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Hot-deformed anisotropic Nd−Fe−B nanocrystalline magnets have been subjected to the grain-boundary
diffusion process (GBDP) using a Pr70Cu30 eutectic alloy. The resulting grain microstructure, consisting of
shape-anisotropic Nd−Fe−B nanocrystals surrounded by a Pr−Cu-rich intergranular grain-boundary phase,
has been investigated using unpolarized small-angle neutron scattering and very small-angle neutron scattering.
The neutron data have been analyzed using the generalized Guinier-Porod model and by computing, model
independently, the distance distribution function. We find that the GBDP results in a change of the geometry
of the scattering particles: In the small-q regime, the scattering from the as-prepared sample exhibits a slope
of about 2, which is characteristic for the scattering from two-dimensional platelet-shaped objects, while the
GBDP sample manifests a slope of about 1, which is the scattering signature of one-dimensional elongated
objects. The evolution of the Porod exponent indicates the smoothing of the grain surfaces due to the GBDP,
which is accompanied by an increase of the coercivity.
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I. INTRODUCTION

Nd−Fe−B-based nanocrystalline permanent magnets are
of potential interest for electronic devices, motors, and wind
turbines due to their preeminent magnetic properties such as
high coercivity and magnetic energy product [1–6]. In this
context, the effect of the grain-boundary diffusion process
(GBDP) on the bulk magnetic microstructure of hot-deformed
Nd−Fe−B-based nanomagnets is currently extensively inves-
tigated (e.g., Refs. [7–11]). In the GBDP [12], the Nd−Fe−B
magnet is exposed at elevated temperatures to a fine powder or
a vapor containing high-magnetic-anisotropy-inducing heavy-
rare-earth elements such as Tb or Dy, which then diffuse
(preferentially along liquid grain boundaries) into the bulk of
the material, in this way locally increasing the coercivity.

The goal of the present work is to obtain microscopic
information about the nanoscale structure of Pr−Cu infil-
trated Nd2Fe14B nanocrystalline alloys by means of unpolar-
ized small-angle neutron scattering (SANS) and very small-
angle neutron scattering (VSANS). The SANS technique (see
Ref. [13] for a recent review) is ideally suited for monitoring
the changing grain-boundary chemistry due to the GBDP
[14–17] since it provides—in contrast to electron-microscopy
methods—statistically averaged bulk information about both
the structural and magnetic correlations on a mesoscopic
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length scale (∼1–1000 nm). This method has previously been
applied to study the structures of magnetic nanoparticles
[18–24], soft magnetic nanocomposites [25,26], proton do-
mains [27–29], magnetic steels [30–33], or Heusler-type al-
loys [34–36]. Here, we aim to correlate the changes in the
grain microstructure due to the GBDP with the coercivity.

II. EXPERIMENT

We have studied a Pr−Cu-doped series of hot-deformed
Nd−Fe−B nanocrystalline magnets. The specimens were
prepared by the melt-spinning technique. The resulting melt-
spun ribbons were crushed into powders of a few-hundred-
micrometer sizes and then subsequently sintered at 1048 K
under a pressure of 400 MPa. The hot-pressing procedure
results in the formation of shape-anisotropic Nd2Fe14B grains
which are stacked along the nominal c axis (see the sketch
of the microstructure in Fig. 1). The Pr−Cu-doped series
contains an undoped reference sample and two samples which
are doped with 20 and 40 wt.% of Pr70Cu30. In the following,
these samples are, respectively, referred to as PrCu0, PrCu20,
and PrCu40. More details on the sample preparation can be
found in Refs. [7–10]. Magnetization data were taken on a
14 T vibrating sample magnetometer.

The neutron experiment has been carried out at 300 K at
the instrument SANS-I at the Paul Scherrer Institute (PSI),
Switzerland, using unpolarized neutrons with a mean wave-
length of λ = 5.0 Å and �λ/λ = 10 % (FWHM) [37,38]. The
external magnetic field H0 was applied perpendicular to the
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FIG. 1. Schematic drawing of the SANS setup. The scattering
vector q is defined as the difference between the wave vectors of the
scattered and incident neutrons, i.e., q = k1 − k0; its magnitude q =
|q| = (4π/λ) sin(ψ/2) depends on the mean wavelength λ of the
neutrons and on the scattering angle ψ . The applied-field direction
H0 is parallel to the ez direction of a Cartesian laboratory coordinate
system and perpendicular to the incident neutron beam (k0 ‖ ex ⊥
H0). In the small-angle approximation, the component of q along k0

is neglected, i.e., q ∼= {0, qy, qz} = q{0, sin θ, cos θ}, where the angle
θ specifies the orientation of q on the two-dimensional detector. The
pressing direction (c axis) of the samples is horizontal (‖ H0).

wave vector k0 of the incoming neutron beam (k0 ⊥ H0);
see Fig. 1 for a sketch of the neutron setup. This corre-
sponds to the geometry where H0 is parallel to the nominal
c axis (pressing direction) of the textured samples. Neutron
data were corrected for background scattering (empty sample
holder), transmission, and detector efficiency using the GRASP

software package [39]. The measured neutron transmission of
all samples was larger than 80–90% at all fields investigated.
The SANS setup at PSI allowed us to access the following
range of momentum transfers: 0.02 � q � 1.0 nm−1. To sig-
nificantly reduce the minimum momentum-transfer value to
qmin

∼= 0.003 nm−1, additional unpolarized runs were carried
out at the very small-angle neutron scattering (VSANS) in-
strument KWS-3 operated by the Jülich Centre for Neutron
Science (JCNS) at the Heinz Maier-Leibnitz Zentrum (MLZ),
Garching, Germany [40]. In the VSANS experiments, we used
a mean wavelength of λ = 12.8 Å [�λ/λ = 16% (FWHM)]
and a sample-to-detector distance of 9.8 m.

III. SANS CROSS SECTION
AND CORRELATION FUNCTION

For k0 ⊥ H0, the unpolarized elastic nuclear and mag-
netic differential SANS cross section d�/d� at momentum-
transfer vector q reads [13]

d�

d�
(q) = 8π3

V
b2

H

[
b−2

H |Ñ |2 + |M̃x|2 + |M̃y|2 cos2 θ

+ |M̃z|2 sin2 θ − (M̃yM̃∗
z + M̃∗

y M̃z ) sin θ cos θ
]
,

(1)

where V denotes the scattering volume, bH = 2.91 ×
108 A−1 m−1, Ñ (q) represents the nuclear scattering ampli-
tude, M̃(q) = {M̃x(q), M̃y(q), M̃z(q)} is the Fourier trans-
form of the magnetization M(r) = {Mx(r), My(r), Mz(r)}, the

asterisk marks the complex-conjugated quantity, and θ is the
angle between H0 and the scattering vector q.

In the literature on small-angle scattering, there exist many
approaches to analyzing anisotropic scattering patterns (see,
e.g., Refs. [41–49] and references therein). Here, the SANS
data were analyzed in terms of the generalized Guinier-Porod
model, which has been developed by Hammouda [50] in
order to describe the 2π azimuthally averaged scattering from
nonspherical objects (such as rods or lamellae). The model
is purely empirical and essentially decomposes the I (q) =
d�
d�

(q) curve into a Guinier region for q � q1 and into a Porod
region for q � q1. Both parts of the scattering curve are then
joined by demanding the continuity of the Guinier and Porod
laws (and of their derivatives) at q1; more specifically [50],

I (q) = G

qs
exp

(
−q2R2

G

3 − s

)
for q � q1, (2)

I (q) = D

qn
for q � q1, (3)

where the scaling factors G and D, the Guinier radius RG, the
dimensionality factor s, and the Porod power-law exponent
n are taken as independent parameters. From the continuity
of the Guinier and Porod functions and their derivatives, it
follows that

q1 = 1

RG

[
(n − s)(3 − s)

2

]1/2

, (4)

D = Gqn−s
1 exp

(
−q2

1R2
G

3 − s

)
, (5)

where n > s and s < 3 must be satisfied. Note that q1 is not a
fitting parameter, but internally computed via Eq. (4).

The generalized Guinier-Porod model is commonly ap-
plied to orientationally averaged microstructures. In the Sup-
plemental Material [51], we demonstrate that it can also be
used to describe the small-angle scattering from oriented
particles: the 2π -averaged one-dimensional SANS cross sec-
tions from oriented cylinders and ellipsoids are similar to
the corresponding SANS cross sections of the randomly
oriented ensembles. Moreover, it is shown that synthetic
data on oriented cylinders and ellipsoids with a distribution
of sizes can be described by the generalized Guinier-Porod
model.

In addition to the above analysis using the generalized
Guinier-Porod model, we have model independently calcu-
lated the distance distribution function [52],

p(r) = r2
∫ ∞

0

d�

d�
(q) j0(qr)q2dq, (6)

where j0(z) = sin(z)/z denotes the zeroth-order spherical
Bessel function. This provides information on the character-
istics (e.g., size and shape) of the scattering objects [53,54]
and on the presence of interparticle correlations [55,56].

IV. RESULTS AND DISCUSSION

Figure 2 displays the effect of Pr−Cu infiltration on
the room-temperature magnetic hysteresis of hot-deformed
Nd−Fe−B. As expected and in agreement with the data in the
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FIG. 2. Effect of the Pr−Cu grain-boundary diffusion process on
the room-temperature magnetization of hot-deformed Nd−Fe−B-
based nanocrystalline magnets. The applied-field direction is along
the c axis (pressing direction). For the clarity of presentation, the
number of data points has been reduced.

literature [7–10], the coercivity Hc increases significantly with
increasing Pr−Cu content (from μ0Hc = 1.39 T for PrCu0
to μ0Hc = 2.03 T for PrCu20 to μ0Hc = 2.14 T for PrCu40)
at the cost of lowering the saturation magnetization and the
remanence.

The two-dimensional VSANS data are displayed in Fig. 3,
whereas the one-dimensional (over 2π azimuthally averaged)
data are shown in Fig. 4. From the observation in Fig. 4(a) that
the scattering curves at the remanent state and at an applied
field of μ0H0 = 2.2 T (dashed lines) are basically identical,
it follows that d�/d� is dominated by the field-independent
nuclear scattering, i.e., d�/d� ∝ |Ñ |2. Regarding the two-
dimensional patterns in Fig. 3, this then implies that the
origin of the pronounced angular anisotropy is related to
an anisotropic (oriented) grain microstructure, which in turn
is in line with the results of electron-microscopy investiga-
tions [7–10,57]. With increasing Pr−Cu content, we see, in
particular at the small momentum transfers q, that the two-
dimensional d�/d� increase their horizontal and decrease
their vertical elongation. This finding points towards a change
of the geometry of the scattering objects due to the GBDP.
While all the samples exhibit a similar power-law decay at the

TABLE I. Results of a weighted nonlinear least-squares fit using
the generalized Guinier-Porod model [Eqs. (2)–(5)]. The values for
the scaling parameters G and D are not listed; q1 is not a fit parameter,
but computed according to Eq. (4).

Sample s RG (nm) n q1 (nm−1)

PrCu0 1.80 ± 0.02 27.7 ± 0.9 3.53 ± 0.01 0.0369
PrCu20 1.60 ± 0.01 19.6 ± 0.3 4.06 ± 0.01 0.0669
PrCu40 0.94 ± 0.02 37.1 ± 0.5 4.09 ± 0.01 0.0485

large q values (essentially with a Porod exponent of n ∼= 4;
see below), there is a pronounced change in the slope of
the scattering with doping in the small-q regime [compare
Fig. 4(a)]. Such changes in the slope of d�/d� within the
small-q Guinier or the intermediate-q Guinier regime indicate
a change in the dimensionality of the scattering objects [50].

In order to gain further information on the changes in
the geometry of the scattering particles, we have analyzed
the SANS cross sections in the remanent state using the
generalized Guinier-Porod model [Eqs. (2)–(5)]. The solid
lines in Fig. 4(b) are the result of this analysis and the
fitting parameters are listed in Table I. The most remarkable
observation is the change in the s parameter, from 1.80 for
PrCu0 to 0.94 for PrCu40. This suggests that the elements
of the microstructure which give rise to d�/d� change their
geometry (shape) [50]: from a two-dimensional platelet shape,
corresponding to s = 2, to a one-dimensional rodlike shape
(s = 1). The change in s is also observed when averages of
d�/d� along the horizontal (easy c axis) and perpendic-
ular (hard axis) directions are taken. The effective Guinier
radius varies between RG = 27.7 nm (PrCu0), RG = 19.6 nm
(PrCu20), and RG = 37.1 nm (PrCu40). This quantity is a
measure of the smallest dimension of the scatterers, which
sensitively depends on the particle-size distribution and on
the particle shape, e.g., RG = R/

√
2 for the cross section of a

randomly oriented cylinder with radius R, while RG = T/
√

12
for the cross section of a randomly oriented lamella with
thickness T [50,58]. Therefore, in view of this sensitivity, we
cannot relate the variation of RG found from the fit to the
actual changes in the real-space dimensions of the particles
(see also the discussion in [51]). But the RG values are
within the expected size range, as seen by electron microscopy

FIG. 3. Two-dimensional total nuclear and magnetic VSANS cross section d�/d� of Pr−Cu-doped hot-deformed Nd−Fe−B nanocrys-
talline magnets (logarithmic color scale). Data in the remanent state are shown (H0 = 0). The applied-field direction was along the horizontal
direction, parallel to the c axis (pressing direction).
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FIG. 4. (a) Azimuthally averaged total SANS cross sections d�/d� of Pr−Cu-doped hot-deformed Nd−Fe−B nanocrystalline magnets
(log-log scale). VSANS data from KWS-3 at MLZ and “conventional” SANS data from SANS-I at PSI have been merged. Solid markers:
Remanent-state data; dashed lines: μ0H0 = 2.2 T. (b) Same as (a), but for the remanent state. Solid lines: Fit to the generalized Guinier-
Porod model [Eqs. (2)–(5)]. Dotted lines: Asymptotic power-law behavior according to two-dimensional and one-dimensional scatterers in the
generalized Guinier-Porod model. (c) Distance distribution functions p(r) [Eq. (6)] of the remanent-state data. For the clarity of presentation,
the number of data points has been reduced in (a)–(c).

[7–10,57]. The Porod exponent n increases from n = 3.53 for
PrCu0 to n ∼= 4.1 for the infiltrated samples. This indicates
a smoothing of the surface of the particles as a result of the
Pr−Cu infiltration [50].

The results for the distance distribution function p(r) in
Fig. 4(c) are consistent with the numerical fit analysis us-
ing the generalized Guinier-Porod model. The PrCu0 and
the PrCu20 samples both exhibit a p(r) which is typical
for globular, but slightly anisotropic particles, whereas the
p(r) of the PrCu40 sample shows a maximum at small r ∼=
100 nm followed by a long tail at the larger r, suggesting
that the scattering originates from shape-anisotropic elongated
objects (compare Fig. 5 in the review by Svergun and Koch
[53]). The maximum of p(r) at the small distances of the
PrCu40 specimen corresponds to the shortest dimension of
the particles. This behavior is consistent with the previously
observed dimensional crossover (s ∼= 2 → s ∼= 1) using the
Guinier-Porod model.

V. CONCLUSION

Unpolarized small-angle neutron scattering (SANS) and
very small-angle neutron scattering (VSANS) were used
to monitor the effect of the grain-boundary diffusion pro-
cess (GBDP) on the mesoscopic grain microstructure of
Nd−Fe−B nanocrystalline magnets. The SANS data, which
are predominantly of nuclear origin, reveal a pronounced ef-
fect of the GBDP, resulting in a change of the slope of d�/d�

with increasing doping at small momentum transfers. Analy-
sis of the scattering data in terms of the generalized Guinier-
Porod model suggests that the GBDP results in a dimensional
crossover of the geometry of the scattering objects: The
SANS data from the as-prepared specimen are characteristic

for two-dimensional platelet-shaped objects, while the doped
samples manifest the signature of one-dimensional rodlike
objects. This assessment is further supported by an indepen-
dent model-free analysis in terms of the distance distribution
function. Moreover, based on the evolution of the Porod
exponent, we find an indication for the smoothing of the grain
surfaces due to the GBDP, which goes along with an increase
of the coercivity. While the reported mesoscale changes in the
grain microstructure can also be investigated using scanning
and transmission electron microscopy techniques, albeit with
less statistics (only a small number of particles), SANS has
the advantage of providing volume-averaged information over
a large number of grains. An open question also relates to
the underlying mechanism(s) of the observed shape change,
e.g., does our result reflect grain isolation via the formation of
grain-boundary phases.

ACKNOWLEDGMENTS

P.B. and A.M. acknowledge financial support from the
National Research Fund of Luxembourg (Grant No. CORE
SANS4NCC). K.S. has received funding from the European
Union’s Horizon 2020 research and innovation programme
under the Marie Skłodowska-Curie Grant Agreement No.
701647. This paper is based on results obtained from the fu-
ture pioneering program “Development of magnetic material
technology for high-efficiency motors” commissioned by the
New Energy and Industrial Technology Development Organi-
zation (NEDO). The neutron experiments were performed at
the Swiss spallation neutron source SINQ, Paul Scherrer In-
stitute, Villigen, Switzerland and at the Heinz Maier-Leibnitz
Zentrum, Garching, Germany.

[1] R. Coehoorn, D. B. De Mooij, J. P. W. B. Duchateau, and
K. H. J. Buschow, J. Phys. Colloques 49, C8-669 (1988).

[2] H. A. Davies, K. J. A. Mawella, R. A. Buckley, G. E. Carr,
A. Manaf, and A. Jha, Compositional and process effects on

084410-4

https://doi.org/10.1051/jphyscol:19888304
https://doi.org/10.1051/jphyscol:19888304
https://doi.org/10.1051/jphyscol:19888304
https://doi.org/10.1051/jphyscol:19888304


EFFECT OF GRAIN-BOUNDARY DIFFUSION PROCESS ON … PHYSICAL REVIEW MATERIALS 3, 084410 (2019)

structures and properties of Fe-Nd-B-based ribbons and mag-
nets produced by the melt spinning route, in Concerted Eu-
ropean Action on Magnets (CEAM), edited by I. V. Mitchell,
J. M. D. Coey, D. Givord, I. R. Harris, and R. Hanitsch
(Springer, Dordrecht, 1989), pp. 543–557.

[3] O. Gutfleisch, A. Bollero, A. Handstein, D. Hinz, A. Kirchner,
A. Yan, K.-H. Müller, and L. Schultz, J. Magn. Magn. Mater.
242-245, 1277 (2002).

[4] O. Gutfleisch, M. A. Willard, E. Brück, C. H. Chen, S. G.
Sankar, and J. P. Liu, Adv. Mater. 23, 821 (2011).

[5] J. P. Liu, in Lecture Notes in Physics 678 Nanoscale Magnetic
Materials and Applications, edited by J. P. Liu, E. Fullerton,
O. Gutfleisch, and D. J. Sellmyer (Springer, New York, 2009),
pp. 309–335.

[6] S. Bance, H. Oezelt, T. Schrefl, M. Winklhofer, G. Hrkac, G.
Zimanyi, O. Gutfleisch, R. F. L. Evans, R. W. Chantrell, T.
Shoji, M. Yano, N. Sakuma, A. Kato, and A. Manabe, Appl.
Phys. Lett. 105, 192401 (2014).

[7] J. Liu, H. Sepehri-Amin, T. Ohkubo, K. Hioki, A. Hattori, T.
Schrefl, and K. Hono, Acta Mater. 61, 5387 (2013).

[8] H. Sepehri-Amin, T. Ohkubo, S. Nagashima, M. Yano, T.
Shoji, A. Kato, T. Schrefl, and K. Hono, Acta Mater. 61, 6622
(2013).

[9] J. Liu, H. Sepehri-Amin, T. Ohkubo, K. Hioki, A. Hattori, and
K. Hono, J. Appl. Phys. 115, 17A744 (2014).

[10] H. Sepehri-Amin, L. Liu, T. Ohkubo, M. Yano, T. Shoji,
A. Kato, T. Schrefl, and K. Hono, Acta Mater. 99, 297
(2015).

[11] D. Salazar, A. Martín-Cid, R. Madugundo, J. M. Barandiaran,
and G. C. Hadjipanayis, Appl. Phys. Lett. 113, 152402 (2018).

[12] H. Sepehri-Amin, T. Ohkubo, T. Nishiuchi, S. Hirosawa, and K.
Hono, Scr. Mater. 63, 1124 (2010).

[13] S. Mühlbauer, D. Honecker, E. A. Périgo, F. Bergner, S. Disch,
A. Heinemann, S. Erokhin, D. Berkov, C. Leighton, M. R.
Eskildsen, and A. Michels, Rev. Mod. Phys. 91, 015004 (2019).

[14] T. Ueno, K. Saito, M. Yano, M. Harada, T. Shoji, N. Sakuma,
A. Manabe, A. Kato, U. Keiderling, and K. Ono, IEEE Trans.
Magn. 50, 2103104 (2014).

[15] M. Yano, K. Ono, M. Harada, A. Manabe, T. Shoji, A. Kato,
and J. Kohlbrecher, J. Appl. Phys. 115, 17A730 (2014).

[16] K. Saito, T. Ueno, M. Yano, M. Harada, T. Shoji, N. Sakuma,
A. Manabe, A. Kato, U. Keiderling, and K. Ono, J. Appl. Phys.
117, 17B302 (2015).

[17] E. A. Périgo, I. Titov, R. Weber, D. Honecker, E. P. Gilbert,
M. F. De Campos, and A. Michels, J. Alloys Compd. 677, 139
(2016).

[18] S. Disch, E. Wetterskog, R. P. Hermann, A. Wiedenmann, U.
Vainio, G. Salazar-Alvarez, L. Bergström, and T. Brückel, New
J. Phys. 14, 013025 (2012).

[19] A. Günther, D. Honecker, J.-P. Bick, P. Szary, C. D. Dewhurst,
U. Keiderling, A. V. Feoktystov, A. Tschöpe, R. Birringer, and
A. Michels, J. Appl. Crystallogr. 47, 992 (2014).

[20] P. Bender, A. Günther, D. Honecker, A. Wiedenmann, S. Disch,
A. Tschöpe, A. Michels, and R. Birringer, Nanoscale 7, 17122
(2015).

[21] P. Bender, J. Fock, C. Frandsen, M. F. Hansen, C. Balceris, F.
Ludwig, O. Posth, E. Wetterskog, L. K. Bogart, P. Southern,
W. Szczerba, L. Zeng, K. Witte, C. Grüttner, F. Westphal, D.
Honecker, D. González-Alonso, L. Fernández Barquín, and C.
Johansson, J. Phys. Chem. C 122, 3068 (2018).

[22] P. Bender, E. Wetterskog, D. Honecker, J. Fock, C. Frandsen,
C. Moerland, L. K. Bogart, O. Posth, W. Szczerba, H. Gavilán,
R. Costo, M. T. Fernández-Díaz, D. González-Alonso, L.
Fernández Barquín, and C. Johansson, Phys. Rev. B 98, 224420
(2018).

[23] S. D. Oberdick, A. Abdelgawad, C. Moya, S. Mesbahi-Vasey,
D. Kepaptsoglou, V. K. Lazarov, R. F. L. Evans, D. Meilak, E.
Skoropata, J. van Lierop, I. Hunt-Isaak, H. Pan, Y. Ijiri, K. L.
Krycka, J. A. Borchers, and S. A. Majetich, Sci. Rep. 8, 3425
(2018).

[24] Y. Ijiri, K. L. Krycka, I. Hunt-Isaak, H. Pan, J. Hsieh, J. A.
Borchers, J. J. Rhyne, S. D. Oberdick, A. Abdelgawad, and
S. A. Majetich, Phys. Rev. B 99, 094421 (2019).

[25] N. Ito, A. Michels, J. Kohlbrecher, J. S. Garitaonandia, K.
Suzuki, and J. D. Cashion, J. Magn. Magn. Mater. 316, 458
(2007).

[26] S. Saranu, A. Grob, J. Weissmüller, and U. Herr, Phys. Status
Solidi A 205, 1774 (2008).

[27] B. van den Brandt, H. Glättli, I. Grillo, P. Hautle, H. Jouve, J.
Kohlbrecher, J. A. Konter, E. Leymarie, S. Mango, R. P. May,
A. Michels, H. B. Stuhrmann, and O. Zimmer, Eur. Phys. J. B
49, 157 (2006).

[28] V. K. Aswal, B. van den Brandt, P. Hautle, J. Kohlbrecher, J. A.
Konter, A. Michels, F. M. Piegsa, J. Stahn, S. Van Petegem,
and O. Zimmer, Nucl. Instrum. Methods Phys. Res. A 586, 86
(2008).

[29] Y. Noda, S. Koizumi, T. Masui, R. Mashita, H. Kishimoto, D.
Yamaguchi, T. Kumada, S.-i. Takata, K. Ohishi, and Jun-ichi
Suzuki, J. Appl. Crystallogr. 49, 2036 (2016).

[30] M. Bischof, P. Staron, A. Michels, P. Granitzer, K. Rumpf,
H. Leitner, C. Scheu, and H. Clemens, Acta Mater. 55, 2637
(2007).

[31] F. Bergner, C. Pareige, V. Kuksenko, L. Malerba, P. Pareige, A.
Ulbricht, and A. Wagner, J. Nucl. Mater. 442, 463 (2013).

[32] R. Pareja, P. Parente, A. Muñoz, A. Radulescu, and V. de Castro,
Philos. Mag. 95, 2450 (2015).

[33] S. Shu, B. D. Wirth, P. B. Wells, D. D. Morgan, and G. R.
Odette, Acta Mater. 146, 237 (2018).

[34] K. P. Bhatti, S. El-Khatib, V. Srivastava, R. D.
James, and C. Leighton, Phys. Rev. B 85, 134450
(2012).

[35] V. V. Runov, Yu. P. Chernenkov, M. K. Runova, V. G.
Gavrilyuk, N. I. Glavatska, A. G. Goukasov, V. V. Koledov,
V. G. Shavrov, and V. V. Khovaı̆lo, J. Expt. Theor. Phys. 102,
102 (2006).

[36] G. Benacchio, I. Titov, A. Malyeyev, I. Peral, M. Bersweiler, P.
Bender, D. Mettus, D. Honecker, E. P. Gilbert, M. Coduri, A.
Heinemann, S. Mühlbauer, A. Çakır, M. Acet, and A. Michels,
Phys. Rev. B 99, 184422 (2019).

[37] J. Kohlbrecher and W. Wagner, J. Appl. Crystallogr. 33, 804
(2000).

[38] N. Niketic, B. van den Brandt, W. Th. Wenckebach, J.
Kohlbrecher, and P. Hautle, J. Appl. Crystallogr. 48, 1514
(2015).

[39] C. D. Dewhurst, Graphical Reduction and Analysis SANS Pro-
gram for MatlabTM (Institut Laue-Langevin, Grenoble, France,
2019), https://www.ill.eu/lss/grasp/.

[40] V. Pipich and Z. Fu, J. Large-scale Res. Facil. A 31, 1 (2015).
[41] G. C. Summerfield and D. F. R. Mildner, J. Appl. Crystallogr.

16, 384 (1983).

084410-5

https://doi.org/10.1016/S0304-8853(01)00989-1
https://doi.org/10.1016/S0304-8853(01)00989-1
https://doi.org/10.1016/S0304-8853(01)00989-1
https://doi.org/10.1016/S0304-8853(01)00989-1
https://doi.org/10.1002/adma.201002180
https://doi.org/10.1002/adma.201002180
https://doi.org/10.1002/adma.201002180
https://doi.org/10.1002/adma.201002180
https://doi.org/10.1063/1.4897645
https://doi.org/10.1063/1.4897645
https://doi.org/10.1063/1.4897645
https://doi.org/10.1063/1.4897645
https://doi.org/10.1016/j.actamat.2013.05.027
https://doi.org/10.1016/j.actamat.2013.05.027
https://doi.org/10.1016/j.actamat.2013.05.027
https://doi.org/10.1016/j.actamat.2013.05.027
https://doi.org/10.1016/j.actamat.2013.07.049
https://doi.org/10.1016/j.actamat.2013.07.049
https://doi.org/10.1016/j.actamat.2013.07.049
https://doi.org/10.1016/j.actamat.2013.07.049
https://doi.org/10.1063/1.4867960
https://doi.org/10.1063/1.4867960
https://doi.org/10.1063/1.4867960
https://doi.org/10.1063/1.4867960
https://doi.org/10.1016/j.actamat.2015.08.013
https://doi.org/10.1016/j.actamat.2015.08.013
https://doi.org/10.1016/j.actamat.2015.08.013
https://doi.org/10.1016/j.actamat.2015.08.013
https://doi.org/10.1063/1.5043389
https://doi.org/10.1063/1.5043389
https://doi.org/10.1063/1.5043389
https://doi.org/10.1063/1.5043389
https://doi.org/10.1016/j.scriptamat.2010.08.021
https://doi.org/10.1016/j.scriptamat.2010.08.021
https://doi.org/10.1016/j.scriptamat.2010.08.021
https://doi.org/10.1016/j.scriptamat.2010.08.021
https://doi.org/10.1103/RevModPhys.91.015004
https://doi.org/10.1103/RevModPhys.91.015004
https://doi.org/10.1103/RevModPhys.91.015004
https://doi.org/10.1103/RevModPhys.91.015004
https://doi.org/10.1109/TMAG.2014.2332759
https://doi.org/10.1109/TMAG.2014.2332759
https://doi.org/10.1109/TMAG.2014.2332759
https://doi.org/10.1109/TMAG.2014.2332759
https://doi.org/10.1063/1.4866841
https://doi.org/10.1063/1.4866841
https://doi.org/10.1063/1.4866841
https://doi.org/10.1063/1.4866841
https://doi.org/10.1063/1.4908026
https://doi.org/10.1063/1.4908026
https://doi.org/10.1063/1.4908026
https://doi.org/10.1063/1.4908026
https://doi.org/10.1016/j.jallcom.2016.03.160
https://doi.org/10.1016/j.jallcom.2016.03.160
https://doi.org/10.1016/j.jallcom.2016.03.160
https://doi.org/10.1016/j.jallcom.2016.03.160
https://doi.org/10.1088/1367-2630/14/1/013025
https://doi.org/10.1088/1367-2630/14/1/013025
https://doi.org/10.1088/1367-2630/14/1/013025
https://doi.org/10.1088/1367-2630/14/1/013025
https://doi.org/10.1107/S1600576714008413
https://doi.org/10.1107/S1600576714008413
https://doi.org/10.1107/S1600576714008413
https://doi.org/10.1107/S1600576714008413
https://doi.org/10.1039/C5NR04243G
https://doi.org/10.1039/C5NR04243G
https://doi.org/10.1039/C5NR04243G
https://doi.org/10.1039/C5NR04243G
https://doi.org/10.1021/acs.jpcc.7b11255
https://doi.org/10.1021/acs.jpcc.7b11255
https://doi.org/10.1021/acs.jpcc.7b11255
https://doi.org/10.1021/acs.jpcc.7b11255
https://doi.org/10.1103/PhysRevB.98.224420
https://doi.org/10.1103/PhysRevB.98.224420
https://doi.org/10.1103/PhysRevB.98.224420
https://doi.org/10.1103/PhysRevB.98.224420
https://doi.org/10.1038/s41598-018-21626-0
https://doi.org/10.1038/s41598-018-21626-0
https://doi.org/10.1038/s41598-018-21626-0
https://doi.org/10.1038/s41598-018-21626-0
https://doi.org/10.1103/PhysRevB.99.094421
https://doi.org/10.1103/PhysRevB.99.094421
https://doi.org/10.1103/PhysRevB.99.094421
https://doi.org/10.1103/PhysRevB.99.094421
https://doi.org/10.1016/j.jmmm.2007.03.121
https://doi.org/10.1016/j.jmmm.2007.03.121
https://doi.org/10.1016/j.jmmm.2007.03.121
https://doi.org/10.1016/j.jmmm.2007.03.121
https://doi.org/10.1002/pssa.200723606
https://doi.org/10.1002/pssa.200723606
https://doi.org/10.1002/pssa.200723606
https://doi.org/10.1002/pssa.200723606
https://doi.org/10.1140/epjb/e2006-00037-9
https://doi.org/10.1140/epjb/e2006-00037-9
https://doi.org/10.1140/epjb/e2006-00037-9
https://doi.org/10.1140/epjb/e2006-00037-9
https://doi.org/10.1016/j.nima.2007.11.062
https://doi.org/10.1016/j.nima.2007.11.062
https://doi.org/10.1016/j.nima.2007.11.062
https://doi.org/10.1016/j.nima.2007.11.062
https://doi.org/10.1107/S1600576716016472
https://doi.org/10.1107/S1600576716016472
https://doi.org/10.1107/S1600576716016472
https://doi.org/10.1107/S1600576716016472
https://doi.org/10.1016/j.actamat.2006.12.004
https://doi.org/10.1016/j.actamat.2006.12.004
https://doi.org/10.1016/j.actamat.2006.12.004
https://doi.org/10.1016/j.actamat.2006.12.004
https://doi.org/10.1016/j.jnucmat.2013.05.023
https://doi.org/10.1016/j.jnucmat.2013.05.023
https://doi.org/10.1016/j.jnucmat.2013.05.023
https://doi.org/10.1016/j.jnucmat.2013.05.023
https://doi.org/10.1080/14786435.2015.1063789
https://doi.org/10.1080/14786435.2015.1063789
https://doi.org/10.1080/14786435.2015.1063789
https://doi.org/10.1080/14786435.2015.1063789
https://doi.org/10.1016/j.actamat.2017.12.006
https://doi.org/10.1016/j.actamat.2017.12.006
https://doi.org/10.1016/j.actamat.2017.12.006
https://doi.org/10.1016/j.actamat.2017.12.006
https://doi.org/10.1103/PhysRevB.85.134450
https://doi.org/10.1103/PhysRevB.85.134450
https://doi.org/10.1103/PhysRevB.85.134450
https://doi.org/10.1103/PhysRevB.85.134450
https://doi.org/10.1134/S1063776106010122
https://doi.org/10.1134/S1063776106010122
https://doi.org/10.1134/S1063776106010122
https://doi.org/10.1134/S1063776106010122
https://doi.org/10.1103/PhysRevB.99.184422
https://doi.org/10.1103/PhysRevB.99.184422
https://doi.org/10.1103/PhysRevB.99.184422
https://doi.org/10.1103/PhysRevB.99.184422
https://doi.org/10.1107/S0021889800099775
https://doi.org/10.1107/S0021889800099775
https://doi.org/10.1107/S0021889800099775
https://doi.org/10.1107/S0021889800099775
https://doi.org/10.1107/S1600576715015575
https://doi.org/10.1107/S1600576715015575
https://doi.org/10.1107/S1600576715015575
https://doi.org/10.1107/S1600576715015575
https://www.ill.eu/lss/grasp/
https://doi.org/10.17815/jlsrf-1-28
https://doi.org/10.17815/jlsrf-1-28
https://doi.org/10.17815/jlsrf-1-28
https://doi.org/10.17815/jlsrf-1-28
https://doi.org/10.1107/S0021889883010663
https://doi.org/10.1107/S0021889883010663
https://doi.org/10.1107/S0021889883010663
https://doi.org/10.1107/S0021889883010663


IVAN TITOV et al. PHYSICAL REVIEW MATERIALS 3, 084410 (2019)

[42] D. F. R. Mildner, Macromolecules 16, 1760 (1983).
[43] L. E. Reynolds and D. F. R. Mildner, J. Appl. Crystallogr. 17,

411 (1984).
[44] B. Hammouda, R. A. Bubeck, and D. F. R. Mildner, Polymer

27, 393 (1986).
[45] B. Hammouda, D. F. R. Mildner, R. A. Bubeck, and M. T.

Malanga, J. Appl. Crystallogr. 19, 320 (1986).
[46] R. F. Saraf, Macromolecules 22, 675 (1989).
[47] D. A. Svetogorsky, J. Appl. Crystallogr. 23, 79 (1990).
[48] X. Gu and D. F. R. Mildner, J. Appl. Crystallogr. 49, 934 (2016).
[49] X. Gu and D. F. R. Mildner, J. Appl. Crystallogr. 51, 175 (2018).
[50] B. Hammouda, J. Appl. Crystallogr. 43, 716 (2010).
[51] See Supplemental Material at http://link.aps.org/supplemental/

10.1103/PhysRevMaterials.3.084410 for model computations
supporting the applicability of the generalized Guinier-Porod
model to oriented cylinders and ellipsoids.

[52] P. Bender, L. K. Bogart, O. Posth, W. Szczerba, S. E. Rogers,
A. Castro, L. Nilsson, L. J. Zeng, A. Sugunan, J. Sommertune,
A. Fornara, D. González-Alonso, L. Fernández Barquín, and C.
Johansson, Sci. Rep. 7, 45990 (2017).

[53] D. I. Svergun and M. H. J. Koch, Rep. Prog. Phys. 66, 1735
(2003).

[54] G. Fritz and O. Glatter, J. Phys.: Condens. Matter 18, S2403
(2006).

[55] P. Lang and O. Glatter, Langmuir 12, 1193 (1996).
[56] G. Fritz-Popovski, A. Bergmann, and O. Glatter, Phys. Chem.

Chem. Phys. 13, 5872 (2011).
[57] A. Michels, R. Weber, I. Titov, D. Mettus, E. A. Périgo, I. Peral,

O. Vallcorba, J. Kohlbrecher, K. Suzuki, M. Ito, A. Kato, and M.
Yano, Phys. Rev. Appl. 7, 024009 (2017).

[58] L. A. Feigin and D. I. Svergun, Structure Analysis by Small-
Angle X-Ray and Neutron Scattering (Plenum, New York, 1987).

084410-6

https://doi.org/10.1021/ma00245a014
https://doi.org/10.1021/ma00245a014
https://doi.org/10.1021/ma00245a014
https://doi.org/10.1021/ma00245a014
https://doi.org/10.1107/S0021889884011857
https://doi.org/10.1107/S0021889884011857
https://doi.org/10.1107/S0021889884011857
https://doi.org/10.1107/S0021889884011857
https://doi.org/10.1016/0032-3861(86)90155-2
https://doi.org/10.1016/0032-3861(86)90155-2
https://doi.org/10.1016/0032-3861(86)90155-2
https://doi.org/10.1016/0032-3861(86)90155-2
https://doi.org/10.1107/S002188988608929X
https://doi.org/10.1107/S002188988608929X
https://doi.org/10.1107/S002188988608929X
https://doi.org/10.1107/S002188988608929X
https://doi.org/10.1021/ma00192a028
https://doi.org/10.1021/ma00192a028
https://doi.org/10.1021/ma00192a028
https://doi.org/10.1021/ma00192a028
https://doi.org/10.1107/S0021889889008253
https://doi.org/10.1107/S0021889889008253
https://doi.org/10.1107/S0021889889008253
https://doi.org/10.1107/S0021889889008253
https://doi.org/10.1107/S1600576716005586
https://doi.org/10.1107/S1600576716005586
https://doi.org/10.1107/S1600576716005586
https://doi.org/10.1107/S1600576716005586
https://doi.org/10.1107/S1600576718000080
https://doi.org/10.1107/S1600576718000080
https://doi.org/10.1107/S1600576718000080
https://doi.org/10.1107/S1600576718000080
https://doi.org/10.1107/S0021889810015773
https://doi.org/10.1107/S0021889810015773
https://doi.org/10.1107/S0021889810015773
https://doi.org/10.1107/S0021889810015773
http://link.aps.org/supplemental/10.1103/PhysRevMaterials.3.084410
https://doi.org/10.1038/srep45990
https://doi.org/10.1038/srep45990
https://doi.org/10.1038/srep45990
https://doi.org/10.1038/srep45990
https://doi.org/10.1088/0034-4885/66/10/R05
https://doi.org/10.1088/0034-4885/66/10/R05
https://doi.org/10.1088/0034-4885/66/10/R05
https://doi.org/10.1088/0034-4885/66/10/R05
https://doi.org/10.1088/0953-8984/18/36/S14
https://doi.org/10.1088/0953-8984/18/36/S14
https://doi.org/10.1088/0953-8984/18/36/S14
https://doi.org/10.1088/0953-8984/18/36/S14
https://doi.org/10.1021/la9507646
https://doi.org/10.1021/la9507646
https://doi.org/10.1021/la9507646
https://doi.org/10.1021/la9507646
https://doi.org/10.1039/c0cp01332c
https://doi.org/10.1039/c0cp01332c
https://doi.org/10.1039/c0cp01332c
https://doi.org/10.1039/c0cp01332c
https://doi.org/10.1103/PhysRevApplied.7.024009
https://doi.org/10.1103/PhysRevApplied.7.024009
https://doi.org/10.1103/PhysRevApplied.7.024009
https://doi.org/10.1103/PhysRevApplied.7.024009

