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Quantum Metrology with a Scanning Probe Atom Interferometer
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We use a small Bose-Einstein condensate on an atom chip as an interferometric scanning probe to map
out a microwave field near the chip surface with a few micrometers resolution. With the use of

entanglement between the atoms, our interferometer overcomes the standard quantum limit of interfer-
ometry by 4 dB and maintains enhanced performance for interrogation times up to 10 ms. This
corresponds to a microwave magnetic field sensitivity of 77 pT/ VHz in a probe volume of 20 um?.
Quantum metrology with entangled atoms is useful in measurements with high spatial resolution, since the
atom number in the probe volume is limited by collisional loss. High-resolution measurements of
microwave near fields, as demonstrated here, are important for the development of integrated microwave

circuits for quantum information processing and applications in communication technology.
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Interferometers operating with large atomic ensembles
offer unsurpassed precision in measurements of inertial
forces, atomic properties, and fundamental constants and
currently define the standard of time [1,2]. Using a small
atomic cloud as a scanning probe interferometer with high
spatial resolution would enable new applications in electro-
magnetic field sensing, surface science, and the search for
fundamental short-range interactions [1]. However, as a
small probe necessarily contains only a small number of
atoms, the standard quantum limit (SQL) due to projection
noise [3] places a tight bound on the achievable precision.
We report a scanning probe atom interferometer that
overcomes the SQL by entangling the atoms and use it
for a high-resolution microwave field measurement. With
a spin-squeezed Bose-Einstein condensate [4,5] (BEC) on
an atom chip [6], we achieve a precision of 4 dB in variance
(a factor 1.6 in standard deviation) below the SQL.
Performance below the SQL is maintained for interrogation
times up to 10 ms, more than an order of magnitude longer
than that in previous experiments [5,7,8]. We transport our
1.1-pum-sized probe between 40 and 16 um from the atom
chip surface and record the spatial profile of a microwave
magnetic field with sub-SQL precision. These techniques
are relevant for the high-resolution imaging of electromag-
netic fields near microfabricated structures [9-13].

In an atom interferometer, the external (motional) or
internal (spin) state of atoms is coherently split and
allowed to follow two different pathways [1,2]. During
the interrogation time T, a phase ¢ between the paths is
accumulated, which depends on the quantity to be mea-
sured. When the paths are recombined, the wave character
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of the atoms gives rise to an interference pattern, from
which ¢ can be determined. In recording this interference,
however, the particle character of the atoms is revealed, as
a measurement randomly projects the wave function of
each atom into a definite state. When operating with an
ensemble of N uncorrelated (nonentangled) atoms, the
resulting binomial statistics of counting individual atoms
in the output states limits the phase uncertainty of the
interferometer to o, = 1/ \/ﬁ , the standard quantum limit
(SQL) of interferometric measurement [3].

An obvious way to reduce o, is to increase the number
of particles in the interferometer. Most atom interferome-
ters thus operate with large ensembles containing millions
of atoms. However, there are important cases where a
physical process places an upper bound on N, so that this
strategy is not feasible. In chip-based atomic clocks, for
example, undesired collisional frequency shifts limit the
usable atomic density and thus the atom number to N <
103 [14]. A particularly tight limit applies to atom interfer-
ometry with high spatial resolution, where the required
small probe size gives rise to an upper bound on N due to
density-dependent collisional trap losses. In our experi-
ment, operating with 3Rb atoms in a probe of 20 um?
volume, inelastic two-body collisions result in a limit of
N =10 for T =10ms, or N <10° for Tz = 1s.
Increasing N beyond these limits yields no further improve-
ment in precision, since the additional particles are quickly
lost from the trap [Supplemental Material [15]]. Similar
limits apply to interferometers with other atomic species.

Quantum metrology provides a way to overcome the
SQL at fixed N by using entanglement between the probe
particles [16]. This allows reducing the phase measurement
uncertainty towards the ultimate Heisenberg limit o, =
1/N. An important class of interferometrically useful
entanglement is provided by spin-squeezed states [17,18],
characterized by the squeezing parameter [19] & <1,
defined such that o, = &/ \/_]\7 . Recent experiments with
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atomic ensembles demonstrated suitable entangled states
[4,20-25]. With optically trapped atoms, full interferome-
ter sequences were implemented [5,7,8], with a focus on
atomic clocks and measurements of homogeneous mag-
netic fields [26,27]. These experiments achieve improve-
ments of up to £2 = —4 dB in variance over the SQL for
interrogation times up to T = 600 ws [8]. This is still far
from the Heisenberg limit, and substantial improvements
in &2 and Ty are desired.

For scanning probe measurements near a surface,
magnetic traps on atom chips [6] have proven to be useful,
as they provide submicrometer position control over small
BECs [9-11,13,28,29]. Such systems have long been
considered for quantum metrology, but up to now neither
an interferometric scanning probe nor a measurement
beyond the SQL had been demonstrated.

Our interferometric scanning probe is a 3’Rb BEC
prepared close to the surface of an atom chip. The two
ground-state hyperfine levels [1) = |F =1, mp = —1)
and |2) = |F = 2, mp = 1) serve as interferometer path-
ways. Figure 1 shows an overview of our experimental
setup [4,15]. The atom chip has two layers of wires
carrying both continuous (dc) and microwave (mw) cur-
rents. The dc currents generate magnetic traps, which are
identical for both states. In each run of the experiment, we
start by preparing a pure BEC of N = 1400 * 40 atoms
(shot-to-shot preparation noise) in state |1), in a trap situ-
ated 40 um from the chip surface. This trap can be
smoothly shifted towards the chip surface to perform
high-resolution measurements. The probe size is charac-
terized by the BEC radii of Ry =R, = 1.1 um and
R, = 4.0 pm [Supplemental Material [15]].
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FIG. 1 (color). Experimental setup. Central region of the atom
chip showing the atomic probe (blue, size to scale) and the
scanning trajectory we use (between 40 and 16 um from the
chip surface). The probe is used to measure the magnetic near-
field potential generated by an on-chip microwave guide
(microwave currents indicated by arrows). A simulation of the
potential is shown in red and yellow.

To create entanglement between the atoms, we make
use of two-body collisions. Normally, these collisions
have negligible effect on the internal state of the BEC,
due to a coincidence of the scattering lengths of our state
pair. A crucial feature of our experiment is that we can
“turn on” the effect of collisions for a well-defined time
by spatially separating the states [30]. For this we use a
state-dependent potential, which is generated by the
on-chip microwave currents. By recombination of the
states, the collisions are effectively “‘turned off”” again so
that they do not perturb the subsequent interferometric
sequence. In Ref. [4] we used this technique to produce
spin-squeezed states of a BEC.

The internal state of our BEC can be described by a
collective spin S , whose quantum state is visualized on a
sphere [Fig. 2(a)]. The S, component is proportional to the
population difference n = (N, — N,)/(N, + N,), where
N; is the atom number in state |i). The azimuthal angle is
the relative phase ¢ between |1) and |2). Using mw and
radio-frequency (rf) Rabi pulses generated off chip, we can
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FIG. 2 (color). Scanning probe interferometer operating
below the SQL. (a) Experimental sequence, showing Rabi
(red) and on-chip microwave (blue) pulses and the trap position
(purple). Spheres 1-6 show the Wigner function [39] of the
collective spin state at various stages of the experiment, simu-
lated for N = 200 atoms. (b) Measured phase shift (A¢)
induced by a microwave near-field pulse as a function of the
atom-surface distance, compared to the simulated potential
(dotted line, see also Fig. 1). (c) Measured performance of the
interferometer, expressed as squeezing factor £2. Each data point
(based on 240 measurements) has a statistical uncertainty of
*0.4 dB, shown as an error bar on the lower left point. The
experiment was repeated up to 5 times at each position.
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coherently couple |1) and |2), thereby rotating the state
on the sphere. The effect of collisions is well described by
the Hamiltonian H;,; = % ,\/S%, which creates spin squeez-
ing by “twisting” the state on the sphere [17,18,30]. The
rate y is controlled by the state-dependent potential as
described above.

The experimental sequence of our scanning probe inter-
ferometer is shown in Fig. 2(a). We start with a 77/2 pulse,
creating a coherent spin state (sphere 1) on the equator
of the sphere. Then, we apply H;, for Ts = 23.4 ms by
turning on the state-dependent potential. The result is a
spin-squeezed state (sphere 2) with a measured &%=
—4.3+0.4dB (statistical) £ 0.4 dB (systematic). The sys-
tematic uncertainty arises from calibrating the imaging
system and applies to all measurements of & in this
Letter [Supplemental Material [15]]. Next, we apply a
—12° rotation around the S, axis, aligning the anti-
squeezed quadrature with the equator (sphere 3). This
renders the state minimally sensitive to phase noise during
the following 20 ms, in which we transport the atoms to the
position where the interferometric measurement is to be
made [Supplemental Material [15]]. Finally, we perform a
full Ramsey interferometer sequence consisting of a /2
pulse around the state’s center to make it maximally
phase sensitive (sphere 4), an evolution time Ty during
which the phase ¢ is accumulated (sphere 5), and a final
7r/2-pulse mapping ¢ onto n (sphere 6). We read out
the population difference, which oscillates as n =
Csing, where C =1 is the interferometric contrast.
Experimentally, an offset phase 6 can be added to the
last 77/2 pulse. For example, we can choose 6 such that
(n) =0 and the interferometric phase uncertainty is
g, =0, /C, where o denotes standard deviation.

We demonstrate the scanning probe interferometer with
spatially resolved measurements of the on-chip microwave
near field at 6.8 GHz. We use T = 100 us, during which
we pulse on the field for T,,,, = 80 ws with a detuning of
12 MHz above the |F =1, mp = 0) — |F = 2, mp = 0)
transition. This results in an additional phase shift Ap =
TowVinw/ B, where V. is the differential ac Zeeman
shift of states |1) and |2) [Supplemental Material [15]].
Figure 2(b) shows measurements at the positions indicated
in Fig. 1, between 40 and 16 um from the chip surface. At
each position we measure ¢ and the reference phase ¢ in a
separate measurement without mw pulse. The mean phase
shift due to the mw is given by (Ag) = (@) — (¢,). We
extract these mean phases from fits of sine functions to the
measured values of n as a function of #. The measured
shape of V, agrees well with a simulation based on
previous measurements using a different technique [12].
The present interferometric measurement is more precise
and offers higher spatial resolution. Figure 2(c) shows the
performance of our interferometer in terms of the squeezing
factor £2, measured while operating at (n) = 0 with mw
pulse on. For all positions, our interferometer performs well

below the SQL, with an average performance of (£2) =
—2.2 dB corresponding to a single-shot phase sensitivity of
o, = 1.2°, or a microwave field sensitivity of 6B =
2.4 uT. We attribute the reduction of squeezing compared
to the input state to the extra Rabi pulses and extra time
needed to transport the atoms.

In high-resolution atom interferometry, several effects
impose a limit on probe size and interrogation time. To
resolve the spatial features of the microwave near field, the
probe size has to be much smaller than the characteristic
size of the field generating structure (= 10 um in our
case) and the probe-surface distance. Closely related, the
gradients of the field across the probe lead to inhomoge-
neous dephasing, reducing C, and imposing a limit on the
product Ty, Vinw- Furthermore, T,,, must be sufficiently
short to avoid demixing of states |1) and |2). In our experi-
ment, we choose Ty, Vi such that the contrast at 16 um
from the surface is still C = 95%.

For small V,,,,, interferometric sensitivity scales linearly
with Ty, and long interrogation times are desired. We
therefore measure the performance of our interferometer
as a function of T, similar to the case in Ref. [8]. We use
the same sequence as described above, but omit transport-
ing the atoms. Instead, the second and third Rabi pulses are
combined into a single +78° rotation, which aligns the
squeezed quadrature with the equator and immediately
starts the free evolution. During Ty, no additional phase
shift is applied.

Figure 3 shows the measured phase uncertainty for
varying Ty values. The interferometer operates at &2 ~
—4 dB below the SQL, maintaining the squeezing level of
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FIG. 3 (color). Interferometer performance. Observed phase
noise in a Ramsey interferometer with squeezed (blue diamonds)
and coherent (red circles) input states for varying interrogation
times Tg. Dashed lines model constant performance of &2 =
—4 dB (squeezed state) and +0.2 dB (coherent state), plus
technical noise due to shot-to-shot frequency fluctuations.
Each data point is the result of 240 measurements, and error
bars indicate statistical uncertainty. Inset: typical squeezed-state
Ramsey fringe measurements for 7, = 5 ms (points) and fitted
sine (line) yielding a contrast of C = (98.1 = 0.2)%.
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the input state. It performs better than the SQL up to Ty =
10 ms, an improvement by a factor of 17 compared to that
of previous results [8]. In a reference measurement using a
coherent state, our performance is consistent with the SQL
plus independently measured detection noise of o, 4o =
5.1 X 1073 (5 times smaller than the SQL). After Ty >
20 ms, both measurements are limited by technical noise,
consistent with shot-to-shot fluctuations of 150 mHz (rms)
in the relative frequency between our reference oscillator
and the atomic resonance.

High-resolution measurements of microwave near fields
are relevant for scientific applications, e.g., in supercon-
ducting quantum information processing [31] and for the
design of new microwave circuits for use in communica-
tion technology [32]. A standard technique for the imaging
of microwave fields does not exist, and a technique based
on atom interferometry has the advantage of being intrinsi-
cally calibrated. To fully characterize microwave near
fields, both the electric and magnetic field component
have to be measured. In recent proof-of-principle experi-
ments, the electric field was detected using Rydberg atoms
[33], and the magnetic field components were imaged
using ground-state atoms and a noninterferometric scheme
[12,34]. The entanglement-enhanced interferometric sen-
sor demonstrated here is about 3 orders of magnitude more
sensitive to the magnetic field component and offers higher
spatial resolution.

At Tr = 10 ms, our measured noise level corresponds to
a single-shot sensitivity in the ac Zeeman shift of
8Vw/h = 0.33 Hz. We estimate the corresponding micro-
wave field sensitivity for a near-resonant field, obtaining a
noise-equivalent field amplitude of 8B = 8V,,,/up =
23 pT. Taking our experimental cycle of 11 s into account,
we obtain a microwave field sensitivity of 77 pT/+/Hz. We
emphasize that this sensitivity is achieved with a small
probe of 20 um? in volume. Room-temperature vapor
cell magnetometers achieve subfemtotesla sensitivity in
the measurement of static and rf fields [35], operating
with probe volumes of cubic millimeters [36] to centimeters
[26]. In their present form, they cannot resolve fields on the
micrometer scale, such as the near field of the chip in our
experiment. When scaled down to micrometer size, the
number of atoms in the probe volume decreases, lowering
the sensitivity. Assuming projection-noise scaling, a state-
of-the-art vapor cell magnetometer such as in Refs. [26,36]
but with a probe volume comparable to our BEC would
have a sensitivity of 300 pT/ +Hz. This shows that our
experiment achieves an excellent field sensitivity at the
micrometer scale. Comparable sensitivity has been
achieved with cold atom sensors that provide differential
measurements of static magnetic fields [28,37]. In contrast,
our interferometric sensor performs an absolute measure-
ment of a microwave field amplitude. Finally, we point out
that nitrogen vacancy centers in diamond are outstanding
magnetic field sensors at the nanometer scale; however, at

micrometer resolution the sensitivities are lower than those
demonstrated with atoms [38].

In conclusion, we have experimentally demonstrated a
scanning probe atom interferometer operating beyond
the standard quantum limit and used it for the measure-
ment of a microwave near field. This is the first demon-
stration of entanglement-enhanced atom interferometry
with a high spatial resolution scanning probe and prom-
ises further high-resolution sensing and measurement
applications.
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