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Quantum-Assisted Measurement of Atomic Diamagnetism
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We report the first measurement of ground-state diamagnetism of isolated neutral atoms in an atomic
beam. We realize this measurement using magnetic deflection of fringes in a long-baseline matter-wave
interferometer. The observed diamagnetic susceptibilities of —5.8 & 0.2 & 0.4 x 10~ m?/kg for barium
and —7.0 + 0.3 £0.7 x 10~ m?/kg for strontium are in good agreement with the theoretical values and

correspond to a measured force on the order of 10726 N. The high force sensitivity also allows us to observe
the isotope dependence of the interference visibility due to the nuclear permanent magnetic moment,
thereby demonstrating a new method for neutral isotope selection. The universality of the technique allows
the magnetism of a wide range of atoms and molecules to be studied in the gas phase.

DOI: 10.1103/PhysRevX.10.011014

I. INTRODUCTION

Diamagnetism is a fundamental effect in all atoms and
molecules, but it is often dwarfed by larger paramagnetic
contributions to the susceptibility [1]. In bulk materials, the
net susceptibility of both paramagnetic and diamagnetic
materials can be measured using a variety of established
methods, such as the Gouy or Evans balance, NMR shifts,
and SQUID-based measurements.

Paramagnetism has also been observed on the single-
particle level, as has been exploited in the famous Stern-
Gerlach experiment [2], the Rabi resonance method [3],
and routinely in atom cooling and trapping experiments [4].
Modern beam deflection methods are also sensitive to the
paramagnetism of small clusters and molecules [5-10].

Single-particle diamagnetism, however, is typically
much harder to measure due to the smallness of the effect.
For high-vapor-pressure materials such as the noble gases
and a few simple hydrocarbons, the diamagnetic suscep-
tibility has been measured using gas balance techniques
[11-13]. Diamagnetic susceptibilities of highly excited
Rydberg states have also been reported for a range of
metal atoms including barium [14,15], which is possible
due to the scaling of the effect with the electron orbit radius.

Measurements on isolated particles are important
because bulk magnetic properties can differ significantly
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from those of the constituent atoms or molecules. For
example, the closed-shell alkaline-earth elements barium
and strontium are paramagnetic in bulk due to Pauli
paramagnetism but are predicted to be diamagnetic when
isolated. While the bulk paramagnetic susceptibilities have
been measured [16], the ground-state atomic susceptibil-
ities of barium and strontium have not been experimentally
accessible until now. The measurement of neutral strontium
may be of particular interest to the atomic-clock commu-
nity, which typically relies on a calculated diamagnetic
correction to the nuclear g-factor [17].

Here, we report on a new technique to measure single-
particle magnetic susceptibilities via fringe deflection in a
matter-wave interferometer [18]. We use the Long-baseline
Universal Matter-wave Interferometer (LUMI) [19], a
three-grating near-field interferometer that can accept a
wide range of atoms and molecules.

Various realizations of matter-wave interferometers
have been employed with a range of atomic and molecular
species in tests of fundamental physics and precision
sensing [20]. Interferometers have also been used to
measure electronic and optical properties of atoms and
molecules [21-25], and here we extend this concept to
atomic diamagnetism. The magnetic susceptibility mani-
fests as a shift of the interference fringes due to the
repulsive force on a small magnetic moment induced in
a tailored magnetic field. The fringes can be monitored with
nanometer resolution, which is what lends the technique its
high sensitivity.

A permanent paramagnetic moment, on the other hand,
is deflected in different directions, dependent on the
projection of the magnetic moment onto the magnetic field
axis. Averaging over an ensemble of atoms thus reduces the
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interference visibility. We show the sensitivity of the
experiment to a nonzero nuclear spin by comparing the
interference visibilities of different isotopes.

Alkaline-earth and alkaline-earth-like elements have
attracted significant interest in recent years for their
potential use in precision measurements. Several stron-
tium interferometers have been demonstrated [26-29],
along with a range of other elements [30-33], with
envisioned applications including gravimetry, gravita-
tional wave sensing, and equivalence principle tests.
The insensitivity to magnetic fields is one of the key
benefits of working with such atoms. In the gravity
gradiometer demonstrated in Ref. [29], the extremely low
sensitivity of strontium to magnetic field gradients was
demonstrated, although the sensitivity of this particular
experiment was about 3 times too low to observe the
diamagnetic contribution. In the current work, we mea-
sure this small diamagnetic term for strontium as well as
for barium, which shares many of the appealing aspects
for precision measurements.

II. EXPERIMENTAL SETUP

We demonstrate the technique with barium and stron-
tium since they both form thermal atomic beams, have
vanishing electron magnetic moments, and have several
stable isotopes. A thermal atomic beam is formed in a
ceramic oven held at 1000-1300 K. The atoms then
traverse the three-grating interferometer (see Fig. 1) and
a specially designed deflection magnet that can be
moved in and out of the atomic beam with a vertical
translation stage.

The LUMI deflectometry experiments rely on the
Talbot-Lau effect in the scheme illustrated in Fig. 1. The
Talbot-Lau effect [34,35] is a near-field self-imaging
phenomenon first demonstrated with atoms [36] and later

FIG. 1. The experimental setup showing the two modes of
operation in our experiment. Blue arrows indicate the reference
measurements, where atoms traverse the interferometer with the
deflection magnet withdrawn from the beam; red arrows show the
deflected paths of the atoms when the experiment is repeated with
the beam passing through the magnet. The thermal barium beam
enters from the left, passes the three gratings (G1, G2, G3) and
the cylindrical deflection magnet (M), and is ionized by the hot
rhenium wire (HW). The sinusoidal interference patterns are
sampled by scanning G3 transversely. Here, L is the inter-grating
separation (0.98 m), L, the length of the magnet (0.04 m), and L,
the distance of the magnet edge from G2 (0.12 m).

with increasingly massive molecules [19,37]. The first
grating G1 creates transverse coherence such that the
second grating G2 is coherently self-imaged. This process
produces a density pattern in the beam behind G2, which
we sample by scanning a third grating G3 across the
beam. We use the symmetric configuration in which each
grating period is equal and the gratings are separated
equidistantly. The modulation then has the grating period
d and is strongest when the intergrating spacing L is
approximately an integer multiple of the Talbot length,
Ly =d*/Aqs, with Az the de Broglie wavelength.
Typical values of Ly in the experiments presented here
are of order one centimeter; hence, L is close to 100L.
The low collimation requirements of such a scheme
permit higher throughput than a far-field interferometer
with a similar baseline.

We use nanomechanical gratings with a period of
266 nm, which are compatible with the high beam
velocities and relatively small polarizabilities of barium
and strontium [38], where particle-grating interactions are
weak. For slower and highly polarizable particles such as
large molecules, G2 can be exchanged for an optical phase
grating in the same experiment [19].

After traversing the interferometer, the atoms are ionized
(see the Appendix for details), mass-selected by a quadru-
pole mass spectrometer (QMS), and counted with an
electron multiplier.

III. DIAMAGNETIC DEFLECTION

For magnetic deflection experiments, we employ a
retractable permanent deflection magnet positioned before
the second grating. The magnet is a modified Halbach
cylinder arrangement of 24 neodymium-iron-boron seg-
ments, each with a typical remanent magnetization of
1.29 T. It was designed to have a uniform (B - V)B, field
in a region near the cylinder axis [18]. Rectangular
apertures at the entrance and exit of the magnet ensure
that the atoms fly through a 2.00 x 0.75 mm? region of the
magnet chosen to be large enough to permit significant flux
while still sampling a force field sufficiently homogeneous
to avoid strong dephasing. The magnet was characterized
with a Hall probe, showing a peak (B-V)B, field of
59 £+ 5 T?/m, falling off near the magnet edges, as shown
in Fig. 2. The force within the magnetic cylinder over the
selected region is constant to 9%.

The magnetic field induces a dipole moment p =
(xmm)B/pg, with y,, the mass magnetic susceptibility
and m the particle mass, which leads to a force

Ho

This force causes a transverse position and velocity shift
of the atoms after traversing the magnet,
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FIG. 2. (a) Pole arrangement of the 24 permanent magnet
segments and simulated magnetic flux density map inside the
hollow cylinder (16 mm inner diameter). The small black
rectangle indicates the region traversed by the atoms. (b) The
(B-V)B, field over the traversed region as a function of
longitudinal position as determined from Hall-probe measure-
ments (black dots). The vertical black dashed lines indicate the
extent of the magnet cylinder. The mirror symmetry of the magnet
with respect to the z = 0 plane has been used to extrapolate the
fields for the spline fit shown in blue, where the blue dashed lines
correspond to 1 standard deviation of the measured values,
indicating the uniformity of the force field.

L ' F (7 L F
s = [ [ B e a0 = [P0
0 0 mvz 0 mvz

(2)

The integrals of F,(z) are obtained numerically using
the z dependence shown in Fig. 2. In the reference
frame of the atoms, the second and third gratings are
shifted by Ax; = —Axy,e —Av,L,/v, and Axz = —Ax, —
Av,L/v,, respectively. The phase shift of the interference
pattern is then obtained by the formula [20,39] A¢ =
k[Ax; —2Ax, + Ax;], where Ax; =0 and k = 2z/d.

To account for the finite spread of velocities in the beam,
one must average the interference pattern over the velocity
distribution p(v.). The observed pattern A cos(kx + Ag)
is an incoherent sum of the contributions of different
velocity classes,

Acos(kx + Ag) = /oo dvpAcos(kx + Ag),  (3)
0

where A is the velocity-dependent fringe visibility. The
velocity dependence of the amplitudes A is determined
following the treatment in Ref. [40] for a retarded C4
potential. Its effect on the mean deflection is less than 5%
for our parameters.

The velocity of the atomic beam was measured via cross-
correlation with a pseudorandom chopper sequence and
fitted to a skew normal distribution. Care was taken to
account for the residence time of the atoms on the rhenium
surface of the Langmuir-Taylor detector, as described in
the Appendix, along with further details of the measured
distributions.

Interference measurements were made with and without
the (B-V)B, field to determine the relative phase shift
induced by the deflection magnet. This process was done
by mechanically moving the magnet in and out of the
atomic beam with a vertical translation stage. The experi-
ment was repeated several times to ensure that the observed
phase shift was reproducible, as shown in Fig. 3. For
barium, three consecutive interference scans were recorded
with and then without the magnet; this sequence was
repeated 4 times, for a total of 24 measurements. For
strontium, SiX consecutive measurements were taken
with and then without the magnet, for a total of 12
measurements.

The barium deflection data were taken with the QMS in a
low-resolution mode to maximize the count rate, in which
the various barium isotopes were not distinguished. For
strontium, the high-resolution mode was used throughout,
and for these deflection measurements, we selected the
most abundant isotope, ¥Sr. The mean observed visibility
of the barium (strontium) interference fringes without the
magnet was 11.6% (13.8%), slightly below the expected
visibility after taking into account Casimir-Polder dephas-
ing at the second grating [40]. The barium (strontium)
visibility was reduced to 7.2% (8.5%) upon insertion of
the magnet.

The mean deflection of the barium fringes in Fig. 3 is
20.9 £ 0.7 nm. Solving Eq. (3) for this deflection and
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FIG. 3. (a) Barium interference patterns with (red) and without

(blue) the deflection magnet, where solid curves are sine fits.
Mean counts are subtracted to adjust for a small drop of the count
rate during the measurement, and several outliers due to signal
instabilities lie beyond the plotting region. A phase shift and
contrast loss due to the magnet are both clearly visible. (b) The
phase of each measurement, with dashed lines showing the mean
values (red with magnet, blue without). Error bars are 1-o
confidence intervals of the phase. (c) Same as in panel (a), but
for strontium. (d) Same as in panel (b), but for strontium.
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finding the best-fit susceptibility yields y,,(Ba) = —5.8 &
0.2+ 0.4 x 107 m?/kg. Since the induced magnetic
moment g = (y,,m)H, the susceptibility per atom, y,,m,
is —1.33 £0.05 £ 0.09 x 1073% m>. The first error is the
statistical error due to the standard error of the observed
deflection, while the second error is systematic and is
dominated by the uncertainty in the velocity distribution
and (B - V)B, field.

In a similar manner, the observed strontium deflection
of 19.34+0.7 nm yields a diamagnetic susceptibility
Zm(St)=—=7.04£0.340.7 x 10~ m? /kg. The susceptibility
per strontium atom is —1.0240.0440.10x 10733 m?. To
put this into context, the magnitude of the induced
magnetic moment of a strontium atom in a 1-Tesla field
is 4 orders of magnitude smaller than a single Bohr
magneton.

We can compare the measured susceptibilities with
values calculated using density functional theory with
magnetic-field-dependent gauge-independent atomic orbi-
tals (GIAOs) [41], as implemented in Gaussian16 [42]. We
used the PBEQO exchange-correlation functional [43] and
the def2-QZVPP basis set [44]. The method was bench-
marked with xenon, which reproduced the measured value
[13] to 2%. The isotropic susceptibilities were calculated as
—6.17 x 10~ m?/kg for barium and —7.34 x 10~ m?/kg
for strontium, in good agreement with the measured values.
The ratio of the theoretical values, y,,(Sr)/y,,(Ba) = 1.19,
is in excellent agreement with the measured ratio of
1.19 + 0.06, in which most of the systematic error cancels.

—
QO
=
—_
O
~

The experimental values are both 6% smaller than the
theoretical values, suggestive of a small systematic error.

IV. ISOTOPE-SELECTIVE INTERFERENCE

Operating the QMS in a high-resolution mode allows us
to perform interference measurements on each of the three
most abundant isotopes of barium and strontium, with and
without the deflection magnet. Figure 4 shows the complete
loss of interference visibility for the odd-numbered isotopes
in the presence of the (B - V)B, field. Without the magnet,
full interference visibility is recovered for each of the
isotopes.

Unlike the even-numbered isotopes, '3’Ba and ¥’Sr carry
a permanent magnetic moment due to an unpaired nuclear
spin, with I = 3/2 for '¥/Ba and I = 9/2 for ¥'Sr. The
permanent magnetic moment of ground-state '*"Ba is given
by u, = guym;/h = 0.94uy for the m; = 1/2 component
[45], with four possible spin projections. The effect of a
VB, field on '¥’Ba is, in general, a reduction of the
interference visibility. Assuming a transversely constant
VB, (peak value of 77 T/m) and treating the four Stern-
Gerlach branches as a classical mixture of trajectories
(since the different spin states cannot interfere), the reduced
barium fringe amplitude is

A :1‘ / " dv,pAlcos(Ad,) + cos(3Ap,)]ed?|.  (4)
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(a) Measured isotope distribution of barium. Interference scans were performed with the QMS tuned to a particular isotope

peak. (b) Interference of 136Ba, 1374, and !3¥Ba, with the deflection magnet inserted. Solid curves indicate sine fits. Here, 13734, with its
unpaired nuclear spin, exhibits no contrast, while the even isotopes retain full contrast. (c) Measured isotope distribution of strontium.
(d) Interference of 36Sr, #’Sr, and 88Sr, with the deflection magnet inserted, showing even more clearly the loss of visibility for the odd-

numbered isotope.
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Here, A¢, is the paramagnetic shift of the m; =1/2
level, as obtained from Eq. (2) and the first part of Eq. (1)
for a permanent magnetic moment . For generality, the
diamagnetic shift A¢ has been included as well.

Equation (4) predicts a visibility loss greater than 85%
for 3"Ba. This loss is a conservative estimate since in our
magnet (B -V)B, is nearly constant and VB, is not,
resulting in additional spatial averaging. The observed loss
of interference visibility is thus consistent with the presence
of a permanent nuclear magnetic moment. Such an experi-
ment can be operated without a QMS as a technique for
neutral isotope selection, with the level of selectivity
determined by the interference contrast.

V. CONCLUSION

The diamagnetic susceptibility of isolated barium and
strontium atoms was measured via the shift of interference
fringes in a long-baseline matter-wave interferometer. By
mass-selecting the various isotopes, the presence of nuclear
spin was observed through a loss of interference visibility
for the odd-numbered isotopes with unpaired nuclear spins.

The universal nature of LUMI allows us to show
interference with molecules as well as atoms. The addition
of a constant gradient magnetic field in the setup will allow
further studies of permanent magnetic moments, photo-
isomerization effects, and triplet-state lifetimes in complex
molecules. The technique can also be used to purify nuclear
isotopes for applications in spectroscopy.
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APPENDIX: EXPERIMENTAL DETAILS

Langmuir-Taylor surface ionization from a heated rhe-
nium wire was used to ionize the atoms after the interfer-
ometer. Alkaline-earth elements such as barium and
strontium can exhibit residence times up to several seconds
before desorption from a hot metal surface. To prevent a
systematic error in time-of-flight measurements and a
corresponding error in susceptibilities, we collected the
spectra at a wire current of 5.8 A for barium and 6.0 A for
strontium, corresponding to wire temperatures of 2550 K
and 2590 K, respectively [46]. At these temperatures, the
residence times for barium and strontium are estimated as
120 ps and 2 us, respectively [47,48], short enough to have
a minimal impact on velocity measurements, as confirmed
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FIG. 5. (a) Velocity spectra as a function of hot-wire current for
barium. (b) The convergence of the velocity spectra at high wire
temperatures, seen by plotting the peak velocities of skew normal
fits to the velocity data against the wire current. The blue marks
show barium data; red marks are for strontium. Error bars are
from 1-o confidence intervals of the velocity calibration.

by the convergence shown in Fig. 5. A small correction for
barium was applied by deconvoluting the velocity spectrum
with an exponential delay corresponding to the 120 us
residence time.

Skew normal distributions were used for fitting the
velocity distributions, defined according to the probability
density function [49],

iexp [“_5)2} /a(x—ﬁ)/g drexp <_2;2> (A1)

no 262 o0

with & the location parameter, o the scale parameter, and a
the shape parameter that determines the skewness. For
barium (strontium), fitting yields distributions with a
location parameter of 444 m/s (473 m/s), a scale param-
eter of 284 m/s (372 m/s), and a shape parameter of
2.0 (2.7).

During interference measurements, a lower wire current
of 3.5-3.6 A was used to mitigate signal instabilities that
appeared at higher temperatures. We also maximized the
atomic flux by working with a large velocity spread, thus
avoiding the use of narrow velocity-selecting delimiters.
The combination of a moderate wire temperature and high
flux allowed us to achieve the most stable interference
patterns.
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