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In the quest for materials with emergent or improved properties, an effective route is to create artificial
superstructures. Novel properties emerge from the coupling between the phases, but the strength of this coupling
depends on the quality of the interfaces. Atomic control of crystalline interfaces is notoriously complicated and
to elude that obstacle, we suggest here an all-amorphous design. Starting from a model amorphous iron alloy,
we locally tune the magnetic behavior by creating boron-doped regions by means of ion implantation through
a lithographic mask. This process preserves the amorphous environment, creating a non-topographic magnetic
superstructure with smooth interfaces and no structural discontinuities. The absence of inhomogeneities acting
as pinning centers for the magnetization reversal is demonstrated by the formation of magnetic vortexes for
ferromagnetic disks as large as 20 um in diameter embedded within a paramagnetic matrix. Rigid exchange
coupling between two amorphous ferromagnetic phases in a microstructured sample is evidenced by an
investigation involving first-order reversal curves. The sample consists of a soft matrix with embedded elements
constituting a hard phase where the anisotropy originates from an elongated shape of the elements. We provide
an intuitive explanation for the micrometer-range exchange coupling mechanism and discuss how to tailor the

properties of all-amorphous superstructures.
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I. INTRODUCTION

Technological progress is driven by our ability to manip-
ulate material properties. Mixing two or more components in
a single structure is an effective way to engineer materials
with improved or emergent properties [ 1-4]. The control of the
coupling between the components can be achieved by tailoring
the periodicity, the sizes and shapes of the individual elements
in the composite [5—7], as well as the quality of the interfaces
[8-10]. Recent progress has been made in tuning these pa-
rameters both for two and three-dimensional superstructures
[11-14]. Interfaces, however, are notoriously difficult to con-
trol; in particular the defects inevitably associated with crys-
talline interfaces such as dislocation and grain boundaries [15].

A way to avoid the problem of crystalline defects at
structural interfaces is to use amorphous materials. Amorphous
layers have been shown to give both smoother interfaces and
improved performance compared with crystalline layers for
spintronic applications [16—18]. In addition, layered amor-
phous structures have shown magnetic coupling phenomena
and interface effects over much longer length scales than
crystalline materials [19-21], and the physical properties of
the individual layers can be tuned by finely adjusting their
chemical composition during the thin-film deposition process
[22-24]. To create superstructures with lateral “patterns,” the
lateral chemical composition also needs to be engineered. This
is viable by using ion implantation combined with masking to
locally dope the thin amorphous film. Focusing on magnetic
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materials, ion implantation and irradiation has so far been
used to alter the magnetic properties by creating local disorder
[25-30], to induce crystallization or stress in amorphous
layers [31,32], and to locally change the chemical structure
of crystalline phases [33-36].

To demonstrate the feasibility of creating amorphous mag-
netic superstructures using ion implantation and masking, we
selected FeggZry; as the target because it is a well-studied soft
magnetic material [37,38], and its magnetic properties can be
tuned continuously by controlling the chemical composition
[24,37,39]. Doping it with, e.g., boron induces a small volume
expansion, increasing the atomic Fe-Fe distance [40,41], which
enhances the exchange coupling, as described by the Bethe—
Slater curve [42]. The increased average exchange coupling
gives a higher Curie temperature T¢ and a reduction of the
exchange frustration, resulting in lower coercivity [38,40]. In
a previous study [38], we showed that implanting boron into
an Feg3Zr; film is feasible without creating additional surface
roughness or crystallization of the target. Since the T¢ of
the FegoZr; film is below room temperature (RT), we use
temperature as a parameter to tailor the magnetic properties
of the matrix from paramagnetic (PM) at RT to ferromagnetic
(FM) at low temperature, while the B-implanted areas remain
FM even at RT.

II. ALL-AMORPHOUS DESIGN

The fabrication of a fully amorphous superstructure con-
sisting of B-implanted elements of various shapes embedded
in a FegoZr;; matrix is schematically illustrated in Fig. 1.
First, a 150 A amorphous FegygZry; thin film was deposited by
using magnetron sputtering on an amorphous AlyyZ30 buffer

©2018 American Physical Society
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FIG. 1. (a) Schematic representation of multilayer structure of as-grown sample. (b) The desired pattern is reproduced on the sample with a
Cr mask, then a boron-ion beam is scanned over the sample surface for implantation. (c) Finally, the mask is removed leaving the sample with
its original layer structure with the addition of room-temperature ferromagnetic FegyZr;oBo elements embedded in the paramagnetic FegoZry;

matrix.

layer [43]. The nominal composition of the FegoZr; layer
was verified by using Rutherford backscattering spectrometry
(RBS), followed by the analysis of the spectra by using the
simulation software SIMNRA [44], and found to lie within the
nominal value £0.5%. A similar Al;¢Z3¢ capping layer was
deposited on the top surface to protect the film from oxida-
tion. Next, the sample was masked by using a conventional
photolithographic technique. Local doping was realized by
scanning a boron ion flux with an energy of 5 keV and an
implantation dose of 2 x 10'®ions/cm?, optimized according
to simulations performed by using the stopping and range
of ions in matter (SRIM) software [45—47]. The implantation
along the surface of the masked sample resulted in regions,
reproducing the mask, with nominal composition FegyZroB o,
embedded in the FeggZri; film. The implantation is always
accompanied by some lateral diffusion of the ions. The lateral
range was, however, estimated to be less than 10 nm for the
implantation energy used. Finally, after chemically removing
the mask, the sample consisted of a flat film with FegyZr;oB1o
elements embedded in the FegyZr;; matrix.

Structural analysis using x-ray diffraction in grazing-
incidence geometry, before and after implantation on an
unmasked portion of the implanted sample, shows that both
samples are amorphous, thus confirming that the implantation
process did not induce any crystallization. X-ray reflectivity
patterns were acquired and analyzed by using the GENX simu-
lation software [48] to determine the thicknesses and roughness
of the films. However, within the experimental uncertainties,
it was not possible to detect any additional roughness or
increment in the film thickness after the implantation. The
boron implantation enhanced the Curie temperature 7¢ from
approximately 208 K for FegoZr|; to approximately 340 K

for FegoZrioB1o. The expected decrease in random magnetic
anisotropy originating from a lower exchange frustration is
manifested by a significant decrease in the coercivity seen in
the M(H) loops recorded at 5 K, from approximately 13 mT
for FeggZr; to approximately 0.2 mT for FegoZroBig [49].

III. MAGNETIC PROPERTIES

A. Non-topographic ferromagnetic structures within
a paramagnetic matrix

At RT, the structured films consist of non-topographically
patterned FM FegyZroBjo elements embedded in the PM
FegoZr; matrix. Several composite films were prepared with
magnetic patterns of different shapes; viz., stripes, sticks, tri-
angles, and disks. All the shapes have a width of 20 wum and are
placed in aregular square lattice with a center-to center distance
of 40 um. At this distance, we expect the dipolar coupling
between the elements to be weak and the magnetic properties
to depend mostly on the shape of the implanted elements. The
M(H) loops of all samples measured in different directions
are shown in Fig. 2. The elongated structures, i.e., the stripes
(20 um x 4 mm) and the sticks (20 x 5 um) exhibit strong shape
anisotropy [Figs. 2(a) and 2(b), respectively]. It is interesting
to observe that the magnetization reversal in the stripes occurs
within an extremely narrow field range and in an almost single
event. No sign of multi-domain formation was detected in the
magneto-optic Kerr effect (MOKE) microscope images shown
in Fig. 2(e), collected during M(H) loop scans. The images
were processed by using the software FUT [50], normalizing
the images brightness so as to have the same middle gray level
for the paramagnetic background (matrix), allowing a better
comparison of the brightness levels in different images. A
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FIG. 2. Room-temperature M(H) loop, measured using longitudinal MOKE at 300 K in a magnetic-field range of 6 mT, are here reported
with a magnification in the range £1.5 mT, for (a) stripes, (b) sticks, (c) triangles, and (d) disks. The curves where measured with the field
applied parallel (0°, black solid line) and perpendicular to the long edge (90°, orange dashed line) for the stripes and sticks, and perpendicular
and parallel to the triangle bases. The domain configuration of the same samples was recorded by MOKE microscopy at 300 K. The images
were collected during an M(H) loop measured in a magnetic-field range of £10 mT, for (e) stripes, (f) sticks, (g) triangles, and (h) disks. The
magnetic field was applied vertically with respect to the images, as indicated by the arrow. The panels on the right show the images recorded

after a degauss process performed to reach the ground-state configuration.
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multi-domain configuration was observed only after a degauss-
ing process [Fig. 2(e)-VI]. The single-domain-like reversal
of the 20-um-wide and 4-mm-long stripes with the magnetic
field applied along the easy axis is a sign of the isotropic soft
magnetic properties of FegyZr;oBjo together with dominant
shape anisotropy and it demonstrates the low concentration
of defects acting as pinning centers for the magnetization
reversal. During the magnetization reversal of the sticks, shown
in Fig. 2(f), a double curling of the magnetization occurs.
This is particularly visible at remanence and is related to the
rounded shape of the endpoints of the sticks. In the triangles, the
magnetization reversal, shown in Fig. 2(g), occurs via rotation
of large domains in big steps. After degaussing, the ground
state exhibits flux closure with a three-domain configuration
[Fig. 2(g)-VI]. The shape of the M(H) loops of the disk struc-
tures [shown in Fig. 2(d)] suggests the formation of vortices
[51]. However, at remanence, a “diamond-like” configura-
tion [52] with three antiparallel aligned domains is observed
[Fig. 2(h)-III], while the statistics of the images collected after
degaussing show that the most likely configuration (~70% of
approximately 50 analyzed disks) is, indeed, a vortex structure
[Fig. 2(h)-VI]. The fact that a vortex is the ground state in a FM
disc with such a large diameter (20 ;#m) can again be attributed
to the soft and isotropic magnetic nature of FegyZr;oBo, and
the low concentration of defects.

B. Ferromagnetic superstructures with long-range
exchange coupling

Changing the temperature allows us to investigate how
tuning the magnetic properties of the matrix affects the
overall magnetic behavior of the superstructures. The FM
FegoZroB1o elements are directly exchange coupled to the
FegyZr;; matrix below its Curie temperature Tg‘atrix, but the
average exchange coupling is stronger within the B-implanted
elements than in the matrix. With a FM matrix, we expect
that the magnetic properties not only depend on the shape
of the implanted elements, but also on their inter-distances.
Therefore, we chose an elongated shape of the FegyZr 0B
elements, the stick shape, with elements aligned vertically
in patterns with different horizontal-vertical center-to-center
distances between the sticks, namely, 40-40 pum, 25-25 um,
and 1040 um for the superstructures, labelled SS-A, SS-
B, and SS-C, respectively. Microscope images of the masks
used to create the three different superstructures are shown
in Fig. 3, along with the temperature dependence of the
coercivity measured along the long axis of the sticks for the
three samples. The magnetic properties of the superstructures
change significantly when the temperature is lowered below
Té“a”i", producing a sharp decrease in coercivity close to this
temperature. M(H) loops measured at different temperatures
are also shown in Fig. 3. At temperatures above T2"X, the
shape of the sticks is the main source of anisotropy, and the
magnetization reversal at 220 K is probably similar to that
at RT, as described in Fig. 2. At temperatures below Tg‘*‘m",
the M(H) loops of the SS-A and SS-B samples exhibit a
two-phase reversal with a “soft” component (the matrix) and
a “hard” component (the implanted sticks) at all temperatures.
For the SS-C sample, which has the shortest horizontal distance
between the implanted FegyZr9B o elements, the M(H) curves

exhibit a higher coercivity at low temperatures compared with
the other samples. In particular, at 80 K, the M(H) loop of the
SS-C is almost square shaped, suggesting a single switching
process in the sample due to a strong coupling between the
“soft” and “hard” components.

To thoroughly investigate the magnetization-reversal mech-
anisms of all the samples at 80 K, we measured first-order
reversal curves (FORCs) [53-56]. In a FORC measurement,
the sample is saturated in a positive field, then the applied field
islowered to the reversal field H,, and the FORC magnetization
M is recorded as a function of the increasing measurement field
H,,. Repeating the FORC measurement for different reversal
fields H,, the FORC distribution is obtained by computing the
second-order mixed partial derivative of M with respect to H,,
and H,:

—1 3°M(H,,,H,)
S ms r

where My is the saturation magnetization. Depending on the
H, value, domains belonging to different parts of the sample are
reversed away from the initial saturated condition. This allows
us to identify different reversal and interaction mechanisms,
since each back reversal event generates a specific signal
in the FORC diagram. Due to the double derivative, only
progressive changes of the M(H,,, H,) curves are visible in
the p diagram. Thus, if a reversal event moves to a different
H,, while increasing H,, a new positive p signal will describe
the new H,, value, while a negative one will be present at the
corresponding previous H,, position creating a negative signal
tail [57,58]. On the other hand, if a reversal event does not
change H,, with respect to H,, a positive signal will be visible
in p only at the H, at which the reversal is activated.

The FORC diagrams for the three samples at 80 K are shown
in Fig. 4. SS-A and SS-B exhibit three different positive signals
while SS-C exhibits only one positive signal, with a small tail.
The origin of the three peaks in the p diagram are the same for
SS-A [Fig. 4(a)] and SS-B [Fig. 4(b)]; the peak labeled I at the
lowest H, corresponds to only the matrix being reversed by H,
and being back-reversed by H,,. The second peak, labeled 11,
corresponds to both components, the matrix and the implanted
sticks, being reversed by the reversal field and it is produced
by the matrix being back-reversed at a higher H,, under the
influence of the reversed sticks. The third peak, labeled 111,
corresponds to the back-reversal of the implanted regions.
This third peak is stronger in SS-B than in SS-A because of
the higher fraction of B-implanted sticks. The center-to-center
horizontal distance of 10 um between the implanted regions in
sample SS-C [Fig. 4(c)] is short enough to produce long-range
exchange coupling between the soft and the hard phases, with
a single peak in p and the coercivity shifted towards the
value of the hard phase. Strong exchange coupling is usually
manifested only by nanostructured materials [59]. Goto et al.
[60] introduced a model for the interfacial exchange-spring
coupling between a soft and hard phase. According to this
conventional model, the soft phase is parallel to the hard
phase as long as an external opposite field does not exceed
the magnitude of the exchange field H.x, which quantifies the
interphase coupling. If the reversal field of the hard phase H"
is smaller than H.y, the two phases can reverse coherently as
a single component. The critical thickness ¢t for a rigidly
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FIG. 3. Microscopy images of samples (a) SS-A, (b) SS-B, and (c) SS-C before removing the mask used for the implantation. Panel (d)
shows the thermal dependence of the coercivity of the superstructures, the original matrix, and a fully implanted sample. The dashed vertical
black line marks the Curie temperature of the matrix (~208 K). The M(H) loops of the superstructures measured at 80, 120, 180, and 200 K
are exhibited in panels (e), (f), (g), and (h), respectively. The M(H) loops were measured by L-MOKE with the magnetic field applied along

the long edge of the sticks.

exchange coupled system is given by

tcril _ T[ZASOft
N 2M§Oﬁ o Hrha_rd .

We have estimated the exchange stiffness of the matrix
Agofi = 4(2) x 10712 J/m, according to the values reported
in the literature for amorphous iron zirconium alloys with

@

similar 7T¢ [61-63], yielding tscr" = 200(50) nm. This value is
too small to explain the rigid exchange coupling observed in
SS-C with the conventional model of Goto et al. We need
to remember that the ion-implantation modulates the atomic
exchange coupling without introducing structural interfaces,
and that the lateral diffusion of implanted ions, despite being
restricted to a few nanometers, gives a smooth and gradual
variation in chemical composition and hence of the atomic
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FIG. 4. FORC distributions calculated from the data measured at 80 K for (a) SS-A, (b) SS-B, and (c) SS-C with a L-MOKE setup. As a

reference, the translated coordinates He = (Hy, — H;)/2, and Hy = (Hp,

reporting the field coordinates of the events.

exchange coupling between implanted and pristine regions.
Due to the absence of conventional interfaces, nothing forces
the presence of inter-phase domain walls, thus allowing for
long-range exchange interactions, which could produce large
domains. We note that giant domains have already been
observed in single-phase amorphous alloys [64]. An additional
novel aspect in the all amorphous superstructure is the nature
of the hard-phase anisotropy. While conventionally the hard
phase exhibits strong magneto-crystalline anisotropy [65], here
the intrinsic anisotropy of the implanted regions is weaker than
that of the original matrix, and the main source of anisotropy is
the elongated shape of the implanted element. This symmetry
affects also the symmetry of the coupling. Indeed, both SS-A
and SS-C have the same vertical distance among sticks, but
only when the horizontal separation is reduced in SS-C, a
strong exchange coupling emerges.

This approach to exchange coupling two similar amorphous
phases opens a pathway for designing magnetic materials with
tunable anisotropy. The use of elongated shapes and the reduc-
tion of the size of the patterns down to the nanoscale, would
allow tuning of the shape anisotropy and, thereby, of the coer-
civity. Furthermore, using, e.g., amorphous Cojgo—x—,Fe Zr,
as a matrix, the 7"™* can be tuned by the Co content up to well
above RT. Other amorphous materials such as Cojgg—_,Sm,,
for which large magnetic domains have been reported [64],
could also be an interesting matrix material. For the ion im-
plantation, one is counter-intuitively searching for dopants that
can reduce the intrinsic anisotropy and enhance the exchange
interaction, while the magnetic hardness of the implanted
region, produced by the shape, is tunable both in magnitude and
symmetry.

IV. CONCLUSION

In summary, we have proposed superstructures consisting
of two structurally similar amorphous materials as a route
to create artificial magnetic systems with emergent proper-
ties. A spatial variation of the chemical composition, and
hence of the physical properties, has been realized by ion
implantation through a mask. The lack of crystalline interfaces
and the associated defects makes it possible to create well-
defined elements with smooth interfaces. In the investigated

+ H,)/2 are also reported. The main reversal processes are evidenced

model superstructures, consisting at room temperature of FM
FegoZr19B1o elements embedded in a PM FeggZr;; matrix, a
low concentration of defects acting as pinning centers for the
magnetization reversal has been evidenced by a vortex ground
state in FM disks with a diameter of 20 um as well as by
single-domain-like reversal in 20-um-wide FM stripes. Using
temperature as a parameter to tune the magnetic properties
of the matrix, superstructures consisting of FM B-implanted
elements in a FM matrix were investigated at low temperatures.
Due to an elongated shape of the implanted elements, they
make up a hard-phase in a soft matrix, and by reducing the
distance between the implanted elements, from 35 to 5 um, a
strong exchange coupling between the “hard” and the “soft”
phase is obtained, resulting in a single-phase reversal of the
magnetization as evidenced by FORC measurements. This
constitutes an experimental observation of a rigid exchange
coupled two-phase system with microscale dimensionality. An
intuitive model for the interphase exchange coupling is pro-
vided, where the key points are the absence of sharp structural
interfaces, and the coercivity of the hard phase created and
tailored both in magnitude and symmetry only by the shape
of the implanted elements. This work represents a proof of
concept of the all-amorphous design of magnetic superstruc-
tures. It can be extended to different amorphous materials and
patterning tools, making it possible to realize structures of
nanosize. The design can also be extended to create complex
three-dimensional embedded elements by using multi-layered
films as matrix. The results open new perspectives for exploring
the physics of all-amorphous nano- and microstructures and for
tuning their properties to suit applications.
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