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Spin-Disorder-Induced Angular Anisotropy in Polarized Magnetic Neutron Scattering
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We experimentally report a hitherto unseen angular anisotropy in the polarized small-angle neutron
scattering (SANS) cross section of a magnetically strongly inhomogeneous material. Based on an analytical
prediction using micromagnetic theory, the difference between the spin-up and spin-down SANS cross
sections is expected to show a spin-disorder-induced anisotropy. The effect is particularly pronounced in
inhomogeneous magnetic materials, such as nanoporous ferromagnets, magnetic nanocomposites, or
steels, which exhibit large nanoscale jumps in the saturation magnetization at internal pore-matrix or
particle-matrix interfaces. Analysis of the experimental neutron data constitutes a method for determining
the exchange-stiffness constant. Our results for the nuclear-magnetic interference terms contained in the
polarized magnetic neutron scattering cross section might also be of relevance to other neutron techniques.
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Introduction—Polarized neutron scattering is one of the
most powerful techniques for investigating the structure
and dynamics of condensed matter, in particular magnetic
materials and superconductors [1,2]. Based on the seminal
papers by Bloch [3,4], Schwinger [5], and Halpern and
Johnson [6], the theory of polarized neutron scattering was
worked out in the early 1960s by Maleev and Blume [7,8].
Several classic experimental studies [9—15] have demon-
strated the basic principles and paved the way for today’s
three-dimensional cryogenic polarization-analysis device
(CRYOPAD) [16-19]. With this technique it becomes
possible to measure 16 correlation functions, which provide
important information on the nuclear and magnetic struc-
ture of materials (see Refs. [20,21] for textbook expositions
of polarized neutron scattering).

Compared to unpolarized neutrons, the scattering cross
section for polarized neutrons contains additional contri-
butions [22]. These are the familiar interference terms
between the nuclear (structural) and magnetic scattering
amplitudes and a purely magnetic-magnetic interference
term (the so-called chiral function). In this Letter, we
exclusively concentrate on the nuclear-magnetic interfer-
ence terms. Based on an analytical prediction using the
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continuum theory of micromagnetics, more specifically for
the transversal magnetization Fourier component [23], it is
the central aim to experimentally search for the existence of
a corresponding angular anisotropy in the nuclear-magnetic
interference terms. This research makes a fundamental
contribution to the understanding of polarized magnetic
neutron scattering, and it widens the analysis capabilities of
the polarized SANS technique by providing a method for
determining the exchange constant.

We refer to Supplemental Material [24] for additional
micromagnetic calculations supporting the experimental
neutron data and for some basic structural and magnetic
properties of the studied samples (see also Refs. [25-34]
therein).

Experimental—The theoretical considerations (see
below) require a polycrystalline magnetic material with
strong nanoscale spatial variations in the saturation mag-
netization, i.e., My = M(r). Therefore, for the neutron
experiments, we used inert-gas condensed nanoporous
Fe [26] and a melt-spun nanocrystalline FeggZr,B;Cu alloy
(Nanoperm) [33]. The microstructure of the Fe sample
consists of a distribution of nanosized pores in an Fe
matrix, whereas the Nanoperm sample has a two-phase
microstructure consisting of Fe nanoparticles that are
embedded in an amorphous magnetic matrix of different
magnetization. Hence, these specimens are characterized
by large jumps AM in the magnitude of the saturation

© 2025 American Physical Society
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magnetization at internal pore-matrix and particle-matrix
interfaces, ugAM =~ 2.15 T for Fe and pyAM = 1.5 T for
Nanoperm. The sample thicknesses for the SANS mea-
surements were ~500 pm (Fe) and ~100 pm (Nanoperm).
Unpolarized SANS investigations of these type of materials
along with details regarding sample synthesis and micro-
structural and magnetic characterization can be found in
Refs. [35-39].

The neutron experiment was conducted at the instrument
D33 at the Institut Laue-Langevin, Grenoble, France
[40,41]. We used an incident polarized neutron beam with
a mean wavelength of 1 =4.65 A and a wavelength
broadening of A1/A = 10% (full width at half maximum).
Two sample-to-detector distances (13 and 5 m) allowed us
to cover a g range of 0.04 nm~! < ¢ < 1.0 nm~'. The
external magnetic field Hy was provided by a super-
conducting magnet (uoHy** =3 T) and applied
perpendicular to the wave vector Kk, of the incident neutron
beam; see Fig. 1 for a schematic drawing of the exper-
imental neutron setup. The beam was polarized by a
magnetized FeSi multilayer mirror (m = 3.6), and an
adiabatic resonance radio frequency (rf) spin flipper
allowed us to reverse the initial neutron polarization.
The flipping efficiency of the rf flipper was € = 96%,
and the polarization of the beam was P =98% at
A =4.65 A. Further neutron experiments under similar
conditions have been performed at the ZOOM beamline
[42] at the ISIS Neutron and Muon Facility (Rutherford
Appleton Laboratory, Didcot, United Kingdom) and at
SANS-1 at the Paul Scherrer Institute (Villigen PSI,
Switzerland). For SANS data reduction (correction for
background scattering and polarization-dependent trans-
mission), the GRASP software package was used [43].

Sample
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FIG. 1. Sketch of the neutron scattering geometry. The neutron
optical elements (polarizer and spin flipper) that are required to
measure the two spin-resolved SANS cross sections are not
drawn. The applied magnetic field Hy||e. is perpendicular to the
wave vector K ||e, of the incident neutron beam (H, L k). The
momentum-transfer or scattering vector q is defined as the
difference between k( and k, i.e., ¢ = ko — k. The angle § =
Z(q,Hy) is used to describe the angular anisotropy of the
recorded scattering pattern on the two-dimensional detector.

Hy L ko

Polarized SANS cross section—The focus in our Letter
lies on the difference AX = d%~/dQ — d=* /dQ between
the flipper-off (“—") and flipper-on (“+”) SANS cross
sections. Neglecting nuclear spin-dependent scattering and
the chiral function, which is expected to average out for
statistically isotropic polycrystalline magnetic materials,
we can express AX as (Hy Lk, see Fig. 1) [44]

AY = K[(NM: + N*M.)sin%@
—(NM; + N*M,) sin 0 cos 6], (1)

where K = (167° /V)by, V is the scattering volume, by =
291 x 10¥ A=! m™! is the magnetic scattering length in
the small-angle regime (the atomic magnetic form factor is
approximated by 1, since we are dealing with forward
scattering), N(q) and M(q) = {M, M, M} denote,
respectively, the Fourier transforms of the nuclear scatter-
ing-length density and of the magnetization vector field
M(r) = {M,,M,, M.}, 6 is the angle between H, = He,
and q, so that q 2 ¢{0, sin 6, cos 8} in small-angle approxi-
mation, and the asterisks “+”” mark the complex-conjugated
quantity.

Equation (1) shows that there are two nuclear-magnetic
interference terms contributing to AX (in the Hy Lk,
geometry): for isotropic N and M ., the first term exhibits
the well-known sin? @ anisotropy, which has been observed
countless times in polarized SANS experiments. It is the
central aim of this Letter to report on the experimental first-
time observation of the second scattering term in Eq. (1),
which allows the direct measurement of the exchange-
stiffness constant. As we will detail in the following, this is
accomplished in strongly inhomogeneous (regarding the
spatial variation of the saturation magnetization) nano-
porous Fe [26] and in the two-phase nanocrystalline alloy
Nanoperm [36].

Micromagnetic SANS theory—Theory predicts that in
the two-dimensional y-z detector plane (see Fig. 1) the
transversal magnetization Fourier component My =

M},(qx =0,4,.q,) takes on the following form [45]:

_ p(H,, — M_sin6cos0)

M, = , 2
y 1 + psin®0 )

where I:Ipy denotes the Cartesian component of the Fourier
transform of the magnetic anisotropy field, M . is the
longitudinal magnetization Fourier component, and
p(q. Hy) = My/[Hy(1 + [44%)] is a known dimensionless
function of ¢ and H,, where Iy (H,) = [2A/(uoMoH,)]'/?
denotes the micromagnetic exchange length of the field; A
is the exchange-stiffness constant, and M, = (M(r))
denotes the macroscopic saturation magnetization of the
sample, which corresponds to the spatial average ((...)) of
M(r). Equation (2) results from the micromagnetic theory
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of the magnetic SANS cross section of bulk ferromagnets,
which takes into account the isotropic exchange interaction,
magnetic anisotropy, the magnetodipolar interaction, as
well as the external magnetic field [46].

If we assume that the nuclear scattering amplitude is
isotropic, N = N(q), and that f{py varies randomly in the
plane perpendicular to Hy|le. (equal number of “up” and
“down” orientations of Flpy in a statistically isotropic
sample), then the corresponding averages over the direction
of the anisotropy field vanish [47]. The ]VMy scattering
contribution in Eq. (1) is then given by

2pNM_ sin® 0 cos® 0

2NM, sinfcos @ = — 1+ psin?0

3)

where we have further assumed that N, My, and M . are
real-valued functions. Note the dominant angular
sin” @ cos? @ anisotropy of this term. Since M_(q) repre-
sents, in the approach-to-saturation regime, the Fourier
transform of the saturation magnetization profile M(r) of
the sample, it is directly seen that the sin’6cos’#@
contribution is expected to be observed for strongly
inhomogeneous materials such as magnetic nanocompo-
sites or porous ferromagnets [on top of the sin?6
anisotropy; compare Eq. (1)]. On the other hand, when

qy (nm™1)
qy (nm™1)

-0.2 0.0 0.2
qz (nm~1)

M = constant throughout the sample, as is appropriate for
homogeneous single-phase magnets, the corresponding
scattering only shows up at the origin of reciprocal
space and cannot be observed. We emphasize that both
M , and M depend on the applied field H,, but that M )
tends to zero as Hy, — oo, while M . takes on its maximum
value (M,) in this limit. Therefore, in addition to their
different angular anisotropies, field-dependent experi-
ments are key to unraveling the two contributions
to Eq. (1).

Inserting Eq. (3) into Eq. (1) we obtain for the difference
cross section

-~ 29
AS = 2KN#. sinzﬁ[l L5 ]

1+ psin®0

(4)

Figure 1 in Supplemental Material [24] displays the two-
dimensional AY = AX(q,6,H,) [Eq. (4)] at a series of
applied magnetic fields. There, it is seen that overall a sin §
type angular anisotropy prevails in the data at all fields and
that with decreasing H, the pattern broadens.

Finally, subtracting the saturated term (c sin’#) in
Eq. (4) yields the field-dependent contribution

AZ =dX~/dQ —dX* [dQ
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FIG. 2. Neutron data analysis procedure. (a) dX~/dQ, (b) dX"/dQ, and (c) AL = d¥~/dQ — dZ /dQ of inert-gas condensed (igc)
nanoporous Fe (uyHy = 3.0 T). (d) AZ,_o sin® € extrapolated on the 2D detector using the AX data along the vertical direction from
(c) (indicated by the white dashed lines). The data set shown in (d) corresponds to the first term in Eq. (4). (e) Difference between the
experimental data (c) and the extrapolated contribution (d). Note that subfigures (a)—(e) show experimental data, while (f) features the
analytical micromagnetic result for AXy [Eq. (5)]. Materials parameters for Fe were used [24].
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p sin® @ cos” 0

AZy = 2KNM. === o

(5)

which represents the main analytical result of this Letter.
Straightforward analysis shows that the maxima 6,,,, of
Eq. (5) shift from about 45° at high fields (small p) to
about 30° at low fields (large p) [24]. This provides a clear
pathway towards identifying the angular anisotropy under
question in experimental neutron data. We note that a
particle-size distribution is not explicitly taken into
account in the micromagnetic analysis; it would need
to be included into the expressions for the nuclear
scattering amplitude N and for the longitudinal Fourier
component M, contained in Eq. (5). This can only be
accomplished numerically and is beyond the scope of the
present Letter.

Experimental results and discussion—The experimental
data analysis procedure is explained in Fig. 2 and the
polarized neutron results are summarized in Fig. 3. For the
case of inert-gas condensed nanoporous Fe at an applied
magnetic field of yoHy = 3 T, we show in Figs. 2(a) and
2(b) the two half-polarized SANS cross sections dX~/dQ
and dX"/dQ, while the difference AX = dX~/dQ —
dX"/dQ is displayed in Fig. 2(c). At an angle of 0 =
90° [see the white dashed lines in Fig. 2(c)], the second
term in Eq. (4) vanishes and we obtain the “usual” nuclear-
magnetic interference term AX,_qp = 2KNM,. This con-
tribution depends on the magnitude g of the scattering
vector, and under the assumption that both amplitudes N
and M. are isotropic (i.e., 6 independent), we can generate
(extrapolate) the corresponding 2D  contribution
ATy oy sin? @ to Eq. (4) [Fig. 2(d)]. These 2D data are
then subtracted from the experimental AX data [Fig. 2(c)]
to approximately obtain the AXy term of Eq. (5) [Figs. 2(e)
and 2(f)]. In this way we unravel the dominant sin” § cos? @
type angular anisotropy of interest.

The sin’?6@cos’@ type angular anisotropy is also
observed in the nanoporous Fe sample at a lower
field of 0.1 T [Fig. 3(a)] and also becomes visible in

the polarized SANS data of the two-phase alloy
Nanoperm at 3 T [Fig. 3(b)]. In Nanoperm, the aniso-
tropy is less pronounced, which might be related to
the fact that the jump in the saturation magnetization in
this material is smaller than in the igc Fe sample.
We also emphasize that for the field regime studied here
both samples are within the approach-to-saturation
regime [24].

Figure 3(c) displays the angular variation of AXy of
inert-gas condensed Fe at a field of 0.1 T and for
g = 0.22 nm~'. The solid line in Fig. 3(c) represents a
fit to Eq. (5) with two free parameters: the product 2KN M,
is assumed to be constant at a fixed ¢ value
QKNM ., =399+98 cm™!) and the exchange-stiffness
constant A in the function p is obtained as
A = (5.1£0.2) x 107" J/m. The latter value, which rep-
resents an average over the sample volume, is a factor of
about two larger than experimental A values for single
crystalline Fe [48], a finding that requires further studies on
defect-rich inert-gas condensed samples.

Conclusion—We have theoretically predicted and exper-
imentally verified the existence of a spin-disorder-induced
angular anisotropy in the polarized magnetic small-angle
neutron scattering cross section. In the approach-to-satu-
ration regime, the result Eq. (5) is of general relevance to
magnetically inhomogeneous materials, such as nanopo-
rous magnets, nanocomposites and permanent magnets, or
steels, which exhibit a strong variation in the saturation
magnetization M(r). Analysis of the angular dependence
of AXy provides a means to determine the exchange
constant. Since the nuclear-magnetic interference term
under question (o NMy) is generically contained in the
polarized neutron scattering cross section it is of interest to
verify its existence with other techniques such as neutron
diffraction. Likewise, polarized SANS experiments
on a series of stepwise annealed samples could provide
further information on the spin-disorder-induced angular
anisotropy. Careful annealing (to avoid a too strong
coarsening of the microstructure) may lead to the gradual
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Experimental polarized SANS results of inert-gas condensed (igc) nanoporous Fe and nanocrystalline FegygZr,B;Cu alloy

(Nanoperm). (a) AXy of igc Fe at 0.1 T; (b) AZy; of Nanoperm at 3.0 T; (c) (o) Experimental AXy;(6) of ige Fe at 0.1 T, ¢ = 0.22 nm™!,
and for 90° < 6 < 180° [upper left quadrant in (a)]. Solid line: fit to Eq. (5).
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homogenization of the microstructure and in the concomi-
tant reduction of mesoscale spin disorder, in which case the
anisotropy is expected to vanish.
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