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We have investigated the magnetic microstructure of two-phase Fe-Nb-B based Nanoperm alloys using un-
polarized small-angle neutron scattering (SANS) and small-angle x-ray scattering (SAXS). Our SANS analysis
reveals a significantly large magnetic scattering contribution due to spin misalignment, primarily originating
from the substantial jump in the longitudinal magnetization at the interfaces between the particles and the matrix.
The magnetic scattering exhibits an angular anisotropy that resembles a clover-leaf-type pattern, consistent with
the predictions of micromagnetic SANS theory. Analysis of the one-dimensional SANS data yields values for the
exchange-stiffness constant and the average anisotropy and magnetostatic fields. The micromagnetic correlation
lengths for all three samples exhibit a similar field variation with sizes ranging between about 10–35 nm. We also
find that the nuclear and magnetic residual scattering component of the SANS cross section exhibits a similar
q dependency as the SAXS data. These findings further validate the applicability of the micromagnetic SANS
theory, and the mesoscopic information obtained is important for the advancement of the soft magnetic properties
of this class of material.
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I. INTRODUCTION

Iron-based soft ferromagnetic alloys with an ultrafine-
grained microstructure attract a lot of attention because of
their high saturation magnetization, low coercivity, and low
core losses (see, e.g., Refs. [1–12] and references therein).
These properties result in their great potential for various
technological applications, such as in turbine generators,
high-frequency power transformers, interface transformers, or
various consumer electronics devices. However, in order to
build energy-efficient devices, core losses have to be mini-
mized, which can be achieved by minimizing the magnetic
anisotropy and increasing the saturation magnetization.

Recent studies of soft magnetic Fe-B based Nanoperm
alloys have shown that, in addition to magnetic hystere-
sis and eddy current losses, significant core (power) losses
in Nanoperm may arise due to magnetostriction as well
[13,14]. This excess loss is attributed to factors such as
domain walls, inelastic lattice relaxation mediated by mag-
netostriction, and magnetic interactions, including spin mis-
alignment due to longitudinal magnetization jumps. Under-
standing and enhancing functionality requires scrutinizing the
grain and magnetic microstructures on a mesoscopic length
scale, where many macroscopic magnetic properties are
realized.

*Contact author: venus.rai@uni.lu
†Contact author: andreas.michels@uni.lu

Small-angle neutron scattering (SANS) emerges as a key
experimental technique, offering insights into the magnetic
microstructure within a range of ∼1–1000 nm [15,16]. Due to
the high penetrating power of neutrons, thick bulk samples can
commonly be investigated. Moreover, the past two decades
have witnessed a significant progress regarding the under-
standing of magnetic SANS, which enables the quantitative
study of the mesocale magnetic microstructure of a wide range
of nanocrystalline compounds (e.g., [17–35]).

Here, we report SANS and small-angle x-ray scattering
(SAXS) results on a series of Fe-based nanocrystalline alloys
(Fe87B13, Fe85Nb6B9, Fe80Nb6B14). We observe a significant
variation of the SANS cross section as the applied mag-
netic field is reduced from 9 T down to about 0.1 T, which
demonstrates the presence of a large spin-misalignment scat-
tering in all the samples. The two-dimensional magnetic
SANS signal exhibits an anisotropic clover-leaf-type pattern,
in agreement with the prevalence of dipolar stray fields deco-
rating the nanoparticles, in this way producing nanoscale spin
disorder.

The paper is organized as follows: Section II furnishes
some details on the neutron experiment as well as on
the structural and magnetic properties of the Nanoperm
alloys. Section III sketches the basic ideas of the micromag-
netic SANS theory, as it is implemented in the MuMag2022
software tool [36] used for the neutron data analysis. Sec-
tion IV features the neutron data and analysis, the ensuing
results for the exchange constants and the average anisotropy
and magnetostatic fields, and a comparison of the residual
SANS cross section with laboratory SAXS data. Finally, in
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TABLE I. Structural and magnetic properties of the investigated Nanoperm alloys. Data partially taken from Ref. [14].

Alloy Annealing condition Annealing temperature Thickness Grain size Hc (A/m) μ0M0 (T) λs (ppm)

Fe87B13 Ultra-rapid annealing 753 K (0.5 sec.) 13.8 µm 16 nm 7.3 1.89 13
Fe85Nb6B9 Tube annealing 898 K (30 min.) 14.5 µm 11 nm 6.7 1.67 ∼0
Fe80Nb6B14 Tube annealing 898 K (30 min.) 24.5 µm 10 nm 3.9 1.50 2.4

Sec. V we summarize the main findings of this study. The
Appendix displays the complete set of the two-dimensional
total (nuclear and magnetic) and purely magnetic SANS cross
sections of the Nanoperm alloys.

II. EXPERIMENTAL

Nanoperm samples with nominal compositions of Fe87B13,
Fe85Nb6B9, and Fe80Nb6B14 were prepared by rapid so-
lidification (melt spinning) followed by thermal annealing.
This resulted in ultrafine-grained microstructures consisting
of nanocrystalline Fe particles that are embedded in an amor-
phous Nb-B magnetic matrix. For the sample synthesis, the
low neutron absorbing isotope 11B was used. The details of
the sample preparation can be found in Refs. [14,37]. Further
information on the annealing conditions during the synthesis
procedure of each sample as well as the structural and mag-
netic properties are given in Table I.

The unpolarized SANS experiment was performed us-
ing the SANS-I instrument at the Swiss Spallation
Neutron Source at the Paul Scherrer Institute, Switzerland.
A schematic drawing of the SANS experiment is depicted
in Fig. 1. We used an incident mean neutron wavelength
of λ = 6 Å with a wavelength broadening of �λ/λ = 10 %
(FWHM). For the SANS experiment, typically 10–15 sheets

FIG. 1. Schematic drawing of the SANS setup. The wave vec-
tors of the incoming and scattered neutron beams are, respectively,
denoted by k0 and k1, and ψ denotes the scattering angle. The
momentum-transfer or scattering vector equals q = k0 − k1. The
azimuthal angle θ describes the angular anisotropy of the scattered
neutron intensity on the 2D detector. The direction of the applied
magnetic field H0 is horizontal and perpendicular to the incident
beam. In our notation, H0 defines the z axis of a Cartesian global
frame, the incoming beam (k0) is along the x axis, and the vertical
direction defines the y axis.

of Nanoperm were stacked together, resulting in total sam-
ple thicknesses of ∼150–250 µm (compare to Table I). The
entire SANS experiment was conducted at room tempera-
ture and under the application of an external magnetic field
(μ0Hmax

0 = 9 T), applied along the horizontal direction and
perpendicular to the incoming neutron beam (compare to
Fig. 1). The SANS intensity for each sample was recorded at
three different sample-to-detector distances (2 m, 6 m, 18 m),
enabling data collection in a q range of ∼0.03–3 nm−1. The
neutron data reduction (corrections for background scattering
and sample transmission) was conducted using the GRASP
software package [38].

Wide-angle x-ray diffraction measurements of all the
samples were performed in a Bruker D8 DISCOVER diffrac-
tometer setup in Bragg-Brentano geometry using Cu-Kα

radiation (λ = 0.154 nm). Characteristic Bragg peaks corre-
sponding to the pure Fe phase (BCC) were observed. The
full-width at half maxima (FWHM) of these peaks was an-
alyzed, and the average crystallite size was estimated using
the Scherrer equation. The obtained particle sizes (grain sizes)
are given in Table I. Furthermore, all three samples were
characterized by small-angle x-ray scattering (SAXS) using
an Anton Paar SAXSpoint 5.0 instrument. Monochromatic
x-rays with a wavelength of λ = 0.154 nm were used to in-
vestigate the Nanoperm samples at scattering vectors q =
4π sin(ψ/2)/λ ranging from about 0.045 nm−1 to 2.1 nm−1,
where ψ denotes the scattering angle (compare to Fig. 1).

Room temperature magnetization measurements were
performed using a Cryogenics Ltd. vibrating sample magne-
tometer setup, equipped with a 14 T superconducting magnet.
The normalized magnetization data are displayed in Fig. 2.
As mentioned in Table I, the saturation magnetizations of all
three samples are significantly different [14]. However, the
approach-to-saturation regime [M/M(14 T) � 95 %] is, for all
three samples, attained for applied fields larger than about
0.1 T. This should guarantee the validity of the micromagnetic
SANS analysis. Magnetic parameters are listed in Table I.

III. MAGNETIC SANS THEORY

The total unpolarized SANS cross section of a bulk
ferromagnet consists of nuclear and magnetic scattering con-
tributions. The origin of magnetic SANS are mesoscale spatial
variations in the magnitude and orientation of the magne-
tization vector field M(r) = {Mx(r), My(r), Mz(r)}, where
Mz denotes the longitudinal magnetization (parallel to H0),
and Mx,y are the two transversal components [15,16]. The
Nanoperm alloys studied in this paper are magnetically ex-
tremely soft, implying that a very small field of the order of a
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FIG. 2. Normalized room-temperature magnetization curves of
the Nanoperm samples (see inset; only the upper right quadrant
is shown). The black dots mark the field values of the SANS
measurements.

few mT will bring the material close to magnetic saturation.
In this case the magnetic small-angle scattering due to the
Mz fluctuations can be approximated to be independent of
the applied magnetic field, while the magnetic SANS due to
the Mx,y, called spin-misalignment scattering, is strongly field
dependent, in particular at small momentum transfers. The
micromagnetic SANS theory that is here used to analyze the
Nanoperm alloys is detailed in Refs. [39,40] and implemented
in the MuMag2022 software tool [36]. In the following, we
recall the basic expressions to achieve a self-contained pre-
sentation.

As shown in Ref. [39], near magnetic saturation, the total
unpolarized SANS cross section d�/d	 can be evaluated by
means of micromagnetic theory. In particular,

d�

d	
(q) = d�res

d	
(q) + d�M

d	
(q), (1)

where

d�res

d	
(q) = 8π3

V

(|Ñ |2 + b2
H|M̃z|2 sin2 θ

)
, (2)

represents the nuclear and magnetic residual SANS cross
section, which is measured at complete magnetic saturation
(infinite field), and

d�M

d	
(q) = SH(q) RH(q, θ, Hi ) + SM(q) RM(q, θ, Hi ) (3)

is the spin-misalignment SANS cross section. In Eq. (2),
V is the scattering volume, bH = 2.91 × 108 A−1m−1

is the magnetic scattering length, Ñ (q) and M̃(q) =
{M̃x(q), M̃y(q), M̃z(q)} denote, respectively, the Fourier trans-
forms of the nuclear scattering-length density and of the
magnetization M(r), and θ represents the angle between H0

and q (see Fig. 1). The magnetic scattering due to transver-
sal spin components, with related Fourier amplitudes M̃x(q)
and M̃y(q), is contained in d�M/d	, which decomposes into

a contribution SHRH due to perturbing magnetic anisotropy
fields and a part SMRM related to magnetostatic fields. The
micromagnetic SANS theory considers a uniform exchange
interaction and a random distribution of the magnetic easy
axes, as it is appropriate for a statistically isotropic polycrys-
talline ferromagnet [16]. Spatial variations in the magnitude of
the saturation magnetization are explicitly taken into account
via the function SM (see below). Moreover, in the approach-
to-saturation regime it is assumed that |M̃z|2 = |M̃s|2, where
M̃s(q) denotes the Fourier transform of the saturation magne-
tization profile Ms(r).

Regarding the decomposition of the SANS cross sec-
tion [Eq. (1)], it is important to emphasize that it is d�M/d	

which depends on the magnetic interactions (exchange,
anisotropy, magnetostatics), while d�res/d	 is determined by
the geometry of the underlying grain microstructure (e.g., the
particle shape or the particle-size distribution). If in a SANS
experiment the approach-to-saturation regime can be reached
for a particular magnetic material (as it is the case for the
Nanoperm alloys), then the residual SANS can be obtained
by an analysis of field-dependent data via the extrapolation to
infinite field. In a sense, for a bulk ferromagnet, the scatter-
ing at saturation resembles the topographical background in
Kerr-microscopy experiments, which needs to be subtracted
in order to access the magnetic domain structure of the
sample [41].

The anisotropy-field scattering function (in units of cm−1)

SH(q) = 8π3

V
b2

H |H̃p|2 (4)

depends on H̃p(q), which represents the Fourier transform of
the spatial structure of the magnetic anisotropy field Hp(r) of
the sample, whereas the scattering function of the longitudinal
magnetization (in units of cm−1)

SM(q) = 8π3

V
b2

H |M̃z|2 (5)

provides information on the spatial variation of the satu-
ration magnetization Ms(r); for instance, in a multiphase
magnetic nanocomposite, SM ∝ |M̃z|2 ∝ (�M )2, where �M
denotes the jump of the magnetization magnitude at internal
(particle-matrix) interfaces. Note that the volume average of
Ms(r) equals the macroscopic saturation magnetization M0 =
〈Ms(r)〉 of the sample, which can be measured with a mag-
netometer. The corresponding dimensionless micromagnetic
response functions can be expressed as [39]

RH(q, θ, Hi ) = p2

2

(
1 + cos2 θ

(1 + p sin2 θ )2

)
(6)

and

RM(q, θ, Hi ) = p2 sin2 θ cos4 θ

(1 + p sin2 θ )2
+ 2p sin2 θ cos2 θ

1 + p sin2 θ
, (7)

where

p(q, Hi ) = M0

Heff (q, Hi )
(8)
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is a dimensionless function, and θ represents the angle be-
tween H0 = H0ez and q ∼= q{0, sin θ, cos θ}. The effective
magnetic field

Heff (q, Hi ) = Hi
(
1 + l2

Hq2
) = Hi + 2A

μ0M0
q2 (9)

depends on the internal magnetic field

Hi = H0 − Hd = H0 − NdM0 > 0 (10)

and on the micromagnetic exchange length of the field

lH(Hi ) =
√

2A

μ0M0Hi
(11)

(M0: saturation magnetization; A: exchange-stiffness parame-
ter; Hd = NdM0: demagnetizing field; 0 � Nd � 1: demagne-
tizing factor; μ0 = 4π10−7 Tm/A). Note that H0 � Hd in the
approach-to-saturation regime. The θ dependence of RH and
RM arises essentially as a consequence of the magnetodipolar
interaction. Depending on the values of q and Hi, a variety
of angular anisotropies may be seen on a two-dimensional
position-sensitive detector [16].

The effective magnetic field Heff [Eq. (9)] consists of a
contribution due to the internal field Hi and of the exchange
field 2Aq2/(μ0M0). An increase of Hi increases the effective
field only at the smallest q values, whereas Heff at the larger
q is always very large (∼10–100 T) and independent of Hi

[16]. The latter statement may be seen as a manifestation of
the fact that exchange forces tend to dominate on small length
scales [42]. The role of Heff is to suppress the high-q Fourier
components of the magnetization, which correspond to sharp
real-space fluctuations. On the other hand, long-range mag-
netization fluctuations, at small q, are effectively suppressed
when Hi is increased.

By assuming the functions Ñ , M̃z, and H̃p to depend only
on the magnitude q = |q| of the scattering vector, one can per-
form an azimuthal average of Eq. (1), i.e., 1/(2π )

∫ 2π

0 (...)dθ .
The resulting expressions for the response functions then read

RH(q, Hi ) = p2

4

(
2 + 1√

1 + p

)
(12)

and

RM(q, Hi ) =
√

1 + p − 1

2
, (13)

so that the azimuthally averaged total nuclear and magnetic
SANS cross section can be written as

d�

d	
(q, Hi ) = d�res

d	
(q) + d�M

d	
(q, Hi )

= d�res

d	
(q) + SH(q) RH(q, Hi )

+ SM(q) RM(q, Hi ), (14)

where

d�res

d	
(q) = 8π3

V

(
|Ñ (q)|2 + 1

2
b2

H |M̃z(q)|2
)

. (15)

For materials exhibiting a uniform saturation magnetization
(e.g., single-phase materials), the magnetostatic scattering
contribution SMRM to d�M/d	 [compare Eq. (3)] is expected
to be much smaller than the anisotropy-field related term
SHRH (compare, e.g., Fig. 23 in Ref. [43]).

We emphasize that the micromagnetic theory behind the
MuMag2022 software results in an analytical expression for
the two-dimensional SANS cross section as a function of the
magnitude q and the orientation θ of the scattering vector
q. These analytical expressions can be azimuthally aver-
aged over the full angular detector range 2π (or any other
range) and compared to correspondingly averaged experimen-
tal SANS data, in other words, it is not required that the
experimental input SANS data are isotropic. Equation (14)
is the central expression that is used here to analyze the 1D
SANS data. The free parameters are d�res/d	, SH, SM, and
the exchange constant A in the expressions for RH and RM.
Numerical integration of the obtained SH(q) and SM(q) over
the whole q space, i.e.,

〈|Hp|2〉 = 1

2π2b2
H

∫ ∞

0
SH(q) q2 dq, (16)

〈|Mz|2〉 = 1

2π2b2
H

∫ ∞

0
SM(q) q2 dq, (17)

yields, respectively, the mean-square anisotropy field 〈|Hp|2〉
and the mean-square longitudinal magnetization fluctuation
〈|Mz|2〉 [16]. Since experimental data for SH and SM are only
available within a finite range of momentum transfers be-
tween qmin and qmax, one can only obtain rough lower bounds
for these quantities. Therefore, the numerical integrations
in Eqs. (16) and (17) are carried out for qmin � q � qmax;
qmin denotes the first experimental data point, while qmax

∼=
[μ0M0Hmax/(2A)]1/2 can be estimated based on the value of
the maximum applied magnetic field Hmax. For q � qmax, the
reliable separation of the spin-misalignment (SHRH + SMRM)
and residual scattering (d�res/d	) is difficult (since then one
attempts to fit a straight line to a constant), and the micromag-
netic analysis should therefore be restricted to q � qmax; see
Ref. [36] for further details on the data analysis and the fit
procedure.

IV. RESULTS AND DISCUSSION

Figure 3 displays, for the three alloy systems studied,
the two-dimensional purely magnetic SANS cross sec-
tion d�M/d	 at selected applied magnetic fields, obtained
after subtracting the respective nuclear and magnetic scat-
tering at a saturating field of 9 T. The Appendix features
a summary of the neutron data for the total d�/d	 and
d�M/d	 at a number of fields and for all three sample-
to-detector distances. As discussed in the previous section,
the subtraction procedure approximately removes the nuclear
and (longitudinal) magnetic scattering due to a saturated mi-
crostructure and in this way highlights the magnetic scattering
that is related to the magnetic interactions. With decreasing
field, we note in Fig. 3 (and in the corresponding d�M/d	

data sets in the Appendix) the appearance of a pronounced
angular anisotropy in d�M/d	 with maxima roughly along
the diagonals of the detector. Comparison to Eqs. (3) and (7)
suggests that this so-called clover-leaf anisotropy is related
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FIG. 3. Magnetic SANS cross sections of Nanoperm alloys (sample-to-detector distance: 18 m) (logarithmic color scale). The data were
obtained by subtracting the respective total (nuclear and magnetic) SANS intensity at 9 T from the measurements at the lower fields (indicated
in the top left corner of each subfigure). H0 ‖ ez is horizontal. (a)–(c) Fe87B13; (d)–(f) Fe85Nb6B9; (g)–(i) Fe80Nb6B14.

to the magnetostatic scattering term SMRM rather than to the
anisotropy-field related contribution SHRH. As we will see be-
low, the clover leaf pattern is very likely related to nanoscale
jumps in the magnetization magnitude at internal particle-
matrix interfaces, which give rise to local magnetostatic stray
fields causing spin disorder. Similar angular anisotropies have
also been reported for other compounds [15,18,32,44–48].

Figure 4 shows the results of the micromagnetic SANS
data analysis for the azimuthally averaged total unpolarized
SANS cross section d�/d	. The analysis, carried out using
the MuMag2022 software [36], has been restricted to applied
fields larger than about 0.1 T, where the normalized mag-
netization is larger than ∼95 %, so that all the Nanoperm
samples are in the approach-to-saturation regime (compare
Fig. 2). It is seen that the computed cross sections based
on the micromagnetic SANS theory [solid lines, Eq. (14)]
very well reproduce the experimental data. As is typical for
spin-misalignment scattering of bulk ferromagnets, the largest
field dependence of d�/d	 appears at the smallest momen-
tum transfers, where also the clover-leaf pattern in the 2D
data is most pronounced. The SANS data analysis has been
restricted to q � qmax = 0.6 nm−1, since the reliable separa-
tion of the spin misalignment (SHRH + SMRM) and residual
scattering (d�res/d	) is difficult for q � qmax. This explains

the increase of the uncertainty values in the data for SH and
SM in Fig. 4 with increasing momentum transfer q.

The fit analysis provides the values of the exchange-
stiffness constant A as well as the average anisotropy field√〈|Hp|2〉 and magnetostatic field

√
〈|Mz|2〉 (see Table II). We

re-emphasize that the values for
√〈|Hp|2〉 and

√
〈|Mz|2〉 are

lower bounds, since the experimental data for SH and SM are
only available within a finite range of momentum transfers be-
tween qmin and qmax. It is also important to mention that these
values represent effective values that are averaged over parti-
cle and matrix phases. The A values are subsequently used to
calculate the micromagnetic exchange lengths lH [Eq. (11)],
and the field dependence of the micromagnetic correlation

TABLE II. Results of the micromagnetic SANS data analy-
sis for the exchange-stiffness constant (A), mean-square anisotropy
(
√〈|Hp|2〉), and mean-square magnetostatic field (

√〈|Mz|2〉).

Alloy A (pJ/m) μ0

√〈|Hp|2〉 (mT) μ0

√〈|Mz|2〉 (mT)

Fe87B13 18.5 ± 0.7 83 207
Fe85Nb6B9 14.6 ± 0.2 45 326
Fe80Nb6B14 10.9 ± 0.2 132 325
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FIG. 4. Results of the micromagnetic SANS data analysis for the azimuthally averaged total unpolarized SANS cross section.
(a)–(c) Fe87B13; (d)–(f) Fe85Nb6B9; (g)–(i) Fe80Nb6B14. In (a), (d), and (g), the dots denote the respective experimental data and the solid
lines connect the computed cross section values at the discrete q and Hi using Eq. (14). Insets in (a), (d), and (g) show the goodness of fit, χ 2,
for a range of exchange-stiffness constants A. Subfigures (b), (c); (e), (f); and (h), (i) display the respective results for the anisotropy-field (SH)
and magnetostatic (SM) scattering functions. The fit analysis was restricted to q � qmax = 0.6 nm−1 for all samples.

length

lC(Hi ) = D + lH(Hi ) = D +
√

2A

μ0M0Hi
, (18)

where D is the average particle size, is depicted in Fig. 5. This
length scale can be interpreted as the characteristic size regime
over which perturbations in the spin structure are effectively
mediated by the exchange interaction [49–51]. It is seen that
the lC for all three samples exhibit a similar field variation
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FIG. 5. Field variation of the correlation length lC [Eq. (18)]
(semilog scale). The dashed lines indicate the average particle size
D (compare Table I). Inset: Plot of A versus (μ0M0)2.

with sizes ranging between about 10–35 nm. The behavior of
the exchange constant appears to be in line with the expected
A ∝ M2

0 scaling (see the inset in Fig. 5) [52].
Previously, we have utilized the present mi-

cromagnetic SANS data analysis to estimate the
volume-averaged exchange-stiffness constants in a number
of Fe-based nanocrystalline alloys. For Fe89Zr7B3Cu,
(Fe0.985Co0.015)90 Zr7B3 [40], and (Fe0.7Ni0.3)86B14 [32],
we have found, respectively, A = 3.1 pJ/m, A = 4.7 pJ/m,
and A = 10.0 pJ/m. The present values in Table II are
somewhat larger than these, which might be surprising in
view of the fact that a typical A value for these types of alloys
is often taken as ∼10.0 pJ/m (e.g., Ref. [3]). However, it must
be emphasized that (i) the volume-averaged A value may
depend on the composition and on the microstructure (e.g.,
the heat treatment) and that (ii) there exists a certain scatter
in the values depending on the used experimental technique.
To classify our experimental data we provide the following
consideration. The value of A at a given temperature can be
computed based on the experimental value for the spin-wave
stiffness constant D, according to [53]

D = 2AgμB

M0
, (19)

where g is the Landé factor and μB the Bohr magneton. The
parameter D can, e.g., be determined from inelastic neutron
scattering, magnetization, or spin-wave resonance experi-
ments. Using the room temperature value of D = 281 meV Å2

for single crystalline Fe, obtained by triple-axis neutron spec-
troscopy [54], g = 2.10 and μ0M0 = 2.15 T [55], one obtains
A ∼= 19.8 pJ/m. This value for pure Fe may be seen as an
upper bound to our A values obtained on Fe-based alloys.

The analysis of the azimuthally averaged SANS data also
provides the residual SANS cross section d�res/d	, which
represents the nuclear and longitudinal magnetic scattering at
saturation. The q dependence of the d�res/d	 for all three
Nanoperm samples is compared in Fig. 6 with the corre-
sponding small-angle x-ray scattering (SAXS) cross sections.
The shown d�res/d	 have been scaled by constant factors
to closely match the SAXS data. It can be seen that for
Fe87B13 [Fig. 6(a)] the d�res/d	 matches very well with
its SAXS cross section over the entire range of scattering

FIG. 6. (a)–(c) Comparison of the residual SANS cross sec-
tions d�res/d	 of the three Nanoperm alloys (obtained from the
micromagnetic neutron data analysis) with the respective SAXS sig-
nal (see insets) (log-log scale).

vectors. The peak at qmax
∼= 0.185 nm−1 (corresponding to

2π/qmax
∼= 34 nm) is also observable in SAXS and repro-

duced by the micromagnetic SANS data analysis as well. The
data in Fig. 6(a) suggest that the nuclear and magnetic mi-
crostructure at saturation are “congruent”, i.e., the structural
features giving rise to the SAXS signal have essentially the
same size, shape, and arrangement as the objects that are
at the origin of d�res/d	. For Fe85Nb6B9 and Fe80Nb6B14

[Figs. 6(b) and 6(c)], both cross sections agree reasonably
only at low and intermediate momentum transfers. This might
be explained by the fact that the micromagnetic SANS data
analysis becomes progressively more difficult at large q (at
least for these two samples), when the SANS cross section is
independent of the field (compare the error bars in Fig. 6).
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Uniaxial neutron polarization analysis could in principle
also be carried out on the Nanoperm samples since the mag-
netic scattering of interest is at low momentum transfers q and
should therefore not be obscured by the scattering from the
3He analyzer cell (at the larger q). In fact, similar formulas
for the spin-flip SANS cross section, based on micromagnetic
theory, have been worked out for this case (see Ref. [56]).
However, polarization analysis experiments are very time con-
suming (due to the required spin-leakage correction) and can
hardly be done on a series of samples and over a range of fields
(as is done here). Moreover, there will be no significant gain
of information in a polarized SANS experiment as compared
to an unpolarized one since the micromagnetic neutron data
analysis will work in the very same way (as demonstrated in
[56]). The only (minor) difference would be that the nuclear
coherent “background” signal is not present in the spin-flip
SANS cross section, so that the individual magnetic scattering
contributions (such as the clover-leaf pattern) will directly
become visible, without the necessity to subtract the total
nuclear and magnetic scattering at saturation (as is done here
in an unpolarized experiment).

V. SUMMARY AND CONCLUSION

We have conducted a combined SANS and SAXS study
on a series of nanocrystalline two-phase Nanoperm alloys
(Fe87B13, Fe85Nb6B9, Fe80Nb6B14). The SANS data can be
very well described by micromagnetic SANS theory and
yield values for the exchange-stiffness constants as well as
estimates for the average anisotropy and magnetostatic fields.
A distinct clover-leaf-shaped angular anisotropy in the mag-
netic SANS cross section strongly suggests that the magnetic
scattering in these compounds predominantly stems from
the magnetodipolar stray fields decorating the nanocrystals.
This is in line with the observation that the average mag-
netostatic fields due to spatial variations in the longitudinal
magnetization are much larger than the anisotropy fields.

The obtained exchange-stiffness constants allowed us to draw
conclusions on the field dependence of the micromagnetic
exchange length, which is a measure for the size regime
(∼10–35 nm) over which perturbations in the spin structure
are effectively mediated by the exchange interaction. The
nuclear and magnetic residual SANS cross sections, as ob-
tained from the micromagnetic SANS data analysis, closely
resemble the purely structural SAXS signal, providing further
support for the validity of the micromagnetic SANS theory.
Based on the neutron results we can state that the magnetic
microstructure of the studied Nanoperm alloys is governed by
static nanometer-scale long-wavelength magnetization fluctu-
ations that have their origin in a highly nonuniform saturation
magnetization profile Ms(r). From an application point of
view, it might be beneficial to reduce the inhomogeneity in
Ms(r), e.g., via the engineering of nanocrystallites that have a
saturation magnetization equal or close to the matrix material,
in this way reducing large jumps in Ms.
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APPENDIX: OVERVIEW OF SANS RESULTS FOR d�/d�

AND d�M/d�

In this Appendix we display additional results (Figs. 7–12)
for the two-dimensional total (nuclear and magnetic) SANS
cross section d�/d	 and for the purely magnetic SANS cross
section d�M/d	 of the Nanoperm alloys.
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FIG. 7. Total nuclear and magnetic SANS cross section d�/d	 of Fe87B13 alloy at selected applied magnetic fields (see insets)
(logarithmic color scale). The sample-to-detector distance varies from the left to the right column (2 m, 6 m, 18 m).
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FIG. 8. Magnetic SANS cross section d�M/d	 of Fe87B13 alloy at selected applied magnetic fields (see insets) (logarithmic color scale).
The nuclear and magnetic scattering at 9 T (saturation) has been subtracted from each data set.
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FIG. 9. Total nuclear and magnetic SANS cross section d�/d	 of Fe85Nb6B9 alloy at selected applied magnetic fields (see insets)
(logarithmic color scale).
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FIG. 10. Magnetic SANS cross section d�M/d	 of Fe85Nb6B9 alloy at selected applied magnetic fields (see insets) (logarithmic color
scale). The nuclear and magnetic scattering at 9 T (saturation) has been subtracted from each data set.
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FIG. 11. Total nuclear and magnetic SANS cross section d�/d	 of Fe80Nb6B14 alloy at selected applied magnetic fields (see insets)
(logarithmic color scale).
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FIG. 12. Magnetic SANS cross section d�M/d	 of Fe80Nb6B14 alloy at selected applied magnetic fields (see insets) (logarithmic color
scale). The nuclear and magnetic scattering at 9 T (saturation) has been subtracted from each data set.
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