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In the past decade neutron dark-field contrast imaging has developed from a qualitative tool depicting
microstructural inhomogeneities in bulk samples on a macroscopic scale of tens to hundreds of
micrometers to a quantitative spatial resolved small-angle scattering instrument. While the direct
macroscopic image resolution around tens of micrometers remains untouched microscopic structures
have become assessable quantitatively from the nanometer to the micrometer range. Although it
was found that magnetic structures provide remarkable contrast we could only recently introduce
polarized neutron grating interferometric imaging. Here we present a polarized and polarization
analyzed dark-field contrast method for spatially resolved small-angle scattering studies of magnetic
microstructures. It is demonstrated how a polarization analyzer added to a polarized neutron grating
interferometer does not disturb the interferometric measurements but allows to separate and
measure spin-flip and non-spin-flip small-angle scattering and thus also the potential for a distinction
of nuclear and different magnetic contributions in the analyzed small-angle scattering.

The technique of grating interferometry has been introduced to neutron imaging in 2006 as a tool for phase
contrast imaging and it has gained substantial impact with the establishment of the neutron dark-field contrast
modality, enabling structural studies beyond direct spatial image resolution'~. Dark-field contrast imaging (DFI)
provides contrast based on local small-angle scattering (SAS) in bulk samples and thus enabled the visualization
of local microstructural inhomogeneities®®. Besides microstructures like pore distributions and precipitation
in bulk condensed matter, in particular magnetic structures such as in particular domain walls were found to
provide significant contrast”*-?¢. The latter enabled outstanding studies of magnetic materials and seminal access
to 3D domain structures in the bulk of magnetic materials*’=!.

However, it was significantly later, about half a decade ago, that the quantitative characterization of micro-
structures based on the probed small-angle neutron scattering in dark-field contrast imaging was unlocked®?. A
scan of the probed structural correlation length (£) is achieved through variation of either the applied wavelength
(4) of the neutron beam or the distance of the sample to the analyzer grating (Ls), respectively the detector, (in

some cases even the period of the modulation®**-**), according to the relation®:
JLg
E = (1)
p

where p is the period of the intensity modulation exploited for the small-angle scattering resolution. The basic
principle of interferometric dark-field contrast neutron imaging is the introduction of a microscopic transversal
intensity modulation in a pinhole collimated beam with a relatively large cross section of several square cen-
timeters as typically used for neutron imaging, and the observation of local visibility loss of the modulation as
a consequence of neutron scattering to small angles of the order of 0 = L%“‘. Note that the origin of the beam
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Figure 1. Schematic of the symmetric Talbot-Lau polarized neutron grating interferometer setup including the
optional polarization analyzer. The setup consists of an adiabatic fast passage spin flipper (AFP), a source grating
(Go), a phase grating (G ), an analyzer grating (G, a polarization analyzer, a neutron detector and a guide field
system (shaded pink). The spin analyzer can be moved out of the beam to the side, i.e. along the y-direction (IN
and OUT). The probed polarization direction is along the z-axis. The magnetic sample is placed between G; and
G at a distance L from the latter one and moved along the x-axis direction to perform a correlation length scan.
The inter-grating distance in a symmetric setup are equal to L and all periods are same (p). In the sketch the
spin-flip and non-spin-flip small-angle scattering events are highlighted symbolically.

modulation does not need to be interferometric, like in the conventionally applied Talbot-Lau (TL), and that
modulation methods other than TL interferometers and gratings in general have been demonstrated for quan-
titative neutron dark-field contrast imaging as well»?432-3437-42,

The most conventional TL setups consist typically of three gratings referred to as source grating (Go), phase
grating (G ) and analyzer grating (G;). The source grating G has a period sufficient to create a transversal coher-
ence at the phase grating G; to obtain a cosine interference pattern at the analyzer grating G,. For dark-field
contrast imaging the local visibility (V), defined as:

V= Imax — Imin i @)

Lnax + Imin

where I,y and I, are the transmitted intensities measured at the maximum and minimum points of the beam
modulation, is measured. Typically, the open beam visibility range is 15 % ~75 % and the initial visibility Vo
depends not only on the attenuation pattern of Go and Gy, but alse the phase shift of G; (typically 5 or 7 for a
certain design wavelength) has to be optimized. In general the geometry is optimized such that the diffraction
patterns from beams originating from different source slits add constructively at G, placed at a fractional Talbot
distance dr downstream of Gy, as shown in Fig. 1.

The need for covering a useful range of correlation lengths despite the strict wavelength dependence of the
interference (due to wavelength dependent phase shift at G;) has lead to a number of advanced realizations of
the original TL interferometer exploiting e.g. higher order Talbot distances dr, = ndr, wheren = 1, 3,5 or mov-
ing towards symmetric setups with larger grating periods"****. Thus, correlation length ranges from 100 nm
to about 10um have become accessible for quantitative dark-field contrast neutron imaging studies in two and
three dimensions with TL grating interferometers®**-45,

It has been shown, that upon scanning the parameter & through variation of, in general, the wavelength 4 and
the sample to G distance L (compare Eq. 1), the projected correlation function G(£) of the scattering structure
is measured as*®:

where X is the macroscopic scattering cross-section, t the sample thickness V; and Vj the visibility with and
without the sample, respectively. Despite the significant success in qualitative dark-field contrast imaging of
magnetic structures, quantitative studies of magnetic microstructures do not appear to have been reported so
far. It can be assumed that the majority of reported dark-field contrast measurements of magnetic structures, in
particular of magnetic domain walls, are originating in fact in oppositely oriented differential phase signals of
spin-up ] 1 )and spin—down| | ) spin states of initially unpolarized incident neutrons.

Imaging with polarized neutrons has significantly progressed since its first implementation and is has been
demonstrated only recently that TL interferometric imaging with polarized neutrons enables the assessment
of strong magnetic fields and gradients which are not amenable to polarized neutron imaging otherwise*’ .

Here we introduce a setup where the polarized neutron grating interferometer is extended by polarization
analyses in order to probe local polarized small-angle scattering and distinguish nuclear and magnetic structure
contributions. The polarization analyzer, a solid state polarizing bender is used, is placed between the analyzer
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Figure 2. Modulation visibility for polarization-analyzed DFI. (a) Visibility maps for the symmetric Talbot-Lau
polarized neutron grating interferometer setup in four configurations: without the polarization analyzer in place
and spin-up | 1 ) (top left), without the polarization analyzer in place and spin-down | | ) (top right), with the
polarization analyzer in place and spin-up ] 1) (bottom left) and with the polarization analyzer in place and
spin-down‘ J > (bottom rigth). (b) Intensity modulation for the 4 different color coded configurations reported
in (a) and the corresponding fitted sinusoidal curves. The color coded boxes in (a) delimit the fitted area for the
intensity modulation fitting.

grating G, and the detector. Here, the modulation has already been detected by the analyzer grating and there-
fore no negative impact on the modulation measurement providing dark-field and differential phase contrast is
expected. The only impact is thus a somewhat extended detector distance and the related effect on spatial image
resolution. However, the utilized polarization analyzer is rather compact with a length of 40 mm along the beam,
and the effect on image resolution is therefore negligible against the background of commonly applied spatial
resolution requirements in quantitative neutron dark-field imaging to date. This is also related to the general need
for variation of L for scanning the correlation length parameter probed. In our application a distance scan range
of 200 mm is to be related to the addition of 50 mm for the polarization analyzer with an impact on the spatial
resolution of about 15%. We apply scans of the correlation length through scanning the sample to G distance
according to values of Ls being 13, 26, 51, 102 and 202 mm. This corresponds to correlation length values & of
98, 195, 387, 768 and 1524 nm.

Results
The first relevant parameter to asses is the impact of the polarization analyzer and the spin flipper for the incident
polarization on the visibility of the beam modulation, which can be exploited. Measurements were performed
without sample without spin flip, with spin flip and with the analyzer in the beam. A combination of spin flip
and analyzer can naturally not be probed without sample, as the transmission through the analyzer, which under
optimal conditions would be zero in such configuration, would deplete the detected beam. This combination,
however, allows a measurement of the polarization (P), which can be given with 87.5 %. The results for the modu-
lation are depicted in Fig. 2a, b and demonstrate that no significant impact on the modulation and in particular
the visibility is evident by adding the spin-flip and especially the polarization analyses. As it becomes evident, that
the spin-flip does not influence the recorded interference pattern, the addition of the analyzer lowers the average
intensity by about a fraction of 10% as can be expected due to overall polarization quality and transmission of the
analyzer. The achieved visibility remains nevertheless unaltered and remains at about 5% for the indicated central
beam area in Fig. 2a, b. This value for the visibility is somewhat lower than for conventional setups, but it has to
be noted that measurements here were performed with a white beam, i.e. utilizing the full spectrum available
in the instrument®’. This lowers the contrast but increases equally the count rate. It has been calculated that the
effective wavelength thus is 3.77 A in this setup®. The effective wavelength resolution of the measurements can
be assumed to be about AT;' = 30%, which coincides about with the step-width of our &-scans in the subsequent
sample measurements, and thus the & resolution in these. Note that the obvious phase shift of the modulation by
about half a period that is observed is not a systematic effect, but could be confirmed to be due to an instability
induced by the insertion of the analyzer, most likely corresponding to a shift of a few um of the analyzer grating.
Given these results the setup seems to be capable to measure G(§), including the spatial correlations of mag-
netic structures equivalent to polarized small-angle neutron scattering (SANS). In polarized SANS the sample
magnetism is considered to consist of a continuous magnetization vector field M(r) which represents the mag-
netization state of the sample at each position r inside the material®®. Magnetic SANS can thus be assumed an
implication of nanoscale variations in the magnitude or orientation of the magnetization, or both, representing
a magnetic structure. Here, we are using uniaxial polarization analysis which enables to measure four different
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Figure 3. Photographic image of the NdFeB sintered magnetic sheet. The sintered magnet is characterized

by big and isotropic grains of few micrometer in size. The sample is 0.15 mm thick and coated with 0.5 nm
tantalum. The blue arrow indicates the easy axis of the magnetization. The scale in the background is expressed
in (cm).

scattering quantities which are related to the two probed neutron spin states spin-up } 0 > and spin-down { N >
The orientation of the incident polarization and polarization analyses defines the quantization axis for the scat-
tered polarization. An externally applied magnetic field H at the sample position, as well as the guide field of the

instrument, is aligned correspondingly and along the easy axis of the magnetization. The scattered neutron can

. s T . . . ++
either conserve the initial polarization direction in the scattering process described by the cross sections d§Q

and di; for spin-up | 0 > and spin-down ‘ N > incident polarizations, respectively, or it undergoes spin-flip

scattering when undergoing a spin-reversing event due to the magnetic interaction with the sample according

dzt- dz—+
to “g—and Tg5-

. While in SANSPOL, referring to SANS with polarized neutrons, but no polarization analysis

capability, only half-polarized cross sections are probed, the addition of polarization analysis enables all indi-
vidual cross sections to be assessed separately. The corresponding expressions for the cross sections are denoted
as the POLARIS equations and can be written as®:

dzt _drit ozt ody_dv dst

= . 4
dQ dQ e’ dQ dQ + dQ @)

In our setup the incident polarization can be approximated by P = e, where e, is the unit vector in the vertical
direction. The incident wave vector |k| = ky in x-direction together with the horizontal transversal direction y
define the scattering plane (x-y) where|q| = gy is the scattering vector providing dark-field contrast. According

to the magnetic interaction vector, underlining the dipolar origin of magnetic neutron scattering, only compo-
nents of the magnetization M(r) perpendicular to the scattering vector q contribute to magnetic scattering®.
Thus, only My and M, are probed in our setup. In order to investigate the principle potential of polarized SANS®
investigations with our polarization analyzed grating interferometer in dark-field contrast imaging we measured
an initially demagnetized NdFeB ferromagnetic sample, shown in Fig. 3, with polarized neutrons and polarization
analyses. This included the optional application of a magnetic field H, of 0.7 T at the sample position.

Our polarization analyzer was aligned to probe the spin-up state | 0 > (P,), but it could be removed from
the beam, in order to probe the half-polarized scattering cross sections according to Eq. (4). The sum of both
provides the unpolarized scattering. Combination with the polarized cross sections probed with the polarization

) ++ -+ ) L. + ++ +-

analyzer, i.e. % and %, thus in principle enable to recover all components as dd% — dgﬂ = dgg and
- -+ — . NP

dd% — dgg = ddz—g, according to Eq. (4). The measurements are summarized in Fig. 4a-c.

+
Correspondingly, we measure V*, V=, V*+and V—+, where V¥ = %{ the visibility of the sample VF nor-
0

malized by the corresponding open beam visibility without sample V(?E. The + superscripts refer to the incident
and analyzed polarization direction in full analogy to the cross sections before. In case of V™~ no corresponding
Vo can, however, be measured (compare the case of (i) Analyzer IN - AFP ‘ J >, in Fig. 2a). Therefore, we define

—+
Vot = XS_H with the apparently justified assumption that V,” = V7 = V; . Considering the magnetic inter-
0

action vector and our scattering geometry the half-polarized cross sections include contributions of nuclear
scattering, and interactions with My and M, as well as a cross term of nuclear structure and M, scattering differ-
ently impacting £+ and ¥, respectively. The polarized neutron scattering term X consists similarly of the
nuclear and M, terms, including the cross term, but without contributions of My. The ¥~ related data, on the
other hand, probes solely the M related contribution.

While we observe significant scattering in the probed length scale regime, only minor differences in the
measured terms are found before we apply the external magnetic field, as shown in Fig. 4b,c. When applying the
external field H, (about 0.7 T throughout the sample region, as shown in Fig. 2a) the scattering is reduced for all
components, but the least in case of ¥ T which differs from ¥~ only with respect to the cross term of M, with the
structural contribution. While in the case without magnetic field the correlation functions overall appeared to
nearly saturate within the probed range, hinting for maximum correlation lengths of about the end of our scale
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Figure 4. Measured polarized DFI of the sintered NdFeB magnet. (a) TI and DFI images of the NdFeB with
and without the external magnetic field at £ ~ 0.7um and without analyzer in place. The North and the South
Boles of the applied field are depicted in red and blue, respectively. (b) DFI experimental values and the fitted
%é) curves based on model of correlation functions G (£) for the four configurations without the external
magnetic field corresponding to the V*+, V=, V*and V™. (c) DFI experimental values and the fitted DFI
curves with the extracted correlation functions G(&) for the four configurations with the external magnetic field
corresponding to the Vi ¥, V5 T, Vi and V. The modeled G(&) functions were based on the description of
random two phase media. The magnetization easy axis of the sample is along the short side of the sample and
along the applied external magnetic field.

] R,
X
\ N
0.81 "\l 0.8 : L
o B
206 ; =061
> \ =
0.4 ; 0.4
+ + —+ 1 Vit 1 vyt
0.21 V+_ ! Var— 2] i e
tv tv bovi toVy
0.0 : : , 0.0 } ] |
0.5 1.0 1.5 0.5 1.0 1.5
& [um] & [um]

Figure 5. (a) Retrieved V™~ and V™~ from the measured V*, V™~ and V™, without the external magnetic
field. (b) Retrieved Vi~ and V;;~ from the measured VI, V;; and Vi T, with the applied external magnetic field.
The G(&) functions were extracted by fitting the model for random two phase media.

(1.5m), larger correlation lengths appear to have been induced parallel to qy with the applied field indicating
growth of M, domains.

In order to better disentangle the measured information, it was attempted to retrieve the four contributions
according to the polarized SANS cross sections of non-spin-flip and spin-flip scattering. While in SANS subtrac-
tions of the measured cross sections are appropriate, here we measure the cross section in the exponent, thus
we use division instead. Accordingly, we retrieve, in addition to the directly measured components of ¥+ and
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%~ the DFI signal corresponding to 2T~ and X~ by V™ = VV—L and V~~ = ;. The thus retrieved curves
are depicted in Fig. 5a,b, without and with external field H,, respectively.

In the above approximation of considering qy only, we can, in principle, also assume that V= ~ V't~ because
both spin-flip components equally probe, under such assumption, only M. However, our data has the biggest
difference for particularly these components. V=, on the other hand, carries a bias that corresponds to an over-
estimation of the measured scattering, because, while in DFI the scattering is measured as a component on top
of the transmitted, thus unscattered beam, for V=% this unscattered component, that constructively contributes
to the visibility is filtered out by the polarization analyzer.

Therefore, it is attempted to reproduce the four DFI curves based on the above assumption of correspondence
of VT~ and V=% only from V*, V*+ and V™. The corresponding curves are presented in Fig. 5, while a direct
comparison of the measured V~" and the reconstructed V"~ is shown in the Supplemental Material.

It is in this case observed, that V™" and V™~ are equal in the field free case. That implies that the scattering
is indifferent to the orientation of the incoming spin direction, and thus the magnetization, i.e. domain orienta-
tion is completely random also with respect to the nuclear scattering due to e.g. porosity of the sample. Upon
application of the field H,, however, the situation changes and different correlations of the nuclear structure with
respect to the magnetization structure cause a deviation of V" and V=~ from each other. Notably the V=~ curve
appears to saturate already at correlation lengths of about 200 nm. With the growth of the domains oriented
parallel to the applied field and the opposite effect on the antiparallel orientation, the total scattering decreases.
Turning to the spin-flip component V'~ we find that the application of the magnetic field has a relatively small
impact on the probed My correlation function, overall mostly within the range of error bars associated. The lack
of the last correlation length measured for this sample condition adds uncertainty. It could be speculated, as
the sample is not in saturation magnetization, that residual misoriented domains contribute to this signal up to
considerably long length scales.

Discussion

In conclusion, it has been demonstrated that polarization analyses can be added to Talbot-Lau grating inter-
ferometers for dark-field contrast imaging. The addition of a polarization analyzer downstream the analyzer
grating G, does not entail a penalty in visibility or functionality. It has further been shown that a Talbot-Lau
grating interferometer operated with polarized neutrons and polarization analyses capability enables to probe
not only dark-field contrast from half-polarized SANS, but to also separate and retrieve dark-field contrast for
all spin-flip and non-spin flip small-angle neutron scattering components separately. It has, however, also been
found that the directly measured spin-flip component of the dark-field contrast carries a bias overestimating the
spin-flip scattering due to removal of the transmitted, unscattered part of the beam, which carries the incident
polarization. This effect cannot straightforwardly be corrected, or compensated for, in quantitative dark-field
contrast imaging studies. A method to circumvent the issue in a first approximation has been applied, based
on the assumption, that only scattering in the horizontal plane is probed in the presented set-up. However,
this is not strictly the case, because what is referred to as slit-smearing in conventional SANS methods indeed
introduces also scattering out of this plane to the recorded signal. This consideration, however, opens a whole
different dimension of complexity in the interpretation of results as the ones presented and, thus, must remain
for consecutive efforts to enable quantitative polarized SANS with spatial resolution in neutron grating inter-
ferometry. So far different approaches have been applied and proposed in DFI to assess anisotropic scattering,
which include the rotation of the sample or grating set-up around the beam axis, or 2D gratings respectively*>*.
It remains to be seen how well suited such approaches are for polarized DFI. Here, however, we have presented
seminal results demonstrating the principle potential and instrumental development alongside a discussion of
remaining issues that need to be solved in order to enable a full spatially resolved characterization of magnetic
structures from polarization analysed dark-field contrast imaging.

Finally, the presented set-up of combined Talbot-Lau interferometry and polarization analyses will enable
combined dark-field contrast and polarization contrast imaging for the visualization of magnetic domain walls
and characterization of the domain magnetization, respectively, which today requires separate measurements
with different instrumentation!"1316-18:24253154 Tn guch case, however, the polarization analyses might be oriented
perpendicular to the grating orientation, in contrast to the here presented geometry. A geometry where the
applied external field, the polarization and the probed scattering vector are aligned perpendicular to the beam,
on the other hand could be suited to separate nuclear and magnetic scattering components, which could prove
highly useful for the investigation of microstructures of magnetic materials®. When, on the other hand, apply-
ing the field parallel to the beam parallel and perpendicular magnetization components can be discriminated
straight forwardly.

Methods

Symmetric Talbot-Lau polarized neutron grating interferometer setup with optional polari-
zation analyzer. We employed a symmetric TL grating setup, as shown in Fig. 1, with periods p equals to
50pm for all three gratings®**. The setup was installed at the beamline BOA of the continuous spallation neu-
tron source SINQ of the Paul Scherrer Institut (PSI) in Switzerland®'. The total length of the grating setup 2L, was
2.84 m. The beam provided by the BOA instrument is polarized already by a polarizing bender neutron optics
in the extraction section in the biological shielding of the source. The polarizing bender, facing a cold source has
a cut-off wavelength of 3 A at the short wavelength side of the spectrum. The detector used was a 200jum LiF/
ZnS scintillator screen coupled via a mirror and 100 mm optics with a CCD digital camera [1024 x 1024 pixels].
The effective pixel size was 230)Lm on a field of view of 100 times 100 mm?, characterized with a Siemens star
test object®. The field of view for the grating measurements was further limited by the gratings to 64 times 64
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mm? and finally the polarization analyzer to 40 times 40 mm? The bender-type analyzer consists of 120pm thick
coated Si lamellae®.

Sintered NdFeB magnetic sheet. The probed sample for the polarized and polarization-analyzed EDFI
measurement is a thin NdFeB sintered magnet. The NdFeB magnetic sheet, shown in Fig. 3, has a rectangular
shape of 10 x 7 mm?, it is 0.15 mm thick and it is coated with thin film of tantalum, 0.5 nm, on both sides,
deposited by radio frequency sputtering to prevent oxidation. This kind of sitered magnets are characterized by
big and isotropic grains of few micrometer in size, typically 2 ~ 5.m, and a crystallographic anisotropy® . The
magnetization easy axis of the NdFeB sintered magnet is along the short side of the sample, as depicted in Fig. 3,
and along the applied external magnetic field as shown in Fig. 4. The saturation is reached for magnetic field of 5
T, while a typical coercivity field lies between 1 to 2 T when it’s fully magnetized. However, in our case the sample
has been thermally demagnetized by warming up the magnetic sheet above the Curie temperature, T¢c =~ 620K,
before the measurement while the maximum external magnetic field applied to the sample was roughly H~ 0.7
T, far below the saturation.
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