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We have recently shown how a polarized beam in Talbot-Lau interferometric imaging can be used to analyze
strong magnetic fields through the spin dependent differential phase effect at field gradients. While in that case
an adiabatic spin coupling with the sample field is required, here we investigate a nonadiabatic coupling
causing a spatial splitting of the neutron spin states with respect to the external magnetic field. This
subsequently leads to no phase contrast signal but a loss of interferometer visibility referred to as dark-field
contrast. We demonstrate how the implementation of spin analysis to the Talbot-Lau interferometer setup
enables one to recover the differential phase induced to a single spin state. Thus, we show that the dark-field
contrast is a measure of the quantummechanical spin split analogous to the Stern-Gerlach experiment without,
however, spatial beam separation. In addition, the spin analyzed dark-field contrast imaging introduced here
bears the potential to probe polarization dependent small-angle scattering and thus magnetic microstructures.
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The peculiar feature of neutrons as charge neutral particles
carrying a magnetic moment has been exploited in the study
of magnetic phenomena [1–17]. In neutron imaging, the
interaction of the neutron magnetic moment with magnetic
fields is exploited in various ways to image macroscopic
magnetic fields and structural features [9,18–29].
Nonadiabatic spin interaction with an external magnetic

field can be expressed in a quasiclassic description by a
rotation of the neutron magnetic moment μn around the
magnetic field B according to the Bloch equation [30,31]

dμn
dt

¼ γnμn × B; ð1Þ

referred to as Larmor precession, where t is time and
γn ¼ 2μn=ℏ. The Larmor frequency is ωL ¼ γnB.

The interaction of an unpolarized beam with structures
like magnetic domain walls leaves a signature in dark-
field contrast images (DFIs) and enables one to observe
the domain structure in the volume of bulk samples
[32–39].
DFIs are based on the local loss of visibility in a

Talbot-Lau grating interferometer [40–42]. A Talbot-Lau
interferometer consists of three gratings, as depicted in
Fig. 1(a). The source grating G0 creates the partial
coherence that enables the formation of the interference
pattern induced by the phase grating G1 and the analyzer
grating G2 at the nth fractional Talbot distance [43]. The
technique can provide a threefold contrast related to the
parameters describing the interference pattern I that can be
recorded in every pixel of an image as [40]
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IðsÞ ¼ aþ b cos ð2πωssþ CrÞ; ð2Þ

where s is the transversal scanning parameter of one grating,
a is the offset, and a=a0 represents the attenuation contrast
where the index 0 refers to the undisturbed interference.
ðb=aÞ=ðb0=a0Þ provides the DFI, which is the relative
visibility V=V0, where V ¼ ðImax − IminÞ=ðImax þ IminÞ,
with Imax and Imin being the modulation intensity at maxi-
mumandminimumvalues [41].Cr is the relative phase of the
interferencemodulation compared to the undisturbed pattern
ðC0 ¼ 0Þ. It measures the local differential phase of the
neutron wave, allowing one to observe the refractive index
distribution.ωs ¼ 1=p represents the inverse period p of the
interference pattern.
DFIs have been found to be capable of detecting micro-

scopic structures through the small-angle scattering they
induce to the beam. While initially only varying structural
features could be detected, today scanning of the probed
correlation length defined by ξ ¼ λLs=p, where λ is the
wavelength and Ls is the sample to G2 distance, paired with
corresponding analysis, provides quantitative microstruc-
tural information [44]. The potential for obtaining spatially
resolved information about bulk magnetic structures proved
unique and valuable in the investigation of appliedmaterials.
The achieved contrast has so far been explained by an
induced loss of coherence, while we here demonstrate that it
is in fact generated by an increasing degree of destructive
superposition of intensities rather than a coherence depen-
dent destructive phase superposition [41].
Recently, we have shown that the use of a polarized

neutron beam in a Talbot-Lau interferometer enables the
characterization of strong magnetic fields through differ-
ential phase contrast imaging (DPCI) in cases where the
incident spin couples adiabatically to the probed magnetic
field [29]. Such an adiabatic transition takes place when

ωL ≫ ðδB=jBjÞ=δt, where δB=jBj indicates the changes in
direction of B [5].
The Pauli equation implies the coupling of spin

and momentum and for a free neutron in an external
magnetic field one can write the time independent
Hamiltonian:

H ¼ p2

2mn
− μn · B ¼ ℏ2k2

2mn
− μn · B; ð3Þ

where p is the momentum operator, with k ¼ 2π=λ and the
neutron magnetic moment operator defined as μn ¼ μnσ,
with σ being the spin operator. The energy conservation
demands the neutron with an initial kinetic energy match-
ing the total energy Etot ¼ Ek0 ¼ ℏ2k20=2mn to gain or lose
momentum corresponding to the gained or lost potential
energy corresponding to [5]

Etot;B ¼ Ek ¼
ℏ2k20
2mn

� μnB ¼ Ek0 � ΔEk: ð4Þ

Note that for ΔEk, the orientations of the magnetic moment
andB are not relevant because the relevant spin-up and spin-
down states are oriented parallel j↑i and antiparallel j↓i to
the applied fieldB. The implied shift in kinetic energy of the
neutron contributes to the refractive index [18]

δμ ¼ � μnB
2Ek0

¼ � 2mnλ
2μnB

h2
: ð5Þ

In the presence of a magnetic field gradient, a differential
phase effect is measured, where the � refers to the Zeeman
splitting.
Here, we consider the transversal splitting of the spin

states of the beam polarized perpendicular to a prism-
shaped external magnetic field to which the neutron beam
polarization is nonadiabatically coupled [45,46]. We apply
the setup used in Ref. [29], with a polarized incident beam
and a vertical guide field throughout the grating interfer-
ometer setup and a well-defined vertical magnetic field
with a square cross section oriented at 45° to the beam in
the sample position between G0 and G1, as shown in Fig. 1.
The initial vertical polarization is turned into the horizontal
plane and an optional polarization analyzer has been added
between the analyzer grating G2 and the detector, which
does not disturb the interference and introduces only a
minor impact on the spatial resolution. Upon transmission
of the sample field, oriented antiparallel to the guide field,
the transversal gradient of the energetic and thus the
longitudinal separation of the spin states will result in an
additional transversal separation of the spin-up and spin-
down states. While the precession of the spin around
the perpendicular field vector is easily measured, as
routinely done in spin-echo measurements, the correspond-
ing spatial separation of the quantum mechanically

(a) (b)

FIG. 1. Setup details. (a) Sketch of the polarized Talbot-Lau
interferometer including optional polarization analysis. The setup
consists of an adiabatic fast passage spin flipper (AFP), a
beryllium filter (Be filter), two V-coils, a source grating G0, a
phase grating G1, an analyzer grating G2, a detector, a guide field
system, and a polarization analyzer. The probed polarization
direction is along the z axis. The sample is placed between G0 and
G1. The North and South poles are depicted in red and blue.
(b) Hall probe map of the magnetic field between the square-
shaped pole shoes. The white line indicates the edges of the
magnets, while the green one highlights the region at which the
effect is described by the Wigner function calculations.
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postulated perpendicular spin states does not lead to a
sufficient beam splitting to be probed. The beam dimen-
sions used are on the order of centimeters, while the
theoretical values for the beam splitting are on the order
of micrometers. We introduce a novel measurement of the
spatial splitting of the spin states in a precession field
despite using macroscopic beam dimensions. This resem-
bles a Stern-Gerlach experiment but in a precession field
without beam splitting.
The polarized neutron grating setup used, shown in

Fig. 1(a), featured gratings with periods of p0 ¼ 824 μm,
p1 ¼ 7.96 μm, and p ¼ 4 μm for G0, G1, and G2, respec-
tively [29]. The distance l ¼ ðp0=p2Þ=ðdTÞ between source
and phase gratings was chosen according to the geometric
constraint for constructive superposition at the first fractional
Talbot distance dT ¼ 19.6 mm. The beam is quasimono-
chromatic with an effective wavelength of 5.35 Å and a
spread Δλ=λ of about 20%, which is achieved by a cooled
beryllium filter installed upstream of the interferometer in
the polarized cold neutron beam of the Beam Line for
Neutron Optics and Other Approaches of the Swiss
Spallation Neutron Source at Paul Scherrer Institut [47].
The beam is polarized already in the extraction section of the
beam line through a polarizing bender along the vertical
direction, with a polarization measured to be around 90% up
to the detector position with guide fields in place. An
adiabatic fast passage spin flipper (AFP) is added upstream
of the Be filter, and two V-coils are arranged upstream of G0.
In order to avoid an adiabatic spin transition, the initial
vertical polarization is turned into the horizontal plane by a
double V-coil arrangement. The first V-coil turns the
polarization adiabatically into the xy plane through a
gradually increasing horizontal field superimposed to the
weak guide field. Subsequently, the second V-coil generates
a sudden nonadiabatical field transition to a vertical ori-
entation, smoothly transitioning into the vertical guide field.
The optional polarization analyzer between G2 and detector
was a solid state bender-type analyzer consisting of 120 μm
thick coated Si lamellae and aligned along the z axis [48].
Images were recorded using a digital camera [Andor iKon-
M, 1024 × 1024 pixels] that recorded, via a mirror, the light
from a 200 μm thick Li/ZnS scintillator screen facing the
neutron beam downstream of the analyzer grating and
providing an intrinsic spatial resolution of about 200 μm
as characterized with a Siemens star test object.
For image acquisition, a phase-stepping approach was

adopted, and 21 images scanning one modulation period
were recorded with an exposure time of 60 s for each.
Images were recorded for two opposite incident spin
orientations achieved by the AFP, and all resulting inter-
ferometric images of attenuation, phase, and visibility were
reconstructed with the software TAPY [29,49].
Initial images were taken without the polarization

analyzer (Fig. 2). In contrast to the case of adiabatic
coupling, no opposite differential phase is measured on

the two prismatic sides of the inclined squared sample field,
but a significant dark-field contrast is recorded on both
sides [29]. The measured dark-field contrast is quantified to
V=V0 ¼ 0.87 in the plateau regions. In the center and at the
edges, this value tends toward one, which at the sample
edges can be assumed to be due to spatial resolution, while
in the center it indicates a smooth bowing of the field
boundary in contrast to a sharp edge. No differential phase
contrast is measured throughout the field region, as the
phase of the interference Cr is zero.
A second measurement is performed with the polariza-

tion analyzer. The polarization analyzer is aligned in a
vertical configuration that only transmits spin-up neutrons,
as depicted in Fig. 1(a). In this case, full visibility V=V0 ≃ 1
is regained, within the limits of accuracy. In contrast to the
first measurement, a significant phase contrast is recorded.
A constant but opposite phase shift is clearly observed at
the two sides of the prism configuration. The shift Cr, again
in the plateau regions, can be quantified to be �0.5 rad, as
shown in Fig. 3(c), 3(d). In the interference pattern, this
corresponds to a spatial shift of 0.318 μm. This value again
smoothly transitions to zero at the edges and at the center.
The average intensity is half compared to the initial
measurement, which corresponds well with the removal
of neutrons with opposite spin states and the assumption of
an equal distribution between both.
These results appear compatible with the quantum

mechanical expectation of a transversal split of the spin-
up and spin-down states. It can be assumed that both spin
states create independent interference patterns at the frac-
tional Talbot distance, where G2 is positioned. These
interference patterns exhibit a spatial phase shift according
to their differential phase. The second measurement, where
one spin state is suppressed, and thus the corresponding
phase shift of the other ismeasured, underlines this situation.
In the first measurement, however, the superposition of the
two separate intensity modulations for the two separate spin
states, with symmetrically opposite phase offsets, is suitable
for explaining the visibility loss through additive super-
position of the two independent intensities represented by
the DFI in the field region. A quantitative estimate consid-
ering the magnetic sample, depicted in Fig. 1(b), is in good
agreement with such consideration of a superposition of two
equal, separate intensity modulations corresponding to the
Talbot-Lau interference. The interferometer phase shift Cr
corresponding to magnetic refraction can be calculated
according to tanðϕ�Þ ¼ ðCr=dTÞ, where dT is the partial
Talbot distance, p is the period of G2, and ϕ� ¼ δφ�=δy
is the refraction angle transverse to the beam introduced by
the magnetic spin dependent phase shift φ� ¼ R

δμdxp
based on the refractive index [Eq. (5)] [29,43].
The calculations yield a phase shift of Cr ¼ �0.5 rad, as

depicted in Fig. 3(c), which agrees with the outcome
of the second measurement, where this shift is directly
measured for an individual spin state. This corresponds to a
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transversal split of the spin states of 0.64 μm at G2

according to a refraction angle of 16 μrad and the effective
sample to a G2 distance of 2 cm. In accordance with the
assumed intensity superposition probed in the first meas-
urement, this calculation returns a relative visibility of
V=V0 ¼ 0.87 [Fig. 2(b)] in agreement with the measure-
ment result. The superposition of the two symmetrically but
oppositely shifted interference patterns implies a vanishing
resulting phase shift in accordance with the measurement
[Fig. 2(c)]. It was demonstrated that the dark-field contrast
modality of the grating interferometric neutron imaging
can resolve the lateral split of spin states aligned parallel
and antiparallel to a prismatic precession field. Thus, the
performed dark-field measurement resembles a Stern-
Gerlach experiment in which a transversal split of spin

states, on the order of a micrometer, is detected without
actual beam splitting of a centimeter sized beam. It was
further shown that the addition of a polarization analyzer to
a polarized neutron grating interferometer enables one to
decompose the dark-field signal into the differential phase
contrast signatures of the individual spin states according to
their deflection by the magnetic prism. Their wave func-
tions independently create interference patterns, which are
offset in phase due to the interaction with the magnetic
field. It was also found that the individual wave functions of
the split spin states have conserved coherence and display
no visibility loss within the accuracy of the measurement.
In conclusion, these results imply that the dark-field
contrast, the loss of visibility, has to be assigned to a
superposition of intensities rather than an interference with

(a)

(c) (d)

(b) (e)

FIG. 3. Results with polarization analysis. (a) DFI and (c) DPCI of the magnetic field prism measured with the spin analyzer. The
North and South pole shoes are depicted in blue and red; (a),(c) share the same size scale bar. (b),(d) Horizontal line profiles of the DFI
and DPCI along the dashed lines depicted in (a),(c). The gray areas show the blind region lying outside the field of view of the analyzer.
(e) Illustration of the corresponding effect on the as measured interference pattern of the spin-up j↑i (orange), according to an ideal open
beam modulation (blue) in the plateau regions where Cr ¼ 0.5 rad.

(a) (b) (e)

(c) (d)

FIG. 2. Results without polarization analysis. (a) DFI and (c) DPCI of the magnetic field prism measured without the spin analyzer.
The North and South pole shoes are depicted in blue and red; (a),(c) share the same size scale bar. (b),(d) Horizontal line profiles of the
DFI and DPCI along the dashed lines depicted in (a),(c). (e) Illustration of the effect on the as-measured interference pattern j↑i þ j↓i
(red) according to an ideal open beam modulation (I0) (blues) and the thus-assumed individual and separate interference patterns of the
spin-up j↑i (orange) and spin-down j↓i (green) states in the plateau regions where the dark-field contrast is quantified to V=V0 ¼ 0.87.
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diminished coherence as has to date been argued in the
literature [32,36,39]. The introduced setup additionally
bears the potential to enable one to measure not only the
spatial split of the spin-up and spin-down wave functions
but simultaneously also the interference of these, which
manifests in a spin precession in the perpendicular plane.
Calculations suggest (see the comparison of the calculated
Wigner functions in the Supplemental Material [50]) that
for higher applied wavelength resolutions, e.g., around 1%,
which is common for many measurements, that spin
precession is preserved for a significant region from the
prism edge. The spatial period of the precession, with the
given parameters of about 25 μm, is clearly resolvable with
state-of-the-art spatial resolution capabilities. Thus, an
optimized setup, with the polarization analyzer turned by
90° compared to our setup, would provide the unique
opportunity to measure simultaneously the dark-field con-
trast of the transversal beam splitting and the spatial
modulation of the spin precession. In the field of direct
observations of magnetic domains, the setup enables the
simultaneous visualization of domain walls by dark-field
contrast imaging [32–39] and the measurement of the
domain magnetization and orientation by polarization
contrast [9,20–24,28,31]. Additionally, the instrumentation
can be used to extend spatially resolved quantitative small-
angle scattering studies performed with dark-field contrast
imaging [41,44] to magnetic materials and structures by
probing all components of magnetic scattering.
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