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The minimization of the magnetic field plays a crucial role in ultracold gas research. For instance,
the contact interaction dominates all the other energy scales in the zero magnetic field limit, giving
rise to novel quantum phases of matter. However, lowering magnetic fields well below the mG level is
often challenging in ultracold gas experiments. In this article, we apply Landau-Zener spectroscopy
to characterize and reduce the magnetic field on an ultracold gas of sodium atoms to a few tens
of µG. The lowest magnetic field achieved here opens to observing novel phases of matter with
ultracold spinor Bose gases.

I. INTRODUCTION

Controlling magnetic fields is critical in many contexts
involving fundamental and applied physics experiments
and quantum technologies. Often, the performance of a
measurement critically depends on the stability against
fluctuations of the background magnetic field, as it hap-
pens in electron microscopy experiments [1–3], atom in-
terferometry [4], nuclear magnetic resonance [5], atomic
clock experiments [6], and ultracold gases experiments in-
volving coherently-coupled BEC mixtures [7–9]. In other
contexts, such as zero-field nuclear magnetic resonance
[10, 11], the constraint relates to the magnitude of the
magnetic field, which generally should be minimized and,
depending on the type of measurement, needs to be kept
below the threshold values. Historically, the measure-
ment of relatively small magnetic fields is achieved us-
ing SQUIDs in a cryogenic environment [12], exploiting
atomic coherence in room temperature gas cells [13–15],
or atomic spin-alignment [16], with applications in di-
verse fields, including biomedical imaging [17, 18], metal
detection [19, 20], and material characterization [21].
Nowadays, a wide variety of experimental platforms and
techniques are available, as described, for instance, in
Ref. [22]. In the context of magnetometry, cold gases
have been consistently employed as magnetic field sensors
[23, 24], in various cases with micrometric scale spatial
resolution [25–28].

Finding a way to reduce the magnetic field, control
it with high accuracy, and be able to measure such
small values would pave the way for the investigation
of new physical phenomena, such as the zero-magnetic-
field physics of spinor condensates, i.e. condensates with
a vector order parameter. Spinor condensates can de-
velop different configurations, and their ground state de-
pends on the strength of the interactions between the
internal states and on the strength of the externally ap-
plied magnetic field, which removes the degeneracy be-
tween different spin states [29, 30]. The magnetic field is
typically large enough that the corresponding magnetic
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energy splitting between spin states dominates over the
spin-dependent interaction energy. A regime where the
two energies are comparable has been studied with dipo-
lar chromium gases in the presence of magnetic fields of a
few tenths of a mG, thanks to the large magnetic moment
of chromium atoms [31].

For alkali atoms, the spin-dependent interaction is es-
sentially dominated by the contact interaction, given the
negligible contribution of the long-range magnetic dipole
coupling [32].

This further reduces the threshold magnetic field be-
low which interesting and unobserved spinor phases are
expected [29, 30, 33]. The strength of the magnetic field
below which these novel phases appear is known, in the
case of the zero spatial mode approximation [33], to be
on the order of a few hundreds of µG. However, this
threshold is expected at even lower magnetic fields in
the case of spatially extended condensates. Here, the ex-
perimental challenge relies on the difficulty of controlling
the magnetic field stability at the µG level and reaching
and maintaining such small magnetic field values over
the whole extension of the atomic sample both during a
single experimental sequence and within different runs.

This work presents an experimental technique for min-
imizing the magnetic field at the 10-µG level. Since it is
impossible to integrate an external device in the vacuum
chamber of ultracold atom experiments to characterize
and minimize the field, developing an independent tech-
nique for the magnetic field characterization using the
trapped atoms as sensors becomes necessary. In partic-
ular, we describe an application of Landau-Zener (LZ)
spectroscopy [34] over an atomic gas of sodium. Reach-
ing such a low field is possible thanks to the presence of a
magnetic shield [35], which demonstrated its efficiency in
stabilizing the field in several previous works [8, 9, 36, 37].
The results presented in the following open the way to
studying the zero-magnetic-field ground state of an F=1
system.

In Sec. II, we describe the experimental platform. Sec-
tion III contains the theoretical framework and experi-
mental protocols. In Sec. IV we discuss the results, while
in Sec. V we report concluding remarks and outlooks.
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FIG. 1. Schematics of the core setup. (a) The innermost layer
of the magnetic shield (dark gray and transparent) contains
a 3D-printed plastic support structure for the coils (red), the
coils themselves (blue), and the glass cell (light gray). (b) yz
section of the apparatus.

II. EXPERIMENTAL PLATFORM

The experimental platform consists of a bosonic gas of
23Na atoms, trapped in the elongated optical trap poten-
tial generated by a single far-detuned infrared (1064 nm)
laser beam, and therefore equal for all spin components.
A thermal sample is loaded in the optical trap and
presents a Gaussian spatial density distribution in all
three directions. In the optical trap (ωx/2π ∼ 10 Hz,
ωy,z/2π ∼ 1 kHz,), the cloud has an elongated shape
with a 1:100 aspect ratio, having the long axis along x
and the short axes along y and z.

The sample is prepared inside a magnetic shield, which
guarantees the stability of the magnetic field at the µG
level [35, 38]. Pairs of magnetic coils inside the innermost
layer of the magnetic shield allow for the application of
controllable magnetic fields in each of the three spatial
directions. Figure 1 schematically represents the appara-
tus and shows the glass cell, coils, and magnetic shield.
The applied magnetic field’s stability is ensured using
high-stability current supplies [Stanford research system
(SRS) LDC501 for the longitudinal field and Delta Elek-
tronica ES 015-10 with 10:1 current dividers for trans-
verse fields]. Ramping from positive to negative values
of the longitudinal field within the same experimental
run is achieved using two unipolar current supplies with
opposite orientations arranged in parallel. A master SRS
is set to the steady drive of 100 mA (∼ 245 mG), while a
second SRS introduces a tunable current in the opposite
direction.

III. MEASUREMENT SCHEME

Spectroscopic methods are typical solutions to mea-
sure a magnetic field. They consist of interrogating an
atomic two-level system with constant radiation at dif-
ferent frequencies for a given time and recording the
resulting energy spectrum. In such measurements, the

Fourier broadening does not represent a limitation at
high magnetic fields when the Zeeman splitting (∼ 700
kHz/G for atomic 23Na) is much larger than the reso-
nance linewidth. Conversely, when approaching the µG
regime, resolving the Zeeman structure and exerting suit-
able control on the polarization of the coupling field be-
comes challenging.
An alternative method to characterize the magnetic

field around the null value relies on ramps of the mag-
netic field amplitude and directions, taking advantage of
the adiabatic/diabatic dynamics of the atomic spin ro-
tation. At low magnetic field, i.e., when the Larmor
frequency is of the order or lower than the velocity of ro-
tation of the magnetic field direction, LZ theory [39, 40]
applies, resulting in a powerful tool for the magnetic field
characterization.
We developed two protocols based on LZ sweeps on the

z (taken as a quantization axis) component of the field.
The first one aims to minimize the magnetic field in the
transverse xy plane and is implemented by ramping (or
sweeping) the z field component from positive to negative
finite values. The second protocol involves a ramp with
a variable endpoint to find the minimum field along z.
In the following, we will use the magnetic field nomen-

clature presented in Tab. I.

B Magnetic field modulus
Bi (i = x, y, z) Actual magnetic field components
B⊥ Transverse field
Bz Longitudinal field
Bi,coils Field induced by the i coil
Bi,ramp Starting Bi,coils of the LZ ramps
Bi,0 Optimal Bi,coils from fit
Bz,c Field set during condensation
Bz,fin Final value of longitudinal field protocol

TABLE I. Magnetic field nomenclature

A. Energy levels and Landau-Zener theory

The hyperfine ground state of sodium has a total an-
gular momentum F = 1 with three magnetic sublevels
mF = 0,±1 defined as the projection of F along the
z-axis. The energy of the three states can be estimated
with high accuracy using the Breit-Rabi formula [41] once
the magnetic field value is known, and, in the small field
limit, a linear dependence on the field (first order Zeeman
regime) is expected. Let us consider z as the quantiza-
tion axis and the magnetic field with a finite transverse
component B⊥ = (B2

x +B2
y)

1/2. If Bz is linearly ramped

with a slope Ḃz, from large positive to large negative
values passing across zero, the energy of the states as a
function of time is the one shown in Fig. 2. At Bz = 0,
the magnetic field is equal to B⊥, which introduces an
avoided crossing between the states.
The time-dependent Hamiltonian of the system for the



3

FIG. 2. Transverse field and LZ ramps. For each row, the
left panels show a schematic view of the transverse magnetic
field components (B⊥ decreases from top to bottom). Central
panels show the energy of the three states mF = 0,±1 as a
function of time for the corresponding B⊥. The right panels
show the relative populations of the atoms in the three states
at the end of the ramp, obtained experimentally and measured
through Stern-Gerlach imaging. For the three different values
of B⊥ we obtain full adiabatic transfer (upper panel, large
B⊥), partial transfer (central panel), and complete diabatic
transfer (lower panel, low B⊥).

wavefunction {ψ−1, ψ0, ψ+1} reads

H(t) = gFµB

αt ∆ 0
∆ 0 ∆
0 ∆ −αt

 , (1)

where gF = −1/2 is the Landé factor, µB is the Bohr

magneton, and ∆ = B⊥/
√
2 acts as a coupling between

the states and defines the gap in the energy levels shown
in Fig. 1. Here t = 0 is defined as the instant when Bz =
0. The parameter α originates from the time derivative
of the Larmor frequency at the energy levels crossing

α =

∣∣∣∣∣|B(t)| ∂
∂t

(
arctan

Ḃzt

|B(t)|

)∣∣∣∣∣
t=0

= |Ḃz|. (2)

While the atoms are initially prepared in the mF =
−1 at large (as compared to B⊥), positive values of Bz,
ramping Bz in time may induce the transfer to different
mF states according to the analytical model discussed in
[34]. In the following, we apply the results of [42] as we
measure the mF population distribution at long times
after the inversion of Bz:

P1 = p2, (3)

P0 = 2p(1− p), (4)

P−1 = (1− p)2, (5)

with

p = e−2π|gF |µB
∆2

ℏα (6)

being the LZ transfer probability. From Eq. (3) and
Eq. (6), one finds that a complete diabatic transfer of
the population from the mF = −1 to the mF = +1 state
takes place when p ≈ 1 (large ramp speed α or small
gap ∆), while adiabaticity is preserved for small α and
large ∆. This results from implementing the adiabatic
condition to the spin dynamics in a rotating magnetic
field. In other words, adiabaticity is fulfilled when the
variation of the magnetic field direction is smaller than
the Larmor frequency, i.e., |Ḃz/B| ≪ |gFµBB/ℏ|. For
instance, the probability of the transition to mF = 1
has a Gaussian distribution with RMS width σB√

2
where

σB = (Ḃzℏ/(2π|gF |µB))
1/2 is defined from the LZ trans-

fer probability and it is the width used in the following.

B. Experimental protocols

1. Transverse field minimization

The goal is to find the optimal current values for each
coil to compensate for the residual transverse magnetic

FIG. 3. Transverse field minimization protocol. Bz is shown
as a function of time. Scheme A (red line) consists in a ramp
from Bz,ramp to -Bz,ramp performed on a thermal cloud, then
Bz is brought down to −Bz,c in 50 ms before the evapora-
tion in the optical trap. Scheme B (blue line) starts with
the condensation at a finite value of the field Bz,c, then af-
ter the evaporation, the field is ramped down to Bz,ramp in
50 ms. Here the condensate experiences the field ramp across
zero, from Bz,ramp to −Bz,ramp. In both cases, the dotted line
corresponds to the field crossing the minimum value with a
tunable ramp duration. The shaded gray area denotes the
time during which the sample is evaporated to obtain a BEC.
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FIG. 4. Transverse field determination. (a) Schematic representation of the iterative measurement process; see main text. (b)
Relative populations of the three Zeeman levels mF = −1, 0,+1 (from top to bottom) for decreasing ramp velocities α (from
left to right). All panels show the experimental data (dots) and the fitted function (solid line) plotted as a function of the
transverse field in the x directions. For each panel, the upper axis shows the field’s value generated by the coils, while the
lower axis is shifted according to the fit result. The speed of the ramp is specified in the orange box as well as the value of the
compensation field in the y direction used for each scan. Note the offset of the compensating field in the first column, whose
data were acquired with a few weeks delay with respect to the other two data sets.

field (which is not screened by the magnetic shield or due
to the shield’s permanent magnetization).

The protocol to minimize the transverse field ampli-
tude B⊥ starts with a thermal atomic sample by setting
the values of the currents in the coils for the transverse
directions, generating the fields Bx,coils and By,coils. In
the following, we discuss the two experimental schemes
depicted in Fig. 3.

Scheme A (red line) consists in changing Bz from
Bz,ramp to −Bz,ramp with a linear ramp of variable du-
ration ∆t∗. After this first ramp, Bz is reduced to
−Bz,c ≈ −130mG ≪ −Bz,ramp in 50ms. Then, the sam-
ple is evaporatively cooled to Bose condensation by re-

ducing the dipole trapping beam intensity. To image the
spin state, after switching off the trapping potential, a
vertical magnetic field gradient of 8G/cm is applied to
separate the three states in a Stern-Gerlach-like scheme.
A simultaneous absorption image of the three states is
made after a time-of-flight of 18 ms. Bose condensing
the sample before imaging favors the spatial spin reso-
lution of the Stern-Gerlach imaging, given the relatively
small amount of the applied magnetic field gradient and
ballistic expansion time.

To reduce the sensitivity to magnetic field inhomo-
geneities, in Scheme B (blue line) the order between LZ
ramp and evaporation is reversed. The atomic sample is
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first cooled below the critical temperature for condensa-
tion at Bz,c ≈ 130 mG, and then the field is decreased to
Bz,ramp to apply the LZ ramp from Bz,ramp to −Bz,ramp.
By doing so, the spatial extent of the condensed atomic
sample is considerably smaller during the LZ ramp, sup-
pressing the contributions from the magnetic field’s spa-
tial inhomogeneities.

The ramp duration ∆t∗ should be much longer than
the coils time constant τ = L/R ≃ 0.5 ms, where L and R
are the inductance and the resistance of the coils, respec-
tively, and much shorter than the sample lifetime in the
trap (τBEC ≃ 1 s, τth ≫ 1 s). The value Bz,ramp was cho-
sen depending on the ramp duration, from a maximum of
1.5mG to a minimum of 750µG, with |Ḃz| ranging from
a maximum of 3G/s to a minimum of 3.75mG/s.

The values Bx,0 and By,0 that best compensate for the
residual transverse field are the ones giving the maximal
transfer to the mF = +1 state. They are found through
an iterative procedure, as sketched in Fig. 4a. The first
iteration is a scan in Bx,coils setting |Ḃz| = 300mG/s
and By,coils = 0. We obtain the value Bx,0 for which we
observe maximum transfer in mF = +1. Then, we set
Bx,coils = Bx,0 and we perform a scan in By,coils obtaining
By,0 for which we have the maximal transfer of the pop-
ulation in the state mF = +1. We repeat this procedure
by slowing down the ramp in Bz at each iteration. In this
way, the P+1 distribution shrinks, increasing our sensi-
tivity to determine the field value that best compensates
for the residual one. The first iteration starts finding the
value Bx,0 with a scan in Bx,coils at fixed By,coils = 0,

with a given ramp speed |Ḃz| = 300mG/s. Then, at
fixed Bx,coils = Bx,0 we perform a scan in By,coils obtain-
ing By,0.

Figure 4b presents the three hyperfine relative popu-
lations, n−1, n0, n+1, for three subsequent scans of the

magnetic field Bx,coils, with decreasing value of |Ḃz| and
By,coils set to the value determined in the previous itera-
tion step. The experimental data were fitted to Eq. (3-5)
from which we extract the center Bx,0, the maximum
transfer P1,max, and the width σB of the transfer peak.
At first, the center of the observed structures corresponds
to Bx = 0 and this allows us to determine Bx,coils to com-
pensate any residual field along x. The maximum in the
transferred population P1,max depends on the residual
field in y,

By =

√
− ℏḂz

πµB
ln(P1,max), (7)

which is minimized after each Bx scan (scan in By,coils are
not shown in figure). As expected, slower ramps lead to
smaller σB (as highlighted by the white windows, which
always mark a region of 200µG), and consequently to
increase the precision at which Bx = 0 (and By) is de-
termined.

2. Longitudinal field

The protocol presented in the previous section allows
for minimizing the transverse magnetic field. The best-
obtained values are then used as transverse fields setting
Bx,coils = Bx,0 and By,coils = By,0 for the characteriza-
tion of the residual longitudinal field Bz.
Here, we introduce the procedure to characterize the

residual longitudinal field Bz. The gas is first evapo-
rated to obtain a BEC at Bz,c = 130 mG, then Bz,coils is
ramped from a positive value Bz,ramp down to a variable

one Bz,fin with constant ramp Ḃz = −15mG/s. As the
Stern-Gerlach imaging is implemented at positive Bz, we
constrain the diabatic spin dynamics to the decreasing
ramp on Bz,coils by raising the transverse field to a finite
value after the end of the Bz,coils ramp, see Fig. 5. If
Bz,fin > 0, the LZ transfer does not take place since the
ramp is interrupted before the zero crossing on Bz,coils

hence leaving the atoms in mF = −1. If Bz,coils < 0,
on the other hand, the transfer to mF = +1 takes place.
An example of such a scan is given in Fig. 6 where the
relative populations in the three states are represented
as a function of the value Bz,fin. We verified that using
a slower ramp does not affect the experimental result.

IV. RESULTS

From the fits of the experimental data, as the examples
shown in Fig. 4, it is possible to extract both the width
of the transfer peak σB and, from the contrast of the
LZ population transfer, the residual transverse magnetic

FIG. 5. Longitudinal field protocol. Representation of the
field in z and y directions. For the field in the longitudinal
direction, the protocol is analogous to Scheme B with the
only difference that the speed of the ramp is fixed to be Ḃz =
15mG/s while the final value of the ramp Bz,fin is varied.
The field in the y-direction is fixed to the optimal value By,0

previously determined, it is adiabatically ramped to a finite
value and then back o By,0 for the imaging procedure. The
field along x is not shown in the figure, as it is kept at a
constant value Bx,0 for the whole duration of the experiment.
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FIG. 6. Example of the longitudinal field characterization.
Each panel shows the relative population for the three states
as a function of Bz,fin. The dots are experimental data
obtained averaging different experimental realizations, with
standard deviation smaller than the marker size, while dot-
ted line is the result of the sigmoidal fit. The value Bz,0

compensating for the residual field is pointed by the red star.

field B⊥. Figure 7a shows the measured width σB of the
transfer peak as a function of |Ḃz| for both protocols (red
symbols for A and blue for B). Each point was obtained
by averaging the widths from different experimental runs
with the same ramp speed. The experimental values of
the width are consistent with σB predicted from the LZ
theory (dashed line in the figure). We attribute the gen-
eral increase in the experimental values to effects not
included in the LZ discussed so far.

For instance, comparing the measurements taken on
a thermal sample (empty red symbols in Fig. 7) to the
ones taken on the smaller Bose condensed sample (empty
blue symbols ), the flattening trend of σB observed with
the thermal sample around 30µG can be attributed to
magnetic field inhomogeneities, i.e. magnetic field gradi-
ents along the elongated direction of the atomic sample
y. Here, the residual magnetic field difference between
opposite regions gives rise to an additional contribution
σgrad in the determination of σB , which we expect to sum

FIG. 7. a) Width σB of LZ transfer probability as a function
of the ramp speed. The dashed black line is the theoretical
prediction from LZ theory; the symbols are the experimental
results using scheme A (red symbols) or scheme B (blue sym-
bols). Empty (filled) symbols are obtained without (with)
compensation for the residual gradient, respectively. The er-
ror bars have been estimated considering the fluctuations of
different datasets. The two insets are examples of the pop-
ulation in the state mF = +1 obtained at a ramp velocity
of 3.75 mG/s with (left inset) and without (right inset) the
compensation of the gradient. The blue dashed line is the con-
tribution of the residual magnetic field gradient to the peak
width. b) Transverse residual magnetic field B⊥ extracted
from the population fits as a function of the inverse of the
ramp velocities. Note that the error bars for the data ob-
tained compensating the magnetic field inhomogeneities are
too small to be seen in the plot.

in quadrature with σLZ predicted by the LZ theory:

σB =
√
σ2
LZ + σ2

grad. (8)

We determine the optimal compensation for this gra-
dient by employing a dedicated set of coils in anti-
Helmholtz configuration, which is driven to reduce σB



7

further (inset in Fig. 7a, and filled dots in 7a and b).
From Eq. (8) and the comparison between data with
and without compensation obtained with protocol B, we
estimate the non-compensated gradient contribution at
σgrad = 22±3µG (horizontal dashed blue line in Fig. 7a).
This is consistent with the estimation from cloud size and
magnetic field gradient applied to minimize σB . We no-
tice that σB acquired in schemes A and B are comparable
upon magnetic gradient compensation.

In Fig. 7b, we plot B⊥ obtained by fitting Eq. (7) on
the experimental data both for measurements without
(empty symbols) and with (filled triangles) the gradient
compensation. The smallest width observed allows us to
determine the minimal residual transverse field at 14 ±
2µG, a value that could be limited by the noise of the
current supplies driving the compensation coils. Also, it
is worth mentioning that the condition for the residual
field compensation has generally been stable for several
weeks. Still, we did observe jumps in the compensation
field at the level of hundreds of µG (a few events over
six months of measurements), which we could not clearly
attribute to technical circumstances.

The longitudinal field was minimized by following the
protocol explained in Sec.III B 2. Bz,0 is chosen as the
center of the sigmoidal fit of the data shown in Fig. 6,
Bz,0 = −323± 10µG.

By combining the minimal transverse and longitudinal
field results, we estimate we can reach a minimal field
modulus of 18±5µG, which complies with the conditions
for observing a nematic phase in a 23Na BEC.

V. CONCLUSIONS AND OUTLOOK

In this paper, we present a technique to characterize
and compensate magnetic fields at the level of 10 µG in
experiments with ultracold atomic gases. The method
is based on monitoring the Zeeman populations in di-
abatic atomic spin rotation. The simulations based on
the LZ dynamics for a three-level system reproduced the
experimental data well. These results pave the way to
studying the unexplored scenario of condensation in zero
magnetic fields in extended spinor gases, when spin in-
teractions may become dominant over all other contribu-
tions of the Hamiltonian. For instance, the ground state
of F=1 BEC characterized by antiferromagnetic interac-
tion is expected to develop an order parameter with a
nematic character, which has not been reported on su-
perfluid matter so far.
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