determine d2/dy from additional Rabi oscillation
measurements 11 um below the standard ODT position.
The £19% (10) uncertainty in the prediction is shown by
the colored bands. The 2-level theory agrees reasonably
well with the data, though on-resonance (off-resonance)
the force is a little larger (smaller) than expected. A
two parameter fit removes the discrepancy between the-
ory and data by reducing 2 and increasing d2/dy each
by 20% from their measured values.

Fig. 2(c) shows the fraction of the atoms in |e) vs. § for
the Fig. 2(b) data. We integrate the absorption images
used for the Fig. 2(b) data to obtain the atom num-
ber in |e) for both the ARP and no-ARP cases. Control
images with no puw pulse and thus with all atoms |e),
taken immediately before and after the Fig. 2(b) data
run, are used to determine the average total number of
atoms Neontroi- The puw turn-off time is a little under
20 ns and negligibly affects the atomic populations. The
“2-level theory” curves (see Appendix) assume an instan-
taneous pw turn-off and show the expected fraction of
atoms in |e): [{e|£)|?. The 2-level theory matches the
data, though ARP sweeps through resonance show some
deviation. Taken together, figures 2(b) and 2(c) highlight
that near resonance the ACZ force is strong but at the
cost of mixing the |g) and |e) states. Off resonance, the
ACZ force is reduced, but the |g) and |e) states experi-
ence much less mixing. In fact, the ACZ potential falls
off as h|Q|?/48, while the fractional population mixing
falls off faster with detuning as |Q/25|%, similar to the
AC Stark effect in optical dipole traps.

Iv. TIME EVOLUTION

Next, we study the long-term time-evolution of the |+)
ACZ eigenstates with an eye towards future applications
of ACZ potentials, such as trapping and spin-dependent
positioning of atoms. Specifically, we determine the ex-
tent to which |£) atoms (in ODT) acquire a |F) compo-
nent over time, whether from single-particle physics or
collisions. However, due to rapid loss for atoms prepared
in |+) (with 6 < 0), we focus primarily on the stability
of atoms initially in |—) (with § = 0), which evolve more
slowly. We do not have an explanation for this differ-
ence in behavior between the two states, but it appears
to be due to single particle physics, as we do not observe
a change in the atom loss rate with collision rate.

We use a weak ACZ force produced by 20 mW of
pw power to limit spin-dependent evaporation from the
ODT: F,.(6 = 0) and Q in Fig. 2(b) are reduced by a
factor of 13, resulting in a spin-dependent variation in
trap depth of £9% for the |F) states. Fig. 3(a) shows
the experimental timing sequence. We transfer atoms in
le) to |—) with a 20 ms ARP sweep (ARP1) and then
keep the puw power and ¢ fixed for a variable hold time,
during which atoms may evolve a |+) component. A
reverse ARP sweep (ARP2) maps the |—) (]+)) compo-
nent onto |e) (]g)). The 1.5 ms long ARP3 sweep trans-
fers atoms in |g) to the |2,0) state. The ODT is then
turned off, followed by a brief DC Stern Gerlach pulse,
and a 0.1 ms laser “pre-pulse” to optically pump all of
the atoms to |2,2) before the formal absorption imaging
probe pulse. We measure the fraction of atoms in |—),
n = N./(Ny + N¢), by simultaneously imaging the |e)
and |g) populations N, and Ny.

Fig. 3(b) shows the § = 0 time evolution of 1 at sev-
eral By, for atoms initially in |—). We take an empirical
approach and find that the data can be approximately
described by an initial exponential-like fast decay (ampli-
tude A and decay time 7) from 1 >~ 1 to n = n;, followed
by a much slower decay, which is roughly linear out to 2
s (slope —f). During the initial fast decay, we observe
transfer of atoms between the two eigenstates, but with
little atom loss from the ODT. In contrast, the slower
decay described by 3 is characterized by spin-dependent
atom loss from the ODT. We model the data with the
following function:

0(t) =ng + Ae™"/T — Bt (2)

This equation describes the observed behavior reasonably
well, but with clear deviations in some cases. For in-
stance, the initial decay can feature momentary increases
as seen in Fig. 3(b) at 39 G. The most reliable behavior
is the settling of i to 7 after the initial decay, which we
explore further. Fig. 4(a) summarizes the behavior of
1y with magnetic field (at 6 = 0) and shows that atoms
tend to stay in |—) for large By, while fields below 26 G
lead to equal populations in the two eigenstates. The de-
tuning dependence of n; also varies with Bg.: Fig. 4(c)
shows that 7y decreases significantly for § < 0.4 MHz,



but that for large Bg. the decrease is less pronounced
and occurs for § < 0 MHz.

Finally, we find that 7n(t) does not depend on den-
sity. At 52 G with |—) atoms at ¢ = 2 s, we measure
ns = 0.90(1) and 0.91(2) for densities of 9.6 x 10'? ¢cm™3
and 7.5x 102 cm ™3 (collision rate k = 35, 22 Hz), respec-
tively. Likewise, the evolution of n for atoms initially in
|+) in Fig. 3(d) does not depend on collision rate. These
null-results imply that the observed evolution is due to
single particle physics, rather than collisions. We obtain
a shorter 7 when the pyw linewidth is increased at low By,
with § = 0, indicating that detuning jitter (e.g. from wg,
or By.) may contribute to the eigenstate evolution at
short times. We do not have a model to explain the ob-
served mixing of the eigenstates documented in Fig. 3
and Fig. 4. However, since the on-resonance splitting of
the dressed atom eigenstates is Q = 27 x 105 kHz (at
20 mW of puw power), we speculate that detuning noise
at this frequency or at odd-subharmonics [22, 23] could
drive transitions between the eigenstates, thus account-
ing for the fast decay to ny. An avenue for future study
of the eigenstate mixing is to use a spatially flat pyw field,
so that € can be varied to determine its role, but without
risk of spin-dependent evaporation from the ODT.

We have also made an initial study of the time evo-
lution of atoms prepared in |+) and find that its short
term behavior features a sharp “knee” that initiates the
decay, at approximately 55 ms in Fig. 3(d) plot of n(¢)
for |+) at 52 G. Its long term evolution shares the general
features of the |—) case decay: 7y is larger for increasing
magnetic field By, as well as increasing detuning §, and
shows no density dependence. However, the |+) data is
noisier due to qualitatively faster trap losses and heat-
ing, thus limiting the reliable extraction of fit parame-
ters. Furthermore, the sharp “knee” (at which point the
decay begins), is unexplained and is a subject for further
investigation. This behavior suggests a possible technical
issue, but we have been unable to determine its cause.

V. SPIN-SPECIFIC FORCE

A useful feature of the ACZ force is the ability to tar-
get a specific spin-state transition pair while leaving other
states largely unaffected. In Fig. 5(a), we release atoms
in a spin mixture of |2, 2), |2, 1), and |2, 0) states from the
ODT, briefly apply a resonant ACZ force to one of the
states, and then use a magnetic gradient pulse to sepa-
rate the states horizontally (Stern-Gerlach effect) before
imaging. An ACZ push targeted to the |2,2) state using
the |e) <> |g) transition is shown in Fig. 5(al). In Fig.
5(a3), we apply an ACZ pull to the |2, 1) state using the
|2,1) <+ |1,0) transition [24]. For reference, the case of
no ACZ force is shown in Fig. 5(a2). Alternatively, if
the ACZ force is applied while the spin mixture is in the
ODT, then we can selectively eject atoms of a given spin
by pushing them out of the trap. Fig. 5(b) shows the
selective removal of the |2,2), |2,1), and |2, 0) states from

the ODT before Stern-Gerlach imaging.

The ACZ force can also be applied to atoms in mag-
netically insensitive spin-states, such as |2,0), which are
of metrological interest. Fig. 5(c) shows the application
of an ACZ force to untrapped atoms in |2,0). In con-
trast with the rest of this work, this ACZ force uses the
7 transition |2,0) <> |1,0) with By, oriented along the -
axis. The matrix element for this transition is somewhat
larger than for the |e) <> |g) transition, which results in
a 15% stronger ACZ force. The higher initial tempera-
ture of the atoms and larger cloud size contribute to the
curved distortion of the pushed and pulled clouds. This
scheme was also used in Fig. 5(b2) and Fig. 5(b3) by em-
ploying the |2,1) <+ |1,1) and |2,0) <> |1,0) transitions,
respectively.

VI. CONCLUSION

In conclusion, we have measured the ACZ force pro-
duced by a uw near-field from an atom chip and found
agreement with 2-level dressed atom theory [15]. The
force is resonant and bipolar and can be targeted to a
specific spin-state. At 100 pm with a 3 W amplifier, the
~ 3myg force is sufficient for practical manipulations of ul-
tracold atoms. Larger forces should be possible with im-
proved pw impedance matching to the atom chip, higher
uw power, or a shorter chip-atom distance. Our initial
study on the continuous application of a uw near-field
shows that the long-term eigenstate stability improves
with larger DC magnetic field and pw detuning. We note
that we have also pushed atoms in a micro-magnetic chip
trap with a far off-resonance ACZ force (see also [17])
with little loss. ACZ potentials are well suited for spin
or species specific spatial manipulation applications. For
example, an ACZ force could enable sympathetic cooling
in an ODT by selectively evaporating one atomic spin
state or species within a mixture [25]. Alternatively, an
ACZ force could be used for spin-dependent beamsplit-
ting (see Fig. 2(a)) and interferometry [17]. Finally, a
local minimum in a pw near-field could provide spin or
species-specific trapping [26, 27].
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APPENDIX

The black “2-level theory” curves in Fig. 2(b) give
the variation in vertical position Ay of the atoms due to
the applied AC Zeeman impulse. The curves include the
contribution to the atom’s impulse by the tarp = 0.1
ms ARP sweep and the t,, = 0.5 ms fixed detuning
portion of the pw pulse. The impulse from the ARP
sweep is calculated by inserting a linear ramp 6(t) =
do + (0 — dp)t/tarp and then integrating Eq. 1 with
respect to time from ¢t = 0 to t = t ggp. The impulse at
fixed detuning is given by Fyt,.,. The travel distance Ay
(vertical) due to the impulse is obtained by multiplying
the impulse by the time of flight At and dividing by the
mass m of the atom:

(A1)

0+ V2 452 tpw
)+ }
So+V/Q2+82 V2 + 482

Ayi = AZ/ARP + Ayuw
h _dQ At tarp
—— In(

::l:f
2 dr m 6 -9

The black “2-level theory” curves in Fig. 2(c) give
the fraction of atoms in the |e) state for the AC Zeeman
impulse measurements in Fig. 2(b). In the measurements
with an ARP-sweep, the atoms are placed in either the
|+) or |—) eigenstate, and the probability to find an atom
in |e) is given by [15]

(e[+)

(el-)
with ' = 32+ Q2 and € = \/Q2+ (€ — 6)2. In the

case of the “no-ARP” measurements, we measure the
fraction of atoms in |e) that have been pushed down from
the chip, and thus projected onto the |+) state with prob-
ability P(+|e) = [{+]e)|? given by Eq. A.2. The fraction
of atoms in |e) that have been pulled up towards the chip
have been projected onto the |—) state with probability
P(—|e) = |[{(—]e)|? given by Eq. A.3.

(el+H)* = (' —9)*/¢ (A.2)

(el -)* = ?/¢ (A.3)
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FIG. 2. AC Zeeman force measurement. (a) Sample of false
color absorption images used in (b,c). Atom Chip: pw off
and zoom-in box for other images. Control: puw off. no-ARP,
Push, and Pull: resonant puw pulse (6 = 0) with atoms in |e),
|[4+), and |—), respectively. (b) Atom cloud displacement Ay
vs. uw detuning & with an ARP sweep to constrain atoms to
the |£) eigenstates (triangles) and with no sweep (no-ARP,
squares). The right axis is the ACZ force for the no-ARP case
and is approximately correct for |+) data. The black curves
are not fits but predictions (£1lo shading) for Ay based on
Eq. 1 and independently measured values for Q and d2/dy,
including the impulse generated from the ARP sweep. In-
sets: detuning vs. time during the pw pulse (ON) for the
“no-ARP”, |+), and |—) state preparation cases. (c¢) Atom
number in |e) vs. § relative to control data without a uw
pulse. The black curves are predictions [15] using the inde-
pendently measured value for 2 and assume an instantaneous
turn-off time. Data points are averages of five measurements;
error bars give the standard deviation of the mean. The six
open triangles in (b,c) were analyzed differently due to low
signal.
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FIG. 3. Time evolution of the ACZ eigenstates. (a) Timing
sequence showing the preparation of the |£) states (ARP1),
variable hold time ¢, mapping back to the |e) and |g) states
(ARP2), and the transfer of atoms in |g) to |2,0) for imaging
(ARP3). The right y-axis and dash-dot line shows an example
of Bgc timing for B4, = 52G. (b) Plot of the fraction of atoms
in |=), n(t), versus t for different Bgq. at 6 = 0. The grey
band indicates the range of 7n(t) scatter for no microwaves.
The solid lines represent fits using the Eq. 2 model. (¢) Atom
numbers N and Ny in |e) and |g), respectively, versus ¢ for
Bi. = 26G and 6=0. (d) Plot of n(¢) in the |+) case at two
different collision rates k with § = 0 and Bg. = 52 G. The
time axes are plotted on a log scale for (b-d) to highlight the
difference between the exponential and linear decays.
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FIG. 5. Demonstrations of spin selectivity. (a) Spin-specific
targeting of the ACZ force to an untrapped spin-mixture using
the procedure and orientation of Fig. 2(b). A 0.5 ms ACZ
impulse (al) pushes down |2,2), (a2) is off, and (a3) pulls
up |2,1). The spins are separated horizontally after the ACZ
force is applied. (b) Targeted removal of spin states from a
spin mixture in the ODT with Facz ~ 3mg¢ applied for 5
ms. (c) The ACZ force applied to atoms in |2,0): a 0.5 ms
impulse (c1) pulls up, (c2) is off, and (c3) pushes down. All
the false color images share the same length scale and optical
depth color scale, given in (c2). In all frames, the ACZ force
is applied with 3 W of uw power and § = 0. We use Bg. = 52
G along the z-axis for frames (al-a3) and (bl), and Bg. = 46
G along the z-axis for frames (b2-b3) and (c1-c3).
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