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Experiments searching for exotic spin-dependent interactions typically employ magnetic shielding
between the source of the exotic field and the interrogated spins. We explore the question of what effect
magnetic shielding has on detectable signals induced by exotic fields. Our general conclusion is that for
common experimental geometries and conditions, magnetic shields should not significantly reduce
sensitivity to exotic spin-dependent interactions, especially when the technique of comagnetometry is used.
However, exotic fields that couple to electron spin can induce magnetic fields in the interior of shields made
of a soft ferromagnetic or ferrimagnetic material. This induced magnetic field must be taken into account in
the interpretation of experiments searching for new spin-dependent interactions and raises the possibility of
using a flux concentrator inside magnetic shields to amplify exotic spin-dependent signals.
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I. INTRODUCTION

With the discovery of the Higgs boson [1,2], the last
major fundamental prediction of the Standard Model has
been confirmed. Nonetheless, there are still several funda-
mental mysteries in modern physics that defy explanation,
such as the source of additional CP violation required to
explain baryogenesis [3–5], the nature of dark matter [6]
and dark energy [7,8], the vacuum energy density catas-
trophe [9,10], and the hierarchy problem [11,12]. To date,
no prediction of a new particle theory extending beyond
the Standard Model has been unambiguously confirmed
experimentally, and thus, in some sense, particle physics
has entered a speculative era where, most likely, many
possibilities must be explored before solutions to these
fundamental mysteries are found. One such possibility is
that the new physics required to explain baryogenesis, dark
matter, or dark energy will be in the form of heretofore
undiscovered fundamental forces or fields, and such exotic
fields may interact with the intrinsic spins of elementary
particles [13–16]. There are several recent and ongoing
laboratory experiments searching for such exotic spin-
dependent couplings (see, for example, Refs. [17–31],
and also Ref. [32] and Chap. 18 of Ref. [33] for reviews).

A typical laboratory experiment [32,33] searching for an
anomalous spin-dependent interaction involves measuring
the torque generated by an exotic field on an ensemble of
spin-polarized particles (for example, by measuring the
spin precession frequency of atoms in a vapor via optical
pumping and probing [25] or measuring the rotation of a
spin-polarized torsion pendulum [19,20]). Usually, the
dominant torque on a spin comes from the interaction of
a particle’s magnetic moment μ with the ambient magnetic
field B. To reduce noise and control systematic effects, the
ensemble of spin-polarized particles is nearly always
contained within a magnetic shield system that reduces
the influence of background magnetic fields. Furthermore,
the majority of recent experiments employ the technique of
comagnetometry [33], where the torques on different
species inhabiting the same volume are simultaneously
measured.
In most experiments searching for anomalous spin-

dependent interactions, the source of the exotic field is
located outside the magnetic shield system. Any such
experiment must answer the following basic question:
What is the effect of the magnetic shield system on the
signal detected by the spin-polarized ensemble? It turns out
that there are conflicting answers to this question in the
literature: In Refs. [34,35], it is argued that soft ferromag-
nets (common materials used in magnetic shields) are*derek.jacksonkimball@csueastbay.edu
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affected by exotic spin-dependent interactions; while in
Refs. [36–38], it is argued that the response of soft
ferromagnets to exotic interactions may be significantly
reduced if the energy splitting between electron spin states
caused by the exotic interaction is less than some threshold
value. In the present paper, we consider this question by
analyzing the physical processes that lead to the shielding
effect for different magnetic shield materials.
For soft ferromagnets, the effect of an exotic field that

couples primarily to electron spin is essentially identical to
that of a weak magnetic field, in the sense that both produce
a torque on electron spins (whose dynamics are responsible
for the shielding effect). One of the central questions in the
case of soft ferromagnetic materials, as noted in the literature
cited above [34–38], is whether the permeability of soft
ferromagnets depends on the external field strength in the
small-field limit. We address this question both theoretically,
by considering the relevant physical processes leading to the
shielding effect in soft ferromagnets, and experimentally,
by carrying out measurements of the shielding effect for a
mu-metal shield as a function of the applied external field
Bext in the small-field limit (10−6 G≲ jBextj≲ 10−3 G)
using an optical atomic magnetometer [39]. We demonstrate
that, in this field range, the shielding effect is independent of
magnetic field strength. This field range is of particular
interest since it is the usual range of the ambient magnetic
fields acting on the innermost shielding layer in experiments.
Exotic fields would, in principle, generate an additional
torque on electron spins in the shieldingmaterial on topof the
torque from the ambient magnetic field.
In the next section, we consider the general features of

the interaction of an exotic field coupling to intrinsic spin
with magnetic shielding.

II. EFFECT OF EXOTIC SPIN-DEPENDENT
INTERACTIONS ON MAGNETIC

SHIELDING

Exotic spin-dependent couplings are generated in a wide
variety of theories postulating new physics beyond the
Standard Model: For example, theories incorporating new
scalar-pseudoscalar or axial vector interactions [13–16],
long-range torsion gravity [40–42], violation of Lorentz
and CPT symmetries [43], spontaneous breaking of
Lorentz symmetry [44], unparticles [45,46], and so on.
In order for such interactions to have evaded experimental
detection to this point, it must be the case that the coupling
strength is much weaker than magnetic couplings or that
the interaction range is shorter than atomic distance scales
[22,23]. This work concentrates on the former possibility
since we are interested in cases where magnetic shielding
may be interposed between the source of the exotic field
and the spins used to detect the interaction. Furthermore,
such theories characteristically postulate spin-dependent
interactions for which the ratios of the coupling constants
to electrons and nucleons have no relationship to electron

and nucleon gyromagnetic ratios. It is also of interest to
note that the exotic field may have a transient [28,29] or
oscillating [30] time-dependent behavior.
All magnetic shielding materials used in present experi-

ments are based on the interaction of electrons with
magnetic fields. If the exotic spin-dependent interaction
couples primarily to nuclear spin, the magnetic response of
the shield will be negligible. Thus, the sensitivity of an
experiment to purely nuclear spin-dependent interactions is
essentially unaffected by the presence of magnetic shields.
In the case of an exotic interaction coupling to electron

spins or electron orbital angular momentum, it is conceivable
that a magnetic shield could be affected by the interaction.
For simplicity, we assume in this work, as do many theories
postulating new interactions [13–16,44–46], that there is no
coupling of the exotic field to orbital angular momentum L.
In the context of quantum field theory, this theoretical bias
can be understood as follows. If an exotic field couples toL,
that implies that the field couples to particle current.
However, the lowest-order coupling to particle current
vanishes if the exotic interaction is mediated by a spin-0
particle (such as an axion or axionlike particle [13,16]). On
the other hand, a coupling of a generic massive spin-1 boson
to particle current is forbidden by gauge invariance [47], and
constraints on couplings of massless spin-1 bosons are
already quite stringent [48]. Thus, generally, couplings of
exotic fields to particle current, and thus L, are expected to
be suppressed relative to spin couplings. Nonetheless, it
should also be noted that there are theories that do postulate
exotic couplings toL. For example, hidden photons can mix
with ordinary photons and thus can produce real magnetic
fields in magnetically shielded regions that would indeed
couple to L [49]. At any rate, in this work, we consider an
exotic field ϒ that generates a coupling only to intrinsic spin
of the form

H ¼ ξϒ · S; ð1Þ

where ξ is a dimensionless coupling constant for electrons to
ϒ and S is the electron spin.
Another important point is that Υ is not shielded per se as

magnetic fields are, but rather the primary observable effect
of the interaction between the shield and Υ is the generation
of an induced magnetic field Bind ∝ −ξϒ due to magneti-
zation of the shield byΥ. This is because the spin-dependent
energy shift from an induced exotic field, ϒind ∝ ξϒ, on
electron spins would be proportional to ξ2, whereas the spin-
dependent energy shift from Bind is linear in ξ and therefore
considerably larger since it is assumed that ξ ≪ 1.
Furthermore, since jϒindj ≪ jϒj, we can approximate that
the response of samples in the interior of the shield is
dominated by only ϒ and Bind (Fig. 1).
One can imagine two possibilities for the response of a

magnetic shield to Υ: (a) The shield generates an induced
field
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Bind ≈ −
ξ

gμB
ϒ; ð2Þ

where g is the electron g-factor, which would approxi-
mately cancel the response of electrons to Υ within the
shield, or (b) the shield has little or no response to Υ so that
Bind ≈ 0, in which case the experimental sensitivity to
exotic spin-dependent interactions would be unaffected.
[Note that here we are considering the field in a region
within a hollow magnetic shield (see Fig. 1), where the
magnetization M ¼ 0, so Bind ¼ Hind.]
In case (a), if the ensemble of spin-polarized particles

used to search for the exotic coupling consists only of
electrons, the approximate cancellation between the effect
of the exotic interaction and the induced magnetic fieldBind
would significantly reduce the size of any observable effect.
However, nearly all recent experiments employ some
version of the technique of comagnetometry, where the
response of multiple species to Υ is simultaneously
measured. Suppose, for example, that an experiment
employs both an ensemble of polarized electrons and an
ensemble of polarized neutrons. Within the shield, both Υ
and Bind are present, so the polarized electrons do not
respond. However, if we assume no coupling of Υ to
neutron spin, the neutrons will respond to the magnetic
torque generated by Bind and could produce a detectable
effect. This highlights the critical importance of both
comagnetometry and understanding the response of mag-
netic shielding in the search for exotic spin couplings.
A further consideration is that most experiments search-

ing for exotic spin-dependent interactions employ multi-
layered magnetic shields. Fortunately, this does not
change the basic concepts of our arguments because of
the superposition principle. Consider, for example, a

two-layer shield. According to our model, in case (a), Υ
essentially acts equivalently to a weak external magnetic
field on the outer shield layer. This magnetizes the outer
shield layer and produces an induced field B1 according to
Eq. (2). The inner shield layer has magnetization produced
by the combined effect of B1 and Υ. The superposition
principle can be used to conceptually separate the effect of
B1 and Υ on the inner shield layer: According to this
perspective, within the interior volume of the inner shield
layer, there is an induced fieldB2 generated byΥ according
to Eq. (2) and a residual attenuated field B�

1 arising from
imperfect shielding of B1 by the inner layer. Since the
magnitude of B2 is much greater than the magnitude of B�

1,
to first orderB�

1 can be neglected, and we can conclude that
a multilayer shield of type (a) has effectively the same
behavior as a single-layer shield with respect to exotic
interactions. (In fact, B2 ends up being equal to the induced
field in the case where there is no outer shield layer.)
Considering the effect of exotic spin-dependent inter-

actions on magnetic shielding is particularly important
when interpreting the results of null experiments as con-
straints on new physics: Does the shielding reduce or
enhance the sensitivity of the experiment to electron spin
couplings? Do searches for exotic nuclear spin couplings
also constrain electron spin couplings because of the effect
of the magnetic shielding illustrated in case (a) above? In
the next section, we explore the physics of different
magnetic shielding materials to determine their expected
response to exotic spin-dependent interactions.

III. CHARACTERISTICS OF DIFFERENT TYPES
OF MAGNETIC SHIELDING

A. Superconducting shields

Superconducting shields are based on the Meissner
effect [50]: Below the superconducting transition temper-
ature, screening currents are induced that cancel external
magnetic fields in the interior of the superconductor
(beyond the London penetration depth). The Meissner
effect relies on the coupling of magnetic fields to the
motion of charged particles rather than the coupling of
magnetic fields to the intrinsic spins of electrons. Thus,
since the Meissner effect is unrelated to interactions with
the electron spins and since we have assumed that the
exotic field Υ does not couple to orbital angular momen-
tum,Υwould produce no screening currents. Therefore, the
use of superconducting shields would have no effect on
experimental sensitivity to Υ. Hence, superconducting
shields are an example of case (b) discussed above (Fig. 1).

B. Shielding of ac fields by induction

Ordinary electromagnetic induction will act to prevent
change to the magnetic flux passing through a conductor.
Thus, ac fields can be shielded due to electric currents
induced in conductors. As in the case of the Meissner

magnetic
shield

(a) (b)

FIG. 1. Schematic diagram of possible effects of an exotic field
ϒ on a magnetic shield. (a) The shield material may interact with
Υ to generate an induced fieldBind that approximately cancels the
effect of Υ on electron spins, or (b) the shield material may have
no response to Υ.
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effect, this shielding mechanism originates from the
induced motion of charges in the conductor and is not
related to the intrinsic spins. Thus, a rapidly time-varyingΥ
(for example, an oscillating axion field [16,30]) would not
be shielded, so conducting shields are another example of
case (b).

C. Soft ferromagnets and ferrimagnets

The most commonly used types of shielding materials in
experiments searching for exotic spin-dependent inter-
actions (as well as magnetometric studies) are soft ferro-
magnets such as mu-metal (an alloy consisting of 77%
nickel, 16% iron, 5% copper, and 2% molybdenum or
chromium) that come in a variety of brand names and alloy
compositions (see, for example, Refs. [33] and [51] for a
detailed discussion of such magnetic shielding). The
shielding capability of these materials arises from their
high magnetic permeability, which provides a low-
reluctance path for magnetic flux that steers magnetic field
lines around the shielded volume. The high magnetic
permeability, in turn, is a consequence of the fact that
the material magnetization is easily changed by external
fields [52]. Another soft magnetic material used for
shielding external magnetic fields is Mn-Zn ferrite [53].
Ferrites, like soft ferromagnets, can have high magnetic
permeability (yet typically smaller than that of the best soft
ferromagnetic shielding alloys) but can also have the
attractive feature of high resistivity (typically many orders
of magnitude greater than for soft ferromagnetic alloys),
which reduces thermal magnetic field noise due to Johnson
currents. Ferrites are ferrimagnetic materials, which consist
of populations of atoms with opposing magnetic moments;
in the case of ferrites suitable for magnetic shields, the
opposing magnetic moments are unequal and thus do not
cancel, leaving residual spontaneous magnetism that can
respond to the external magnetic field. The magnetization
of both ferromagnets and ferrimagnets is characterized by
domain structure, and thus to understand their response to
exotic fields with spin-dependent couplings, we must
consider the physical mechanisms through which the
domain structure changes.
When the magnetic fieldBext outside the magnetic shield

changes, there are two primary mechanisms that can
contribute to a change in the shield material’s magnetiza-
tion [52]: (a) domain-wall displacement and (b) rotation of
the domain magnetization. It is the nature of these two
processes that determines whether an exotic field Υ can
produce appreciable effects leading to an induced field Bind
within the shield interior. In particular, we are interested in
the case of small field changes since, based on existing
constraints on electron-spin-dependent interactions
[18,19], in many cases of interest Υ would correspond
to magnetic field strengths that are on the order of 10−14 G
or less, although short-range [20], transient [28,29], and
oscillating exotic fields [30] may be able to produce effects

equivalent to larger magnetic field strengths (albeit still
≪ 10−6G).
Domains of opposing magnetization, separated by

domain walls (regions where the magnetization rotates),
naturally form in ferromagnetic and ferrimagnetic materials
to minimize magnetostatic energy from the self-field
interaction, which is proportional to the domain width.
On the other hand, the domain-wall energy per unit volume
increases as the domain width decreases, so the character-
istic domain size results from a balance of these competing
factors [52]. In real materials, the domain structure is
influenced by both the crystalline structure and irregular-
ities (voids, nonmagnetic inclusions, internal stresses, grain
boundaries, etc.). The crystalline structure of a ferromag-
netic material generates a magnetic anisotropy through a
pseudodipolar interaction, a variation in the exchange
energy with the rotation of the magnetization relative to
so-called “easy” and “hard” axes. In other words, when the
magnetization is aligned with the easy axis, the exchange
energy is minimized; when the magnetization is aligned
with the hard axis, the exchange energy is maximized. In
the case of soft ferromagnetic materials such as mu-metal,
the overall magnetic anisotropy is typically produced
during annealing in the presence of an applied magnetic
field in a hydrogen atmosphere. The annealing process
aligns grains and removes impurities, which also reduces
the effects of local anisotropies.
The local magnetization in zero field lies parallel to the

easy axis, in either the positive or negative direction.
Consider two neighboring domains with oppositely ori-
ented magnetization separated by a domain wall. When a
field Bext is applied in the direction of the magnetization of
the first domain, the domain wall moves so as to expand the
volume of the first domain at the expense of the second
domain. This effect, known as domain-wall displacement,
can be modeled as a pressure exerted on domains with
magnetization along Bext, causing the domains to expand
and the domain walls to move [52]. For an ideal homo-
geneous material, the domain-wall energy itself is inde-
pendent of position (in neutral equilibrium), and therefore
domains walls can move freely based only on the pressure
exerted from externally applied fields. However, in the
practical case, the domain-wall energy turns out to be
position dependent (due to impurities, internal stresses,
etc.), and the domain-wall position will settle into a local
minimum. (In fact, it is usually assumed that domain walls
exist at most or all energy minima in the material.) Thus,
domain walls can become pinned at particular sites, and in
order for the domain wall to be displaced and expansion or
contraction of domains to occur, some energy barrier must
be overcome. On the other hand, as pointed out by Néel
[54], domain walls are also deformable—so that even
though parts of the wall may be pinned at particular sites
in the crystal, in general, the wall can bulge under magnetic
pressure. When the magnetic pressure becomes strong
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enough to drive the domain wall out of the stable, pinned
configuration, the wall displaces irreversibly. The discrete
jumping of domain walls from pinned site to pinned site is
one of the causes of Barkhausen noise in ferromagnetic and
ferrimagnetic materials [55]. In summary, for sufficiently
small external magnetic fields, the magnetization of the
ferromagnetic material changes via bulging and contracting
of domains, while for larger magnetic fields, there are
irreversible jumps of domain-wall positions between
pinning sites.
The important point relevant to our considerations is that

a continuous, reversible mechanism for domain expansion
and contraction, and thus change in magnetization, exists
for soft ferromagnets and ferrimagnets: namely, the defor-
mation of the domain walls. Although the magnetic
permeability of a soft ferromagnet or ferrimagnet depends
on the strength of the external field being shielded for field
strengths above some threshold, for sufficiently small
external field strengths where domain-wall deformation
rather than displacement dominates, the permeability is
expected to become relatively independent of the field
strength, in contrast with the expectations of Refs. [36–38].
In other soft ferromagnetic materials such as Isoperm (an

alloy consisting of 50% nickel and 50% iron) and Permalloy
(an alloy consisting of 80% nickel and 20% iron) where the
crystal is strongly stressed, the dominant physical mecha-
nism accounting for the high permeability is rotation and
reversal of domain magnetization rather than domain-wall
displacement and deformation. Nonetheless, there is a
similar dichotomy of physical mechanisms: For sufficiently
large changes in the external field, there can be spontaneous
reversal or realignment of domain magnetization, connected
to Barkhausen noise [55], while for smaller external field
changes, there is continuous and reversible change of domain
magnetization through rotation of the magnetization away
from the easy axis [52].
When the external field is near zero, the magnetization

behavior of soft ferromagnets and ferrimagnets can be
described by

M ≈
�
χ0 þ

η

2
jHj

�
H; ð3Þ

where M is the magnetization, χ0 is the zero-field suscep-
tibility, H is the external field, and η is the Rayleigh
constant [52]. If jHj is sufficiently small, the first term, χ0H
(related to the continuous and reversible processes of
domain deformation and magnetization rotation), domi-
nates, and the magnetization exhibits a linear dependence
on the external field. For larger values of jHj, the second
term, ηjHjH=2 (related to irreversible magnetization proc-
esses such as discrete jumps of pinned domain walls and
magnetization reversal), becomes important. Depending on
whether the external field increases or decreases, the sign of
η changes, and M exhibits hysteresis as a function of

changing H, leading to so-called “Rayleigh loops” in the
dependence of M on H. In general, the characteristics of
the minor hysteresis loops depend on the initial value of H
and the locus ofH as it varies, so the effective permeability
can be different depending on the magnetic conditions and
history, as studied for mu-metal shielding in Ref. [56]. To
give a rough idea of the scale of these effects, estimates and
measurements indicate that the nonlinear term in Eq. (3),
due to irreversible processes in mu-metal, can be neglected
for external fields Bext ≲ 10−3 G [56].
Broadly speaking, for exotic fields Υ that couple to

electron spin [Eq. (1)], soft ferromagnetic and ferrimagnetic
shields are thus expected to respond and generate an
induced fieldBind ≈ −ξϒ=ðgμBÞ in the interior of the shield
volume that will approximately compensate the effect of Υ
on electron spins, corresponding to case (a) described
above (Fig. 1).
To test the permeability of mu-metal for relatively

small external magnetic fields in the range 10−6 G≲
Bext ≲ 10−3 G, below the level where the effect of
Rayleigh loops should be negligible, we carried out a
measurement of the field inside the innermost layer of a
five-layer mu-metal magnetic shield when an external field
Bext was generated by a current through a coil wrapped
around the same innermost shield layer. The experimental
setup is, in most respects, identical to the setup used to
study nonlinear magneto-optical rotation with frequency
modulated light (FM NMOR) described in Ref. [39]. The
magnetic field inside the innermost shield is measured
using the FM NMOR technique [39,57]: Linearly polarized
laser light, near resonant with an atomic transition, prop-
agates through an atomic vapor cell along the direction of
the magnetic field to be measured; the laser light is
frequency modulated atΩm ≈ 2π × 1000 Hz (with a modu-
lation depth of ≈100 MHz), and optical rotation of the laser
light is measured at the output with a lock-in amplifier
referenced to the laser frequency modulation at Ωm.
Prominent resonances in the magnetic field dependence
of the optical rotation amplitude measured at the first
harmonic of Ωm are observed when

nΩm ¼ 2ΩL; ð4Þ

where ΩL is the Larmor frequency and n ¼ 0, 1. In this
study, we employ the n ¼ 0 resonance to measure near-
zero magnetic fields within the innermost shield, which
means that we work at near-zero magnetic field. For our
experiment, the laser light power is ≈150 μW and the laser
is detuned ≈400 MHz to the high-frequency wing of the
Doppler-broadened 85Rb F ¼ 3 → F0 hyperfine compo-
nent of the D2 transition to maximize the signal (see
Ref. [39] for more details).
A 192-turn coil (the “external field” coil) is wrapped

around the outside of the innermost shield layer (Fig. 2).
A 5-Hz sinusoidally oscillating current generated with a
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Model 200CD Hewlett-Packard oscillator passes through
the external field coil. The oscillating magnetic field within
the innermost shield layer observed with FM NMOR is
measured with another lock-in amplifier. Throughout these
measurements, the magnetic fields measured are suffi-
ciently small so that the n ¼ 0 FMNMOR signal is linearly
proportional to the magnetic field. The shielding factor is
estimated as the ratio of the expected magnetic field on the
cell calculated in the absence of the innermost shield layer
to the actually measured magnetic field within the inner-
most shield layer.
The measured shielding factor as a function of applied

external field is shown in Fig. 3, demonstrating that over
the range 10−6 G≲ Bext ≲ 10−3 G, the shielding factor for
mu-metal is relatively constant, as predicted from the fact
that the contribution from Rayleigh loops is negligible in
this field range. This supports the conclusion that soft
ferromagnetic or ferrimagnetic shielding indeed responds
to small field variations and the suggestion of Refs. [34,35]
that soft ferromagnets can indeed be affected by exotic spin-
dependent interactions. As noted in the Introduction, the

lower limit of the studied field range is particularly relevant
since it is the usual range of the ambient magnetic fields
acting on the innermost shielding layer in experiments, and
torques from exotic fields would sum with the magnetic
torques studied here.

IV. FLUX CONCENTRATORS
AND EXOTIC FIELDS

The above analysis raises the possibility of amplifying
the effect of an exotic field Υ coupling to electron spins by
using a flux concentrator to generate an induced field Bind
proportional to Υ that produces a larger effect on a detector
than Υ by itself would. Consider, for example, the arrange-
ment shown in Fig. 4. The flux concentrator and magnetic
sensor can be placed within a superconducting shield to
block external magnetic field variations. As discussed
above, the superconducting shield would have no effect
on Υ. A flux concentrator made of, for example, a ferrite
material would respond to Υ by generating an internal
magnetization as the electron spins respond to Υ as they
would to a weak magnetic field. As opposed to the case of
magnetic shielding discussed above, the induced magnetic
fieldBind in the gap between the ferrite rods would lead to a
larger response as compared to Υ alone, namely,

Bind ≈G
ξ

gμB
ϒ; ð5Þ

where G is the flux concentration factor. In the case of a
similar geometry employing ferrite rods of length ≈5 cm,
diameter ≈3 mm, and separation ≈2 mm, G ≈ 20 was
obtained [58] (even higher values for G may be achieved
with triangular or conic geometries). Ferrite, being an
insulator, has the attractive feature of reduced magnetic
field noise from thermal currents. However, if the entire
setup is designed to work at cryogenic temperatures for
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FIG. 2. Scan of the applied magnetic field within the inner-
most magnetic shield layer and measured amplitude of non-
linear magneto-optical rotation with frequency modulated
light (FM NMOR), centered on the zero-field (n ¼ 0) resonance
[39,57]. The working region of the magnetometer (width ≈6 μG),
where the signal is linear in response to the applied field, is
designated by the vertical dashed lines. The center of the
resonance is offset from zero due to a residual ∼20 μG field
from the innermost shield.

FIG. 3. The innermost mu-metal magnetic shield and schematic
of external field coil.
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without an innermost shield to the measured magnetic field with
an innermost shield) as a function of the applied external field.
For data with larger external field magnitudes, see Ref. [56]; the
upper limit of the field range was defined by the linear working
region of the magnetometer (see Fig. 5).
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which the permeability of ferrites is significantly reduced, a
material such as Metglas (an amorphous ferromagnetic
material) with good cryogenic properties [59] may be more
suitable for the flux concentrator.
Even though magnetic field noise from thermal currents

is negligible in ferrite and amorphous ferromagnetic
materials, as shown in Ref. [58], there is still noise due
to thermal fluctuations of magnetization (at the level of
∼10−10G=

ffiffiffiffiffiffi
Hz

p
at frequencies of 100 Hz using a Mn-Zn

ferrite rod as the flux concentrator). However, such noise
decreases at higher frequencies (roughly as the square root
of the frequency) and can be improved upon with other
choices of materials. Notably, there are a number of
interesting high frequency applications that may be
explored, such as searches for coherent oscillations of
axion dark matter at frequencies above a MHz [30]. The
response of the flux concentrator should be relatively
constant with respect to frequency for frequencies well

below the ferromagnetic resonance. We also note the recent
use of a ferrite flux concentrator for magnetic microscopy
[60], which achieves thermal magnetization noise from the
flux concentrator below the intrinsic optical atomic mag-
netometer noise. The work described in Ref. [60] also
points to the possibility of using flux concentrators for
investigation of short-range exotic spin-dependent inter-
actions (see, for example, Refs. [20,22]).

V. CONCLUSION

In conclusion, we have considered the response of
magnetic shielding materials to exotic spin-dependent
interactions. The only case where the shielding material
is predicted to respond to the exotic field is when the exotic
field couples to electron spin and the shield is made of a
soft ferromagnetic or ferrimagnetic material. In this case,
the exotic field is predicted to produce an induced magnetic
field within the shield. The effect of this induced field
should be considered in experiments searching for such
effects. Furthermore, this observation raises the possibility
of amplifying exotic electron-spin-dependent effects
through the use of a flux concentrator.
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