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Anomalous magnetic anisotropy and magnetic nanostructure in pure Fe induced
by high-pressure torsion straining

Y. Oba,!" N. Adachi®,” Y. Todaka®,” E. P. Gilbert,? and H. Mamiya*

"Materials Sciences Research Center, Japan Atomic Energy Agency, 2-4 Shirakata, Tokai, Ibaraki 319-1195, Japan
2Department of Mechanical Engineering, Toyohashi University of Technology, 1-1 Hibarigaoka, Tempaku, Toyohashi, Aichi 441-8580, Japan
3Australian Centre for Neutron Scattering, Australian Nuclear Science and Technology Organization,

Locked Bag 2001, Kirrawee DC, NSW 2232, Australia
*Quantum Beam Unit, National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan

® (Received 4 November 2019; revised 23 July 2020; accepted 25 August 2020; published 23 September 2020)

The formation of nanosized spin misalignment can be observed in pure Fe processed via high-pressure torsion
(HPT) straining. The magnetic field dependence of the small-angle neutron-scattering profiles indicates that spin
misalignment is conserved in magnetic fields up to 10 T. This result demonstrates that HPT straining provides
anomalous magnetic anisotropy in pure Fe due to the high densities of the grain boundaries and lattice defects.
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I. INTRODUCTION

High-pressure torsion (HPT) is a renowned severe plas-
tic deformation technique in metallurgy since it dramatically
changes mechanical properties such as the tensile strength
of structural materials [1-5]. Further, the effects of HPT on
various metals and alloys have been extensively investigated
for the development of new high-strength materials. Both the
high density of crystal defects and the large fraction of grain
boundaries, produced via HPT, function as pinning points to
prevent dislocation motion, leading to an enhancement in the
strength of metals and alloys.

The HPT process has also attracted attention in the field of
magnetic materials [1,4,6—13]. The characteristic nanostruc-
tures produced using the HPT process considerably modifies
the crystal growth kinetics [8,9]. Moreover, they can affect the
magnetic properties owing to the pinning of magnetic domain
walls and variation in exchange coupling between the grains
[14-16]. Several researchers have reported an increase in the
coercivity of magnetic materials via HPT straining [10,11].
These results provide a novel perspective that the HPT process
can control magnetic anisotropy—one of the most important
properties for spintronic devices—as well as broadening po-
tential applications of both hard and soft magnetic materials
[17-19]. In addition, magnetic anisotropy plays a key role in
theories of magnetism, such as superparamagnetism [20,21].

In this study anomalous magnetic anisotropy produced via
HPT straining in pure Fe is reported using small-angle neu-
tron scattering (SANS), which is an excellent experimental
technique for characterizing the nanostructure. SANS also
enables magnetic structures to be probed due to the interaction
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between the intrinsic spin of the neutron and the magnetic
moments of the samples [22-26].

II. EXPERIMENT

Pure iron (Fe) was selected as the sample for conducting
this study. In terms of mass, the impurities were C, N, O, and
Al with values of 11, 8, 14, and 300 ppm, respectively. The
Fe sheet was cut into disks with a diameter of 20 mm and
thickness of 0.85 mm. The HPT process has been described
in detail in a previous study [3]. Briefly, the Fe disk was
held between two anvils and torsion strained at a pressure
of 5 GPa, ten times at room temperature, with a rotation
speed of 0.2 rpm. After the HPT process was completed, the
samples were mechanically polished for adjusting the sample
shape and thickness. Subsequently, the microstructure was
observed using a scanning electron microscope (SEM) and
analyzed based on electron backscatter diffraction (EBSD).
Magnetic data were obtained using a commercial supercon-
ducting quantum interference device (SQUID) magnetometer
(Quantum Design MPMS-5) with a magnetic field applied
parallel to the disk.

SANS experiments were performed using the SANS in-
strument QUOKKA of the Australian Nuclear Science and
Technology Organization (ANSTO) [27]. Four disks were
stacked for measurements. The thickness of each disk was
set to 0.5 mm by polishing. By comparing the scattering
profiles of one disk with those of four stacked disks, it was
confirmed that multiple scattering is negligible and does not
affect the results (Fig. S1) [28]. A superconducting magnet
was used to apply a magnetic field of up to 10 T to the samples
parallel to the disks. Experiments were performed at equal
source-to-sample and sample-to-detector distances of 20 and
8 m with source and sample aperture diameters of 50 and
15 mm, respectively. A ¢ range from 0.03 to 1.0nm~! was
explored, where g denotes the magnitude of the scattering
vector and is defined as ¢ = 4mzsin(0)/A, and where 6 and A
denote half the scattering angle and wavelength (= 0.5 nm
with 10% resolution), respectively. The obtained scattering
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FIG. 1. IPF map of HPT-Fe obtained using EBSD.

patterns were radially averaged and corrected for background
and transmission based on Refs. [27] and [29]. Details of the
obtained scattering patterns are shown in the Supplemental
Material (Figs. S2, S3, and S4) [28].

III. RESULTS AND DISCUSSION

Figure 1 shows the inverse pole figure (IPF) map of the
HPT-strained Fe (HPT-Fe) obtained using EBSD. The average
grain size is estimated to be 380 nm, which is comparable with
that described in a previous study and indicates that the crystal
grains are remarkably refined through HPT straining [3]. The
sample has minimal crystallographic anisotropy.

Figure 2 shows the magnetic field dependence of mag-
netization in HPT-Fe and nondeformed Fe. The coercivity
increases from nearly O to approximately 2 mT as a result
of HPT straining. This may be attributed to the pinning of
magnetic domain walls due to the high-density crystal de-
fects and grain boundaries produced through HPT straining,
as reported in previous studies [10,11]. The magnetization
is rapidly saturated with a magnetic field lower than 0.5 T
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FIG. 2. (a) Hysteresis loops of HPT-Fe and nondeformed Fe. The
inset (b) shows an enlarged view at around zero field.
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FIG. 3. SANS profiles of (a) HPT-Fe and (b) nondeformed Fe at
several magnetic fields.

and exhibits no significant differences between HPT-Fe and
nondeformed Fe at greater magnetic fields. The deviation of
the magnetization in HPT-Fe from nondeformed Fe is below
1% at 1 T or higher fields (Fig. S5) [28]. Hence, the difference
in saturation magnetization is negligible within error.

SANS profiles of HPT-Fe measured at magnetic fields
ranging from 1 to 10 T are shown in Fig. 3(a). The pro-
file at 1 T exhibits a shoulder, indicating the presence of
a nanostructure in the sample [30], whereas nondeformed
Fe shows no shoulder in SANS profiles and little magnetic
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field dependence [Fig. 3(b)]. The intensity of this shoul-
der monotonically decreases with increasing magnetic field
and almost disappears at 10 T. The observed dependence
in the magnetic field is attributed to the magnetic scatter-
ing contribution, as the nuclear nanostructure is expected to
be independent of the magnetic field. This result indicates
that the magnetic nanostructure is formed in Fe via HPT
straining.

The magnetization curve demonstrates that the magnetiza-
tion of HPT-Fe is almost saturated below 1 T, as is the case
of the nondeformed Fe, whereas the shoulder in the SANS
profile remains up to 10 T. This indicates that most of the
magnetic moments in HPT-Fe are already aligned with the
external magnetic field below 1 T, which, again, is the same
as that observed in the case of nondeformed Fe. Despite only
a small fraction of the nanosized regions exhibiting a different
magnetization state and contributing to the varying SANS
intensity with applied field, SANS has the advantage of being
sensitive to the low volume fraction of nanostructures; this is
widely demonstrated in steel research, where SANS can detect
nanosized precipitates with a volume fraction of less than 1%
dispersed in a steel matrix [31-33].

The magnetic scattering contribution to the SANS intensity
can arise from the difference in the direction and/or magni-
tude of the magnetization between the nanosized region and
the matrix [23,26]. Based on conventional magnetic scatter-
ing theories [23,26,34-40], the magnetic field dependence of
the SANS intensity is generated from the spin-misalignment
scattering contribution caused by perturbing internal fields.
Therefore the magnetic field dependence of the shoulder in the
SANS profile indicates the occurrence of nanosized spin mis-
alignment in a saturated matrix. The decrease of the shoulder
up to 10 T indicates that the magnetic moments in the nano-
sized region become aligned with the external magnetic field
in HPT-Fe. Almost no remaining shoulder at 10 T indicates
that the scattering at 10 T corresponds mainly to both nu-
clear scattering and magnetic scattering generated by coarse
microstructures such as grain boundaries and surface rough-
ness in addition to possible remnants of spin-misalignment
scattering.

Previous studies reported that spin misalignment can be
formed based on the balance between the magnetic anisotropy
and internal magnetic fields [19,23,26]. The internal field is
the sum of the external and demagnetizing fields. However,
the demagnetizing field should not exceed the magnitude of
the magnetization (i.e., approximately 2.2 T for pure Fe with
a demagnetizing factor of 1). Therefore the formation of the
spin misalignment in HPT-Fe is attributed to the effects of the
anomalous magnetic anisotropy field induced via HPT strain-
ing. Two possibilities can explain this anomalous field in the
nanosized regions: (i) the local change in the anisotropy field
compared to nondeformed Fe (of which magnetocrystalline
anisotropy will inevitably play a role) or (ii) the magnetic
anisotropy energy is lower than the thermal energy; this results
in a thermal fluctuation of the magnetic moments and the
disappearance of the time-averaged spontaneous magnetiza-
tion. The latter resembles superparamagnetism observed in
magnetic nanoparticles [20,21].

Guinier analysis was conducted to estimate the size of
the regions influenced by spin misalignment (Fig. S6) [28].
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FIG. 4. Magnetic field dependence of radius of gyration R,.

This analytical technique does not require a detailed analytical
model and is therefore suitable to characterize the present
spin misalignment [29,41,42]. The SANS profile at 10 T with
upturn with ¢~ power-law behavior was treated as “back-
ground” scattering from coarse structures and was subtracted
from the remaining SANS profiles (Fig. S7) [28]. It is noted
that a field of 10 T might be insufficient to completely sup-
press spin misalignment and reach ideal magnetic saturation;
consequently, the spin-misalignment contribution is possibly
underestimated. However, the approximate size estimation is
still relevant to discuss the origin of the spin misalignment.
To avoid possible effects of multiple scattering, Guinier anal-
ysis was performed in the range of ¢ > 0.06nm™!, where
the deviation of scattering intensity between one disk and
four disks is negligible within error (Fig. S1) [28]. Figure 4
presents the magnetic field dependence of the radii of gy-
ration Ry, which is a suitable measure of size of scattering
objects and is numerically equal to (3/5)"/?R for monodis-
perse spherical nanoparticles with radius R [29,41,42]. The
value of R, decreases from 18.5 to 4 nm with increasing
magnetic field. This result is significantly smaller than the
average grain size that has been estimated based on the IPF
map. Hence the spin misalignment does not correspond to the
crystal grain.

In the case (i) described above, the spin-misalignment
scattering contributions can be represented as the sum-
mation of scattering contributions Sy(q)Ru(q, o, H;) +
Sm(Q)Rm(q, o, H;) for the current scattering geometry
within the approach-to-saturation regime [23,35,36]. Here,
Su(qQ)Ru(q, @, H;) and Sm(q)Rwm(g, o, H;) are the scattering
contributions due to perturbing magnetic anisotropy fields
and magnetostatic fields, respectively. The parameters q, «,
and H; denote the scattering vector, azimuthal angle between
the scattering vector and the applied magnetic field direc-
tion, and magnitude of the internal field. The anisotropy-field
scattering function Sy (q) is proportional to the Fourier coeffi-
cient of the magnetic anisotropy field, whereas the scattering

033473-3



OBA, ADACHI, TODAKA, GILBERT, AND MAMIYA

PHYSICAL REVIEW RESEARCH 2, 033473 (2020)

[ T T T ]
L ‘ 0.06-0.07 nm "]
I o 010-011 |
' 0.15-0.16
T
g 10 F E
5 i 024-025 1
S i ]
z [
c F o
5
£ » ]
2 i 0.38-0.39
3
®©
(&)
wn

0.60-0.61

B s
i

0 90 180 270 360

Azimuthal angle a (degree)

FIG. 5. Azimuthal angle dependence of scattering intensity in
HPT-Fe at 1 T. Plots are averaged in g between 0.06 and 0.07, 0.1
and 0.11, 0.15 and 0.16, 0.24 and 0.25, 0.38 and 0.39, and 0.6 and
0.61 nm~!. Solid curves are the fit results to Iy + sin’«, where
Iy and I are the constant fitting parameters corresponding to the
intensity contributions with no azimuthal dependence and with sin’c
behavior, respectively.

function of the longitudinal magnetization Sy(q) reflects the
spatial variations of the saturation magnetization. The func-
tions Ry(q, o, H;) and Ry(q, o, H;) are the corresponding
micromagnetic response functions, respectively. In isotropic
magnetic materials, Ry(q, «, H;) and Ryi(q, o, H;) bring pecu-
liar azimuthal anisotropies to the two-dimensional scattering
patterns. The contribution Sy(q)Ryu(g, o, H;) is elongated par-
allel to the magnetic field, while Sy (q)Rm(q, «, H;) yields the
so-called cloverleaf pattern.

In HPT-Fe, the orientation of the crystal grains is almost
random, as shown by the IPF map (Fig. 1). Moreover, the
shear strains introduced by HPT straining are along the cir-
cumferential direction in the disk plane [4]. Since the gauge
volume of the SANS experiments was the center region of
diameter of 15 mm and sample thickness, the remaining
anisotropy in HPT-Fe must be averaged and can be regarded as
random in the plane. However, the two-dimensional scattering
patterns show neither the elongation parallel to the magnetic
field nor cloverleaf-type azimuthal anisotropy, even after sub-
traction of the 10-T scattering pattern (Fig. S2) [28]. The
azimuthal dependence of HPT-Fe at 1 T exhibits nearly sin’«
behavior, except in the lowest g region (Fig. 5).

If the discrepancy in the azimuthal anisotropy is disre-
garded, the magnetic Guinier analysis can be applied, as
described in the Supplemental Material (Fig. S9) [28,42,43].

This allows the evaluation of the radius of gyration for the
magnetic anisotropy field Rgy and the exchange stiffness con-
stant A. The value of Rgy? is estimated to be 0 £ 15nm?.
If the square root of 15nm? is regarded as the experimen-
tal error, this suggests that the anomalous anisotropy field
originates within a region smaller than 4 nm. However, the
estimated value of A = 35 & 7 pJ/m in HPT-Fe is significantly
greater than that of 21-25 pJ/m in normal Fe [44,45]. This
contrasts with previous reports on nanocrystalline Ni and Co,
where the values of A were consistent with normal Ni and Co,
respectively [34-36]. This indicates that further improvement
of the analytical model is required to obtain reliable results
about the spin misalignments in HPT-Fe.

For case (ii), there are several theoretical and experimen-
tal studies concerning the SANS from superparamagnetic
nanoparticles [37-40,46] where such materials can exhibit
two-dimensional scattering patterns with sin?« behavior. This
feature coincides with the results in HPT-Fe contrary to
case (i) (Fig. 5). However, these previous studies have con-
sidered uniformly magnetized nanoparticles and have not
provided the information about the behaviors of intraparti-
cle magnetic domain structures. Furthermore, although they
have claimed the domain structures expanded over several
nanoparticles, the magnetic field dependences of domain sizes
have not been formulated in those studies. Hence, this anal-
ysis method is also not applicable to HPT-Fe. To analyze
the change in the magnetic domain size within nanosized
regions, further improvement is necessary using micromag-
netics. This method continues to progress with experimen-
tal, analytical, and micromagnetic-computational approaches
[47—49]; the analytical solution for magnetic-field-dependent
SANS intensity is only provided for a few special cases
such as magnetic vortices in submicron-sized soft magnetic
disks [48].

The discrepancies in both cases (i) and (ii) mean that the
nanosized spin misalignments in HPT-Fe are probably differ-
ent from the phenomena represented in conventional magnetic
SANS theories. In the following, the possible origin of the
nanosized spin misalignments is discussed in the context of
the current SANS results. The magnetization curves indicate
that the spin misalignment represents a small volume fraction
of the sample, while the SANS profiles indicate that the
size of the spin-misaligned region is smaller than the aver-
age grain size. Hence it is reasonable to conclude that the
spin misalignment is probably generated only in a limited
region such as around the high-density crystal defects and
grain boundaries produced via HPT straining. The change in
crystallographic symmetry can affect the magnetic anisotropy
in such regions. For instance, several studies have reported
that an increase of tetragonality in Fe, supported by interstitial
nitrogen atoms, can increase the magnetic anisotropy energy
[50-53]. Theoretical studies explain that the tetragonality in
Fe stabilizes orbital magnetic moments and enhances the
magnetic anisotropy via spin-orbit coupling [53,54]. Although
voids and impurity nanoparticles may be regarded as the pin-
ning points with respect to the motion of the magnetic domain
walls [55], no shoulder can be observed in the case of residual
scattering at 10 T, indicating that HPT-Fe is likely to contain
few such nanostructures.
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IV. CONCLUSION

The magnetic field dependence of SANS confirms the
formation of nanosized spin misalignment in Fe via HPT
straining. The spin misalignment can be observed in magnetic
fields up to 10 T. The results obtained in this study indicate
that anomalous magnetic anisotropy is induced in HPT-Fe.
The spin misalignment is inconsistent with crystal grain
size and is probably formed only around the high-density
crystal defects and grain boundaries produced via HPT
straining.
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