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Induction of uniaxial anisotropy by controlled phase separation in Y-Co thin films
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In this study, molecular beam epitaxy is utilized to stabilize a nanostructured thin-film magnet consisting
of a soft magnetic Y,Coy; exchange coupled to hard magnetic YCos. While, typically, a phase decomposition
can be obtained in rare-earth cobalt systems only by the addition of further elements like Cu, Fe, and Zr and
complex heat treatments, here we directly induce phase separation by growth kinetics. The resulting nanoscale
architecture, as revealed by cross-sectional transmission electron microscopy, is composed of a network of
coherently interlinked and aligned Y,Co;7; and YCos building blocks. The formation of coherent precipitations
is facilitated by the perfectly matching lattice constants, atomic species, and crystal symmetry of the two phases
with vastly different magnetocrystalline anisotropies. The hard magnetic phase induces an aligned uniaxial
anisotropy in Y,Co,7, resulting in substantial coercivity associated with enhanced energy products. This work
highlights the importance of thin-film epitaxy in understanding magnetic hardening mechanisms and suggests
strategies for a rational design of future sustainable magnetic systems.
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I. INTRODUCTION

Research on magnetic materials is driven by the need to de-
velop beyond state-of-the-art magnets which are key compo-
nents of emerging green-energy technologies such as electric
vehicles, wind turbines, and hydroelectric power generators
[1]. For a material to qualify as a permanent magnet, a critical
requirement is to have a strong uniaxial magnetocrystalline
anisotropy in addition to a high Curie temperature and satura-
tion magnetization [2]. There are numerous compounds which
show an easy-plane anisotropy at room temperature such as
all of the RyFey7 (R is a rare-earth element) intermetallics
and the R,Coj; compounds with a nonmagnetic rare-earth
element [3]. The presence of an easy-plane anisotropy gener-
ally results in negligible coercivity in these compounds, as the
magnetization rotates freely in the easy plane, thus rendering
them ineffective as permanent magnets. The possibility to tune
the anisotropy of materials from easy plane to uniaxial not
only will broaden the class of materials useful for permanent
magnet applications but also is beneficial for various research
directions ranging from energy conversion to biotechnology
[4-6].

Different methods have been proposed to induce uniaxial
magnetocrystalline anisotropy. The first approach involves
expansion of the crystal lattice through interstitial atoms like
nitrogen or carbon [7,8]. However, the low diffusivity of N
or C hinders the production of bulk magnets. So far, this
approach has been successful in only a few material systems
such as SmyFe7N3 [9]. In the second approach, exchange
interactions between crystallites of appropriate dimensions
and orientations in nanostructured magnets result in an ef-
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fective uniaxial anisotropy [10,11]. A strong exchange cou-
pling requires proper structuring, alignment, and distribution
of magnetic components at the nanoscale. Self-assembly of
magnetically hard and soft phases is a potential way of not
only overcoming the challenges of nanostructuring but also
designing smart functional materials [12,13]. For example,
self-organized assembly of exchange-coupled FePt and Fe;Pt
nanoparticles has shown to exceed the theoretically proposed
energy product of noncoupled FePt [14,15]. In this work,
we present a different approach in which a controlled phase
separation in molecular beam epitaxy (MBE) is utilized to
stabilize an exchange-coupled Y,Co;7-YCos nanostructured
magnet. The two phases self-assemble in a way that results in
a uniaxial anisotropy and an enhanced energy density without
further elements that are necessary for the induction of phase
decomposition, e.g., in the Sm(Co,Fe,Cu,Zr);5-g system,
which outperforms Nd-Fe-B magnets in high-temperature
applications [16].

YCos and Y,Co,7 are crystallographically coherent phases
in which the CaCus-type hexagonal (P6/mmm) structure of
YCos is the building block of Y,Co;7, which has either a
Th,Ni;;-type hexagonal (P63/mmc) or ThyZn7-type rhom-
bohedral (R3m) structure, as shown in Figs. 1(a)-1(c). There
are no 4f electrons in yttrium, and the anisotropy of these
intermetallics comes entirely from the cobalt 3d electrons.
Polarized neutron diffraction results for YCos have shown that
Co(2c) sites mainly contribute to the extremely large uniaxial
magnetocrystalline anisotropy [18-21]. An excess of Co in
Y,Co;7 (in the form of Co dumbbells) leads to a reduction in
symmetry at the Co(2c) site and thus to a reduced basal-plane
anisotropy [22].

In Y,Co;7-based bulk alloys, a uniaxial anisotropy and an
improved coercivity achieved via precipitation hardening by
the addition of Cu and Zr, Hf, or Ti and complex heat treat-
ments were reported [23]. Thin-film fabrication techniques

©2020 American Physical Society
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FIG. 1. Atomic arrangements in (a) CaCus-type hexagonal (/)
YCos, (b) ThyNi,7-type hexagonal () Y,Co,7, and (c) Th,Zn,;-type
rhombohedral (r#) Y,Co,7; crystal structures were created using the
VESTA program [17].

(a) h-YCos

not only allow stabilization of metastable phases and their
crystallographic alignment but also provide a means to study
the hardening mechanism in nanostructured magnets, which
cannot be produced by conventional bulk methods.

The literature available on the development of rare-earth
cobalt thin films using molecular beam epitaxy is quite
limited, with the majority of work focused on the Sm-Co
system [24-28]. In all these reports, additional buffer layers
such as Ru, Co, Cr, and mostly Cu have been used either
to stabilize the SmCos phase or/and to promote a specific
crystallographic texture. However, Cu diffuses into the Sm-Co
layer and substitutes Co to form Sm(Co,Cu)s which lowers
the saturation magnetization, Curie temperature and magne-
tocrystalline anisotropy of the pure SmCos phase [29]. As
previously reported in our earlier work based on Y-Co, Ce-
Co, and Sm-Co thin films grown by MBE, we were able to
stabilize the RCos phase exhibiting a perpendicular magnetic
anisotropy without any additional buffer layers [30-32]. In
the Y-Co system, we observed a gradual transition from the
Y,Coy7 to the YCos phase on decreasing the Co evaporation
rate [30]. In this paper, we describe the approach for fabri-
cating self-assembled Y,Co;7-YCos nanostructured magnets
by a controlled phase separation. A detailed analysis of the
microstructure is additionally provided and correlated to the
observed magnetic properties. Subsequently, micromagnetic
simulations are used to understand the magnetization reversal
process and study the interaction between the magnetic mo-
ments at the interface of two phases.

II. EXPERIMENT

The Y-Co thin films were grown on (001)-oriented single-
crystalline Al,O3 substrates by molecular beam epitaxy. The
substrates were annealed prior to deposition at 570 °C for
30 min in vacuum in the MBE chamber. The films were
grown by coevaporation of elemental Y (99.9% purity) and
Co (99.95% purity) by electron beam at a base pressure of
10~8 mbar. The evaporation rate of the metals was monitored
and controlled using a quartz crystal microbalance with a rate-
deposition controller and a feedback loop. After deposition,
the films were capped with Ag at room temperature using
thermal evaporation to prevent oxidation. Crystallographic
structural characterization was carried out by x-ray diffraction
(XRD) using Cu K,, radiation with a Rigaku SmartLab system.
A magnetic property measurement system (Quantum Design)
equipped with a superconducting quantum interference de-

vice was used to perform the magnetization measurements
with an applied magnetic field up to 6 T. Angle-dependent
torque measurements were carried out in a physical property
measurement system (Quantum Design) with an additional
torque magnetometry option. Bright- and high-angle annular
dark-field scanning transmission electron microscopy (BF and
HAADF STEM) was performed on a JEOL JEM-ARM 200F
microscope operated at 200-kV acceleration voltage. Energy
dispersive x-ray spectroscopy (EDS) maps were recorded
with a JEOL JED-2300T EDS detector. Gatan Digital Mi-
crograph’s internal Cliff-Lorimer K-factor quantification was
used. Approximately 300 nm of Au were sputtered on top of
the films to protect them during the lamella preparation by
focused ion beam. The multislice simulations of the HAADF
STEM images were carried out using DR. PROBE software
[33].

In this work, bulk single crystals of Y,Co;; and YCos
in the form of spheres were also synthesized. The ingots
were prepared by induction melting of mixtures of Y and
Co in Alundum crucibles in Ar atmosphere. The mixture was
rapidly heated up to the melting point and subsequently cooled
down at a rate of 60-80 K/min. The obtained ingots were
homogenized for 1 week at 1050°C and then broken. The
large grains were shaped into spheres using a grinding wheel.
The strained surface layer was removed by electrochemical
polishing in a saturated solution of CrOj3 in orthophosphoric
acid. The crystal orientation was confirmed by means of the
x-ray back Laue diffraction method.

The micromagnetic simulations of model Y,Co7-YCos
nanocomposites were performed using the three-dimensional
NIST Object Oriented Micromagnetic Framework (OOMMF)
code [34]. A discretization cell size of 1 nm was chosen so
that it was smaller than the domain wall width éw and the
exchange length 8¢« of Y,Coy7 and YCos.

III. RESULTS AND DISCUSSION

A. Controlled phase separation

In R,M,; pinning-type magnets, a disordered R,M ;7 or
R>M5; phase is considered to decompose into ordered RyM 7
and RMs phases, which results in precipitation hardening
[35,36]. In order to establish the phase decomposition reaction
in thin films, first, the growth window for the Y,Co;7 phase
is identified, and then, the YCos phase is approached with
increasing Y content (evaporation rate).

Figure 2(a) shows the XRD patterns of the Y-Co thin films
grown at 590 °C with an increasing ratio of evaporation rates
of Y to Co from bottom to top. The Co rate is kept constant at
0.25 A/s, while the Y rate is increased from 0.18 to 0.25 A /s.
The films are about 30 nm thick. The reflections correspond-
ing to the 006 Al,O3 substrate at 41.67° (along with its lower-
and higher-order peaks) and 111 Ag cap layer at 38.18° are
marked by asterisks and the plus sign, respectively.

A magnified view of the diffraction peaks of the intermetal-
lic compounds between 42.9° and 46° is shown in Fig. 2(b).
The (001)-oriented Al,O; substrate promotes the growth of
c-axis textured films, as indicated by the appearance of 00/
reflections. For the films grown with Y to Co ratios of 0.72 and
0.80, the Y,Co,7 phase is formed. The peak at approximately
44° corresponds to the 004 reflection of the hexagonal Y,Coy;
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FIG. 2. (a) X-ray diffraction patterns of Y-Co thin films grown
onto (001)-oriented Al,O5 substrates at 590°C with an increasing
ratio of evaporation rate of Y to Co from bottom to top. The rate of
Y is increased from 0.18 to 0.25 A/s, while the Co rate is fixed at
0.25 A/ s. (b) Magnified view of the film peaks (in logarithmic scale)
between 42.9° and 46° with fitting using the Gaussian distribution
function. The positions of the 004 Y,Coy7 (2:17) and 002 YCos (1:5)
Bragg reflections are marked by vertical dashed lines.

phase [37]. It is symmetric, and a single Gaussian distribution
function is used to fit the peak. The lower-order 002 and
higher-order 006 reflections are also observed at 21° and 68°,
respectively.

With an increase in the Y to Co ratio between 0.88 and
0.91, the peak at 45°, corresponding to the 002 reflection of
the YCos phase, is additionally observed [37]. In this case, the
region between 42.9° and 46° is fit with two Gaussian peaks.
At these growth conditions, both Y,Co;7 and YCos phases
are stabilized simultaneously. For these films, a doubling of
the lower-order peak around 21° and a broad higher-order re-
flection around 68° are also observed. With a further increase
in the Y to Co ratio to 1, a single asymmetric peak slightly
shifted from the 002 reflection of the hexagonal YCos phase
is observed. Additionally, traces of Y,O3 at 29° are observed
in all of the films.

We observed that at intermediate compositions, a natural
phase decomposition during the film growth results in a
separation and stabilization of both Y,Co;;7 and YCos phases
simultaneously. The (001)-oriented Al, O3 substrate imposes a
crystalline order onto the nanocomposite film such that crys-
tallographic c axes of Y,Co;7 and YCos phases are parallel to
each other, favoring coherent growth.

The average grain size of the Y,Coy7 (d».17) and YCos
(dy:5) phases in the nanocomposite film is estimated from the
width of the 004 reflection of Y,Coy7 and the 002 reflection
of YCos, using the Scherrer equation given by

d = (0.91)/[B cos(6)],

where A is the wavelength of Cu K, x-ray radiation and S
represents the full width at half maximum. The grain sizes are
provided in Table I.

It can be seen that the average grain size of the Y,Cojy
and YCos phases in the films is in the range of 5-15 nm.
Such nanoscale dimensions of the two phases are considered

TABLE I. Average grain size of the Y,Coy7 (da.17) and YCos
(d,:5) phases in the nanocomposite films as estimated by the Scherrer
equation.

Rate ratio (Y:Co)  dp.;7 (nm)  dj5 (nm)  Size ratio (d.17:d;.5)
0.88 7.33 11.13 0.658
0.91 5.87 10.44 0.563

favorable for an effective exchange coupling as exchange is a
short-range interaction [38]. The effect of the phase space of
Y,Co;7 exchange coupled to the YCos phase on the magnetic
properties is described in detail using micromagnetic simula-
tions in Sec. III G.

B. Microstructure of an Y,Co,7-YCos nanocomposite film

A cross-sectional high-resolution HAADF STEM image
of the Y,Coy7-YCos nanocomposite film grown at a Y to
Co rate ratio of 0.91 on a (001)-Al, O3 substrate is shown in
Fig. 3(a). The cross section was cut along the [100] zone axis
of the Al, O3 substrate in order to achieve on-axis observation
conditions for high-resolution imaging.

The film has regions with well-defined atomic contrast
and highly crystalline structure. The inset shows a magnified
view of the indicated area. In order to confirm the phase
of the crystalline layer, multislice simulations were carried
out. Figure 3(b) shows a simulated image of the YCos phase
viewed along the [100] direction, and Fig. 3(c) shows a
simulated image of the Y,Co,; phase viewed along the [210]
direction. For both phases, the ¢ axes are parallel to the film
growth direction. As a model structure, a supercell of the two
phases was created, preserving the projection orientation. The
supercell represents a stack of equal-volume ratio of 1:5 and
2:17 unit cells, resulting in the micrograph shown in Fig. 3(d).
The generated image matches well with the experimental
STEM image of the film shown in Fig. 3(e), thus supporting
the nanocomposite nature of the film.

YCos , Y,Co,, )
[100] + [210] experimental

FIG. 3. (a) Cross-sectional high-resolution HAADF STEM im-
age of the Y,Co;7-YCos nanocomposite film grown on a (001)-
oriented Al,Oj3 substrate at 590 °C. Multislice simulations of a 15-nm
slab of (b) YCos crystal viewed along the [100] direction, (c) Y,Coy;
crystal along the [210] viewing direction, and (d) a supercell of
combined YCos [100] and Y,Coy; [210] cells. (e) Experimental
atomic-resolution HAADF STEM image of the crystalline area
marked in (a).
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FIG. 4. Schematic representation of the epitaxial arrangement
of YCos and Y,Coy; crystal structures on top of Al,O3 unit cells,
showing the coherency of interfaces (a) along the ¢ axis by a vertical
dashed line and (b) in the a-b plane by the shaded area. Refer to Fig. 1
for the color coding of Y and Co atoms of the YCos and Y,Coy;
structures. The Al and O atoms of the substrate are in light blue and
red, respectively.

The here-described nanostructured magnet comprises co-
herently interlinked Y,Co;7 and YCos building blocks with
the observed microstructure formed as a result of thin-film
growth kinetics and epitaxy.

As seen in the yttrium rate scan shown in Fig. 2, the
nanocomposite film is formed at compositions in between
Y,Coy7 and YCos phases. Such intermediate compositions
is one of the main factors which drive the decomposition of
the pinning-type Sm(Co,Fe,Cu,Zr)7 5_g magnets. Thus, at the
employed growth conditions of the film, with a supply of
sufficient Y and Co atoms, the nucleation of both Y,Coq7
and YCos occurs simultaneously, while their crystallographic
alignment on the substrate is governed by the thin-film epi-
taxy.

The arrangement of the Y,Coj7; and YCos crystal struc-
tures on top of Al,Os unit cells is schematically represented
in Fig. 4. As can be seen in the side-view image [Fig. 4(a)],
the (001)-oriented Al,O3 (trigonal lattice) directs a parallel
alignment of the ¢ axes of the hexagonal Y,Co;7 and YCos
structures normal to the film plane, i.e., Y,Coj;; (001) ||
Al,O3 (001) and YCos (001) || Al,O3 (001). A coherent
interface between the YCos and Y,Coy7 phases along the ¢
axis is shown by a vertical dashed line.

In the a-b plane [Fig. 4(b)], a single unit cell of YCos (blue)
is oriented in the same way as the Al,O3; unit cell (black),
while Y,Coy; (red) is rotated by 30°, i.e., YCos [100] |
Al;O3 [100] and Y,Coy7 [210] || Al,O3 [100]. Such epitaxial
relations result in a lattice mismatch of 4.02% for YCos and
1.43% for Y,Coy;. The shaded area represents an overlay of
Y,Co;7 and YCos crystal structures, showing the aptly fitting

length scales in the two phases. Thus, closely matching lattice
parameters, chemical species, and crystal symmetry of the
Y,Coj7 and YCos phases give rise to a coherent nanoscale
architecture of the film.

C. Easy-plane anisotropy in Y,Co;; thin films

The magnetic hysteresis curves were measured in two di-
rections, in the plane (IP, gray diamonds) and out of the plane
(OP, orange spheres) of the film surface at room temperature,
as shown in Fig. 5.

The Y,Coy; film [Fig. 5(a)] is characterized by a soft
ferromagnetic behavior with a maximum magnetization of
772.63 kA/m and a small coercivity. The shape of the curves
suggests that the easy direction of magnetization lies in the
film plane, while the hard axis is perpendicular to it, in agree-
ment with the in-plane anisotropy observed in W-buffered
Y,Coy7 films [39]. The observed easy-plane anisotropy is
governed by the shape anisotropy due to a dominating mag-
netostatic energy contribution. The initial magnetization curve
of the film is shown in the inset of Fig. 5(a). A steep rise in
the magnetization under a small applied field shows that the
domain walls move easily, resulting in a high permeability.
Such behavior is attributed to nucleation-controlled reversal
of magnetization.

The effect of the shape anisotropy can be excluded in
spherical crystals, and therefore, to determine the magne-
tocrystalline anisotropy of the Y,Co;7 and YCos phases, the
magnetization of bulk single crystals is measured, as shown in
Fig. 6. The magnetization is measured perpendicular (L) and
parallel (||) to the crystallographic ¢ axis at room temperature.
In Y,Coy7 (red), an easy-plane anisotropy of —0.33 MJ/m? is
determined from the anisotropy field.

D. Perpendicular anisotropy in YCos thin films

The hysteresis curves of the YCos film, measured IP (gray
diamonds) and OP (orange spheres) of the film surface, are
shown in Fig. 5(b). The YCos film is magnetically hard with
a magnetization of 610.98 kA/m. It can be seen that the
hysteresis measured perpendicular to the film plane is larger
than the in-plane hysteresis and has a higher remanence and
coercivity, indicating that the major component of magnetiza-
tion is normal to the film plane.

The magnetization curves of single crystals of YCos (blue)
are shown in Fig. 6. A uniaxial anisotropy of 5.5 MJ/m?3
is measured with the easy axis of magnetization parallel to
the ¢ axis of the hexagonal crystal. Thus, the c-axis textured
growth of the YCos phase with magnetocrystalline anisotropy
exceeding the shape anisotropy of the film results in a pre-
dominantly perpendicular orientation of magnetization.

To understand the origin of coercivity of the YCos film,
its microstructure was investigated using STEM, as shown
in Fig. 7. The composition integrated over the full layer
refers to an atomic percent of Y of 17.57% =+ 0.26% and Co
of 82.43% =+ 0.28%, corresponding to YCos. An overview
of the film morphology reveals an intricate microstructure.
The single-crystal Al,Os substrate enables a layer-by-layer
growth of highly crystalline YCos up to a thickness of 10 nm.
With increasing thickness, the layer-by-layer growth turns
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FIG. 5. Room-temperature hysteresis curves of (a) an Y,Co;; film, (b) an YCos film, and (c) an Y,Coy7-YCos nanocomposite film,
measured in the plane (IP, gray diamonds) and out of the plane (OP, orange spheres) of the film surface. The corresponding initial magnetization

curves are shown in the insets.

into an island-type growth of yttrium-deficient YCos grains.
The grains are c¢ axis textured, however, with stacking faults
as indicated by the vertical lines in the fast Fourier transforma-
tion shown in the inset of Fig. 7. The narrow thermodynamic
stability of YCos and epitaxial and/or thermal strain, accom-
panied by the strong oxygen affinity of Y, lead to the growth
of a defect-rich YCos phase in the grains.

From the magnetic point of view, the microstructure of the
film is made up of a single-crystalline layer as well as about
40-nm-sized grains of highly anisotropic YCos. The initial
magnetization curve of the YCos film, in the inset of Fig. 5(b),
shows a gradual rise of magnetization with applied field. Such
a switching behavior was observed, e.g., in FePt films with
single-domain or mesoscopic islands in which the magnetiza-
tion reversal takes place by a coherent or incoherent rotation
process [40,41]. According to the Stoner-Wohlfarth model,
large fields of the order of the anisotropy field are required to
bring remanent magnetization to zero; however, the presence
of stacking faults or other types of defects in the grain leads
to reduced coercivity. The disordering of crystal planes in the
film growth direction results in a deviation of the ¢ axis and
hence a reduced perpendicular magnetic anisotropy of the film
compared to the uniaxial magnetocrystalline anisotropy.

150 T T T T T T T T T T
i Ltoc Y,Co,,
YCo /ltoc
5 ]
~100F ’ ltoc
ko)
N_z
€
<
= 50 g
0 2 6 8 10 12 14
uH (T)

FIG. 6. Room-temperature magnetization curves of bulk single
crystals of Y,Coy7 (red) and YCos (blue) measured parallel (||) and
perpendicular (L) to the c axis.

E. Perpendicular anisotropy in the Y,Co;7-YCos
nanocomposite film

Now, we describe the magnetic properties of the nanocom-
posite film of soft magnetic Y,Co7 and hard magnetic YCos.
The corresponding hysteresis curves measured at room tem-
perature, parallel and perpendicular to the film plane, are
shown in Fig. 5(c). Similar to the YCos film, the nanocom-
posite film also shows perpendicular anisotropy. There is an
overall enhancement in the remanence compared to YCos,
as well as in the coercivity compared to Y,Co;7. Since the
magnetocrystalline anisotropy of the Y,Co;7 phase is small,
its magnetization is pinned to the highly anisotropic phase
of YCos, leading to a hard magnetic behavior. The hysteresis
curves measured in both the directions are continuous without
a kink, indicating a strong exchange interaction between the
phases. The grain size of the Y,Co; phase (Table I) is less
than twice the domain-wall thickness of YCos (5.5 nm [42]) in
both of the nanocomposite films. Such nanoscale architecture
of the film enables an effective exchange coupling, well in
agreement with the exchange-hardening mechanism proposed
for nanostructured two-phase magnets [43,44].

The initial magnetization of the film, shown in the in-
set of Fig. 5(c), rises gradually with the applied magnetic
field. The Y,Co;7-YCos nanocomposite film shows gradually
varying structural and magnetic properties. The gradients in
concentration, as well as alterations of both anisotropy and

FIG. 7. The cross-sectional BF image of the YCos film grown on
the (001)-oriented Al,O3 substrate. The inset shows the fast Fourier
transformation map of the YCos grain.
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FIG. 8. Coercive field H, and maximum energy product (BH )max
versus the ratio of evaporation rates of Y to Co in Y-Co thin films.
The three regions correspond to the growth of Y,Co;7, YCos, and a
nanocomposite of Y,Coy;7 and YCos phases.

exchange energies, change the energy of the domain wall and
hence hinder its motion, pointing towards a pinning-controlled
coercivity mechanism.

The conventional pinning-type Sm(Co,Fe,Cu,Zr);5_g
magnets upon thermal decomposition and complex heat treat-
ments yield an ordered cellular structure of Sm(Co,Cu)s,
Sm;(Co,Fe)7, and Sm(Co,Fe,Cu,Zr)9—1; phases with par-
allel ¢ axes [16,36]. In the present study, a controlled phase
separation, governed by the thin-film growth kinetics and epi-
taxy, leads to coherent interfaces between Y,Co;7 and YCos
crystal structures. For a favorable exchange coupling, the
dimensions as well as the crystallographic texture of the soft
and hard magnetic phases are important. In the nanocomposite
film described here, as the size of the Y,Coj; phase is of
the order of (or slightly exceeds) the exchange length, the
magnetization of each phase of either Y,Coj; or YCos is
influenced by the presence of the other. Due to the exchange
interaction, the magnetization of the Y,Co;7 phase is driven
out of its easy basal plane and gets aligned with the easy axis
of magnetization of the highly anisotropic YCos phase.

F. Composition dependence on coercivity and the maximum
energy product

A plot of the composition dependence of the coercive
field H, and the maximum energy product (BH )n,x measured
perpendicular to the film plane is shown in Fig. 8. Here
vertical dashed lines mark different regions corresponding to
Y,Coy7, YCos, and a nanocomposite of Y,Co; and YCos
phases.

The Y,Coy7 films are soft magnetic with a small coercivity
and energy product. Then, there is a sharp increase in the
coercivity and energy product in the nanocomposite, where
both the Y,Co;7 and YCos phases coexist as a magnetically
exchange coupled system. The combination of a high mag-
netization of Y,Co;;7 and a large coercivity of YCos gives
rise to the peak in (BH )nax. The third region corresponds to
the YCos film with the highest coercivity of 4.14 kOe. The
film exhibits (BH )pax of 39.22kJ/m3, which is the highest
reported so far for thin films and is comparable to melt-spun
ribbons and ball-milled nanopowders [28,45-47].
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FIG. 9. Coercive field H. of a model Y,Co,7-YCos nanocompos-
ite as a function of Y,Co;; thickness for magnetic field applied in
the z direction. The inset shows an example geometry with a 5-nm
Y,Co,7 layer on top of YCos.

Thus, the coercivity increases from the Y,Coj; to the
YCos film, while a maximum in (BH ). is obtained in the
Y,Coy7-YCos nanostructured magnet. The observed pinning
mechanism, arising from the local change in anisotropy and
composition, in combination with high magnetization of the
Y,Coy7 phase, leads to an enhanced energy density without
the need for additional elements.

G. Micromagnetic simulation
of the Y,Coy7-YCos nanocomposite

In this section, micromagnetic simulations are utilized
to study the interaction between the magnetic moments in
the Y,Coj7 and YCos phases at the interface and under-
stand the magnetization reversal process in a nanocompos-
ite of the two phases. The experimentally measured satu-
ration magnetization Ms and magnetocrystalline anisotropy
of the single crystals of Y,Co;; and YCos are used. Mg
of Y,Coy7 is 994.48 kA/m, and it shows an easy-plane
anisotropy of —0.33 MJ/m?. On the other hand, Ms of YCos
is 865.45 kA/m, and it exhibits a uniaxial anisotropy of
5.5MJ/m>. The exchange stiffnesses A for Y,Co;7 and YCos
are taken to be 12 and 9.4 pJ/m, respectively [48]. The

ﬁ) of Y,Co;7 and YCos are
S

calculated to be 4.39 and 4.47 nm, respectively.

The nanocomposite geometry used for simulations is made
up of a bottom layer of YCos (area of 50 x 50nm?) in
contact with a top layer of Y,Co;7 of varying thickness.
An example geometry with a 5-nm Y,Co;; layer is shown
in the inset of Fig. 9. The crystallographic ¢ axes of both
the phases are aligned along the z direction. While the easy
axis of magnetization of YCos is parallel to the z direction,
Y,Co;7 shows easy-plane anisotropy with the xy plane as the
easy plane. From the experiments, the average grain size of
the Y,Coy7 phase in the nanocomposite film, exhibiting the
highest (BH )max, i1s determined to be 5.87 nm. Here we first
describe the evolution of magnetization with applied field for
a 5-nm-thick layer of Y,Coj7 on top of YCos. Second, we

exchange lengths (§ex =
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FIG. 10. (a) The simulated magnetization curves of a model Y,Co;7-YCos nanocomposite with a 5-nm layer of Y,Co;7 on top of 25 nm
of YCos when the field is applied parallel and perpendicular to the ¢ axis. Evolution of magnetization during the reversal process at (b) 5 T, (c)

—3.36 T, and (d) —3.38 T.

investigate the influence of the thickness of the Y,Co;; layer
(from 2 to 20 nm) on the coercivity of the nanocomposite.

Figure 10(a) shows the simulated magnetization curves
with the external magnetic field applied parallel and perpen-
dicular to the ¢ axes of both the phases. Color-coded maps
of the z component of magnetization M, during the mag-
netization reversal process are shown in Figs. 10(b)-10(d).
The arrows represent the direction of magnetization in the
individual phases.

At the maximum field of 5 T applied along the z direction
of the nanocomposite [indicated by 1 in Fig. 10(a)], saturation
magnetization is achieved. As can be seen in Fig. 10(b), the
magnetization vectors in both the phases are oriented along
the external field direction. However, a field of 5 T is not
sufficient to reach saturation magnetization in a direction
perpendicular to the ¢ axis. This shows that the easy axis of
magnetization of the nanocomposite is aligned parallel to the
c axis and the hard axis is normal to it, which is in agreement
with the perpendicular anisotropy experimentally observed in
the nanocomposite thin film.

When the direction of the field is reversed [indicated by
2 in Fig. 10(a)], the magnetization reversal process begins in
the Y,Coy7 as it has a smaller anisotropy. The slope in the
magnetization curve arises because of the rotation of moments
in the Y,Coy7 phase, as well as in the top YCos layer close to
the interface. As can be seen in Fig. 10(c), the magnetization
vectors in the Y,Coy7 and top layer of YCos rotate and orient
with the field, while the magnetization vectors in the YCos
phase that are away from the interface remain aligned along
its easy axis until the coercive field is reached.

At the coercive field [indicated by 3 in Fig. 10(a)], the
magnetization of the Y,Coj; layer as well as the entire
YCos layer is fully reversed. As can be seen in Fig. 10(d),
the magnetization vectors in the Y,Co;; and YCos layers
are aligned with the external field again (in the negative z
direction).

The coercive field of the model Y,Co;7-YCos nanocom-
posite is plotted as a function of the thickness of the Y,Co;
layer in Fig. 9. Note that the coercivity is derived from the
sum of the contributions from the exchange, anisotropy, and
demagnetization energy. The latter strongly depends on the
shape and size of the model, and therefore, in this study, the
trends observed with the thickness of the Y,Co;7 layer are of
higher importance than the absolute values.

It can be seen that the coercivity decreases exponentially
with increasing thickness of the soft magnetic Y,Co;7 phase

and saturates for layers thicker than 12 nm. This behavior is
explained by considering the high magnetization of Y,Coy;
and the large anisotropy of YCos. Depending on the thickness
of the Y,Coy layer, the following three cases are described:

(a) When the thickness of the Y,Co;7 layer is less than the
exchange length, its magnetization is strongly influenced by
the YCos phase, which has a 16 times larger magnetocrys-
talline anisotropy and is responsible for the high coercivity.
Before the coercive field is reached, the magnetization vectors
in the Y,Co;7 layer as well as in the top layer of YCos (at
the interface) rotate slowly towards the external field. As soon
as the entire YCos phase switches (at the coercive field),
the magnetization vectors in the Y,Co; are aligned with the
YCos phase along the external field direction.

(b) When the thickness of the Y,Co;7 layer is in the range
of the exchange length, the YCos phase becomes less domi-
nant, and the influence of the Y,Co; layer on the switching
behavior in the YCos phase increases. This means that the
magnetization vectors in the YCos phase, not only at the
interface but deeper into the layer, rotate with the Y,Co;
layer at reverse fields less than the coercive field. Therefore,
the soft magnetic character of the Y,Co,7 reduces the barrier
for switching the magnetization in the rest of the YCos phase;
that is, it reduces the overall coercivity.

(c) When the Y,Coy7 layer thickness is two or more times
the exchange length, the coercivity reaches a saturation, as
the volume of Y,Co;7 and YCos interacting with each other
no longer changes. The effect on the magnetization of an
individual phase because of the presence of the other phase
is strong only at a certain distance from the interface, given
by the exchange length. Thus, the increasing thickness of
the Y,Coy7 layer no longer influences the overall switching
behavior of the nanocomposite.

IV. CONCLUSION

Thin-film fabrication methods provide a nonequilibrium
means to control and design magnetic materials at the
nanoscale and validate novel hardening mechanisms. In this
work, the technique of molecular beam epitaxy is utilized
to stabilize a self-assembled nanocomposite of soft magnetic
Y;,Coy7 and hard magnetic YCos phases with enhanced en-
ergy density. The nanostructured magnet consists of coher-
ently interlinked Y,Coy7 and YCos structures with a c-axis-
oriented growth texture induced by the substrate. A natural
phase decomposition during the film growth results in a
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controlled phase separation, with the grain size of Y,Coiy
on the order of the exchange length. Y,Co;; thin films
have an easy-basal-plane anisotropy, while YCos thin films
show a perpendicular magnetic anisotropy. As a result of
the exchange interaction, the nanocomposite thin film of the
two phases exhibits the desired perpendicular anisotropy. The
pinning mechanism is the local change in anisotropy and
composition on the nanoscale which in combination with the
increased total magnetization due to the Co rich phase yields
an enhanced energy product of the nanocomposite.
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