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Preface to "Recent Advances in Nanomagnetism”

Nanomagnetism has emerged as an area of fundamental research in magnetic materials and as a broad
subject in the domain of nanotechnology. Indeed its importance can be noted by the large proportion of
magnetics research, which is related to the low dimensionality of the system studied, whether that be as
an experimental study or as a piece of theoretical work, including simulations of magnetic behaviour in
nanostructure systems. This current edition, or Special Issue, collects a number of studies that are concerned
with various aspects of magnetic behaviour in low dimensional systems, such as thin films, multilayers,
nanoparticles and periodic arrays of nanostructures. This work is principally aimed at researchers and
postgraduate students in magnetism and related subjects. Moreover, given the high number of applications
of magnetic materials and magnetic nanostructures, this work could also be of interest for research scientists
engaged in technological and industrial applications. I would like to thank the editorial staff at MDPI
for their assistance in the preparation of this Special Issue on Recent Advances in Nanomagnetism. I am

particularly indebted to Jamie Yang who has been directly involved in much of this preparation.

Davis S. Schmool
Editor
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Nanomagnetism covers a broad range of research in magnetism and magnetic proper-
ties of low-dimensional systems, including both experimental methods in sample fabrica-
tion and characterization, as well as theoretical modeling and simulations. Size limitations
in one, two, and three dimensions have led to a number of technologically important
developments, having an extensive range of applications in sensors and activators, notably
in the magnetic recording industry and spintronic devices and more recently in biomedical
applications. Magnetic systems can have a variety of symmetries, from thin film geometries
to wires and dots, as well as a number of nanoparticle structures, which can also have
core-shell substructures. The magnetic state of nanometric magnetic structures results from
the equilibrium between competing magnetic anisotropies, interactions, and the applied
magnetic field. This can produce a number of phenomena, such as exchange bias effects,
skyrmions, as well as magnetic instabilities, which can lead to superparamagnetic effects
in magnetic nanoparticles and nanostructures. The physical dimensions and shape of a
magnetic structure, as well as its intrinsic magnetic anisotropies, will determine whether
it is a single domain or has a more complex magnetic domain structure. Traditionally
patterned nanostructures have been arrays of nanomagnets, though recent trends have
shown how this can be extended to three-dimensional structures where more complex
magnetic configurations are possible and give rise to unprecedented magnetic properties.

This special issue on Recent Advances in Nanomagnetism includes six contributions
covering a broad spectrum of interests in the topics from magnetic nanoparticles to per-
pendicular magnetic anisotropies, and from magnetization textures to magnetizations
dynamics in magnetic nanostructures. This special issue should contain subjects of interest
for researchers in nanomagnetism and current developments in magnetism.

The first contribution is by P. Ziogas and A. B. Bourlinos from the University of Ioannina
(Greece), ]. Tucek from the University of Pardubice (Czech Republic), O. Malina from Palacky
University Olomouc and A. P. Douvalis from the University Research Center of Ioannina
(Greece), ref. [1], presents a study of the synthesis and characterization of novel magnetic
properties of iron-based magnetic nanoparticles, which are composed of spinel type iron ox-
ides to iron carbide nanoparticles. These are prepared by thermal processing in vacuum at
varying annealing temperatures, whereby fine maghemite (y-Fe;O3) nanoparticle seeds are
deposited on the surface of nanodiamond nanotemplates. The resulting nanoparticles vary
from fine dispersed spinel-type non-stoichiometric 5 nm magnetite (Fe3_,O,) nanoparticles
at low annealing temperatures, to 10 nm single-phase cementite (Fe3C) iron-carbide struc-
tures for intermediate annealing temperatures. Larger Fe3C and Fe5C; iron-carbides are
produces for higher annealing temperatures. The magnetic properties of the nanoparticles
have been characterized using magnetometry and thermomagnetic measurements as well
as Mossbauer spectroscopy, with properties ranging from superparamagnetic to soft and
hard ferromagnetic behavior.

The contribution by S. A. Pathak and R. Hertel from the University of Strasbourg
(France), ref. [2], concerns a theoretical study of various aspects of geometrically constrained
skyrmions, which are magnetization textures formed by a swirling of the magnetization
and typically have nanometric dimensions. The geometric contraint in this study is in-
troduced via a thickness modulation of a thin film host material, FeGe. Dot-like pockets
are introduced, forming preferential sites for the skyrmion formation and act as pinning
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centers. Such skyrmionic structures could have important applications for data storage in
racetrack-like shift register devices.

H. Cansever and |. Lindner from the Institute of Ion Beam Physics and Materials Re-
search in Dresden (Germany), ref. [3], consider the use of microresonators and microanten-
nas as a tool for the study of magnetization dynamics in single magnetic nanostructures.
The study of single element nanostructures is a complex problem due to the reduced
magnetic signals that are available. To enhance the detection of single magnetic elements,
the authors have used a microcavity and microresonator planar structures to detect the
ferromagnetic resonance (FMR) signals of these elements. Fixed frequency cavities and
broadband measurements of permalloy (NigpFep) and FegpAlyy microstrips demonstrate
the excellent signal-to-noise obtained using these methods.

The contribution by R. Yadav, C.-H. Wu, I-Fen Huang and K.-W. Lin from the National
Chung Hsing University (Taiwan), X. Li from Xiamen University (China) and T.-H Wu
from the National Yunlin University of Science and Technology (Taiwan), ref. [4], describe
the effects of a perpendicular magnetic field annealing on the structural and magnetic
properties of [Co/Ni], /PtMn thin films. In this study the authors use a post-deposition
perpendicular magnetic field annealing process which induces interlayer diffusion at both
the Co and Ni interfaces as well as that with the PtMn layer. Structural and magnetic
characterization were studied using TEM, XPS and VSM techniques.

The study of the control of spin dynamics in weak perpendicular magnetic anisotropy
(PMA) systems is the subject of the contribution by L. M. Alvarez-Prado from the Center of
Research on Nanomaterials and Nanotechnology and the University of Oviedo (Spain),
ref. [5]. In this work, the formation of weak magnetic stripe domains is achieved due to the
PMA of a NdCos layer coupled to a soft permalloy film via an intervening Al spacer. By
varying the thickness of this spacer layer it is possible to control the coupling and hence
the overall properties of the composite magnetic structure. The resulting imprinting of
the stripe domain structure has been simulated along with the FMR properties of these
hybrid systems, which show a non-reciprocal response with respect to the stripe domain
regions and the applied magnetic field. The study further considers the nature of the
reconfigurability of these magnetic structures.

The final contribution to this special issue considers aspects of ferromagnetic resonance
in the study of magnetic nanosystems by D. S. Schmool and D. Marké from the University
Paris-Saclay /University of Versailles Saint-Quentin-en-Yvelines (France), K.-W. Lin from
the National Chung Hsing University (Taiwan), A. Hierro-Rodriguez, C. Quirdz, |. Diaz and
L. M. Alvarez-Prado from the Center of Research on Nanomaterials and Nanotechnology
and the University of Oviedo (Spain) and J.-C . Wu from the National Changhua University
of Education (Taiwan), ref. [6]. In this paper the authors present the broadband VNA-FMR
technique which has been applied to the study of periodic Co/Ag bilayer nanostructures
as well as to the multilayer system comprised of NdCo/Al/permalloy films. In the former
system the modification of the FMR spectra of the nanodot structures with respect to
continuous layers is illustrated, showing the variation of pinning parameters and the
emergence of a localized resonance. In the latter system, the low-field /low-frequency
response of the FMR is studied in detail, illustration the effect of domain structures and
the hysteresis in the dynamic measurements, which can be correlated to static hysteresis in
these layers. The switch between acoustic and optical excitation allows the evaluation of
the periodicity of the domain structures to be performed and shows excellent agreement
with static measurements.

I'hope that this Special Issue on Recent Advances in Nanomagnetism will provide some
useful insights into this rapidly developing area of current research in to magnetism
and magnetic materials. I would like to thank all the authors who contributed to this
Special Issue for their work and the high standard of their contributions. I finally wish to
acknowledge the assistance and dedication of the editorial staff of Magnetochemistry, who
have greatly assisted me in the preparation of this Special Issue.
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Abbreviations

The following abbreviations are used in this manuscript:

FMR  Ferromagnetic resonance

PMA  Perpendicular magnetic anisotropy
TEM  Transmission electron microscopy
VNA  Vector network analyzer

VSM  Vibrating sample magnetometry
XPS  X-ray photoelectron spectroscopy
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Abstract: Ferromagnetic resonance is a powerful method for the study of all classes of magnetic
materials. The experimental technique has been used for many decades and is based on the excitation
of a magnetic spin system via a microwave (or rf) field. While earlier methods were based on the
use of a microwave spectrometer, more recent developments have seen the widespread use of the
vector network analyzer (VNA), which provides a more versatile measurement system at almost
comparable sensitivity. While the former is based on a fixed frequency of excitation, the VNA
enables frequency-dependent measurements, allowing more in-depth analysis. We have applied this
technique to the study of nanostructured thin films or nanodots and coupled magnetic layer systems
comprised of exchange-coupled ferromagnetic layers with in-plane and perpendicular magnetic
anisotropies. In the first system, we have investigated the magnetization dynamics in Co/Ag bilayers
and nanodots. In the second system, we have studied Permalloy (NigyFey, hereafter Py) thin films
coupled via an intervening Al layer of varying thickness to a NdCo film which has perpendicular
magnetic anisotropy.

Keywords: ferromagnetic resonance; magnetization dynamics; magnetic nanodots; coupled magnetic
thin films; perpendicular magnetic anisotropy

1. Introduction

Ferromagnetic nanosystems cover a broad range of materials and geometries, which
are designed to exploit the intrinsic properties of magnetic materials as well as modify
them via structuring, coupling magnetic components (exchange, dipolar, etc.), or a com-
bination of the two [1]. This allows the tailoring of magnetic properties and behavior,
which can then be exploited in specific applications, such as magnetic read-heads, data
storage systems, or other spintronic devices [2,3]. Research in the area of magnetic ma-
terials is wide-ranging and covers extensive areas of materials, experimental methods,
theory, and simulations [4-6]. In this paper, we will discuss some of the issues concerning
nanodot arrays and coupled magnetic layer systems with specific emphasis on the use of
magnetization dynamics.

The study of spin dynamics in magnetic systems allows a detailed analysis of the
intrinsic and extrinsic properties of magnetic systems [7]. In the former, we include the
magnetic properties, such as the magnetization, magnetocrystalline anisotropies, and g-
factors of the materials in question. Extrinsic properties arise from the nanostructuring
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of magnetic film structures as well as from the magnetic interactions between magnetic
components of the system in question. For example, the magnetic exchange coupling
between ferromagnetic layers will give rise to a modified dynamic response, which depends
on the nature and strength of the coupling. Furthermore, reducing the physical dimensions
of a magnetic body can cause a number of effects due to magnetic confinement [8-10],
which can alter the magnetic anisotropy (surface anisotropy) of the material and in certain
cases can be manifested as the excitation of standing spin-wave modes, which give rise to
multi-peaked FMR spectra.

In this paper, we will present the methodology for the vector network analyzer
method for performing ferromagnetic resonance measurements [11]. This technique has
been applied to the study of various nanometric systems, such as for nanostructured dot
arrays of Co capped with Ag and magnetic layered structures of Py and NdCo separated
by a non-magnetic layer of Al. In the latter, the composition of the NdCo has been varied
as well as the thickness of the Al layer, which controls the magnetic coupling between the
Py and NdCo films.

2. Vector Network Analyzer Ferromagnetic Resonance

In recent years, a number of alternative FMR methods [11,12] have been developed,
which have adapted the basic principles of the FMR experiment, making it more suitable
for the measurement of nanostructured materials and nanoparticles. Of the methods
available, the use of micro-resonators and stripline technologies in tandem with the vector
network analyzer (VNA) is extremely promising and has now developed into a well-
established method of performing ferromagnetic resonance (VNA-FMR) on thin films and
low-dimensional structures. In this technique, the VNA acts as both source and detector,
in which the two-port VNA device is connected, via high-frequency cables, to a coplanar
waveguide (CPW) or stripline. The use of a planar micro-resonator (PMR) [13] can also
increase sensitivity of the measurement, though limits measurements to a fixed frequency,
as we will discuss shortly. For the coplanar stripline, there is no resonant cavity, which
means that measurements can be made over a broad range of frequencies (commonly
referred to as a broadband FMR measurement). In this case, measurements can be made
continuously up to tens of gigahertz. The two-port VNA is connected via high-frequency
cables to the CPW through which a high-frequency electrical signal is passed from the
VNA. The detection is made by measuring the four scattering or S-parameters; these consist
of the two transmitted signals (port 1 — port 2, Sy and port 2 — port 1, S1) and the two
reflected signals (port 1 <+ port 1, S1; and port 2 <+ port 2, Sp»). These four parameters
make up the elements of the S-matrix. Since the CPW is impedance-matched (50 Q) to the
VNA output, this will maximize the transmitted signal, which makes the technique very
sensitive to changes in the line impedance. The method requires a full two-port calibration
to be implemented to remove background reflections from the cable/waveguide system.

The formal description of the signal obtained by the VNA-FMR method is based on
the transmission and reflection coefficients, which are given in the form of the scattering
or S-parameters and take into account the line impedance including the sample. These
are expressed as lumped elements with the effective inductance (L), series resistance (R),
shunt conductance (G), and capacitance (C), and can be expressed as [12,14]:

- iwL+R+ZO/[1+ZO(G + iwC)]—Zo
" iwL+R + Zy/[1+Zo(G + iwC)] + Zo

@)

11

and .
220/[1 + ZO(G -+ ZC()C)]

iwL + R + Zo/[l + Zo(G + le)] + ZO

Sy =

@
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where Zj is the characteristic impedance of the stripline and w is the microwave angular
frequency. For a symmetric setup, we would expect S11 = Sy and Sy; = Sqp. In terms of
the complex reflection coefficient, we can write:

Z -2
= —+- 3
Z + Zy ®
or alternatively we can write:
Zz 1+ T
Zo T 1-T @)

where Z is the impedance of the (sample) loaded stripline.

It should be noted that the sensitivity of this method can be limited by the quality of
the cables and connectors. Often poor-quality components will introduce further reflec-
tions, thus limiting the transmission characteristics of the high-frequency signals. This
is particularly true of measurements made at the high-frequency end and above around
40 GHz in general. The magnetic sample, usually in thin-film form, is placed (face-down)
on top of the waveguide and located inside the poles of an electromagnet whose field
direction should be ideally parallel to the stripline. Placing the sample on the stripline
changes the characteristic impedance of the waveguide.

The signal-to-noise ratio is improved by covering as much of the stripline as possible.
This can be important for broadband measurements where there is no signal amplification
due to Q-factors. The measurement of the FMR spectrum can then proceed in one of
two methods: (i) field sweep at a fixed frequency or (ii) frequency sweep with a fixed
static magnetic field, Hq.. The VNA provides a measurement of the line impedance via
transmission and reflection coefficients, which are related to the various S parameters. It
should be noted that the electrical signal which passes through the CPW will produce a
small oscillating magnetic field, h,¢, around the CPW. It is this high-frequency magnetic
field that is the driving field for the resonance measurement. As the field or frequency
is swept through the resonance of the ferromagnetic sample placed on the CPW, the line
impedance will change, hence altering the S-parameters, providing the measurement of
the resonance itself. Figure 1 shows a schematic representation of a VNA-FMR setup.

f-sweep
+
S-parameter

detection

Figure 1. Components of a typical VNA-FMR spectrometer: A two-port VNA is connected to a CPW using
coaxial cables and end launch connectors. The sample lies in the x—y plane face-down on top of the CPW
with the x-axis along the CPW. An electromagnet (not shown) generates a static bias field Hy., whereas
the microwave current flowing through the CPW generates a weak oscillating field h,¢ along the y-axis.
The four S-parameters that can be detected with such a two-port setup are schematically shown as well.
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A limitation of the traditional FMR experiment resides in the fact that it must be,
by its very nature, a fixed-frequency measurement. The VNA-FMR technique, however,
overcomes this problem since it does not require a cavity, and broadband measurements are
possible. This, therefore, allows for direct measurement of the frequency-field dispersion
relation for a magnetic sample. Excellent agreement with theory is found using this
technique, as illustrated in the example of the dispersion relation for a thin Py film, shown
in Figure 2.

40 . . . ; 40
(a) (b)

35 - 135
30 F 130
25 - 125
N N
5 20 3 1205
15 F 115
10 H 110

L ° Experiment |
5 ‘R 5
0 . ; 0 . 0 . . . . .
0 0.2 0.4 0.6 0.8 10 0 0.2 0.4 0.6 0.8 1.0

HoH (T) HoH (T)
Figure 2. (a) In-plane VNA-FMR data for a 50 nm thick Py film [15] showing the frequency-field

characteristics. The color variation shows the absorption intensity. (b) Extracted experimental data
(points) from (a) and corresponding fit (line).

3. Fundamental Theory of Spin Wave Dispersion in Ferromagnetic Structures

The theory of FMR and more generally spin-wave excitations in ferromagnetic struc-
tures has a long history, with major development commencing in the 1950s, with the work
of Kittel, Suhl, and co-workers, which in large part derived from the work of Landau and
Lifshitz [16] and later Gilbert [17]. In this section, we will provide a summarized introduc-
tion to the principal considerations required for the understanding of spin dynamics in
low-dimensional structures (thin films and nanostructures). The motion of the magnetiza-
tion vector can be expressed in a phenomenological form and is frequently given by the
Landau-Lifschitz equation, with Gilbert damping also referred to as the LLG equation,
and is written as:

1 oM o oM
~—-=—(M x He) + m(M X ?> ©®)

Here M and Hg represent the magnetization and effective magnetic field vectors
and v = |e|g/2m is the magneto-gyric ratio, in which g is the g-factor. The first term
on the right-hand side of Equation (5) can be viewed as the precessional motion of the
magnetization vector about the effective magnetic field. The second term concerns the
relaxation of this motion and is characterized by the value of «, the Gilbert damping
parameter. The combination of the two terms gives rise to a damped precessional motion
of M.

The magnetization is comprised of a static and dynamic component; M(t) = My + m(#),
with the latter arising from the addition of a microwave component, hyy, to the applied
magnetic field, Hq.. The total (effective) magnetic field, Heg, has several components,
which we can express as: Heif = Hy. + hyy + Hij,. For ferromagnetic materials, we need
to consider not only the static magnetic field, Hy., and dynamic field, h,, but also the
internal magnetic field, Hj,, which has a very important role to play in FMR. It will be this
internal field component which will provide all the angular dependences due to the vari-
ous magnetic anisotropies which may exist in the sample; magneto-crystalline anisotropy,
shape anisotropy, and surface and interface anisotropy. In a standard FMR experiment,
we can make the assumption that the dynamic component of the magnetization is much
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smaller than the static component; |Mp| >> |m|, such that we can neglect second-order
effects. This is a valid assumption when the microwave power used is low as in the case of
standard microwave spectrometers and vector network analyzers.

Manipulation of the LLG equation via the substitution of the various components of
M and H and the expansion of the equilibrium conditions for small-angle deviations, leads
to the so-called Smit-Beljers (SB, also known as Smit-Suhl) equation [18,19]:

W\'_ 1 [(PE\(PEY (N o
v)  MZsin?6 | \ 062 ) \ 9¢? 269¢
where w = 27tf is the angular frequency. This equation neglects damping effects, which
will add a small correction to the resonance frequency. Equation (6) uses the second
derivatives of the free energy, E, with respect to the polar and azimuthal angles, 6 and ¢,

in conjunction with the equilibrium conditions which are defined by the first derivatives of
the free energy with respect to the polar and azimuthal angles:

3—5 =0 and 3—; =0 )
These equilibrium conditions define the direction of the magnetization vector under
the specific conditions of the free energy density, including all magnetic anisotropies and
applied external magnetic fields. The equilibrium (orientation) angles are often designated
as feq and ¢eq and the resonance condition will then be evaluated at this orientation.
Contributions to the free energy will depend on the magnetic sample under consideration
and will in effect be the same contributions that are considered in the effective magnetic
field, where we have simply transferred from considering the effective field to considering
the total energy of the system. In FMR, the Zeeman energy will always be a principal
component due to static and dynamic (microwave) magnetic fields that are required.
Additional contributions will also be required and are typically due to magnetostatic (or
shape) energy and magneto-crystalline anisotropies. Further manipulation of the LLG
Equation (5) [20-22] allows for the exchange effects to be considered. This leads to a
quadratic equation in (Dk?) of the form:

(5) o0 s (328 sttt ke ()R- (250} o
¥ M 062 Msin2 6 8¢2 M2sin? 0 002 84)2 80847
where D = 2Aex/ M and k represents the wave vector of the standing spin-wave mode
whose allowed values are determined by the boundary (or pinning) conditions, where
we have neglected the small correction due to the damping. Evidently for FMR, we can
set k = 0, whereby Equation (8) reduces to Equation (6) for the uniform FMR mode.
The extent to which spin-wave terms are important can be principally defined by the
exchange stiffness constant, Aeyx, the boundary conditions [20], and the size of the magnetic
entity. In many nanosystems, the size constriction is such that volume modes will not be
excited, though arguments for surface modes can be made depending on the boundary
conditions permitting surface freedom [23]. We will return to this question at a later stage.
The LLG equation is an intrinsically non-linear expression since the effective field is
dependent on the magnetization. In the approximation that we consider under normal
experimental conditions, where the dynamic component of the magnetization is small with
respect to the static component, we can make an expansion of the variable magnetization
in the form of a plane wave, with wave vector (k), such that:

m(r,t) = Y my(t)eT )
%
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Using the contribution of the spatial variation of the magnetization to the time deriva-
tive of the magnetization M/ 0t, the dipole-exchange spin-wave dispersion relation for an
infinite ferromagnetic medium can be written in the general form as [24]:

2
(%) = 42(H + DK*)(H + Dk*> + Msin?6y) (10)
where 0y defines the angle between the directions of the wave vector and the static magnetization.

For the case, where the film is in the x-y plane and the field applied along the x-axis,
the resonance equation can be expressed in the form [25]:

2
(%) = y3(H + DK*)[H + DK* + MFqq(kL)] a1
Here, Fgq(k| L) is the matrix element of the magnetic dipole interaction and L denotes
the film thickness. In the case of free and perfect pinning, the wave vectors can be expressed
in the form: ) )
2 _ 42 2 PTTN= _ 2 pr
=i+ i+ (E) =i+ (5) (12)
The quantization for the spin waves has the same general pattern of modal number
separated by 1 for the two cases. However, for an arbitrary angle between k| and M,
the matrix elements of the dipole interaction are expressed in a modified form as [25]:

@ 2
Faqlkxoky) =1 + Pog(K)[1 — Pag ()] (%) (I(g) - pqq(k)(’]%;) (13)

If the spin wave propagates in the plane of the film, but perpendicular to the external
magnetic field (k, = 0,ky = k||), the expression for Fqq(k| L) takes the form:

M
Faq =1 + Poq(k)[1 — Pgq(k)] (ﬁ) (14)
For the lowest value mode, g = 0, the function Pyq(k) takes the form:

1—e Rk

Poo(k) =1 + KL

(15)

More complex function forms of Pgq(k) exist for higher mode numbers. If we neglect
the exchange, the dispersion relation for the lowest modes results in the so-called Damon—
Eshbach (DE) surface magnetostatic modes, expressed in the form:

2
(%) = W3[H(H + M) + M*(1—e 2") /4] (16)

When the film is magnetized in the plane with kH L M, spin-wave modes can be
divided into dipole dominated modes (k = 0), with frequencies expressed in Equation (16),
and exchange dominated modes (k > 0), with frequencies given by the perpendicular
standing spin-wave (PSSW) modes:

<%>2:y%{H+D[kﬁ+kﬂ }{H+ {D+H<%)}kﬁ+mi +M} 17)
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For the uniform FMR mode in thin films, the resonance condition can be expressed in
the simple Kittel form [26] as:

2
(%) = p3[H cos(8 — ®y) + M cos® 8][H cos (0 — @) + M cos 26] (18)

From this, the resonance field is obtained, and therefore Equation (18) can be used to fit
angle-dependent FMR measurements, once the equilibrium conditions of the magnetization
have been determined from the free energy of the system.

In the simple case of a single magnetic thin film, we can consider the allowed wave
vectors for the standing spin wave modes via a simple model, where we reduce the wave
vector to the direction (1D) perpendicular to the film plane. For the cases of perfect pinning
and free pinning conditions, the wave vectors are generated for the pth mode as:

pp) — , ¢
k PL (19)

and -
K = (p-1)7 (20)

Intermediate or partial pinning is more complex since the surface spins have a freedom
which differs from zero (perfect pinning) and bulk freedom (free pinning). We can introduce
a pinning factor, §, which allows us to vary the pinning, such that:

lpart) _ (p—9) (21)

us
L

From Equation (21) we can see that the two limiting cases of perfect pinning and
freedom can be obtained for values of 6 = 0 and ¢ = 1, respectively. Thus we can write that
for intermediate pinning 0 < § < 1. The case of asymmetric pinning can also be considered.
In this case, we can write:

7T

. @)

Jlasym) _ |:p — %((51 + (52):|

The values of 6; and J; conform to the limits of ¢ given above. This general case is seen
to be coherent with the general representation, so for the case of symmetric pinning; §; =
6, = 6 and Equation (21) is re-established. For the case of surface localized modes, where
the surface freedom exceeds the bulk value, the wave vector becomes imaginary, k — it,
where 7 is a real number, and the mode profile will be such that the surface spins precess
with a greater amplitude than bulk spins.

The existence of spin-wave modes in the resonance spectra is manifested by multiple
absorption peaks in the FMR spectrum. The uniform or FMR mode will be shifted from
its normal value, to a lower field, and the higher-order spin-wave modes are located
at fields below that of the uniform mode. For the case of localized or surface modes,
the resonance lines are shifted to higher field values with respect to the lowest spin-wave
mode. A comprehensive account of higher-order spin-wave modes has been treated in [23].

4. Results and Discussion
4.1. Co/Ag Bilayers and Nanodots

Samples of 50 nm thick Co thin films were deposited on thermally oxidized silicon
wafer substrates by Ion Beam Assisted Deposition (IBAD) [27]. During deposition, a Kauf-
mann ion source operating at 800 V and 7.5 mA was used to sputter the Co target. The base
vacuum and deposition pressure were 6.7 x 107> Paand 4 x 1072 Pa, respectively. Af-
ter the Co deposition, a 30 nm thick Ag capping layer was subsequently deposited without
breaking the vacuum. A combination of electron beam lithography and ion milling was
then used to pattern the Co/Ag thin film into a 0.5 x 0.5 mm? nanodot array with an
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individual dot diameter of about 200 nm and a pitch of 400 nm. In Figure 3, we show
scanning electron micrographs of a typical nanodot array at three different magnifications.

sE30unulte

Figure 3. Planar view SEM images of a Co/Ag nanodot array at (a) 150x, (b) 50,000, and
(c) 200,000 x magnification.

To better understand the nature of the VNA-FMR data, we use a continuous thin
film with the same thickness profiles as for the nanodot structures. This serves as a
reference from which we can compare the resonance spectra to determine the effect of
nanostructuring. In Figure 4, VNA-FMR spectra for both the Co(50 nm)/Ag(30 nm) bilayer
and nanostructured dots are shown. We will analyze the bilayer sample first and then
consider the nanodot sample.
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Figure 4. VNA-FMR spectra for the Co(50 nm)/Ag(30 nm) samples. Raw data for (a) the bilayer

sample and (b) the nanostructured dots, extracted data and fits for (c) the bilayer sample and (d) the

nanostructured dots. The solid lines are the fits obtained from Equation (23), using the wave vector

profiles given in Equation (21).

For the bilayer system, we observe two clear resonance lines, which we interpret as
arising from the first two perpendicular standing spin-wave (PSSW) modes, with p = 1

12



Magnetochemistry 2021, 7, 126

and p = 2. The frequency—field characteristic and extracted data for the continuous thin
film are illustrated in Figure 4a,c, respectively. The fits to the data are performed using
Equation (10), which for our purposes takes the form:

2
(%) = (uoH + noMs + DK*)(uoH + DK?) (23)

We then use Equation (21) in the fitting process to determine the relevant wave
vectors and hence pinning parameter, 6. For this we have assumed a symmetric pinning,
with §; = d, = ¢. For the data shown in Figure 4c we obtain § = 1.1 for p = 1and 6 = 1.4
for p = 2. The fitting procedure also used the following parameters: Ms = 1.08 T, a g-factor
of ¢ = 2.04 and an exchange stiffness constant of Aex = 1.0 x 10~ J.m~1 [28], which is
reasonable for a 50 nm thick Co film. The fits shown in Figure 4c are in good agreement with
the data and the physical parameters are consistent with the Co film studied. With regards
to the pinning conditions, we note that the value for ¢ is close to unity and is consistent
with the almost perfect pinning condition.

We now turn our attention to the results for the nanodot structures. These are shown in
Figure 4b,d for the raw and extracted data, respectively. The two resonance lines observed
in the continuous thin film also appear to be present in the nanodot sample, though with
modified wave vectors, these are shown in blue and red in Figure 4c,d. In addition to
these modes, there is a further resonance mode in the nanostructured sample, as seen in
the spectra and illustrated by the line in green in Figure 4d. This mode has a significantly
weaker absorption, but is more clearly observed in the low frequency and low field range.
The shift of resonance fields can be clearly attributed to the effect of nanostructuring.
The first line that we can consider is the blue line, which appears to be very close to the
corresponding blue line in the continuous film data for the p = 1 mode. The red line is
somewhat shifted to smaller resonance frequencies with respect to the continuous film
(p = 2 mode), but otherwise appears to be the same mode, which can be accounted for by
a modified wave vector for this mode. Fitting these two lines can be based on the same
principles as that for the thin film sample. In the latter, we considered that for a thin film
the in-plane wave vectors should be zero since the film is effectively infinite in the film
plane: kyy = (pxy — dxy) T2/ Liy = 0since Lyy — co and thus k)| = 0, see Equation (12).
For the case of our circular nanodots, the lateral dimensions, corresponding to the 200 nm
diameter, can give rise to pinning conditions at the dot edges and thus we should consider
the three-dimensional aspect of magnetic confinement. Using Equation (12), we can take
into account the dot geometry and the edge pinning conditions, which we can express in a
similar manner to the thin film case, from which we can write:

/ 2
e+ 8 () =l + g-arl(5) + - a2(T) =y @b

where J4 denotes the edge pinning conditions and ¢;, those of the upper and lower
interfaces, d is the dot diameter, L the films thickness. In considering the three-dimensional
case, we need to account for the mode numbers in three directions, as represented by the
integers p, q, and r. We note that Equation (24) considers that the pinning is equivalent in
both lateral directions and is symmetric. This is justified for the current geometry, since
there is no reason to suppose that there should be any variation of the pinning at the edges
of the dot structure. In our calculations, we consider that the in-plane anisotropy is weak
and that inter-dot (dipole—dipole) interactions are sufficiently weak that we can neglect
their effect.

In the case of the first two bulk (PSSW) modes (i.e., the blue and red lines in Figure 4d),
the resonance lines are slightly shifted towards a bulk-like uniform mode, since the origin of
this curve is shifted to zero. The principal resonance line (denoted in blue) is very similar to
that of the continuous film and can be expected to derive from similar boundary conditions
as that of the p = 1 mode in the continuous thin film. The red line is much closer to the
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principal resonance (blue line) than that for the continuous film, which must be due to the
modified boundary conditions for the nanodot structures. Since the lateral dimensions are
almost four times greater than the perpendicular (thickness) dimension, we can expect the
second term, in general, to dominate for the wave vector, Equation (24). This will not be the
case, however, for edge localized modes, since the degree of localization can be such that
the in-plane wave vectors can rapidly increase for strong localization. We will discuss this
issue shortly. We can express the resonance modes in terms of the quantization numbers
p,q, and r, from which we can write the lowest order modes as k111, k211, k121, k221, etc.
As previously, the quantization numbers are integer and commence at 1. We note that due
to the circular symmetry, certain modes will be degenerated; k121 = ka11, k122 = ko2 etc.,
but kp11 = ki1 # k112. By analyzing the lowest modes, we can assess which are the ones
most likely to correspond to the modes observed in the FMR spectra. Setting 1y = 72 /d>
and ny = 72/ L?, from Equation (24) we can write:

ki =2(1—64)m + (1—61)%ny (25)
Ko = K1 = [(2 - 64)% + (1= 60)%m + (1—-61)"m (26)
K =2(1—64)%m + (2—01)%n (27)
Ky = 2(2 —84)%n1 + (1—061)%ny (28)
By =k, =[(2—04)%+ (1—684)m + (2—dL)*n2 (29)

Before we analyze in more detail the mode ordering, we should note that since the
principal resonance line in the nanodot system (blue) can be assumed to derive from
the first resonance (p = 1) mode in the continuous film, the additional resonance in the
nanodots (indicated in green in Figure 4d) must therefore arise from a localized resonance
mode. We conclude this from the fact that this resonance is situated at a higher magnetic
field with respect to the principal resonance. This means that the wave vector is imaginary
and pushes the resonance field to higher values since Dk?> = D(it)?> = —D7?2. Inserting
this into the resonance equation, Equation (23), means that the resonance field is shifted
up in value (or alternatively, the resonance frequencies shift down), while normal bulk
or PSSW modes are situated at lower fields or higher frequencies. This can be seen from
the resonance lines shown in Figure 4. This conclusion is supported by the fact that the
mode intensity is significantly weaker than the principal mode, which is to be expected
since the modal intensity is proportional to the transversal dynamic magnetization. Using
Equation (23), we find a good fit to this (green) resonance for which T = 2.85 x 10" m™ 1,
see Figure 4d.

To analyze the mode ordering, we first note that n; ~ 247 x 10" m~2 and
1y ~3.95 x 10" m~2, where we have used d = 200 nm and L = 50 nm, respectively.
We therefore see that 11, > 17 and can make the second terms in Equation (24) dominate
the wave vector. Since we can assume that the upper and lower pinning conditions should
be close to those of the thin film, i.e., d, ~ 1, we can further simplify the analysis. In effect,
this means the second terms for the modes with r = 1 will effectively vanish, for example
in Equations (25), (26) and (28), etc. We can reasonably assign mode numbers correspond-
ing to the wave vectors k111 and kp1; or kqp; to the first two PSSW modes, i.e., the blue
and red lines shown in Figure 4d. This is coherent with the decreased mode separations,
with respect to the continuous thin film since this will depend on the first terms in the
wave vectors and hence the lateral dimensions of the nanodot. Based on this analysis, we
can provide excellent fits to the experimental data, as illustrated in Figure 4d. For the fits
we have used the following fit parameters: Ms = 1.09 T, a g-factor of ¢ = 2.04, and an
exchange stiffness constant of Aex = 1.0 x 107! J-m~1, which are in agreement with the
parameters used in the fits for the continuous thin films. We note that the edge localized
mode required a reduced value of the magnetization, Ms = 0.82 T. This parameter is
important for setting the slope of the linear portion of the curve and may be interpreted as
being due to a reduced magnetization at the edges of the nanodots.
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4.2. NdCo/Al/Py Layered Structures

Trilayer samples consisting of a 64 nm thick amorphous NdCoy film with PMA and a
10 nm thick polycrystalline Py film with IMA, which are coupled through a nonmagnetic Al
spacer, have been deposited via the magnetron sputtering technique. The trilayer structure
itself is sandwiched between Al seed and capping layers, all of which have been grown on
Si/SiO; substrates. The magnetic properties of the coupled thin films can be controlled by
two independent parameters. On the one hand, varying the Co concentration (x =5, 7.5,
and 9) in the NdCoy film allows the modification of the strength of its PMA. A maximum
has been found for x = 5, whereas higher or lower Co concentrations lead to a gradually
weaker PMA, respectively [29,30]. On the other hand, by adjusting the Al spacer thickness
(t = 0 nm, 2.5 nm, 5 nm, and 10 nm), the type of coupling between the two magnetic
layers can be set to either direct exchange coupling (t < 1.5 nm) or stray field coupling
(t > 2.5 nm). In addition to the coupled bi- and trilayers, a series of reference samples,
consisting of a single 10 nm thick Py film as well as single 64 nm thick NdCoy films with
varying Co concentrations x, has also been prepared. For the remainder of this paper,
the coupled trilayers will be named according to their Co concentration and Al spacer
thickness as, e.g., X5T10 for a sample based on a NdCos film and a 10 nm thick Al spacer.

The magnetic properties of the samples have been studied using magnetometry
(AGM), MOKE, and FMR. In a previous work, we have analyzed the VNA-FMR data of
these samples both as a function of the composition and as a function of the Al spacer
thickness [31]. Further characterization has been performed using magnetic force mi-
croscopy (MEM). Indeed, these measurements show that the remnant state of the sample
has a marked stripe domain pattern, with a periodicity of around 140 nm. This stripe
domain pattern has been shown to originate in the NdCo layer and is replicated in the
coupled Py film. In our previous study, we presented data for the in-plane FMR with the
external magnetic field Hy. applied along the in-plane hard axis of the samples. We now
present the comparison of the in-plane easy and hard axis measurements for samples with
a composition value of x = 7.5. The experimental FMR data are displayed in Figure 5.

X7.5T2.5
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Figure 5. In-plane frequency—field characteristics for VNA-FMR measurements of samples with composition x = 7.5.
The f-H characteristics are shown for the hard (a) and easy (b) axis of the sample. The corresponding insets illustrate
the field configurations with respect to the in-plane hard and easy axis along with the virgin-state stripe domain pattern,
after initial saturation at Hy, = +0.9 T along the in-plane hard or easy axis. (c) Raw VNA-FMR data for the easy axis of
sample X7.5T5 for the up-swept field, showing the absorption line discontinuity passing through zero-field.

In this study, we note that the FMR signal comes solely from the Py layer and no
explicit resonance is observed for the NdCo film. The FMR measurements were performed
in a specific manner to enable us to correctly interpret and reproduce data. Prior to the
FMR measurements, the samples were saturated with a static in-plane magnetic field of
Hgy. = +0.9 T along their easy or hard axis, respectively, i.e., along the direction of the
actual measurement. We then perform a full hysteresis cycle from +0.3 T to —0.3 T and
then back to +0.3 T in steps of 2.5 mT. Since the spectra only show the Py FMR, we also
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show the FMR line for a single uncoupled Py film of the same thickness, as shown by
the dash-dotted line in Figure 5a,b. This is useful since it also gives a reference line for
comparison with the FMR of the coupled Py layers. We note that the single Py film has a
small in-plane anisotropy, which we estimate from the graph to give an anisotropy field
of around Hy = 2K, /pgMs = 9 mT. We also note that the initial domain pattern after
saturation are stripe domains, which are oriented in a direction parallel to Hy.. Indeed, it
is due to this characteristic that the sample system exhibits a reconfigurable anisotropy. We
use the Py FMR as a method to probe the properties and the effect of the NdCo layer due
to the magnetic coupling between the two ferromagnetic materials.

There are a number of important observations that we can make before considering
a more detailed analysis. Firstly, we note that for the sample series under consideration,
the non-magnetic Al spacer thickness allows us to vary the strength or the magnetic
coupling between the NdCoy 5 and Py layers. As the thickness increases, the coupling
will reduce, and the Py layer characteristics will be expected to approach those of the
isolated film (dashed line). This is roughly what can be observed in Figure 5 and is
more clearly seen for the easy axis orientation Figure 5b. We have previously shown
that the hysteretic behavior of the FMR line is strongly correlated to the hysteretic loop
from magnetometry measurements. This allows us to find the coercive field, H., and
the saturation field, Hsat, as indicated in Figure 5a, for the X7.5T2.5 sample. A further
critical field, H;y, is indicated, which refers to the field at which the two branches of the
hysteresis loop meet [31]. The resonance line follows the arrows shown in Figure 5a, where
we note that the dashed arrows indicate the transition through zero-field, where the two
branches (up-sweep and down-sweep) of the characteristics cross. Figure 5¢ shows the
corresponding raw FMR data for the X7.5T5 sample. In fact, we note that the transition
through zero-field is a little more complex than the data points suggest. In the up-swept
data shown, the resonance line appears to cross the zero-field and a jump in the resonance
line occurs for small positive fields. This branch then increases and joins the uniform FMR
line at the critical field. The down-swept line has lower values of resonance frequency
than the up-swept branch in this field range. This then results in the hysteretic behavior
of the resonance frequency. In this region, the resonance line appears to be rather weak.
Above H,, the resonance line is more pronounced and gradually joins the principal uniform
resonance mode as the field reaches Hg,;.

For the hard axis measurements, the critical field appears to be independent of the
spacer layer thickness, though the hysteresis is strongly influenced by the strength of
the magnetic coupling of the Py layer with the NdCoy 5 underlayer. If we consider the
evolution of the FMR f-H characteristics for the sample series, as t decreases and the
magnetic coupling increases, the FMR branches generally shift to higher frequencies,
the saturation fields increase and the hysteresis loops appears to be reduced. We also see
from this that the zero-field values are strongly affected by the coupling, and increase
significantly from the uncoupled Py data. In considering the free Py layer, we note that the
coupled Py film in the trilayers have an induced stripe domain texture, which is responsible
for these low field differences in the FMR behavior.

The easy axis data show that while the FMR shifts also follow similar trends to that
observed along the hard axis, the shifts are generally smaller and the strength of the
hysteresis is inverted with respect to the hard axis. Furthermore, the critical field values
appear to decrease with increasing Al thickness. The easy axis data also shows that the
FMR characteristics of the coupled Py layers approach those of the single Py film as the Al
layer thickness increases and decoupling from the NdCo film increases.

In consideration of the FMR behavior in the regions below the coercive field, we
note that FMR measurements are highly sensitive to the relative orientation of the stripe
domains and the rf magnetic field. This can lead to acoustic and optical modes, due to
in-phase and out-of-phase precession of the magnetization in adjacent stripe domains [32],
see Figure 6. As simulated in [33] for a single 200 nm thick Py film, stripe domains and rf
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magnetic field h,¢ (dc magnetic field Hy.) are always perpendicular (parallel) during the
entire hysteresis cycle and independent of the field sweep direction.

Acoustic mode

Domain configuration Optical mode

C

Figure 6. Schematic illustration of the stripe domain pattern for the coupled Py layer illustrating the
precessional configurations for the acoustic and optical modes. Black arrows indicate the direction of
the x-component of the in-plane magnetization my in the coupled Py layer inside the stripe domains
shown in orange and white color.

Above saturation, the magnetization of the coupled Py layer will be homogeneous
and only the uniform FMR mode is observed. However, for applied magnetic fields lower
than the saturation fields, stripe domains can give rise to two FMR modes, an acoustic
mode and an optical mode, with the latter having a higher resonance frequency at the
same magnetic field. The frequency difference between these modes can be substantial,
though manipulation of the films can lead to a significant reduction in the separation of
modes [33,34]. However, it should be mentioned that in the coupled trilayers, always just
one type of mode is observed when sweeping the bias field Hy. from positive to negative
saturation and vice versa, with the mode order being always the following: uniform FMR
mode — acoustic mode — optical mode — uniform FMR mode.

In order to understand the evolution of the resonance line, particularly in the region
below saturation and between positive and negative coercive fields, we need to consider
the orientation of the magnetization and the nature of the domain structure from the point
of domain nucleation as the applied magnetic field Hy. reduces from saturation to field
strengths below the coercive field. This is intimately connected to the magnetization loops
of the Py film. In the saturated state, the magnetization is rigorously aligned to the external
field, with H > Hgat. In this domain state, the FMR absorption will rigidly follow the
normal uniform mode, as given by the Kittel equation, such as expressed by Equation (23).
We know that below both the saturation field and the coercive field, the magnetization
can relax from the applied field orientation. In the coupled trilayers, any deviation from
the Kittel equation would be indicative of a relaxation of the Py magnetization from the
applied field direction, though the Py layer remains in a stripe domain state. Only below
the coercive field does domain nucleation occur and the sample enters a multidomain state.
For a stripe domain system, such as observed in Py coupled to NdCo, the relative sizes of
the oppositely aligned domains will vary, as illustrated schematically in Figure 7. These
oppositely aligned domains will undergo FMR in either the acoustic or optical modes,
as shown previously in Figure 6, which occur at different magnetic fields (or frequencies).

From the hard axis data, see Figure 5, we note that the resonance line continues
without deviation, on passing through —H,, suggesting that the acoustic mode is excited
(see Figure 8a). The resonance line continues undeviated on passing through zero-field.
However, once the positive coercive field is reached, +H,, there is an abrupt jump in the
resonance line, as indicated by the red arrow in Figure 8b. At this point in the field sweep,
the sample is by definition in a state with equal volumes of the two magnetic domains.
To understand the jump in the resonance line, we suggest that at this point the acoustic
mode is suppressed and the optical mode becomes visible. For equal volumes of oppositely
aligned domains, we expect the transverse magnetization to be zero, so at the exact value
of H = +H,, the absorbed intensity will be zero. However, any further increase in H will
bring about an increase in the positive domains with respect to the negatively pointing
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domains, and the transverse magnetization will be non-zero and thus an optical mode can
be observed (see Figure 8a). We can resume this scenario in Figure 9, in which we follow
the FMR hysteresis from negative to positive fields.

—Hgat<H<-Hgit 0<H<+H, H=+H, +H.<H < +Hgyt

.. :
..
I

Figure 7. Schematic illustration of the stripe domain pattern of the coupled Py layer for increasing
magnetic field, starting at negative saturation, —Hgat, and increasing in the positive direction up to
+H. < H < +Hgat. Black arrows indicate the direction of the x-component of the in-plane magnetization
my in the coupled Py layer, whereas their length is proportional to the magnitude of my inside the
stripe domains. The change of the width of the stripe domains in the direction perpendicular to Hyc is,

however, largely exaggerated and in reality only very small.
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Figure 8. (a) Hard axis data of the X7.5 series. Red arrows indicate the field sweep directions
with respect to the FMR line hysteresis around zero-field. The suggested modes corresponding to
the different field regions of the f—H characteristic are also shown. (b) Easy axis frequency-field
characteristic of the X5T5 sample for the up-sweep field direction. Critical and coercive fields are
also indicated.

If we consider the resonance equation for the acoustic and optical excitations, we
can adapt the FMR equation for the effective wave vectors associated with these modes.
Since the in-phase, acoustic excitation follows from the uniform mode, we can consider a
value of koc = 0, while the optical mode should have a k-vector given by kopt = 271/ Ap,
where Ap corresponds to the periodicity of the stripe domain texture. We can now consider
the frequency shift at H = H, as deriving from the resonance equations for these two
excitations. Thus we can write:

Af _f _f _ VO"VZ(ZHC + M)Dk%pt + 72(Dk(2)pt)2
opt ac 47T2(fopt T fac) ’

(30)

where fopr and fac are defined in Figure 9. Given that the wave vector for the optical mode
must physically correspond to a real value, we can express the optical mode wave vector
from Equation (30) as:

(2”)2 \/ﬂ%(ZHc + M)? + 1672Af (fopt + fac)/7* — Ho(2He + M)
pt =\ AL ) T

kZ

0]

Apb 2D 1)
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This allows us to directly assess the domain structure periodicity (at H = H.), and if
we require, its evolution with increasing field up to the critical field, Heyi¢. Once this field
is reached, the sample becomes a single domain, at which k must be zero, and Ap — co.
Any further increase of the applied field aligns the magnetization along this field direction.
The saturation field will bring the system back to rigorous saturation and the uniform FMR
mode is recovered. In fact, any difference between the uniform FMR frequency and the
actual observed FMR frequency will be due to the misalignment of M and H.

—

Figure 9. Schematic illustrations of the in-plane magnetization and in-plane FMR hysteresis loops.
In the lower panel, for the M—H loop, we indicate the stripe domain patterns, which schematically
show the relative sizes of the oppositely aligned magnetic stripe domain structure. The reversible
portions (black), as well as the up-sweep (red) and down-sweep (blue) branches of the magnetization
reversal loop, are also shown. The corresponding color scheme is also used in the upper panel for the
FMR hysteresis. Indicatively shown are the expected acoustic and optical modes.

The proposed model, schematically illustrated in Figure 9, depicts the general form
of both the magnetization and FMR hystereses. This is in agreement with previous find-
ings [31] and with the data presented in this paper. At this point, we note that our proposed
model is made under the assumption that the imprint of the magnetic stripe domain
pattern from the NdCo film into the coupled Py layer is strong. However, the strength of
interaction between those two magnetic layers varies according to the thickness of the Al
spacer. Synchrotron-based experiments are in progress to understand this issue in more
detail.

From the fact that the second term in the square root of Equation (31) is much larger
than the first, we can simplify the expression and obtain an approximate relation between
the stripe domain periodicity and the difference in frequency, Af = fopt — fac, such that:

(27‘[’)/D)O'5

Ap ~ 4[ ( fopt t fa)Af]O5

(32)

19



Magnetochemistry 2021, 7, 126

The exchange stiffness constant for Py is of the order of Aex = 1.3 X 1071 J.m~1[35],
which allows us to evaluate the spin wave constant D = 2A.c/M;. Using a value of
Ms = 0.7 T (from fits of the in-plane VNA-FMR data of the 10 nm thick Py reference sample),
we obtain D = 4.309 x 10~!7 T-m2. Furthermore, we use v = gu/h =165.33 GHz/T.
From the values of fopt = 4.6 GHz and fac = 3.7 GHz for the hard axis measurement of
sample X7.5T10, we calculate the stripe domain periodicity to be Ap ~ 135 nm. This is in
excellent agreement with MFM images for this sample, where the periodicity was found to
be around 140 nm.

There is a further element that requires explanation, which concerns the deviation
of the FMR line from the uniform FMR line between the saturation and critical fields,
as illustrated in Figure 5. Indeed, this deviation is significant for samples with strong
coupling between the ferromagnetic layers, i.e., with low Al interlayer thicknesses. This
is particularly noticeable in the hard axis measurements, where the deviations are more
significant. For the thinnest Al interlayer of t4; = 2.5 nm, there is a very large increase.
From the increase of the zero-field frequency for the free Py layer, we can estimate an
increase of the resonance frequency in the region of 4.2-4.5 GHz for this sample. For the
sample with f5; = 10 nm, this value drops to around 1.0-1.5 GHz. The value of this
deviation of the resonance frequency, df, should be related to the ferromagnetic coupling
strength between the NdCo and Py layers. We can convert these frequencies into effective
fields using a simple relation: Hyy = dw /7y = 2718 f /y. Using the zero-field values for the
frequencies, we estimate that the effective coupling field, H¢, between the NdCo and Py
layers drops from about 0.4 T to about 0.1 T as the Al interlayer thickness increases from
2.5 nm to 10 nm. This represents a significant ferromagnetic coupling between the layers.

5. Conclusions

Ferromagnetic resonance is an extremely sensitive tool for probing the dynamic
magnetic behavior in ferromagnetic nanostructures and allows us to analyze in detail
the properties of various types of nanometric systems. This will include a consideration
of the dynamic magnetic properties of the system as well as boundary and magnetic
coupling effects.

In this paper, we have shown two examples of the application of the VNA method
for performing FMR experiments in magnetic nanostructures. In the first case, we use
this technique to study the effect of nanostructuring on the dynamic magnetic properties
of Co films and in particular the modification of the FMR spectra due to size reduction
and edge effects. We show that the FMR for a continuous thin film can be interpreted
from the excitation of PSSW modes, from which we can assess the pinning conditions
arising at the magnetic boundaries of the upper and lower surface of the magnetic thin
film. The effect of nanostructuring is seen to modify the wave vector of the PSSW modes
and shifts the resonances accordingly. This arises from a consideration of the lateral
confinement effect in the nanodot structure and can be taken into account in the expression
of the three-dimensional wave vector. Furthermore, we note that an additional resonance
is also observed and can be attributed to the existence of an edge localized resonance,
which is due to the edges of the dot itself. The fit to the experimental values requires a
small modification of the magnetization, which could also indicate that the edges of the
ferromagnetic dots are reduced with respect to the bulk of the dot structure.

The second magnetic system that we have considered here are layered structures
consisting of a hard magnetic NdCo film with perpendicular anisotropy coupled to a soft
magnetic Py film, which naturally has an in-plane anisotropy. The coupling between the
layers is controlled by the thickness of a non-magnetic Al spacer layer. Our FMR data
were performed by making both up and down field sweeps from saturation and allowed
us to highlight the hysteretic properties of the dynamic response. We have been able
to explain the existence of this hysteresis by accounting for the switching of the modes
between acoustic and optical resonances that naturally occur in unsaturated systems with
different magnetic domains. Since the NdCo layer induces a regular magnetic stripe
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domain structure in the Py film, we have been able to further interpret the data using a
simple model to explain the frequency shift between the modes. This has ultimately been
supported by the relation between the frequency shift and the stripe domain periodicity.
The calculation of this periodicity gives a value of Ap ~ 135 nm and is in excellent
agreement with MFM domain images, where a periodicity of 140 nm was observed.
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Abbreviations

The following abbreviations are used in this manuscript:

AGM Alternating gradient magnetometry
CPW Coplanar waveguide

dc Direct current

DE Damon-Eschbach

FMR Ferromagnetic resonance
IMA In-plane magnetic anisotropy

LLG Landau-Lifshitz-Gilbert

MEM Magnetic force microscopy

MOKE  Magneto-optical Kerr effect

PMA Perpendicular magnetic anisotropy
PSSW  Perpendicular standing spin wave

Py Permalloy
rf Radio frequency
SWR Spin-wave resonance

VNA Vector network analyzer
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Abstract: We have recently shown that a hybrid magnetic thin film with orthogonal anisotropies
presenting weak stripe domains can achieve a high degree of controllability of its ferromagnetic
resonance. This work explores the origin of the reconfigurability through micromagnetic simulations.
The static domain structures which control the thin film resonance can be found under a deterministic
applied field protocol. In contrast to similar systems reported, our effect can be obtained under low
magnetic fields. We have also found through simulations that the spin wave propagation in the
hybrid is nonreciprocal: two adjacent regions emit antiparallel spin waves along the stripe domains.
Both properties convert the hybrid in a candidate for future magnonic devices at the nanoscale.

Keywords: nanomagnetism; magnetic multilayers; micromagnetism; magnetization dynamics

1. Introduction

In the late 1900s of the last century, there has been a turning point in magnetic
materials research from the in-plane magnetized materials to materials having out-of-plane
components due to its perpendicular magnetic anisotropy (PMA). A gaining in recording
density was behind this transition [1]. The preferential research has commonly involved
hard magnets where the PMA is so strong that it overcomes the demagnetizing energy due
to charges. Typical examples are Pt, Pd alloys with Co or Fe [2] or multilayers formed by
a sequential arrangement of magnetic and non-magnetic materials [3]. However, these
materials need costly growth procedures and post-growth processes and the PMA involves
using high magnetic fields for its control. In this context, the use of materials with low PMA
is beneficial. A plethora of low PMA materials can be found: the former materials [2,3]
with different growth conditions and/or that are subjected to another post-treatments,
GdFe [4], Permalloy (NiggFeyp) [5], CoSiB [6], CoFeZr [7], FeGa [8], TbFeGa [9], FeN [10],
c-Co [11] and some slight variants of them. Besides these materials, our group has also
used NdCoy [12] and FeSiy, [13] and YCos [14].

The dynamical properties of magnets have been long used as a method to obtain the
magnetic fundamental parameters of the materials [15,16] and/or to aid in the designing of
devices [17]. However, compared to studies at high magnetic fields, the analysis of dynamic
properties under saturation is comparatively scarce in the literature. Some exceptions can
be found in references [11,18-20]. This could mainly be due to its intrinsic complexity and
the lack of appropriate tools for analysis. In the last few years, some groups have been
promoting a more careful study of the physics in the low-field range due to the possibilities
that the developed domains are carrying with [21-25].

Nowadays, there is a need for obtaining magnet-based logic and filtering operations
of signal carriers with processing units holding some degree of versatility at the nanoscale
scale. Obtaining reconfigurable magnetic systems is one of the milestones needed for
improving the versatility and efficiency of such gigahertz devices. This work will focus
on a material which presents some of the above-mentioned peculiarities. Micromagnetic
simulations will help us in understanding the origin of some of the interesting dynamical
properties that weak PMA NdCoy alloys coupled to a 10 nm thick Permalloy film present.
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As low thickness Permalloy holds in-plane magnetic anisotropy (IMA), we will deal with
a hybrid magnet distinguished by its coupled regions with orthogonal anisotropies. In
particular, we will treat the capability of this system for tuning its ferromagnetic resonance
(FMR). There is a field range where the system can resonate at will at two different values
under the same applied magnetic field. Although other proposals of reconfigurable sys-
tems can be found in the recent literature, they are helped by costly nanoscale shaping [26]
and mainly use only IMA materials (resulting in a lower domain density as mentioned
above) [27]. Simulations will also show that these hybrids have another useful property
in the GHz regime. At remanence, they present the possibility of using their stripe do-
mains as nonreciprocal spin-wave nanochannels. Both properties, reconfigurability and
nonreciprocity, can be used in the improvement of logical devices and interconnections for
beyond-CMOS architectures [28].

We will start with a brief discussion about the nanodomain sizes which can be ob-
tained using low PMA NdCoy alloys. We will focus here on the most common cobalt
ratio: Xc, = 5 (Section 2.1). After, we will present the peculiar static magnetic distribution
of NdCoy and Permalloy when they are placed in proximity, separated just by a thin
non-magnetic material (Section 2.2). To continue, we will describe how this static magneti-
zation modulates the dynamic behavior of the whole system resulting in reconfigurability
(Section 2.3.1) and nonreciprocity (Section 2.3.2). Finally, some possible improvements are
listed and the conclusions will be given.

2. Results and Discussion
2.1. Nanodomain Size

One of the main issues that the low PMA thin films present in order to host domains at
the nanoscale is that to develop a domain structure with out-of-plane components (called
weak stripe domains), the sample must be thicker than the so-called critical thickness:
te [29]. If the film is not thick enough, the samples prefer to rest in the monodomain
state (or at list in-plane magnetized state due to the shape anisotropy). t. is dependent on
the PMA /demagnetizing energy ratio (the so-called quality factor Q) and the exchange
constant. The onset of weak stripe domains can be viewed as a phase transition. Its
treatment leads to some analytical expressions [30] and algebraic equations [31] which can
be used to obtain t.. The repeated domain structures of these weak PMA materials can be
characterized by a critical spatial wavelength (A.) when the film thickness is close to the
critical one (tc). So, there is a minimal wavelength for stripe domains as the thickness is
lowered (keeping the film magnetic parameters fixed).

From the theoretical point of view, A can be found by numerical means [32] or by using
some simplifying assumptions on the spatial evolution of magnetization inside the thin
film [33]. As a general rule, it can be said that as PMA gets bigger, both t. and A decrease.
Two origins are behind this effect: (i) a thinner film is needed to develop stripe domains
and, (ii) A is a decreasing function of thickness (while the film is not too thin: see next
paragraph and [30]).

Even if the modern trends followed by the magnetism community are to increase the
miniaturization of devices until the nanoscale, unfortunately the low PMA thin films just
form domains ranging from a few tens of nanometers to a few hundreds. On the contrary,
domains in high PMA materials can have out-of-plane magnetization components even
in few-nm-thick materials. But the price to pay in these ultrathin materials is that the
exchange energy has an increased weight in the total energy of the samples. This fact
widens the stripe domains, and the domain size/thickness ratio becomes much greater
than one [34]. As we will see shortly, this ratio can be close to 1.5 in low PMA materials.
Among the low PMA materials used in our laboratory, the harder one is NdCos. Under the
common sputtering parameters used for its growing we have observed a stripe domain
structure even in a 29 nm thick film. The FFT of the corresponding MFM image results
in 45 nm wide domains (implying A to be 90 nm). We will begin by characterizing the
domains of the NdCos composition at the remanent state.
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We have selected two thicknesses close to the experimental one above-mentioned to
illustrate the behavior close to criticality: 35 nm and 45 nm. The free GPU-based MuMax3
micromagnetic simulator was used for the simulations [35]. Among the MuMax3 outputs,
the total energy density and its components can be found. Figure 1a displays the calculated
total energy density weak stripe domain structure as a function of its wavelength A. Blue
and red arrows indicate the wavelength of the minimal total energy density, A*, for the
35 nm thick and the 45 nm thick nm at a given exchange constant (A =7 x 10712 J/m).
When the simulated film thickness approaches the nominal one growth, 29 nm, we can
see that the predicted A*, which gets closer to the one measured. In particular, the 35 nm
thick (45 nm thick) film presents a A* equal to 105 nm (127 nm). As thinner films are
modelled, the experimental domain width/thickness ratio (1.55) is approached (from
below). Figure 1a also reflects that for changing, A* is more effective of a thickness variation
than an exchange constant variation. This conclusion can be extracted from the comparison
between i) the red (A =5 x 10712 J/m) and black curves (A =7 x 10712 ]/m), having equal
thickness and ii) the blue (t = 35nm) and black curves (t = 45nm), both being calculated
with A =5 x 10712 J/m. For similar relative changes of both A and t (~25%), the relative
change of A* is around four times lower in the first case (~5/127 = 4%).
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Figure 1. (a) Variation of the total energy density as a function of the stripe domain wavelength for a 45 nm thick (red and
black) and 35 nm thick (blue) NdCos; (b) energy density contributions for 45 nm thick (full dots) and 35 nm thick (empty
squares) NdCos films. The exchange is kept constant for (b). No external magnetic field is considered.

On the other hand, Figure 1b reports the behavior of the three individual terms, sum-
ming up in e versus A eyt has contributions from PMA (ex /black), the demagnetizing
energy (ep/blue) and the exchange energy (ea /red). Empty symbols belong to the 45 nm
thick film and the empty ones to the 35 nm thick film [35]. In Figure 1b, the exchange
constant, A, was kept fixed to 7 x 10712 J/m. The saturation magnetization and perpen-
dicular anisotropy used can be found in the methods section. As shown in Figure 1b,
the exchange interaction favors bigger A while the demagnetizing term promotes smaller
ones. The anisotropy energy density is more sensitive to A variations in the low A range:
here, regions of the material with magnetization not aligned to the easy axis represent
a meaningful contribution to the total volume and increase the energy density. Another
conclusion extracted from Figure 1b is that thinner NdCos films result in greater absolute
values of the energies involved. At the same time, the second derivate of the total energy
density grows until the film becomes completely in-plane magnetized at t.. We did not
continue to further the analysis of the thickness impact due to non-negligible mistakes for
the predicted t..
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Figure 2. Sixty-five nm thick NdCos remanent state: (a) reference axes, applied field direction and sketch of the stripe

A~140nm

2.2. Static Properties of Stripe Domains

The energetics found in the previous subsection come from the inner distribution
of NdCos magnetization. This distribution is visualized in Figure 2 where the three
magnetization components of a 65 nm thick NdCos layer in the (0YZ) plane transverse to
the stripe direction (0X) are shown. Only one full wavelength of the stripe domains, A*, is
considered at the remanent (MFM measurements reveal a stripes wavelength ~140 nm [36]).
Figure 2a shows the cartesian axes used through this work and the direction used for the
saturating external field. The out-of-plane component of the magnetization (m,) can be
observed in Figure 2b. A big part of the stray field that the Permalloy feels (placed on
top of the Al/NdCoy bilayer) is due to that component. Figure 2c shows the in-plane
magnetization component perpendicular to the stripes main direction (my). Its value lies
in the lowering of the demagnetizing energy that it affords. The triangular domains inside
Figure 2c are commonly denoted as closure domains (due to its flux closing properties)
or Néel caps (due to the nature of its domains walls) [11]. Finally, Figure 2d shows the
domain magnetization along the stripes (my). The main difference between weak PMA
and hard PMA materials is that in the latter case, only the magnetization component of
Figure 2b is markedly different from zero.

Z v
65nm y
4 -
X

(b) (©) (d)

domain structure; (b) out-of-plane magnetization, in-plane components of the sample: (c) perpendicular; (d) parallel to the

applied field Hpc.

The main topic of this work is the using of magnetic materials presenting weak stripe
domain structures in the fabrication of devices working in the GHz range [37]. However,
NdCoy alloys (due to its rare-earth content) have a very broad resonance which prevents its
use as a good material for dynamics. We have recently shown how the growing of hybrid
systems can help in surpassing this difficulty [36]. If another material with the appropriate
dynamic properties (Permalloy in our case) is grown on top of NdCoy, the stripe domain
structure of the latter is, at least partially, imprinted on Permalloy. In this way, Permalloy
achieves the nice properties of stripe domains. We will consider a 10 nm thick Permalloy
through this work. Notice that the interaction between the top and bottom layers must
not be through direct contact: in this case there would be a tight movement of Permalloy
and NdCoy which affects Permalloy dynamics. The exchange interaction between the two
materials results in a globally poor dynamic performance. Due to this feature, we have
used a few-nm-thick sputtered Al film as a separator. Al thickness also serves to control
the NdCoy stripe domains imprinting on Permalloy: a thicker Al lowers the NdCoy stray
field on Permalloy.

Figure 3 summarizes the magnetization state of the hybrid when a 10 nm thick
Permalloy is coupled to a 65 nm thick NdCos film through a 2.5 nm thick Al separator. We
have selected this Al thickness among the experimental ones used [36] because here, the
effects of the NdCos stray field on Permalloy are the biggest ones. Before being plugged
to NdCoy, Permalloy is magnetized completely in-plane (due to its IMA). Once placed
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in close proximity to NdCoy, the average in-plane Permalloy magnetization is parallel to
the stripe domains’ direction set in by Hpc (shown in Figure 2a). This characteristic is
observed regardless of the IMA Permalloy easy axis direction and it is due to the so-called
rotatable anisotropy of stripe domains [13]. On the other hand, Permalloy also takes part
in some sense in the uppermost closure domains of the whole sample (Figure 3b).

3 8 8

8

Out-of-plane angle (degrees)
8 8 8 8

3

o

100 200 300 400 500 600 700 800 900
Y (nm)
d)

Figure 3. Remanent state of the NdCos-(2.5 nm-Al)-Py film; (a) 1-D profile of the out-of-plane angle through the thickness
along an upwardly magnetized domain; (b,d) in-plane magnetization components: parallel, perpendicular to the previously
applied Hpc; (¢) out-of-plane magnetization. Red symbols of (a) are in correspondence with the white ones of (c). The
magnetization units are KA/m. Black dashed lines in (c¢,d) indicate the place where the 1-D cuts in Figure 6b,c are obtained.

It means that the weak stripe domain distribution is imprinted partially in Permalloy
and, due to its low anisotropy, Permalloy develops a 1-D periodic structure of magneti-
zation. In addition to the non-zero My inside the closure domains, an out-of-plane M, is
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(@)

developed (Figure 3¢c) and My becomes lower than Mg (Figure 3b). In Figure 3a we can
see the 1-D variation of the angle between the magnetization and the film plane along
the normal of the film. The variation is shown only for one of the domains with its mag-
netization pointing up (red domains in Figure 3c). Observe first that the out-of-plane
angle does not cancel inside the closure domains (red circle and red star). These non-zero
values imply that the magnetization at these places also contribute to the stray field in
Permalloy. Secondly, the middle of the sample (red triangle) has a similar configuration
to the one exhibited by hard PMA materials: the magnetization here is almost completely
out-of-plane (in fact, the out-of-plane magnetic distribution of NdCos in the trilayer is
similar to its distribution as a single layer). Finally, the red rectangle indicates that the
average Permalloy magnetization is rotated 15° from the film plane. This angle is mainly
the result of the balance of the action on Permalloy magnetization of both the NdCos stray
field and the Permalloy demagnetizing field. Figure 3¢ contains white symbols signaling
the positions where the red symbols of Figure 3a are placed. To complete this picture, we
show in Figure 4a the full 3-D view of the whole structure and in Figure 4b, a zoom of the
Permalloy and the NdCos top part with unitary vectors [38].

(b)

Figure 4. Remanent state of the NdCos-(2.5 nm-Al)-Py; (a) global image of stripe domain structure; (b) zoom of the previous
image (red triangle in (a)) containing unitary vectors [38].

2.3. Dynamics of Stripe Domain Dynamics

Once the static magnetic structure is characterized, one can go ahead with studying
the dynamic properties of the stripe domains. The study is done by using the following
transversal configuration where there are two applied magnetic fields: (i) a static one along
a particular direction (the above mentioned Hpc) and (ii) a small time-varying field applied
crossed to the former (hpyise)- Both are applied in-plane.

We will only focus on the case where Hpc is applied along the NdCoy in-plane
hard axis: experimentally, the biggest effects have been found for this particular case [36].
Following the procedure reported in the methods section, we keep the magnetic system
under linear response by applying a low amplitude hpyse: 1mT. The hyyse temporal
variation follows a decreasing exponential to sample a broad frequency range with a
unique numerical experiment (see Figure 5a). The temporal magnetic response (m;) is
followed for 15 ns. In Figure 5b we can see m,(t) for three Hpc values of decreasing
amplitude. The obtained m,(t) is interpolated to values at regularly spaced times with
Matlab® (this step must be done due to the fact that MuMax3 uses a variable time step
procedure for the integration of the magnetization equations of motion). The interpolated
my(t) is then Fourier transformed to find the amplitudes in Fourier space. Figure 5c presents
the corresponding amplitudes of Permalloy (red) and NdCos (blue), normalized to the
spectral for the amplitude of hy,yse, for the Hpc = 50nm case.
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Figure 5. NdCos-(2.5 nm-Al)-Py; (a) temporal evolution of hpuise applied to the hybrid structure; (b) out-of-plane, m,,
dynamic Py response for Hpc = 80, 60 and 50 mT (from left to right); (c) amplitude of the FT response of NdCos (blue) and

Permalloy (red) under 50 mT.

2.3.1. Reconfigurability

When the FMR is tracked, as Hpc is varied, the VNA-FMR (fres vs. H) has a hysteretic
behavior in analogy to the vibrating sample magnetometer hysteresis curves (M vs. H) [36].
The results of our simulations on a Py-(10nm-Al)-NdCoy trilayer (see methods) also account
for the hysteretic behavior. Figure 6a includes the low field view of the change of the trilayer
FMR when Hpc is reduced from Hyax to ~-Hpyax (black curve) and Hpc increases from
-Hmax to Hyax (red curve). As the saturation field of the system is close to 150 mT, Hyiax
was set to 800 mT. Despite the low density of simulation points, we can see that there is
a difference in resonances for the descending-Hpc (black) and the ascending-Hpc (red)
branches. We find that if Hpc is 50 mT, the resonances are ~5.7 GHz (~6.1 GHz) for the
ascending-Hpc (descending-Hpc) applied fields. This implies a relative change of 6.6%.
Experiments reflect a greater frequency difference: it can reach up to 25% for the used thin
film geometry [36]. This discrepancy suggests that further magnetic parameters fitting
needs to be done in these simulations.

Despite these divergences between the simulations and experiments, some conclusions
can be obtained. What is the origin of this FMR difference? An answer to this question is
reached by observing the characteristics of the two states of Figure 6a surrounded by a
green rectangle. Both states are under the same field Hpc (50 mT) but they have a different
magnetic history. Figure 6b,c show 1-D cuts of two Permalloy reduced magnetization
components: m, and my. The black (red) color indicates the results for the descending-Hpc
(ascending-Hpc) branch. The values are taken from the black dashed lines in Figure
3c,d. The out-of-plane component, m, is the one which better characterizes the dipolar
interaction of NdCox and Permalloy through Al. On the other hand, my gives a measure of
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the capability of NdCoy to avoid magnetic charges. As can be seen, the ascending-Hpc
branch exhibits greater my and m, than the descending-Hpc branch.
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Figure 6. 65nm-NdCoy-(10nm-Al)-Py: (a) Permalloy ferromagnetic resonance (FMR) evolution versus external field, 1-D
profiles of reduced magnetization components under 50 mT; (b) m; (c) my profiles are extracted from the black dashed lines
at Figure 3c,d. In all Figures, black (red) colors belong to the descending-Hpc (ascending-Hpc) magnetic field branch of (a).

It must be taken into account that the source of the periodical motion of magnetization
around its equilibrium value is the so-called internal field [35]. Each energy term con-
tributes to the total internal field with its own effective field. So, as a result of the difference
in the static magnetization in the two states considered in Figure 6a, the internal field felt
by Permalloy is different for the ascending-Hpc and descending-Hpc states. Roughly
speaking, it can be said that the magnetization of the ascending-Hpc state has an increased
vortex character when compared to the magnetization of the descending branch. The
greater vorticity of NdCoy magnetization implies a lowering in: (i) the NdCoy stray field
on Permalloy; (ii) the Permalloy demagnetizing field (both resulting from the convolution

of the corresponding magnetization and a geometrical tensor: I?I ); (iii) and the Permalloy
exchange field (set by the second spatial derivate of Permalloy magnetization). On the other
hand, there is an increase in the anisotropy field of Permalloy (proportional to mxz) [35].
All of these four fields act on the Permalloy magnetization. The fact that the FMR of the
ascending-Hpc state is the lowest means that the three former mentioned anisotropy fields
cannot counterbalance the action of the anisotropy field in stablishing the Permalloy FMR.

We performed another kind of analysis of the hysteretic behavior of the fres vs. Hpc
curves. We excited the whole film with a sinusoidal hac field of amplitude ImT (Figure 7a).
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The individual FMR of each state was accounted for in hyc. Along Figure 7, the results
marked with a green (blue) color belongs to the descending-Hpc (ascending-Hpc) state
under Hpc = 50 mT. Even if the whole temporal evolution is saved (Figure 7b), we just
analyzed the stationary range inside the colored rectangles (Figure 7c,d). The temporal
evolution of the average Permalloy magnetization (red curves) along hac (black curves) for
these two states results in two different elliptical motions of my at each FMR. The ellipses
are the combined result of a sinusoidal my(t) with a different amplitude and different phase
relative to hac(t). The ascending-Hpc state has an elliptical motion of lower amplitude
and lower my-hac dephasing. These two facts confirm the interpretation given above: the
ascending-Hpc state has the lowest internal field amplitude.
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Figure 7. NdCoy-(10nm-Al)-Py: (a) sinusoidal hycy temporal evolution for: descending-Hpc (0-7.5 ns)/ascending-Hpc
(7.5 ns-15 ns); (b) corresponding average my(t) in Permalloy, joint temporal stationary variation of average my in Permalloy
and hac; (c) descending-Hpc (green); (d) ascending-Hpc (blue).

With this change in FMR, the hybrid trilayer can be used in future reconfigurable
resonators (with performance at relatively low magnetic fields). Its working principle is as
follows: once the system is set at one frequency under a given field strength (here called
operation-field: ~40 mT [36]) reconfigurability is achieved due to a so-called erasing-field.
The erasing-field must match two characteristics: (i) it may be strong enough to put the
system in the reversible part of the hysteresis loop: ~75 mT [36]; (ii) it must be antiparallel
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to the actual average magnetization of the stripe domains: +my. Once the erasing-field is
applied and the applied field returns to the operating-field value, the hybrid will work at
the other available FMR.

2.3.2. Nonreciprocity

Finally, we want to point out another interesting characteristic of the hybrid material
presented. As will shortly be proved, simulations show that our hybrid system offers
nonreciprocity in the spin waves emitted from an exciting antenna. This property is useful
in the building up of logic devices, switches and interconnects. Behind the motion of the
whole magnetization (the FMR mode) a motion of the magnetization at selected parts
inside the sample can be also achieved [39]. This motion is carried by spin waves. There is
a recent interest in using the domain walls as channels of spin waves motion through field
confinement [23]. Due to the especial geometry of the stripe domains (see Figure 2a), we
have explored the capability of our weak stripe domains to channel spin waves.

The numerical experiment has been done again on the NdCoy-(10nm-Al)-Py trilayer
using only its remanent state. The spin wave motion has been performed by applying hac
only locally (see Method section). Figure 8 shows the obtained results for a hac frequency
equal to 2.5 GHz. A temporal snapshot of Amy is presented: the difference between the
reduced magnetization parallel to hac, my(T), and its equilibrium value my(t = 0). Figure 8
give us two characterlstlcs of the excited spin waves: (i) spin waves mainly propagate

along one sense k for a given domain (along the other sense, — k spin waves are highly
—
damped); (ii) the allowed k are antiparallel in two neighboring domains (when the blue
—
curve represents the guided spin waves along k, the red curve represents spin waves
=

along — k). When analyzing the distributions of my and Amy it can be stated that the
allowed spin waves excited by the local hac at a given domain obey the following law:

? =mxn [40]. Here, 7 denotes the film normal and 1 the reduced magnetization of the
Permalloy domains. The spin wavelength reported in Figure 8, Agyy, is close to 122 nm
for both Permalloy domains. The wavevector is parallel to the previously applied field
Hpc (which at the same time sets the stripe domain/spin wave channel direction) and its

>
module | k ‘ is 51 rad x um~!. The imaging of the spin waves at this spatial scale can be

reached with X-ray techniques as recently demonstrated [41].
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Figure 8. NdCoy-(10nm-Al)-Py. Temporal snapshot of the deviation of the y-component of the
Permalloy reduced magnetization from its equilibrium value. The exciting field frequency is 2.5GHz.
Hpc =0mT.
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Several origins have been found for explaining nonreciprocity in magnetic multi-
layers: interfacial-DMI exchange, spin pumping-based nonreciprocal damping, dipolar
interactions or superficial anisotropies [42] and the nonreciprocal emission of waves by
the antenna [43]. While the first two possibilities do not apply to our simulations (as they
imply the existence of other kinds of materials) the three later ones are possible candidates.
It is known that Ni-Al and Co-Al alloys form at room temperature, so the Al diffusion
in Permalloy and NdCoy cannot be neglected [44,45]. Interdiffusion will decrease the
actual magnetic volume of the layers and/or promote the creation of different magnetic
parameters at interfaces. Our micromagnetic simulations assume that the Permalloy and
NdCoy parameters are uniform so there is no room for special superficial parameters
causing nonreciprocity (although they can be added to evaluate its influence and to better
fit the experimental results). On the other hand, it must be considered that the NdCoy stray
field is non-homogeneous along the film normal: its magnitude gets lower as we move
away from the Permalloy-Al interface. The effect of this decay could be cast in terms of an
effective superficial anisotropy or a graded material [46]. It is likely that the magnetization
in Permalloy is parallel to the stray field of NdCoy (which sustains the interaction between
Py and NdCoy in our system) and it makes the major contribution to the internal field felt
by Permalloy. Further studies need to be taken to confirm this hypothesis and quantify the
influence of each source.

For future research, several directions can be highlighted. The resonant frequency can
be boosted by thin film patterning [47] or by using synthetic antiferromagnets (SAF) [48]
and ferrimagnets [49] instead of Permalloy. Another promising area of research is the light
control of magnetism which allows for reaching the faster terahertz range [50]. In this
sense, stripe domains in high Q materials have been rotated by light pulses recently [51].
On the other hand, a higher miniaturization level could be achieved by an extension of
spin waves to the pure exchange driven regime which results in lower wavelengths [52].
Finally, in order to build highly energy efficient spin-wave devices, voltage driven magnets
should be fabricated [53,54].

3. Conclusions

In summary, we have shown how a hybrid magnetic material presenting weak stripe
domains can exhibit the reconfigurability of certain functions in the GHz range. The sys-
tem works thanks to the inherent crossed anisotropies of the system. These combined
anisotropies allow the selection of different internal field strengths in the system through a
proper magnetic history. We showed that reconfigurability is achieved under a magnetic
field strength one order of magnitude lower than in previous systems [55]. The nonrecipro-
cal emission of spin waves was also numerically shown, originated by interdiffusion effects
at interfaces, inhomogeneity of stray field from the PMA material and/or the nonreciprocal
emission of spin waves from the antennas. These two characteristics (reconfigurability and
nonreciprocity) convert our hybrid system in a candidate for future magnonic devices.

4. Materials and Methods

Micromagnetic simulations were performed with the following magnetic parame-
ters of our former work [36]: v is 15.9 x 1010 radT~'s~1; for NdCos: K| =16.2x10*J/m?,
Ms = 1000 KA/m, A = 0.7 x 107" J/m; for Py: K, = 423 J/m3, Mg = 846 KA/m,
A=1.2 x 1071 J/m; for NdCoy we tentatively used K| =5.4 x 10* J/m3, Mg = 390 KA /m,
A=035x 10" J/m. v is the gyromagnetic ratio, K| the uniaxial PMA, Mg the saturation
magnetization, A the exchange stiffness constant and K, the uniaxial IMA. The trilayers
were modelled by cells witha 5 x 5 nm? in-plane surface. Its height was 2.5 nm (2 nm) for
an aluminum spacer thickness of 5 nm (10 nm). The surface of the working area is 0.48?
(0.96%) um? for the NdCos (Py/Al/NdCoy) sample. Two-dimensional periodic boundary
conditions are applied in the plane to approximate an infinite sample behavior. The visual-
ization of Figures 2 and 3 was done with Matlab®©. The visualization of Figure 4 was done
with Muview [38].
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The different dynamic responses were simulated as follows. The results in Figure 5
were obtained with the methodology already described in [36]. The results in Figures 7 and 8
were obtained by applying a sinusoidal source having a soft increasing envelope: (1-exp(-
at)) sin(w xt), for t >0. a = 0.5 ns~ ! as in [36]. The damping parameter is reduced from o= 1
(used for static simulations) to a smaller value of 0.08 for NdCoy and 0.01 for Permalloy [36].
For Figure 8: (i) the surface of the working space was changed from squared (see above)
to rectangular: 5.62 x 0.96 um?; (ii) the periodic boundary conditions were suppressed;
(iii) an enveloping area with increased damping at the edges of the working area was used
to simulate infinite extent samples (absorbing boundary conditions) [56]. The magnetic

—

field was applied on a single row spin, transversal to the wavevector, k in order to take
advantage of the absorbing boundary conditions (the cell 512th in Figure 8). We have
checked that the width of the simulated antenna did not change the results presented up to
a 0.8 um wide antenna.
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Abbreviations

The following abbreviations are used in this manuscript:
1-D Uni-Dimensional

3-D Three-Dimensional

AC Alternating Current

CMOS Complementary Metal-Oxide-Semiconductor
DMI Dzyaloshinksii-Moryia interaction

DC Direct Current
FFT Fourier Fast Transform
FMR Ferromagnetic Resonance

GPU Graphical Processing Unit

GHz Gigahertz

IMA In-plane Magnetic Anisotropy
PMA Out-of-plane Magnetic Anisotropy

te Critical Thickness
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Abstract: In this study, [Co/Ni], /PtMn thin films with different PtMn thicknesses (2.7 to 32.4 nm)
were prepared on Si/SiO, substrates. The post-deposition perpendicular magnetic field annealing
(MFA) processes were carried out to modify the structures and magnetic properties. The MFA process
also induced strong interlayer diffusion, rendering a less sharp interface between Co and Ni and
PtMn layers. The transmission electron microscopy (TEM) lattice image analysis has shown that the
films consisted of face-centered tetragonal (fct) PtMn (ordered by MFA), body-centered cubic (bcc)
NiMn (due to intermixing), in addition to face-centered cubic (fcc) Co, Ni, and PtMn phases. The peak
shift (2-theta from 39.9° to 40.3°) in X-ray diffraction spectra also confirmed the structural transition
from fcc PtMn to fct PtMn after MFA, in agreement with those obtained by lattice images in TEM.
The interdiffusion induced by MFA was also evidenced by the depth profile of X-ray photoelectron
spectroscopy (XPS). Further, the magnetic properties measured by vibrating sample magnetometry
(VSM) have shown an increased coercivity in MFA-treated samples. This is attributed to the presence
of ordered fct PtMn, and NiMn phases exchange coupled to the ferromagnetic [Co/Ni];, layers. The
vertical shift (Mg = —0.03 memu) of the hysteresis loops is ascribed to the pinned spins resulting
from perpendicular MFA processes.

Keywords: [Co/Ni],/PtMn multilayers; magnetic field annealing; hysteresis loop vertical shift;
exchange coupling

1. Introduction

The discovery of magnetization switching by spin-orbit torques (SOT) has created
new opportunities for digital and analog spintronic applications. The antiferromag-
net/ferromagnet (AFM/FM) [1] systems engaging heavy metals are promising building
blocks for SOT devices because of their enhanced control over the interface [2] and the
effects like increased coercivity and shift in the hysteresis loops along the field axis, which
was observed in the AFM/FM system [2,3]. The exchange bias field in such a system
provides the required effective field for magnetization switching, enabling field-free SOT
switching. Unravelling the magnetic properties of such a system is of vital importance for
developing SOT devices. Fukami et al. showed the magnetization switching in the absence
of applied field in the PtMn (AFM) and Co/Ni (FM) bilayer system with a perpendicular
easy axis due to the exchange bias of the AFM [4]. Further, Van DerBrink et al.also reported
the switching of the perpendicular magnetization by an in-plane current in the absence
of magnetic field in the Pt/Co/IrMn structure [5]. The investigation on the local spin
structure at the FM/AFM interface also helps to understand the correlation between the
AFM crystalline structure and the amount of magnetization reversal. The coercivity (H,
the reverse field required to reduce the magnetization to zero [6,7]) of AFM/FM system
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was reported to be strongly dependent on the layer structure. Hu et al. showed that the
exchange coupling might cause reduced coercivity, depending on the interface coupling
and AFM layer thickness. The strong exchange bias but weak coercivity can be obtained
depending on the microstructural parameters in FM/AFM bilayer systems [8]. A study in
bi-and tri-layered IrMn/NiFe further revealed that the H. is not only dependent on the
thickness of the AFM-layer but also on the alternative order of the layer deposition [9].

PtMn is one of the most extensively used CuAu-I (L1j) type antiferromagnetic ma-
terials for the exchange biasing [10,11]. The as-deposited PtMn is non-magnetic with a
face-centered cubic (fcc) structure. It transforms into antiferromagnetic with a face-centered
tetragonal (fct) structure after annealing at elevated temperatures. The transition from fcc
to chemically ordered fct phase after the annealing facilities strong exchange coupling field
at the AFM/EM interface [12]. (Co/Ni), was proposed to be a prototypical perpendicularly
magnetized system [13]. Krishnaswamy et al. studied the structure and current-induced
switching behavior of the magnetic domains in PtMn/[Co/Ni]; 5 and PtMn/[Co/Ni]y 5
clarifying the memristive behavior in AFM/FM structures and for further optimization
of spin-orbit torque switching [14]. Hence, (Co/Ni), multilayers with the heavy metal
antiferromagnets have raised great interest because of their strong Dzyaloshinskii-Moriya
Interaction (DMI), large SOT and SOT-induced magnetic switching in (Co/Ni), [15-18].

In the previous research, the as-deposited PtMn/[Co/Ni], multilayers typically possess
in-plane magnetic anisotropy [1], which is not a favorable SOT application. MFA [19-21]
is an effective methodology for modifying the magnetism of exchange-coupled films [22].
Li et al. reported that the annealed NiO/CoFe thin films show the morphological changes
to nanocomposite single layers. The structural and compositional changes result in tailored
magnetic properties, increased surface roughness and altered chemical composition, revealing
that the MFA process at varied temperatures plays a pivotal role in the magnetism and film
compositions [21]. While the SOT switching behavior in the annealed PtMn/[Co/Ni] multi-
layers was already reported [23], how the annealing process influenced the microstructure
and magnetic properties of such a system remain unclear. Verges et al. studied the spin-orbit
torque (SOT) switching in as-deposited and annealed Pt/[Co/Ni],/PtMn samples. The
as-deposited sample shows no exchange bias effect, and the SOT switching is observed under
in-plane applied field. However, the annealed sample shows a moderate switching current in
a zero magnetic field [24].

In this paper, we have studied the microstructure and magnetic properties of as-deposited
and magnetic field annealed (MFA) Ag(8 nm)/[Co(2.5 nm)/Ni(2.3 nm)], /PtMn(tppn) thin
films. The correlation between the enhanced exchange coupling and the phase transition
after magnetic field annealing provides a new understanding of the magnetism for multilayer
PtMn-based ferromagnetic/antiferromagnetic film systems.

2. Results and Discussion

Figure 1a,b shows the 1 x 1 um? surface morphology of as-deposited and magnetic
field annealed Ag/[Co/Ni],/PtMn(tppn = 32.4 nm) multilayers characterized by AFM.
The film is uniform and possesses a smooth surface. As compared to the as-deposited thin
film, the average roughness increases from 1.1 to 1.5 nm after the annealing process. This
can be explained by the grain growth, which yields an increase in the surface roughness.

The crystalline structures of as-deposited and annealed Ag/[Co/Ni], /PtMn(tpiin)
multilayers were characterized by X-ray diffraction (XRD), as shown in Figure 2a. The
XRD characterization affirmed the polycrystalline structure of the thin films. Considerable
changes were observed for the as-deposited and annealed thin films with the thickest
PtMn (tppvin = 32.4 nm) layer. The diffraction peak at 39.9° (d = 2.25 A) changed to 40.1°
(d =224 A) after annealing, which corresponds to the phase transition from fcc PtMn (111)
to fct PtMn (111). The d-spacing change from 2.25 A to 2.24 A verifies the phase transition
after annealing [15]. The PtMn (fcc) is likewise seen at a diffraction pinnacle of 46.1°
and 67.8°, which corresponds to the (200) and (220) planes. A small peak at 20 = 44.2°
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corresponds to the bcc NiMn (110) phase as shown in Figure 2a, in addition to Co (111) and
Ni (111).

Figure 1. Antiferromagnet (AFM) images of (a) as-deposited and (b) magnetic field annealing (MFA)
samples with a scan area of 1x 1 um? Ag/[Co/Nil,/PtMn(32.4 nm) multilayers.

(2) | W O e

= =
b1 p=1
= =
= = MFA
-E: -E as-dep. t =9.7 nm
\5 \S’ MFA
= =
2 TR I Mo
= 4 E i 1 : *‘, \ ‘.,
= e —

SIEIES L &S 100

50 60 70 35 45

20 (deg.) 20 (deg.)

Figure 2. XRD spectra of the as dep. and MFA Ag/[Co/Ni], /PtMn(tpayn) multilayered thin films
with 26 from (a) 30 to 70 deg. and (b) 35 to 45 deg.

Compared with the as-deposited thin film, in the annealed thin film, the phase trans-
formation in the PtMn (tppvin = 16.2 and 9.7 nm) from fcc (111) to fet (111) was observed
where the PtMn (111) peak showed a slight shift of 0.3° from 40° to 40.3°. This shift is
evidence of the phase transformation from fcc PtMn (111) to fct PtMn (111) [22]. The broad
peak at 26 = 40.5° (d =2.22 A) in samples with tpan = 16.2 and 9.7 nm consist of both
fcc PtMn (111) and fct PtMn (111) phases as shown in Figure 2b. The observed peak is
a superposition of the two individual peaks, which cannot be resolved as they are too
closely spaced [11]. During the phase transformation, the decrease in the PtMn (111) peak
intensity and the shift to higher peak positions in [Co/Ni], /PtMn (tppvin = 16.2 and 9.7 nm)
are observed as compared with the [Co/Ni],/PtMn (tppvin = 32.4 nm) film. In contrast,
no phase transformation with decreasing PtMn thickness is present in the as-deposited
samples. The change in intensity during annealing might be due to the fct particles’ random
orientation [25] or Mn deficiencies within the PtMn film [26]. A weak diffraction peak of fcc
PtMn (200) and fct PtMn (220) was also observed. Similar changes were reported by Taras
Pokhil et al., where the peak shift from 39.88° to 40.24° was observed, confirming the phase
transformation after annealing [27]. In the as-deposited and annealed Ag/[Co/Ni], /PtMn
(tpevin = 2.7 nm) samples, the thin PtMn layer’s diffraction peaks were nearly undetectable
possibly due to the small layer thickness.

Further, the elemental mapping along the cross-section of Ag/[Co/Nil,/PtMn (tppyin = 2.7 nm)
by the Scanning Transmission Electron Microscopy (STEM) is shown in Figure 3. The as-
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deposited multilayers exhibited sharp contrast in atomic concentration in Figure 3a. In
contrast, the annealed films show strong interdiffusion in Co and Ni interfaces, as evidenced
by Co and Ni atoms’ broad distribution in Figure 3b.

(a) (b)

Figure 3. The STEM images and corresponding line scan profiles (a) as-deposited and (b) MFA
Ag/[Co/Ni]y/PtMn(2.7 nm) multilayers.

The high-resolution transmission electron microscopy (HRTEM) image of the annealed
Ag/[Co/Ni],/PtMn multilayers (tppin = 2.7 nm) is shown in Figure 4. While this sample
exhibits poor XRD signal, the well-crystallized lattices can still be identified from the
HRTEM image. A face-centered cubic (111) phase with an interplanar spacing of 0.227 nm
was observed in the PtMn layer. The interplanar spacing of 0.222 nm and 0.204 nm were
observed in the Ag layer, correlating to the fcc Ag (111) and Ag (200) phases. Similarly, Ni
shows the interplanar spacing of 0.206 nm and 0.204 nm corresponding to the Ni (111),
whereas the interplanar spacing of 0.204 nm was observed in the Co (111) phase.

Ag (111) N

0222 nm

Figure 4. The HRTEM image of Ag/[Co/Ni], /PtMn(2.7 nm) multilayers after MFA processes.

The annealed Ag/[Co/Ni], /PtMn multilayers also showed the polycrystalline struc-
tures with no sharp interfaces in the multilayer, pointing towards the inter-diffusion
between the Ni with the Co and PtMn layers, respectively. The increased crystallinity in
the films was observed in each layer after the magnetic field annealing. The lattice spacing
of 0.227 nm and 0.224 nm was observed in the PtMn after the annealing, indicating the
mixed phases of fcc PtMn (111) and fct PtMn (111) were present in the multilayer thin
film consistent with the XRD results. The intermixed bcc NiMn (111) with the interplanar
spacing of 0.204 nm was also observed in the Ni layer.
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The XPS depth profile observed for as-deposited multilayer is consistent with those
obtained by HRTEM, including Ag capping layer, Co, Ni, PtMn layers, and the SiO,
substrate. The Mn is diffused into the [Co/Ni] layer giving rise to the alloyed NiMn phases.
However, Pt remains unreacted with the top Ni (or Co) layers, as shown in Figure 5a. The
composition gradient is likely to be present in the film, affecting the respected magnetic
properties.
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Figure 5. The XPS depth profile of (a) the as-deposited and (b) the MFA Ag/[Co/Ni], /PtMn (9.7 nm)
multilayers.

Compared to the as-deposited multilayer, a similar layer sequence was observed after
the MFA processes. Unlike the as-deposited multilayer, a surface oxide layer was observed
by the increased oxygen content in Figure 5b. Diffusion of the Mn into Ni (or Co) layer is
observed, indicating the reduction in magnetization contributed from ferromagnetic (FM)
[Co/Ni], layers.

The XPS spectra of Ag, Co, Ni, Pt, O, and Mn of as-deposited and MFA Ag/[Co/Ni], /PtMn
(9.7 nm) multilayers were shown in Figure 6. The XPS spectra of Ag and O in the Ag capping
layer is shown in Figure 6a,b. The binding energy of 367.8 and 373.3 eV in the as-deposited
sample corresponds to the Ag 3d5,, and Ag 3d;,, (Figure 6a). However, after the MFA pro-
cesses, the peak narrowing and shift towards higher binding energies of 368.2 eV (Ag 3ds/,)
and 374.2 eV (Ag 3d3/,) indicate the surface oxidization to Ag,O [28,29]. The Co 2p spectra
(778.2 (Co 2P3 ;) and 793.4 eV (Co 2P, /»)) [30] after the MFA processes (Figure 6c¢), exhibit a
slight shift to higher energies due to the partially oxidized cobalt elements [30]. The O 1s spectra
(532.2 eV) confirm the formation of Co-O bonds” in the Co layer (Figure 6d). The Ni 2p spectra
(Figure 6e), (852.6 eV (Ni 2P3/3), 858.6 €V (Ni 2P3 5 gat.), and 870 eV (Ni 2P; /»)) after the MFA
processes exhibit a slight shift to higher energies. This indicates the formation of NiMn alloying
phases. The O 1s spectra (529.6 eV), as shown in Figure 6f, indicate the formation of oxides such
as Mn oxide due to the diffusion process (Figure 5). The Pt 4f spectra (71.2 eV (Pt 4f;;), 744 eV
(Pt 4f5,)) as shown in Figure 6g indicate that Pt was in the metallic state [31,32]. The Mn 2p
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spectra (639.8 eV (2p3/2), 650.9 eV (2p; /2)), (Figure 6h) after MFA processes with a slight shift to
higher energies, attribute to the alloy formation [32], i.e., PtMn/NiMn.
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Figure 6. The XPS binding energy spectra of (a) Ag 3d, (b) O 1s (Ag layer), (c) Co 2p, (d) O 1s (Co layer), (e) Ni 2p, (f) O 1s
(Ni layer), (g) Pt 4f, and (h) Mn 2p of the as-deposited and MFA Ag/[Co/Ni], /PtMn (9.7 nm) multilayers.

To identify the changes in magnetic properties induced by magnetic field annealing,
the room temperature in-plane magnetic hysteresis loops of Ag/[Co/Ni], /PtMn multilay-
ers were shown in Figure 7. As compared with the as-deposited sample, the reduction in
the magnetization was seen as a result of the alloying effect between [Co/Ni], and PtMn
after annealing. The as-deposited and annealed samples of tpp, = 32.4 nm exhibit the same
coercive field of He = 20 Oe (Figure 7a). Whereas, with the tpp, = 16.2 nm, the film shows
the coercive field of He = 22 Oe in the as-deposited sample and coercive field of about
H. =28 Oe in the annealed sample (Figure 7b). Similarly, the coercive field of H. = 24 Oe
was observed in the as-deposited sample and H. = 28 Oe in the annealed sample for the
tpavin = 9.7 nm (Figure 7c).

The vertical shift (mgyf) is observed in the annealed sample as compared to the as-
deposited sample. The vertical shift along the M-axis is defined as mgp,;¢ = %(Mmax + Mmin) [33],
where the mgp,; of about —0.03 memu was observed in the sample with tpavi, = 32.4 (Figure 7a).
Similarly, mgp;¢ of —0.03 memu was observed with the PtMn thickness of 16.2 nm (tppn)
(Figure 7b) and 9.7 nm (tppvn) (Figure 7c) respectively, indicating the exchange coupling between
FM [Co/Ni], and antiferromagnetic (AFM) PtMn layer due to the presence of pinned spins in
the samples [33]. The vertical shift observed is due to the pinned moments that do not rotate
with the applied field, which defines the bias direction [34].

With the increase in the PtMn thickness, the increased squareness is observed in the
as-deposited and annealed samples, as shown in Figure 7d. The maximum squareness
(M; /M) observed after annealing is about 0.63, 0.50 and 0.33 with respect to tpavin = 32.4,
16.2, 9.7 nm as shown in Figure 7d. This can be attributed to the presence of AFM that
plays a pivotal role in the enhancement of the M;/Ms in FM/AFM [33]. With increasing
PtMn thickness, the FM layer’s magnetization reversal modes switch from domain rotation,
pinned by the thin PtMn layer, to spin flipping, which is assisted by the exchange interaction
from the thick PtMn layer [35]. The MFA results in higher squareness in samples with
a thin PtMn layer, indicating that the MFA acts on the Co/Ni multilayer by repairing
structural defects and enhancing magnetocrystalline anisotropy. The reduced squareness in
annealed samples with thicker PtMn layer, on the other hand, is attributed to the accelerated
interfacial diffusion, which promoted the domain pinning effect. The enhanced coercivity
(Hc) of 28 Oe was observed for samples with tpgy, of 9.7 nm and 16.2 nm after annealing
because of the ordered fct PtMn during the magnetization reversal processes, as shown in
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Figure 7e. As the PtMn layer thickness increases, the decrease in coercivity is observed,
which can be explained by the fact that with the increase in PtMn thickness, the effective
AFM anisotropy is also increased. The enhanced AFM spins eliminate the amount of
reversible interfacial AFM spins, reducing the Hc [2].
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Figure 7. The room temperature in-plane magnetic hysteresis loops of as deposited and MFA Ag/[Co/Nil /PtMn (tppn)
multilayers at (a) tpavin = 32.4 nm, (b) tpavin = 16.2 nm, (c) tppyin = 9.7 nm. The squareness (M;/Ms) and Coercivity vs. tppvn
is shown in (d,e), respectively. (f) The in-plane and out-of-plane hysteresis loops at tppm, = 32.4 nm after MFA processes.

The in-plane and out-of-plane hysteresis loop of annealed Ag/[Co/Ni], /PtMn(32.4 nm)
multilayers is shown in Figure 7f. The exchange bias of 2 Oe is observed for the thickest
film with a PtMn layer of tpp, = 32.4 nm. The OP magnetic hysteresis loop show notable
hysteretic minor loop in the low field range (Figure 7f inset), indicating the existence
of certain perpendicular magnetic anisotropy (PMA). However, this PMA is not strong
enough to overcome the perpendicular demagnetization field. The magnetic anisotropy of
the multilayer is thus dominated by the IP shape anisotropy, as indicated by the higher
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remnant magnetization in the in-plane direction. The out-of-plane and in-plane hysteresis
loops are expected to have the same saturation magnetization under “absolute saturation”
conditions. However, the measured saturation magnetization usually deviates from the
absolute saturation magnetization due to the existence of magnetostriction effects and
spin waves [36]. In many cases, the spin-wave spectra are different along different ori-
entations [37]. As a result, the measured saturation magnetizations are not necessarily
the same along all directions. In this study, the pinned spins in the in-plane and out-of-
plane hysteresis loops (as indicated by the vertical shift in the magnetic hysteresis loops in
Figure 7) contributed to the different saturation magnetization in the hysteresis loops. In
the sample with PtMn thickness of 32.4 nm, the coercivity (20 Oe) observed is the same for
as-deposited and MFA samples; this might be due to the alloyed NiMn dominant over fct
PtMn as pinning sites to [Co/Ni];.

3. Materials and Methods

[Co(2.5 nm)/Ni(2.3 nm)], /PtMn(tpgin) multilayers [1] were prepared by Ion Beam
Assisted Deposition (IBAD) technique [38,39]. PtgoMng; (at.%) [40] with different thick-
nesses (tppvn) of 32.4 nm, 16.2 nm, 9.7 nm, and 2.7 nm were deposited. A Kaufmann ion
source operating at 800 V and 7.5 mA was used to subsequently sputter the PtMn, Ni, and
Co targets with an argon flow of 3 sccm during the deposition process. The deposition
rates for PtMn, Ni, and Co were 3.2, 2.3, and 2.5 nm/min, respectively. The magnetic field
annealing (MFA) was conducted at 573 K in a vacuum for 1 h, and a magnetic field of
500 mT was applied perpendicularly to the thin film surface during annealing.

An End-Hall ion source with Vgyg = 70 V, and Igy = 500 mA was used for bombard-
ing the PtMn layer for 1 min after its deposition. Further, an 8 nm thick Ag capping
layer was deposited. The high-resolution lattice image and the line scan profile of the
Ag/[Co/Ni],/PtMn thin films were obtained using a JEOL-JEM-2100F scanning transmis-
sion electron microscopy (STEM) working at 200 kV. The depth profile and binding energy
of the Ag/[Co/Ni],/PtMn multilayers were characterized by a commercial ULVAC-PHI
(PHI 5000 Versa Probe) x-ray photoelectron spectroscopy (XPS). A Veeco D3100 atomic force
microscopy (AFM) was utilized to measure the thin multilayer film’s surface roughness.
The samples’ magnetic hysteresis loops were measured by an ADE-DMS 1660 vibrating
sample magnetometer (VSM) at room temperature. The saturation magnetization (M)
is defined as the saturation value at which magnetization (M) becomes constant when a
large magnetic field (H) is applied [41]. If the magnetic field (H) is reduced to zero after
saturation in the positive direction, the magnetization in the hysteresis loop decreases from
M; to My, where M is defined as the remnant magnetization [6]. The squareness is defined
as the ratio of the remnant magnetization (M) to the saturation magnetization (Ms).

4. Conclusions

The microstructure and magnetic properties of as-deposited and MFA Ag/[Co/Ni],/PtMn
multilayers at different PtMn thickness were investigated. The Co and Ni layers have fcc
structures with preferred (111) orientation. The fct PtMn (111) peak intensity increases with
PtMn layer thickness in both the as-deposited and MFA samples. After annealing, the phase
transformation from fec (111) to fct (111) is observed in samples with thinner PtMn films (9.7 and
16.2 nm), as was confirmed by XRD and HRTEM. In the STEM, compared to the as-deposited
sample, no distinct interface was observed between Co/Ni multilayers due to the inter-diffusion
that occurred after the annealing process. The XPS depth profile in MFA Ag/[Co/Nil, /PtMn
multilayers shows a similar layer sequence as those of the as-deposited sample except for the
surface oxide layer. The NiMn alloyed phase formation was also confirmed by the XPS binding
energy shift, which results in reduced magnetization.

Further, the magnetic properties measured by VSM show an increased coercivity in the
MFA thin films. This is attributed to the presence of ordered fct PtMn, and NiMn phases ex-
change coupled to the ferromagnetic [Co/Ni], layers. No exchange bias field was observed
at room temperature. The vertical shift (Mg = —0.03 memu) of the hysteresis loops is
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ascribed to the pinned spins resulting from perpendicular MFA processes. The squareness
ratio (M, /Ms) decreases with decreasing PtMn thickness. This work has revealed enhanced
coercivity and perpendicular magnetic anisotropy in [Co/Ni], /PtMn multilayers. The re-
sults gain insight into developing perpendicularly magnetized spintronic devices through
post-treatment techniques.

Author Contributions: Conceptualization, X.L. and K.-W.L.; data curation, K.-W.L.; formal analysis,
RY., C-HW,, I-EH. and T.-H.W.,; funding acquisition, X.L. and K.-W.L.; investigation, T.-H.W.;
methodology, X.L. and K.-W.L.; supervision, K.-W.L.; writing—original draft, R.Y.; writing—review
and editing, R.Y., X.L. and K.-W.L. All authors have read and agreed to the published version of the
manuscript.

Funding: The research was supported by the MOST of Taiwan, the National Natural Science Foun-
dation of China (No. 61804129), and the Science and Technology Project of Fujian Province of China
(No. 2019H0002).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, X.; Wu, C.-H,; Lee, Y.-]; Su, Y.-T.; Lin, K.-W.; Ruotolo, A.; Manna, PK.; van Lierop, ]. Correlating spin freezing and magnetic
properties in [Co/Ni], /PtMn multilayers. ]. Magn. Magn. Mater. 2020, 508, 166690. [CrossRef]

2. Nogués, J.; Schuller, LK. Exchange bias. ]. Magn. Magn. Mater. 1999, 192, 203. [CrossRef]

3. Meiklejohn, W.H.; Bean, C.P. New magnetic anisotropy. Phys. Rev. 1956, 102, 1413. [CrossRef]

4. Fukami, S.; Zhang, C.; Duttagupta, S.; Kurenkov, A.; Ohno, H. Magnetization switching by spin-orbit torque in an antiferromagnet-
ferromagnet bilayer system. Nat. Mater. 2016, 15, 535. [CrossRef] [PubMed]

5. Van DenBrink, A.; Vermijs, G.; Solignac, A.; Koo, J.; Kohlhepp, J.T.; Swagten, H.].M.; Koopmans, B. Field-free magnetization
reversal by spin-Hall effect and exchange bias. Nat. Commun. 2016, 7, 10854. [CrossRef] [PubMed]

6.  Spaldin, A.N. Magnetic Materials: Fundamentals and Applications, 2nd ed.; Cambridge University Press: New York, NY, USA, 2010;
p- 19.

7. Tang, Y.J.; Roos, B.; Mewes, T.; Demokritov, S.0.; Hillebrands, B.; Wang, Y.J. Enhanced coercivity of exchange-bias Fe/MnPd
bilayers. Appl. Phys. Lett. 1999, 75, 707. [CrossRef]

8. Hu, J.G;; Jin, GJ.; Ma, Y.Q. Thickness dependence of exchange bias and coercivity in a ferromagnetic layer coupled with an
antiferromagnetic layer. J. Appl. Phys. 2003, 94, 2529. [CrossRef]

9.  Gritsenko, C.; Dzhun, I.; Babaytsev, G.; Chechenin, N.; Rodionova, V. Exchange Bias and Coercivity Fields as a Function of
the Antiferromagnetic Layer Thickness in bi- and tri-layered thin-films Based on IrMn and NiFe. Phys. Procedia 2016, 82, 51.
[CrossRef]

10. Krén, E.; Kadar, G.; Pal, L.; Sélyom, J.; Szabo, P.; Tarnéczi, T. Magnetic structures and exchange interactions in the Mn-Pt system.
Phys. Rev. 1968, 171, 574. [CrossRef]

11. Ladwig, PF; Chang, Y.A,; Linville, E.S.; Morrone, A.; Gao, J.; Pant, B.B.; Schlutz, A.E.; Mao, S. Paramagnetic to antiferromagnetic
phase transformation in sputter-deposited Pt-Mn thin films. J. Appl. Phys. 2003, 94, 979. [CrossRef]

12.  Lee, C.L.; Kools, J.; Devasahayam, A.J.; Mao, M.; Hu, C.C. Enhancement of exchange bias in thin PtMn antiferromagnets by Ru
and Cr nano-lamination. J. Magn. Magn. Mater. 2005, 286, 200. [CrossRef]

13. He, X.D.; Zhang, L.L.; Wu, G.J.; Gao, ].W.; Ran, P; Sajjad, M.; Zhou, X.W.; Cao, ].W.; Xi, L.; Zuo, Y.L.; et al. Controllable intrinsic
Gilbert damping in Pt buffered [Co/NiJn multilayers with enhanced perpendicular magnetic anisotropy. . Magn. Magn. Mater.
2021, 519, 167429. [CrossRef]

14. Krishnaswamy, G.K.; Kurenkov, A.; Sala, G.; Baumgartner, M.; Krizakova, V.; Nistor, C.; MacCherozzi, E; Dhesi, S.S.; Fukami,
S.; Ohno, H.; et al. Multidomain Memristive Switching of Pt3sMng, /[Co/Ni], Multilayers. Phys. Rev. Appl. 2020, 14, 044036.
[CrossRef]

15. Duttagupta, S.; Kurenkov, A.; Tretiakov, O.A.; Krishnaswamy, G.; Sala, G.; Krizakova, V.; Maccherozzi, F.; Dhesi, S.S.; Gambardella,
P.; Fukami, S.; et al. Spin-orbit torque switching of an antiferromagnetic metallic heterostructure. Nat. Commun. 2020, 11, 5715.
[CrossRef] [PubMed]

16. DuttaGupta, S.; Kanemura, T.; Zhang, C.; Kurenkov, A.; Fukami, S.; Ohno, H. Spin-orbit torques and Dzyaloshinskii-Moriya
interaction in PtMn/[Co/Ni] heterostructures. Appl. Phys. Lett. 2017, 111, 182412. [CrossRef]

17. Ma, X;; Yu, G.; Razavi, S.A; Sasaki, S.S.; Li, X.; Hao, K.; Tolbert, S.H.; Wang, K.L.; Li, X. Dzyaloshinskii-Moriya Interaction across
an Antiferromagnet-Ferromagnet Interface. Phys. Rev. Lett. 2017, 119, 027202. [CrossRef]

18. Itoh, R.; Takeuchi, Y.; Duttagupta, S.; Fukami, S.; Ohno, H. Stack structure and temperature dependence of spin-orbit torques in
heterostructures with antiferromagnetic PtMn. Appl. Phys. Lett. 2019, 115, 242404. [CrossRef]

19. Svalov, A.V,; Savin, PA_; Lepalovskij, V.N.; Larranaga, A.; Vaskovskiy, V.O.; Garcia Arribas, A.; Kurlyandskaya, G.V. Exchange

biased FeNi/FeMn bilayers with coercivity and switching field enhanced by FeMn surface oxidation. AIP Adv. 2013, 3, 092104.
[CrossRef]

45



Magnetochemistry 2021, 7, 38

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Guo, J.Y;; Tzeng, Y.M.; van Lierop, J.; Chang, S.-Y.; Lin, K.-W. Thermal annealing effects on the structural, magnetic, and
magnetotransport properties of NiFe/(Ni, Fe)O bilayers. Jpn. J. Appl. Phys. 2009, 48, 073003. [CrossRef]

Li, X.; Chang, Y.-C.; Chen, ].-Y; Lin, K.-W.; Desautels, R.D.; van Lierop, J.; Pong, PW.T. Annealing effect of NiO/CogpFej( thin
films: From bilayer to nanocomposite. Phys. Lett. A 2018, 382, 2886. [CrossRef]

Xu, M.; Lu, Z,; Yang, T.; Liu, C.; Cui, S.; Mai, Z.; Lai, W. Relation between microstructures and magnetic properties upon annealing
in FesoMns /NigoFey films. . Appl. Phys. 2002, 92, 2052. [CrossRef]

Kurenkov, A.; Zhang, C.; DuttaGupta, S.; Fukami, S.; Ohno, H. Device-size dependence of field-free spin-orbit torque induced
magnetization switching in antiferromagnet/ferromagnet structures. Appl. Phys. Lett. 2017, 110, 092410. [CrossRef]

Verges, M.; Kumar, V.; Lin, PH.; Mangin, S.; Lai, C.H. Role of induced exchange bias in zero field spin-orbit torque magnetization
switching in Pt/[Ni/Co]/PtMn. AIP Adv. 2020, 10, 085320. [CrossRef]

Soeya, S. Enhanced exchange anisotropy between antiferromagnetic PtMn and ferromagnetic Co system by AuCu underlayer.
Appl. Phys. Lett. 2009, 94, 242507. [CrossRef]

An, Y, Liu, J.; Ma, Y.; Wu, Z. Effect of grain size on the properties of NiFe/PtMn bilayers. J. Phys. D Appl. Phys. 2008, 41, 165003.
[CrossRef]

Pokhil, T.; Linville, E.; Mao, S. Exchange anisotropy and micromagnetic properties of PtMn/NiFe bilayers. ]. Appl. Phys. 2001, 89,
6588. [CrossRef]

Kaushik, V.K. XPS core level spectra and Auger parameters for some silver compounds. J. Electron Spectros. Relat. Phenom. 1991,
56,273. [CrossRef]

Vasil’kov, A.Y.; Dovnar, R.I; Smotryn, S.M.; laskevich, N.N.; Naumkin, A.V. Plasmon resonance of silver nanoparticles as a
method of increasing their antibacterial action. Antibiotics 2018, 7, 80. [CrossRef]

Lin, KW.; Lin, ET,; Tzeng, Y.M. X-ray photoelectron spectroscopy and magnetic force microscopy studies of ion-beam deposited
NiggFeyo/Co-oxide bilayers. IEEE Trans. Magn. 2005, 41, 927. [CrossRef]

Shyu, J.Z.; Otto, K. Identification of platinum phases on y-alumina by XPS. Appl. Surf. Sci. 1988, 32, 246. [CrossRef]

Hu, J.; Fang, C.; Jiang, X.; Zhang, D.; Cui, Z. PtMn/PtCo alloy nanofascicles: Robust electrocatalysts for electrocatalytic hydrogen
evolution reaction under both acidic and alkaline conditions. Inorg. Chem. Front. 2020, 7, 4377. [CrossRef]

De La Venta, J.; Erekhinsky, M.; Wang, S.; West, K.G.; Morales, R.; Schuller, I.K. Exchange bias induced by the Fe304 Verwey
transition. Phys. Rev. B 2012, 85, 13447. [CrossRef]

Ohldag, H.; Scholl, A.; Nolting, E.; Arenholz, E.; Maat, S.; Young, A.T.; Carey, M.; Stohr, ]. Correlation between Exchange Bias and
Pinned Interfacial Spins. Phys. Rev. Lett. 2003, 91, 017203. [CrossRef]

Sort, J.; Nogués, J.; Surifach, S.; Mufioz, ].S.; Bar6, M.D.; Chappel, E.; Dupont, E; Chouteau, G. Coercivity and squareness
enhancement in ball-milled hard magnetic-antiferromagnetic composites. Appl. Phys. Lett. 2001, 79, 1142. [CrossRef]
Kronmiiller, H.; Grimm, H. High-field susceptibility and the spin-wave spectrum of FeyoNigP14Bg-alloys. . Magn. Magn. Mater.
1977, 6, 57. [CrossRef]

Mook, H.A.; Nicklow, R M.; Thompson, E.D.; Wilkinson, M.K. Spin-Wave Spectrum of Nickel Metal. J. Appl. Phys. 1969, 40, 1450.
[CrossRef]

Lin, KW.; Chen, T.-J.; Guo, J.-Y.; Ouyang, H.; Wei, D.-H.; van Lierop, J. Correlating antiferromagnetic spin structures with
ion-beam bombardment in exchange-biased NiFe/Mn bilayers. ]. Appl. Phys. 2009, 105, 07D710. [CrossRef]

Lin, KW.; Ouyang, C.H.; van Lierop, J. Using lon-Beam-Assisted Deposition and lon Implantation for the Rational Control of Nanomag-
netism in Thin Film and Nanostructured Systems, 1st ed.; Camley, R.E., Stamps, R.L., Eds.; Solid State Physics; Elsevier Academic
Press: London, UK, 2018; Volume 69, pp. 1-45.

Yadav, R; Shepit, M.; Li, X,; Lin, K.-W.; van Lierop, J.; Ruotolo, A. Photo-spin-voltaic effect in PtMn/Y3Fe501, thin films. J. Phys.
Condens. Matter 2021, 33, 095802. [CrossRef]

Cullity, B.D.; Graham, C.D. Introduction to Magnetic Materials, 2nd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2009; p. 14.

46



@ magnetochemistry WVI\D\Py

Article

Microresonators and Microantennas—Tools to Explore
Magnetization Dynamics in Single Nanostructures

Hamza Cansever * and Jiirgen Lindner *

Citation: Cansever, H.; Lindner, J.
Microresonators and
Microantennas—Tools to Explore
Magnetization Dynamics in Single
Nanostructures. Magnetochemistry
2021, 7, 28. https://doi.org/
10.3390/ magnetochemistry7020028

Academic Editor: David S. Schmool

Received: 25 January 2021
Accepted: 12 February 2021
Published: 19 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Helmbholtz-Zentrum Dresden-Rossendorf, Institute of Ion Beam Physics and Materials Research,
01328 Dresden, Germany
* Correspondence: h.cansever@hzdr.de (H.C.); j.lindner@hzdr.de (J.L.);

Tel.: +49-351-260-3187 (H.C.); +49-351-260-3221 (J.L.)

Abstract: The phenomenon of magnetic resonance and its detection via microwave spectroscopy
provide insight into the magnetization dynamics of bulk or thin film materials. This allows for direct
access to fundamental properties, such as the effective magnetization, g-factor, magnetic anisotropy,
and the various damping (relaxation) channels that govern the decay of magnetic excitations. Cavity-
based and broadband ferromagnetic resonance techniques that detect the microwave absorption
of spin systems require a minimum magnetic volume to obtain a sufficient signal-to-noise ratio
(S/N). Therefore, conventional techniques typically do not offer the sensitivity to detect individual
micro- or nanostructures. A solution to this sensitivity problem is the so-called planar microresonator,
which is able to detect even the small absorption signals of magnetic nanostructures, including
spin-wave or edge resonance modes. As an example, we describe the microresonator-based detection
of spin-wave modes within microscopic strips of ferromagnetic A2 FegyAlyg that are imprinted into a
paramagnetic B2 FegyAlyp-matrix via focused ion-beam irradiation. While microresonators operate at
a fixed microwave frequency, a reliable quantification of the key magnetic parameters like the g-factor
or spin relaxation times requires investigations within a broad range of frequencies. Furthermore, we
introduce and describe the step from microresonators towards a broadband microantenna approach.
Broadband magnetic resonance experiments on single nanostructured magnetic objects in a frequency
range of 2-18 GHz are demonstrated. The broadband approach has been employed to explore the
influence of lateral structuring on the magnetization dynamics of a Permalloy (NigyFe;() microstrip.

Keywords: ferromagnetic resonance; microantenna; microresonator; magnetic relaxation; thin
films; nanostructures

1. Introduction

Determining dynamic properties of magnetic materials, i.e., their time-dependent
behavior, often provides key insights into understanding of the magnetic response in micro-
or nano-sized objects. The understanding of nanomagnetism plays an important role for
generating future spintronic applications, such as memory and logic devices based on
employing the quanta of magnetic excitations—spin-waves or magnons [1-4]. Here, we
review the use of a unique approach to study magnetization dynamics in magnetic samples
with small volume via microresonator- and microantenna-based microwave spectroscopy.
Microwave spectroscopy allows the investigation of the fundamental (low energy) modes
of spin systems. In ferromagnetically coupled spin ensembles, such modes are termed
ferromagnetic resonance (FMR) modes.

FMR as a method is one of the main spectroscopic techniques, allowing for an investi-
gation of static properties, such as the effective magnetization that provides the effective
internal field acting on the spins (the effective magnetization actually is a magnetic in-
duction with the unit Tesla, although the term magnetization is nonetheless widely used
in literature), g-factor, and magnetic anisotropy, as well as dynamical properties such as
magnetic relaxation mechanisms [5-7]. Typically, cavity-based (e.g., X-band; ~10 GHz)
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and broadband spectrometers are commonly used to detect microwave absorption upon
exciting FMR modes [8-11]. Due to the minimum number of spins, which are needed to
generate measurable signals, conventional cavities (cm-size) are not suited to detect FMR of
micro-/nano-sized objects [12]. Therefore, to achieve a significantly better signal-to-noise
ratio (5/N), planar microresonators have been introduced for microwave absorption mea-
surements in small specimen—at first for electron spin resonance (ESR) experiments [13,14].
In microresonators, a microcoil produces a homogeneous rf-field inside of the loop into
which a magnetic object is placed and homogeneously excited by the rf magnetic induction.
A higher S/N ratio is achieved by a tremendous enhancement of the so-called filling factor
that describes the concentration of the excitation field to the volume of the sample. As the
loop diameter of microresonators can be fabricated down to the 1 pm size, the filling factor
is significantly larger than in a conventional cm-sized cavity. The recent decade has seen
microresonators become an established tool that has been employed on many different
single magnetic objects, such as magnetic nanowires, nanotubes, biological materials, as
well as magnetic tunnel junctions [15-19].

In this work, we demonstrate the use of microresonator-FMR on single strip samples
made from prototype ferromagnetic materials in form of embedded FegAlyg-stripes. We
discuss the fundamental dynamic modes. The sensitivity of single-frequency microres-
onators (similar to conventional cavity-based systems) is so high that one can detect
not only the uniform modes, but also non-uniform ones, such as localized and standing
spin-wave modes or uniform edge modes. The dynamics of the strip geometry are com-
pared and explained by simulation results obtained from the mumax® code. Besides the
microresonator approach, we introduce and describe so-called microantennas, a novel
extension towards broadband (i.e., frequency-variable) FMR detection on laterally struc-
tured Permalloy (NigpFepo, hereafter Py) samples. The accessible frequency range of our
setup is 2-18 GHz, which is limited only by the frequency range the components of the
detection system can operate in. Broadband detection provides a straight-forward insight
into magnetic relaxation. In the following, the term u-FMR is used synonymously with the
FMR methodology provided by microresonators and microantennas. The main advantage
of a using microresonator/microantenna approach relies on a tremendous increase of the
filling factor upon scaling down the resonator volume to the micrometer size, comparable
to the one of the nanostructure. This high filling factor allows the increase of the detection
sensitivity by orders of magnitude as compared to conventional FMR setups, also based on
a measurement of the absorbed microwave power.

2. Materials and Experimental Methods

The FMR measurements on micrometer-sized FegyAlyy and Py strips were performed
on a home-built microwave spectrometer. A microwave bridge in combination with field-
modulation and lock-in technique is used to improve to signal to noise ratio. Microwave
power is divided into two paths. One is the excitation path, where the power level can be
adjusted by an attenuator and is launched via the circulator into the resonator; the other
arm is the reference arm, which biases the quadrature mixer at the operation frequency
(homodyne detection technique). The phase shifter in the reference arm adjusts the phase
at the local oscillator (LO) input of the quadrature mixer. Thereby, it allows for detection of
absorption as well as dispersion of the FMR signals on the I and Q outputs, respectively (as
seen modified sketch in Figure 1 without Mach—Zehnder interferometer). Technical details
about the microwave spectrometer can be found in our previous study [17].

For the excitation and detection of the signals, we use planar near field antennas, tuned
and matched for operation at a fixed frequency by means of stubs (microresonators), as well
as broadband near field antennas with flat frequency response (microantennas), made of a
shorted coplanar transmission line. While microresonators offer an increased sensitivity
for measurements on micron-sized samples, microantennas allow for broadband measure-
ments, revealing important dynamic magnetic properties like the damping. Microantennas
consist of the section of a coplanar stripline, shorted at the end by a narrow strip, which
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acts as a near field antenna, coupling the microwave power to the precessing magnetic
moment of the sample. For even more efficient and uniform excitation perpendicular to
the plane, we built a loop into the shorting strip (Figure 1a). The loop size is tailored to be
close to the dimensions of the sample. Electromagnetic simulations using the commercial
finite element (FEM) simulation software HFSS (ANSYS), confirm the quite homogeneous
distribution of the microwave magnetic field inside the loop (Figure 1b). Both the planar
microresonator and the microantenna structures are fabricated by optical lithography.

H Field [A/n]
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Figure 1. Layout (a) and magnetic microwave field (b) distribution of the microantenna, obtained by FEM simulation of

the structure.

To facilitate the broadband measurements with the microantennas, we added a Mach-
Zehnder interferometer to the microwave spectrometer (see Figure 2, [17]): A power
divider splits the microwave equally into a fraction used for (i) the resonant excitation of
the sample and (ii) for the interferometer’s reference arm. For a given operation frequency,
the attenuation and phase in the reference arm of the interferometer are adjusted such that
the microwave power reflected from the microantenna with the sample is cancelled in the
power combiner. This reduces the trace noise level and allows using higher microwave
excitation power without the risk of saturating the low-noise amplifier. By sweeping
the magnetic field of the electromagnet, we drive the sample into magnetic resonance.
At resonance, the impedance of the microantenna is modified by the strong change of
the sample’s magnetic permeability, and the reflected power reappears at the input of
the preamplifier.

FMR experiments were performed on FegyAly and Py (NiggFep) samples. A 32 nm
FegpAlyg thin film was grown on a 270-nm-thick SiO, /Si substrate by magnetron-sputtering
at room temperature. A post-annealing process was applied to the film in order to obtain
the pristine (B2-paramagnetic) state [20]. Initially, a 14 um diameter disc of 32 nm thick B2
FegoAlyy was exposed by using photolithography. After preparation of the FegpAly disk,
the microresonator with 20 um loop diameter was prepared around the disk by means
of UV lithography and lift-off. The top-side, containing the microstrip lines or coplanar
striplines, respectively, was metallized by 5 nm Cr/600 nm Cu/100 nm Au, whereas the
backside metallization is serving as a ground. To fabricate the ferromagnetic strip, a focused
Ne* ion beam of 25 keV energy was rastered over a 10 um x 1 pm region, keeping the
fluence fixed at 1 x 10'5 ions/cm?. The region exposed to the incident ions was disordered
to form A2 ordered FegyAlyg, thereby realizing the embedded ferromagnetic stripe [20].
The frequency is defined by the shape and layout of the microresonator. Here we used a
microresonator design with a loop diameter of 20 um optimized for an eigenfrequency
of 14 GHz (empty resonator). As control experiment and to obtain relevant parameters,
an extended FegpAlyg film was investigated by VSM and FMR (M; = 708 kA/m and
A =4 p]/m [21], not shown here). For the Py structure, a Py film was grown onto a MgO
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? Generator

(001) substrate using electron beam evaporation. A 5 by 2 um? resist strip was prepared on
the film by e-beam lithography, and the unprotected film was etched down to the substrate
by Ar ion milling. Similarly to the FeggAlyg strip, the microantenna was fabricated around
the Py strip using lithography. However, one should note that the microantenna is designed
in a coplanar geometry. It thus requires top side metallization only (5 nm Cr / 600 nm Cu/
100 nm), comprising the signal as well as the ground lines.
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Figure 2. Schematic of the Mach-Zehnder-FMR spectrometer. For broadband measurements, an interferometer arm
consisting of two power dividers, variable attenuator, and phase shifter was added parallel to the circulator of the original
design [17]. Exchangeable circulators and isolators are used in order to cover a frequency range from 2 to 18 GHz.

3. Experimental Results and Discussion

The microresonator FMR experiments were performed on ferromagnetic
10 um x 1 pm x 0.032 pm A2-FeggAlyg strips, embedded in a circular paramagnetic
B2-FegpAlyy matrix. A sketch of such a sample is shown in the inset of Figure 1a. The
details of the preparation are described in Section 2. FegyAlyy exhibits a stable, ordered
B2-structure that shows paramagnetic behavior. Irradiation with energetic ions leads to a
randomization of the lattice positions of the Fe and Al atoms, forming an A2 structure that
is ferromagnetic [20,22-26]. Irradiation induced disorder is a versatile tool for patterning
magnetic structures of desired geometries embedded within paramagnetic surroundings.
The patterning can be performed using broad-beam irradiation through shadow masks [24],
or using a focused ion-beam for direct magnetic writing [22,25]. The magnetic properties
of FeggAlyp films under broad-beam irradiation have been reported by Schneider et al. [27].
The effective magnetization (uoMeg) of the films, depending on the degree of disordering,
can reach up to 850 mT, which is comparable to that of Py.

Figure 3a shows a measured FMR spectrum with a fixed excitation frequency of
13.72 GHz and a variable external field Bey; applied perpendicular to the long axis of the
ferromagnetic A2 FegpAlyg stripe, embedded in a B2 FegyAlyy surrounding, produced by
direct writing using a focused Ne* beam [23,26]. By using highly sensitive microresonator
FMR detection, at least nine different resonance modes can be identified in the embedded
ferromagnetic structure, as indicated by the numbering in Figure 3a. To visualize the
mode character, micromagnetic simulations were performed using the mumax3 code [28].
For the simulations, we chose the following parameters: sample size 10 x 1 um?, thick-
ness 32 nm, saturation magnetization M; = 708 kA /m (as measured by vibrating sample
magnetometry), and an exchange constant A = 4 pJ/m [21] (calculated from (exchange dom-
inated) perpendicular standing spin-wave modes [29] observed in a thin film sample by
conventional broadband FMR). To model the FMR experiment, we used a continuous-wave
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method, described in the literature [30] with an excitation field in z direction (along the
thickness of the sample). In Figure 1b, the result of the simulation is shown in terms of the
perpendicular dynamic component of the magnetization 7, normalized by M;. This com-
ponent is directly related to the experimentally detected FMR signal that is proportional to
the high frequency susceptibility. By comparing qualitatively the results of the simulation
with the measurement, we find a good agreement between both, as one can identify all
nine resonance modes in the simulation as well. The values of the resonance field (for
experiment and simulations) are extracted by fitting a complex Lorentzian function [31].
Those values are given in Table 1, proving again the good agreement between experiment
and simulation (except the edge mode, No. 9).
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Figure 3. (a) Microresonator FMR experiment on an embedded FeggAlyg strip with the size of 10 x 1 x 0.032 um (irradiated
with Ne" with E = 25 keV) performed at 13.72 GHz (b) mumax3 simulation of a free-standing FegAlyg strip at 14 GHz.
FMR signals are labelled from 1 to 9.

Table 1. Comparison of the resonance field values from experiment and simulation. Except for mode (8), the difference

between measurement and simulation is larger for modes more confined to the edge region of the sample (i.e., for modes

(6), (7), and (9)).

Bres, (mT). 1) (2) 3) @) (5) (6) (7) ®) )
Measurement 216 238 257 272 285 344 361 403 481
Simulation 215 235 254 268 279 327 352 403 617

When performing a micromagnetic simulation, it is also possible to create snapshots
of the magnetic configuration within the sample system. Those snapshots were always
taken at the moment (in time) when the oscillating excitation field (sine-function) crosses
the zero line. While a system is in resonance, it has a phase shift of 90° to the excitation
field, resulting in a maximum amplitude in the snapshot. The snapshots, corresponding
to the resonance mode labeling in Figure 3, are shown in Figure 4. The color contrast
corresponds to the local out-of-plane component of the dynamic magnetization, i.e., 1,
which is proportional to the measured FMR signal. The resonance (2) can be identified
as the quasi-uniform mode. As seen from the pattern, just the center region of the stripe
fulfills the resonance condition, while having a local 7, = 0 at the edges of the system. Due
to the shape of the sample (demagnetizing field) and boundary conditions at the edges, the
expected resonance field in those regions is different, justifying the quasi-uniform mode.
The pattern of resonance mode number (1) exhibits periodically varying ., along the length
of the strip. While we are using ferromagnetic resonance as technique, we expect just modes
with a standing wave character, as propagating modes would lead to a zero net microwave
absorption. Nevertheless, it is possible to assign a wave vector k to the pattern, which is in
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this case perpendicularly (x-direction) oriented to the static magnetization (y-direction),
well-known for a spin wave in Damon-Eshbach geometry [32]. Due to the geometric shape
of the sample, it is not possible to excite standing spin waves with arbitrary wavelength,
so we can observe only a discrete number of spin waves in Figure 3b. Note that these
spin waves with wave vector perpendicular to the static magnetization occur at a smaller
external field as compared to the quasi-uniform mode. As known from the dispersion
relation of Damon-Eshbach modes [33], those need (for finite wavelength) more energy
for excitation than the uniform mode. The reason for this lies in the fact that the dynamic
stray fields the magnetic moments produced due to their non-uniform precessional motion
are associated with an increased dipolar energy as compared to a uniform excitation for
which all spins rotate with the same phase. A smaller resonance field compared to the
quasi-uniform mode thus indicates a larger energy of the mode. The pattern maps of
the resonances 3-5 are typical for so-called backward volume modes with different wave
numbers. In this case, the wave vector is parallel to static magnetization (along the y-
direction), while we observe a decreasing wavelength by increasing the applied external
field. The resonance modes marked with 6-7-8 are so-called localized modes. As seen from
the pattern for those modes, the excited resonant region (blue) is close to the long edge
of the strip. In this region of the strip, the demagnetizing field is quite inhomogeneous,
which implies even directly neighbored regions to exhibit different resonance conditions.
Since the spins in those regions are still coupled to each other via exchange interaction,
the excited region (in resonance) sends out propagating spin waves into the neighbored
one. In turn, one wave is launched towards the strip center and another one propagates
towards the edge of the long axis of the strip. While the wavelength of this propagating
wave is given by the size of the excited region, it is small (in the range of a 10th of a nm)
compared to the strip width (1 pm). As a result, the propagation length before the wave
is damped out is also rather small. Due to this fact, the propagating wave directed to the
center of the stripe will never reach the center region. The propagating wave directed to
the edge, however, is able to reach it (because the excited location is close to the edge)
and will be reflected back. The reflected wave interferes with the primary wave, leading
to destructive/constructive interference. Just by having a constructive interference, the
ferromagnetic resonance is able to couple to this mode. This explains why the localized
modes are appearing also in discrete manner within the FMR spectrum. The mode No.
9 finally is the true edge mode, for which only magnetic moments exactly at the edge of
the strip are excited. In contrast to the localized modes discussed before, for the edge
mode no interference is occurring. The physical nature of the edge mode is different. It
is very much comparable to the quasi-uniform mode, just shifted to higher external field
values, due to the demagnetization field at the strip edge being larger than in the center
region [34,35]. All uniform and non-uniform modes can be correlated with the simulation
results. Only the edge mode was observed at much lower resonance field than expected
from the simulation. One has to note that the real edge may differ from the ideal one in
terms of its geometrical profile or its magnetic parameters. Moreover, the embedded strip
geometry, for which the ferromagnetic spins of the ion-irradiated strip at the edges form an
interface to a paramagnetic FegyAlyg surrounding matrix, might magnetically be different
as compared to the free-standing strip assumed in the simulation. Note that the edge mode
observed at lower magnetic fields implies the edge mode frequency to be larger than those
for the edge mode of the simulated free-standing strip.

In the following, we would like to show how broadband p-FMR can be utilized to
determine the magnetization dynamics of a 5 x 2 x 0.015 um? Permalloy (Py) microstrip.
While the strip exhibits a mode spectrum similar to the one discussed for the FeAl-strip
before, we want to restrict our discussion in the following to the quasi-uniform mode.
As discussed above, to increase the amount of insight to the magnetization dynamics, it
is advantageous to perform measurements over a broad frequency range. Therefore, a
broadband microantenna design was used instead of single-frequency microresonators.
The microantenna setup also uses the microwave bridge to achieve high detection sensi-
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tivity and, thereby, can detect a spin resonance signal of about 10° spins/GHz!/2, while
conventional spectroscopy techniques require around 10'° spins/ GHz!/2 [36]. In Figure 5a,
the FMR spectra of the Py strip are shown, measured at a frequency of 9 GHz for both the
easy (Bext parallel to the long strip axis) and hard axis (Bext perpendicular to the long axis).
The quasi-uniform mode for both orientations is clearly resolved in the FMR spectra. The
main advantage of using a microantenna/microresonator approach is to allow for detect-
ing the FMR response of single structures. Earlier experiments, performed to understand
the behavior of magnetic strips, typically have investigated arrays of strips [37,38]. This,
however, introduces difficulties in the interpretation of the data, as inter-strip coupling
may influence the results. Moreover, modes stemming significantly from the samples’
edge are broadened and thus very weak due to the different strips in the array having a
distribution of edge properties. The resonance field values of easy and hard directions are
found to be close to each other due to a rather small shape anisotropy (as revealed also
from the inset a of Figure 5 that shows an optical micrograph of the microantenna loop
that is encapsulating the strip, the latter having an aspect ratio of only 2.5). In the inset b of
Figure 5, FMR spectra are shown for the lower and upper limit of the frequency range of
microantenna (2-18GHz). As seen from FMR spectra, a Lorentzian line shape is obtained.
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Figure 4. Snapshots of the FMR modes found in the simulated FMR spectra shown in Figure 1b.
Blue/white/red colors represent the m, component.

In Figure 6, the obtained resonance fields are plotted for different microwave frequen-
cies for the Py strip (squares: easy axis, triangles: hard axis). Applying the well-known
resonance equations for an extended thin film as given by Equation (1) [31], the effective
magnetization M, and the g-factor can be determined as fit parameters.

2Ky 2Ky

Mo (e —ou) | (1)

here is v = g-up/h denotes the gyromagnetic ratio, ¢ is the in-plane angle of the
magnetization M;, and ¢ is the in-plane angle of the external magnetic field. Ky /Ms is
the uniaxial in-plane anisotropy, which is introduced to mimic the uniaxial symmetry of
the strip. The effective magnetization is defined as the difference between the saturation
magnetization and the perpendicular uniaxial anisotropy field: 47tMy = 4TMs — 2K; /M.
All in-plane angles ¢, ¢y, and ¢, are defined with respect to the long dimension of the
strip. For definitions of the resonance equation, we refer to ref [31]. In case of easy-axis
measurement (¢ = ¢, = 0), Equation (1) results in:
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Figure 5. FMR spectra taken at 9 GHz along the hard axis (open triangles) and easy axis (solid squares). (a) The inset shows

the optical microscopy image of the Py strip inside the microantenna loop. (b) FMR spectra measured at the lower and
upper limit of the frequency range of the u-FMR setup.
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Figure 6. Field dependences of the resonance frequency of the strip sample with field along the short
and long axis, respectively. The inset table shows the experimental (easy and hard axis) g-values
as well as the ones that result from fitting the simulated resonance fields to the above mentioned

equations.

In case of hard-axis measurements (¢ = ¢, 71/2), Equation (1) yields:
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As given in the inset table, the thin film equations yield anisotropic g-factors, while
the rigorous simulation taking into account the true mode pattern (see snapshot 2) in
Figure 4 to visualize the pattern of the quasi-uniform mode yields perfect fits for both
directions with an isotropic g-factor of 2.12. In contrast, the thin formulas assume all
spins to precess in-phase. The example shows that this incorrect scenario results in an
erroneous determination of magnetic parameters—here the g-factor. In fact, the g-factor is
isotropic, even in the small object, as is clearly revealed by the microantenna measurement
together with the micromagnetic simulations. For completeness, we add the values for the
effective field, which was found to be 938 mT. As result of the micromagnetic simulation, a
comparison of simulation and experimental resonance field values is given in Table 2. For
both axes, the resonance field values are in quite good agreement, only slight differences
about ImT between simulation and experimental values occur. Those might result from
the shape of the sample being not perfectly rectangular, thereby having impact on the
demagnetizing factors, which in fact modify the resonance equations.

Table 2. Comparison of the resonance field values from experiment and simulation of Py strip for both axis at selected

frequencies. Resonance field values are given in mT for both axis.

f(GHz) Bres-Simulation Bres-Experiment Bres-Simulation Bres-Experiment
(Easy-Axis)/mT (Easy-Axis)/mT (Hard-Axis)/mT (Hard-Axis)/mT
9 88.5 89.6 92.6 91.8
11 128.6 130.4 132.8 131.3
12 150.6 152.4 154.8 153.4
13 173.6 175.3 177.5 176.8
14 197.6 199.4 201.1 201.1
15 222.4 223.5 225.8 226.7
16 248.0 247.9 251.3 251.4
17 274.3 2729 277.5 277.6
18 301.1 303.1 304.2 304.4

4. Conclusions

Understanding dynamical properties of nanomagnets plays a crucial role for future
spin-based technologies. Our experimental results prove that microresonators are highly
sensitive to detecting not only the uniform precession, but also localized spin waves and
edge modes in nanometer-sized objects. Besides the microresonator approach, we intro-
duced a “broadband” microantenna design, which adds a variability of the microwave
excitation frequency. The method was tested via studying a Py strip sample. The planar
(coplanar) structure of the microresonators (microantenna) furthermore provides the ad-
vantage of easy access to the material under investigation e.g. in form of light beams. This
opens a route to study magnetic resonance in systems that exhibit plasmonic or photonic
properties, including the coupling of those fundamental excitations to the magnetic system
(e.g., magneto-plasmonics). Moreover, microresonators can be used to study the effects
of particle irradiation on the dynamic properties. Recently, the helium ion microscope
(HIM) generating a focused ion beam that allows for stepwise “cutting” a sample inside the
microresonator loop was used in connection. The process was successfully employed on
Fe-filled multi-wall carbon nanotubes (CNT) [19]. The microresonators may further be of
use to study magnetism in or of liquids, as they are compatible with liquid environments,
e.g., solutions magnetic nanoparticles [18]. In addition, since the magnetic excitation of the
resonator loop penetrates into the dielectric resonator substrate by several micrometers, em-
bedded magnetic structures within the dielectric material could be detected. The choice of
dielectric material is thereby very flexible, and indeed, prototype resonators based on GaAs
have been fabricated, and the method is likely extendable to a variety of other materials.

A disadvantage of the method is that no explicit time-domain measurements are
possible, since the external magnetic field is swept quasi-statically. The method thus is a
classical frequency domain one that currently in its version of the microantennas provides
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access to a frequency range of 2-18 GHz, with current efforts being made to achieve up to
35-40 GHz.

As summary, the method which we call “u-FMR”, provides unique insight into
the magnetic behavior of a variety of micro/nano-sized magnetic specimens and likely
provides a tool for pushing down the detection limit of magnetic resonance experiments to
in principle get access to single objects with dimensions below 50 nm.
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Abstract: Skyrmions are chiral swirling magnetization structures with nanoscale size. These structures
have attracted considerable attention due to their topological stability and promising applicability in
nanodevices, since they can be displaced with spin-polarized currents. However, for the compre-
hensive implementation of skyrmions in devices, it is imperative to also attain control over their
geometrical position. Here we show that, through thickness modulations introduced in the host
material, it is possible to constrain three-dimensional skyrmions to desired regions. We investigate
skyrmion structures in rectangular FeGe platelets with micromagnetic finite element simulations.
First, we establish a phase diagram of the minimum-energy magnetic state as a function of the
external magnetic field strength and the film thickness. Using this understanding, we generate
preferential sites for skyrmions in the material by introducing dot-like “pockets” of reduced film
thickness. We show that these pockets can serve as pinning centers for the skyrmions, thus making it
possible to obtain a geometric control of the skyrmion position. This control allows for stabilization of
skyrmions at positions and in configurations that they would otherwise not attain. Our findings may
have implications for technological applications in which skyrmions are used as units of information
that are displaced along racetrack-type shift register devices.

Keywords: skyrmions; micromagnetic simulations; geometric pinning; finite-element modelling

1. Introduction

Magnetic skyrmions, predicted by theory almost 30 years ago, have advanced to a
central topic of research [1-3] in nanoscale magnetism over the last decade following their
experimental observation [4,5]. Their particular topological properties [6], which impart
them high stability and particle-like behavior [7-9], combined with their room-temperature
availability [10,11], reduced dimensions [12], and their unique dynamic properties [13], ren-
der these magnetic structures promising candidates for future spintronic applications [14].
Skyrmions are formed in non-centrosymmetric magnetic materials exhibiting a sufficiently
strong Dzyaloshinsky-Moriya Interaction (DMI) [4,5,15], that is, an antisymmetric en-
ergy term that favors the arrangement of the magnetization in helical spin structures
with a specific handedness and spiral period. In extended thin films, in addition to the
DM]I, the formation and stability of skyrmions depends sensitively on various parameters,
such as the strength of an externally applied magnetic field, the film thickness, tempera-
ture, and the magnetic history of the sample. Phase diagrams have been reported in the
literature [10,16-18], displaying the parameter ranges within which skyrmions are stable
and where they may take different forms. Skyrmions may typically either develop individ-
ually or in the form of a hexagonal skyrmion lattice. While the occurrence of individual
skyrmions makes them attractive candidates for units of information that can be displaced
in a controlled way by spin-polarized electric currents, their spontaneous arrangement in
the form of a periodic lattice could be interesting for magnonic applications [19], where
these point-like magnetic structures could play the role of scattering centers of planar spin
waves. One drawback of possible applications of skyrmions is the difficulty of controlling
their position. For instance, if skyrmions are to be used as units of information in race-
track-type shift-register devices, it is not only necessary to be able to displace them in a
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controlled way, but also to make sure that they are shifted between well-defined positions
along the track. In domain-wall-based concepts for race-track memory devices [20], which
preceded the skyrmion-based variants, this control of the position was typically achieved
by inserting indentations (“notches”) into the strips [21,22]. It was shown that such notches
represent preferential sites for domain walls, making it possible to trap domain walls at
these specific positions, from which they could only be detached after overcoming a certain
depinning energy [23]. Although the possibility to capture skyrmions at specific sites has
been addressed in the case of ultrathin films, geometric control analogous to the pinning
of domain walls at notches does not yet seem to be firmly established for skyrmions. In a
recent study, Suess and coworkers reported that skyrmions could be pinned in a racetrack-
type geometry by introducing semicircular notches at the lateral boundaries [24]. However,
the authors also found that skyrmions have a tendency to lose their topological stability and
to dissolve when they interact with these notches. In two-dimensional systems, strategies
for the pinning of skyrmions include the insertion of point-like defects [25,26] or atomic-
scale vacancies [27]. Remarkably, randomly distributed point defects in ultrathin films
have also been reported to have little effect on the current-driven skyrmion dynamics [7].
Motivated to further the discussion on this topic by addressing the three-dimensional case
of “bulk” DMI, we use finite-element micromagnetic simulations to study the extent to
which geometric control of the skyrmion position in a thin-film element can be achieved by
introducing a patterning in the form of local variations of the film thickness. Compared
to holes or lateral notches, these geometric features have the advantage of preserving the
topological stability of skyrmions interacting with them. Our simulations show that, by
locally lowering the film thickness in sub-micron-sized, dot-shaped regions, skyrmions can
in fact be “captured” at these geometrically defined sites. We find that, by using geometrical
constrains of this type, skyrmions can be stabilized at positions that they would otherwise
not adopt. For instance, these geometric manipulations make it possible to generate regular,
square lattices of skyrmions which, apart from exceptional situations [28], are not observed
naturally in non-centrosymmetric ferromagnets. It is argued that this control of skyrmion
positions in magnetic thin films can open up new possibilities for skyrmionic devices, as
well as for concepts of magnonic metamaterials.

2. Results

Before addressing the question of how preferential sites for skyrmions can be gener-
ated through nanopatterning, we first investigate, as a preliminary study, the field- and
thickness dependence of skyrmionic structures forming in rectangular FeGe platelets.

2.1. Chiral Magnetization States in a Helimagnetic Rectangular Platelet

We consider rectangular thin-film elements with a lateral size of 180nm x 310 nm
and thicknesses ranging between 5nm and 75nm, and simulate the magnetic structures
forming in the presence of a perpendicular external magnetic field with a flux density
varying between 0mT and 900mT. The simulations yield a large variety of possible
magnetization states in this thickness and field range, which can be classified into six non-
trivial types, summarized in Figure 1. The three main types are the helical state shown in
panel (a), which is characterized by the presence of regular spin spirals extending over large
parts of the sample, the bimeron state (c), which can be interpreted either as a particular
type of skyrmion structure that is stretched along one axis or, alternatively, as a helical state
in which the extension of the helices is limited, and finally, the skyrmion lattice state (e),
which is characterized by a regular, hexagonal arrangement of skyrmions.

In addition to these three fundamental states, there are also hybrid states in which
two different types of structures coexist [29], such as the helical-bimeron state shown in
Figure 1b and the bimeron-skyrmion state shown in Figure 1d. These mixed states can
be considered as transitional configurations between one fundamental state and another,
which appear with changes in the external field value or in the film thickness.
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(d) Bimer-skyrmion state (e) Skyrmion state (f) Skyrmion-ChB state

Figure 1. Non-trivial magnetization states forming in a rectangular FeGe platelet (310nm x 180 nm) of varying thickness

(between 5nm and 60 nm) at different external field values. The color code describes the out-of-plane component 1, of the
normalized magnetization, and the isosurfaces indicate the regions where 1, is equal to zero. Structures of this type appear
at different film thicknesses as the external magnetic field is applied along the negative z direction and is varied between
0mT and 900 mT. The arrangement of these configurations in the image corresponds, roughly, to the order in which the

preferential configurations appear upon increasing the field strength.

At sufficiently large field values, the platelet can also sustain individual skyrmions
which are not arranged in the form of a lattice. Figure 2a shows an example of a magnetic
structure containing a single skyrmion, located at the center of a 60 nm thick platelet in
a 650mT field. At this film thickness, the single-skyrmion state does not represent the
minimum energy configuration. Nevertheless, the skyrmion is stable and possesses the
usual properties of topological protection. In particular, the skyrmion could be manipulated
and displaced, such as by means of spin-polarized electrical currents, as is done in racetrack-
type devices. We will show later that it is possible to influence the position of such freely
moving skyrmions by introducing geometric variations in the platelet, and thereby generate
effective pinning sites for skyrmions. In order to obtain more information on the size and
the profile of the skyrmion, we display the magnetization components along a line scan
through the center, as shown in Figure 2b. The graphs show that the skyrmion is of Bloch
type, with vanishing radial magnetization component along the central line. The diameter
of the skyrmion core, defined as the distance between two diametrically opposed zero-
crossings of the z-component of the magnetization, is almost exactly 30 nm. We found that
the skyrmion diameter does not display noticeable variations if the film thickness changes,
such as from 60 nm to 30 nm.

At elevated field values and larger film thicknesses, a quasi-homogeneous state is
formed (not shown), where the magnetization is largely aligned along the external field
direction. At fields below saturation, chiral bobber (ChB) [30,31] structures are also ob-
served. These complex configurations of the magnetization can be considered as variants
of skyrmions which do not traverse the entire thickness of the sample. Instead, they have
a skyrmion-like structure only on one surface, which evolves into a quasi-saturated config-
uration on the opposite surface on a path along the film thickness. The apex of the ChB
contains a Bloch point at which the magnetic structure changes in a discontinuous way. ChB
structures have interesting micromagnetic properties, and have recently been discussed
as magnetic structures that could be attractive in the context of spintronic devices [31],
but they are not of primary interest for our study. We display an example of a ChB structure
only for completeness in the upper right of Figure 1f, where it coexists alongside four
ordinary skyrmions. The magnetic structures shown in Figure 1 were obtained by starting
from a random initial configuration and by a subsequent energy minimization. For more
details, see Section 4.
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Figure 2. (a) A single magnetic skyrmion in a 60 nm thick platelet, stabilized by a 650 mT field, can form as a metastable
state. The skyrmion is located precisely at the center of the thin-film element. The cylindrical shape in the middle is the
m; = 0 isosurface, which represents the core region of the skyrmion. (b) The normalized magnetization components along a

central cutline—oriented parallel to the y direction and shown as a grey line in panel (a)—display the profile of the skyrmion.

From the distance between two consecutive zero values of m,, we obtain the skyrmion core diameter to be 30 nm. The Bloch
character of the skyrmion is evidenced by the antisymmetric shape of the x (azimuthal) component and the vanishing y
(radial) component of the magnetization.

2.2. Phase Diagram of the Magnetization States

The various magnetic states described in the previous section are possible equilibrium
configurations of the magnetization forming in the FeGe platelets at different values of the
external field and the film thickness. It is important to note that these magnetic structures
are not uniquely determined by the film thickness and the field strength. Because of
this, in order to avoid possible misunderstandings, we did not specify the values of the
thickness and the field strength at which the states shown in Figure 1 occur. In fact, several
metastable states that can be significantly different from each other are often possible
under identical conditions, depending only on the magnetic history of the sample or, in a
numerical experiment, on the initial conditions of the simulation. While it is generally not
possible to identify a unique magnetization state that develops in the thin-film element,
micromagnetic simulations can be used to determine the type of magnetic structure that has
the lowest energy. The results of these calculations are summarized in the phase diagram
shown in Figure 3a.

Although the magnetic structure at a specific thickness and field value is generally not
unique, the phase diagram helps identifying the most preferable structure as far as the total
energy is concerned. While at lower field values (below about 400 mT) the phase diagram
is rather complex, evidencing a multitude of possible magnetic structures showing neither
any clearly dominating state nor a significant thickness dependence, the situation becomes
simpler at larger field strengths (above about 600 mT). Two main states emerge in these
ranges of larger field values—the skyrmion configuration and the quasi-saturated states.
Moreover, these states are separated by a clearly defined boundary in the phase diagram,
showing a distinct impact of the film thickness. Specifically, if a field of 650 mT is applied,
the formation of skyrmion structures will be energetically favorable if the film thickness is
below 50 nm, while a quasi-saturated state will be the lowest-energy configuration at larger
thickness values, as shown in Figure 3b. This observation represents the fundamental of
the concept of geometrically constrained skyrmions that we present in this study. The idea
is the following. If the film thickness is locally modulated within a small dot-shaped region
such that, at a given field, the skyrmion structure is favorable in that thinner part while
in the rest of the sample, the thickness is large enough to favor a quasi-homogeneous
state, these thickness modulations can be designed to capture skyrmions. As we will show,
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this patterning makes it possible to generate pinning sites for skyrmions and, to some
extent, to achieve a geometric control of the skyrmion position within the thin-film element.

~200,000- —e— Saturation
—&— Skyrmion
-201,000-
Saturation g -202,000-
ChB-Sky 2z
@ -203,000-
oS
Y- > .
- Bimeron g -204,000
. Bimeron c
Heli 2 .205,000-
elical- T
Bimeron | 5
Weica | -206,000-
-207,000-
30 35 40 45 50 55 60
Film thickness (nm)
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Thickness [nm]

Figure 3. (a) Phase diagram displaying the lowest-energy magnetic configuration in the FeGe platelet as a function of
the film thickness and the external field strength. At high fields and large film thickness, the quasi-saturated state is the
ground state. By lowering the film thickness, the formation of skyrmion structures tends to become energetically favorable.
(b) Energy density as a function of the film thickness in the case of the skyrmion state (blue line) and the quasi-saturated
state (red line) in an external field of 650 mT.

2.3. Geometrically Constrained Skyrmions

We now consider magnetic structures forming in an FeGe platelet of 60 nm thickness
containing dot-like cylindrical cavities within which the thickness is locally reduced to
30nm. The phase diagram displayed in Figure 3 suggests that, at external field values of
about 650mT, the insertion of these cavities results in a geometry with specific regions
favoring the stability of skyrmion structures in a thin-film element which would otherwise
favor a quasi-homogeneous magnetic configuration. This can lead to the formation, or
the trapping, of skyrmions that are geometrically constrained to the regions in which the
pockets have been introduced. Figure 4 shows such a geometrically constrained skyrmion
in a 60nm thick platelet. The skyrmion remains confined to the small region in which
the thickness is reduced by 50 % through two cylindrical pockets with a depth of 15nm
and radius of r = 20 nm, inserted symmetrically on both the top and bottom surfaces. In
order to accommodate a single skyrmion, the pocket radius is chosen to be slightly larger
than the radius of the skyrmion core (15nm), obtained by a line-scan of the magnetization
components of an isolated skyrmion, as shown in Figure 2.

The geometrically constrained skyrmion, shown in Figure 4, is stabilized by the geom-
etry for two reasons. Firstly, as discussed before, in this field range the skyrmion state is
generally favored because of the reduced film thickness. Secondly, the vortex-like magnetic
configuration forming on the interior cylinder surfaces of the cavity helps in pinning the
position of the skyrmion to the center of the pocket. This cylindrical flux-closure structure
thereby provides boundary conditions, albeit not in a mathematical sense, which constrain
the skyrmion to this dot-like geometry. By forming such a cylindrical vortex structure,
the magnetization finds a nearly optimal way to adapt to competing micromagnetic in-
teractions. It thereby satisfies both the tendency of the DMI to introduce chiral, swirling
patterns, as well as the tendency imposed by the magnetostatic interaction to form flux-
closure structures with the magnetization aligned along the surfaces. The simulations show
that a symmetric insertion of these pockets on both the top and bottom surfaces is necessary
to obtain the desired stability and localization of skyrmions. If the thickness variation is
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introduced only on one of the surfaces, the pinning of skyrmions appears to be much less
effective. This result suggests that the previously mentioned swirling of the magnetization
at the interior of the cylindrical pockets contributes significantly to the stabilization of
the skyrmion position, and that sufficiently strong pinning can only be achieved if these
swirling boundary conditions are imposed on both sides of the film.

Figure 4. (a) A skyrmion is formed at the base of the cylindrical pocket. At the inner cylinder surface of the cavities,

the magnetization circulates on closed loops, thereby facilitating the formation of the skyrmion in the center. The semitrans-
parent representation of the surfaces shows the formation of the skyrmion in both pockets, on the top and bottom surfaces.
The magnetic structure is displayed by arrows on the sample surfaces. Some of the arrows have been removed in order to

improve the visibility of the structure. (b) View on the simulated skyrmion structure from inside the film. The skyrmion

core connects the bases of the cylindrical pockets in the positive z direction, while the surrounding volume is magnetized in
the negative z direction. The core of the skyrmion is delimited by a cylindrical isosurface m, = 0, shown here as a weak,
transparent contrast in order to preserve the view on the central magnetic structure. Only a small subset of the calculated
local magnetization vectors is displayed.

If geometric modifications of the sample surface, as described above, can stabilize a
skyrmion, the question arises whether this effect can be used to place skyrmions at specific
positions where they might be generated or removed in a controlled way through external
manipulation. This could be of interest, such as for device concepts in which skyrmions are
utilized as binary units of information, in a context similar to that of dot-patterned magnetic
media for high-density data storage [32]. In this case, the skyrmion pockets would take the
role of the magnetic nanodots in bit-patterned media. While it is beyond the scope of this
study to discuss the technical feasibility of such storage media or to explore the ability to
write and delete individual skyrmion patterns into the pockets, we can show that, indeed,
it is possible to stabilize skyrmions in various geometrically predefined locations that could
be addressed individually.

Figure 5a—e shows several examples of simulations in which the position of skyrmions
in a thin-film element can be predetermined by introducing several pockets of the type
discussed before. As shown in Figure 5e, our simulations predict the possibility to stabilize
six skyrmions at well-defined positions, placed on a regular grid, in our sub-micron FeGe
platelet. Although the results shown in Figure 5 may suggest a nearly optimal geometric
control of the skyrmion positions, it is important to note that the pockets discussed here
merely provide preferential sites for skyrmions. The latter may or may not form or remain
pinned at those sites. In particular, it is not sufficient to thin-out a part of the sample
to ensure the appearance of geometrically constrained skyrmions. The purpose of such
pockets could rather be to capture existing skyrmions and to fix them at well-defined
positions, similar to the domain-wall pinning role that is played by notches in conventional
racetrack-memory devices [20,33]. It should also be noted that the geometric trapping of
skyrmions with such pockets does not always work, in particular when the pockets are
too closely packed. As a rule of thumb, the material must observe a characteristic minimal
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distance between the skyrmions that is given by the material-dependent, long-range helical
period Ip, which in the case of FeGe, is about 70 nm (see Section 4).

b) c)

mz
1.

| B
-0

. -1.

Figure 5. Geometrically constrained skyrmions in FeGe platelets. By introducing circular pockets at specific positions,
skyrmions can be artificially stabilized at positions that they would otherwise not attain. Panels (a—e) show examples in
which each pocket contains a skyrmion. The geometric control, however, is not unlimited. Attempts to pack skyrmions too

closely or to place them too close to the sample boundary can fail. This is shown in panel (f), where skyrmions are stabilized
only in the three central pockets, while the two outermost pockets remain empty.

If two skyrmions are constrained in adjacent pockets, the magnetization rotates
smoothly by 360° along a line connecting the cores of these skyrmions. Such a contin-
uous rotation of the magnetization direction involves the formation of a spin spiral that
must be compatible with the properties of the material. In particular, two skyrmions
cannot be constrained geometrically at distances that would be too small to accommodate
spin spirals with a periodicity that is much smaller than Ip. We emphasize that, in this
context, Ip only serves as an estimate for the minimal distance between skyrmions, and
that inter-skyrmion distances may be larger than Ip, in particular in the case of stronger
external fields [34]. Beyond the simple analytic estimate of the minimal skyrmion spacing
based on Ip, detailed studies have established inter-skyrmion repulsion as a general ef-
fect [35-37], which ensures that a minimum distance between neighboring skyrmions is
preserved. As an example of a dense array of constrained skyrmions approaching this limit,
the nearest-neighbor spacing in the array (measured as the distance between the centers of
the pockets) of constrained skyrmions shown in Figure 5a is 90 nm. This spacing is compat-
ible with the analytically estimated minimum distance of 70nm given by the material’s
helical long-range period, Ip. In this geometry, adding more pockets would reduce the min-
imal distance below this value, and thereby destabilize the pinning effect. We also found
that skyrmions cannot be stabilized at positions too close to the lateral sample boundaries.
This observation is consistent with the skyrmion-edge repulsion effect [8,35,37-39], which
leads to an increase in energy as a skyrmion approaches the edges of a thin-film element.
An example of such a failed attempt to stabilize skyrmions close to the lateral boundaries
is shown in Figure 5f. In spite of these limitations, the ability to geometrically constrain
skyrmions provides an attractive way to obtain control over the skyrmion position in
thin-film elements, which could have important technological implications.

3. Discussion

By means of micromagnetic finite-element simulations, we have presented a possibility
to control the position of magnetic skyrmions at predefined positions within a thin-film
element by introducing cylindrical nano-pockets graved into the surface. Our concept for
geometrically constraining skyrmions via such dot-like thickness variations is, in many
ways, analogous to the idea of geometrically constrained domain walls [40] in cylindrical
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nanowires, or to studies in which indentations have been introduced in rectangular strips
in order to capture head-to-head domain walls in racetrack-type memory devices [22].
In those cases, too, the desired effect of the geometric constraint is to define preferential
sites for specific micromagnetic structures, such that the magnetic structures constrained at
those artificial pinning sites require a certain activation energy in order to detach from them.
The pockets described in this work could effectively play this role in the case of skyrmions
driven along magnetic strips by means of spin-polarized electrical currents. Such geometric
control of their position would allow for shifting skyrmions between well-defined points
on the track. With the perspective of a possible implementation of this concept in skyrmion-
based racetrack devices, future research could address the precise pinning strength that
would result from those pockets and the current density that would be required to depin
skyrmions captured in such pockets. If the skyrmion pinning effect resulting from pockets,
as described in this study, should turn out to be too strong for application purposes, the
pinning potential could be reduced in a gradual and straightforward way by modifying
the geometric parameters of the pockets. For instance, a weaker pinning effect could be
achieved by reducing the depth of the pockets, or by smoothing the edges of the cylinder,
such as to yield rounded or cone-shaped pockets.

While racetrack-type skyrmion devices are probably the most straightforward ap-
plication in which our idea to capture skyrmions at geometrically defined sites could be
implemented, the concept of constrained skyrmions could also be useful for other purposes.
As mentioned before, the trapping of skyrmions at dot-like sites could serve as a principle
for skyrmion-based data storage devices, without necessarily involving any displacement
or depinning processes. If skyrmions can be selectively generated and dissolved at such
preferential sites, such as by means of the field of a magnetized nano-tip or through a
localized spin-polarized current traversing the film thickness, the geometrically constrained
skyrmions could represent units of information that could be written and erased. Per-
haps such skyrmionic dot material could even be stacked in three dimensions for ultra
high-density storage purposes. To address such possibilities, future research directions
could explore ways to reversibly insert skyrmions in these geometrically defined regions.
Another potentially interesting use of our concept concerns magnonic applications [19,41].
Since skyrmions can act as point-like scattering centers for spin waves, the ability to arrange
them at regular lattice sites, as described in this study, could open up new perspectives,
as this could result in a new type of magnonic metamaterial in the form of artificial magnon
Bragg lattices consisting of skyrmions. Such artificial structures could be tailored to yield
specific scattering and interference properties for spin waves that could not be obtained
otherwise.

4. Materials and Methods

The material modelled in this study is FeGe. Due to its well-known helimagnetic
properties, this B20-type, non-centrosymmetric material serves as a prototype for materials
hosting chiral magnetic structures that develop due to the “bulk” DMI effect, as opposed
to certain systems of ultra-thin magnetic films and substrates that can generate an “interfa-
cial” DMI [1]. The micromagnetic parameters of FeGe are [18,42] A = 8.78 x 10712 m—1,
Ms =384kAm~!, and D = 158 x 1073Jm~2, where A is the ferromagnetic exchange
constant, My the saturation magnetization, and D the DMI constant. We neglect any
magnetocrystalline anisotropy of the material, setting the uniaxial anisotropy to zero,
Ky = 0Jm~3. A characteristic length scale of this material is the long-range helical period
l; =4mA/|D| ~ 70nm [43]. This length scale describes the typical period length of mag-
netic spirals forming as a result of the competing interactions of the ferromagnetic exchange
on one hand, and the DMI on the other. The ordering temperature of FeGe is 278.7 K [43].
Therefore, skyrmion devices based on this material are not expected to be operational at
room temperature. Chiral structures in FeGe have been observed experimentally, such as
at 100K [37], but recent studies have evidenced that in this material system, skyrmions can
be stable also near room-temperature [10,44]. These developments suggest that, although
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thermal stability is a topic of central importance in skyrmion research [3], temperature
limits do not represent a significant obstacle in the case of FeGe.

With the material parameters defined above, the total energy Ei of the system is
given by the sum of the Zeeman term, the ferromagnetic exchange, the DMI interaction,
and the magnetostatic energy:

Eiot = / (yoHext-M—&-Av Y (Vm)*+ Dm - (V x m) — ";M.Vu> av )
v i=x,y,z

Here, V is the sample volume, Hey; is the externally applied magnetic field,
o = 47 x 1077Vs A~ m~1 is the vacuum permeability, m = M/ M; is the reduced (nor-
malized) magnetization, and u is the magnetostatic scalar potential. The magnetostatic
(demagnetizing) field Hy = —Vu is the gradient field of the magnetostatic potential.
We calculate the magnetostatic potential 1, which accounts for the long-range dipolar inter-
action, by using the hybrid finite-element method /boundary element method (FEM/BEM)
introduced by Fredkin and Koehler [45,46]. The dense matrix occurring in the boundary
integral part of this formalism is represented using H2-type hierarchical matrices [47].
This data-sparse representation effectively overcomes size limitations arising from the
boundary element method, as it yields a linear scaling of the computational resources
required for the calculation of the magnetostatic term, which would otherwise grow
quadratically with the number of degrees of freedom on the surface.

For each energy term, an effective field He is defined as the variational derivative of
the corresponding partial energy E,

_ SE[M(r,1)]

Hef(r, ) = 10OM ()
Specifically, the effective field of the ferromagnetic exchange is

(xc) A
H rt) = Am, 3
S = 0

and the effective field of the DMI is

(DMI) _ 2D
H ) = — V x m). 4
eff ( ) 1o Ms ( ) “)

Together with the magnetostatic field and the external (Zeeman) field, these effective
fields enter the Landau-Lifshitz-Gilbert (LLG) equation [48], which describes the evolution
of the magnetization field M(r, t) in time,

G = < H) + 5 (M G, ®
where 1 is the gyromagnetic ratio and « is a phenomenological, dimensionless damping
constant. We use the LLG equation to calculate equilibrium structures M (r) of the magne-
tization, by integrating in time until convergence is reached. In the numerical simulations,
convergence is achieved when either the total energy ceases to change over a long period,
or when the torque (magnitude of the right hand side of the LLG equation) drops below
a user-defined threshold. The skyrmions stabilized in the pockets, as shown in Figure 5,
result from a relaxation process starting from an out-of-plane saturated state of the film.
As is common practice in micromagnetic simulations, we consider thermal effects only
implicitly via the material parameters. Hence, temperature does not enter directly as a
parameter in the simulations.

The geometry of the samples is designed with FreeCAD [49] and the discretization
into linear tetrahedral elements is performed with Netgen [50]. The visualization of the
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FEM data was done with ParaView [51]. The finite-element cell size does not exceed 2.5nm,
which is well below the exchange length lex = \/2A/pgMZ? ~ 9.7 nm, in order to avoid
discretization errors. The finite element meshes in this study contain typically about one
million finite elements. The micromagnetic simulations are done with our proprietary
GPU-accelerated finite-element software [47].

The discretized representation of the vector field of the magnetization is given by a
value of M; defined at each node (vertex) i of the finite-element mesh. The magnetostatic
field, as well as the effective fields of the ferromagnetic exchange and the DMI, are cal-
culated within each tetrahedral element. The element-based data of these fields are then
mapped onto the nodes of the mesh, in order to calculate the effective field acting on the
magnetization, and thus to calculate the evolution of the magnetization in time at each
node according to the LLG equation. More details on the calculation of the converged
magnetization states are given in Appendix A.
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Abbreviations

The following abbreviations are used in this manuscript:

DMI  Dzyaloshinksii-Moryia interaction
LLG Landau-Lifshitz-Gilbert equation
FEM  Finite Element Method

BEM  Boundary Element Method

GPU  Graphical Processing Unit

3D three-dimensional

ChB  chiral bobber

Appendix A. Energy Minimization

Because in this particular study we are not interested in the dynamic evolution of
the magnetization but only in static, converged magnetic structures, the integration of the
LLG equation in the code fulfils the practical role of guiding the system along a path of
energy-minimization in an iterative way. Since the dynamics of the magnetization during
the transition from the initial to the converged state is irrelevant for this work, we are
free to choose a conveniently large damping parameter &« = 0.5 in order to accelerate
the energy minimization. Furthermore, we remove the precession term by setting v = 0
in Equation (5), thereby effectively using a a direct energy minimization scheme instead
of following the path of the magnetization dynamics described by the LLG equation.
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The numerical integration is done with a Dormand-Prince algorithm [52], and the effective
field values are refreshed several times during each time step. The choice of a large value of
the damping allows us to use time steps of up to 1 ps, which is about ten times larger than
the step size that we would usually employ in dynamic simulations with low damping.
With these parameters, and owing to the GPU acceleration of our code, it takes only a
short time (between several minutes and a few hours) to simulate the magnetic structures
discussed in this work. To calculate the skyrmion states, we either start from a random
configuration or saturate the magnetization along the positive z direction and subsequently
let the system relax in the presence of an external magnetic field aligned along the negative
z direction. The z axis is oriented parallel to the surface normal, as shown in Figure 1.
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Abstract: The synthesis and characterization of a new line of magnetic hybrid nanostructured
materials composed of spinel-type iron oxide to iron carbide nanoparticles grown on nanodiamond
nanotemplates is reported in this study. The realization of these nanohybrid structures is achieved
through thermal processing under vacuum at different annealing temperatures of a chemical precursor,
in which very fine maghemite (y-Fe,O3) nanoparticles seeds were developed on the surface of the
nanodiamond nanotemplates. It is seen that low annealing temperatures induce the growth of the
maghemite nanoparticle seeds to fine dispersed spinel-type non-stoichiometric ~5 nm magnetite
(Fes_xO4) nanoparticles, while intermediate annealing temperatures lead to the formation of single
phase ~10 nm cementite (Fe3C) iron carbide nanoparticles. Higher annealing temperatures produce a
mixture of larger Fe3C and Fe;C; iron carbides, triggering simultaneously the growth of large-sized
carbon nanotubes partially filled with these carbides. The magnetic features of the synthesized
hybrid nanomaterials reveal the properties of their bearing magnetic phases, which span from
superparamagnetic to soft and hard ferromagnetic and reflect the intrinsic magnetic properties of the
containing phases, as well as their size and interconnection, dictated by the morphology and nature
of the nanodiamond nanotemplates. These nanohybrids are proposed as potential candidates for
important technological applications in nano-biomedicine and catalysis, while their synthetic route
could be further tuned for development of new magnetic nanohybrid materials.

Keywords: magnetic nanohybrid materials; nanodiamonds; nanoparticles; iron carbides; Fe3C;
spinel-type iron oxide; Mossbauer spectroscopy

1. Introduction

Iron carbides (ICs) are among the oldest synthetic materials that are known to, and produced by,
humans, arising historically even before the discovery of pure iron [1,2]. They are well known for their
prominent structural and mechanical properties and have been used as adjuvant agents in concretes
and metal alloys [3]. The presence of the most known member of the family of ICs, cementite (6-Fe3C),
in pearlitic steels, is the main parameter for the development of the exceptional mechanical properties
(high strength and ductility) these technologically and economically important materials possess
relative to soft iron [3-9]. ICs have also been known to possess important catalytic properties, used as
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relative agents in the Fisher-Tropsch synthetic fuel production process [10-12] and carbon nanotube
(CNT) synthesis [13-15].

Nowadays, novel interest has been raised again over the ICs in the form of nanostructures, due to
their accessional magnetic properties [16]. In particular, ICs’ ferromagnetic properties demonstrating
high T¢ and saturation magnetization (Ms) [2], adjoined to their chemical corrosion resistance and
inertness and combining the fact that their main elemental content, iron, is rather sustainable and
relatively nontoxic, have launched new efforts for development and investigation of these materials in
the nanoscale [1,17]. ICs present better chemical and thermal stability over metallic iron, as well as
higher Mg than some types of iron oxides (IOs) [18,19], which can also be used in magnetic applications.
Recently, more types of magnetic nanoparticles (NPs) than the traditional metallic alloys have been
recruited technologically on a prospect to facilitate or even to make a breakthrough in many scientific
fields like data storage, ferrofluids and biomedicine. IC NPs could indeed be suitable for a diversity of
applications, from biomedicine [20,21], to electronics [22,23] and the design of novel catalysts exploiting
the magnetically induced heating effect [24-26].

ICs thermodynamically stable and metastable phases can exist in many Fe:C stoichiometries,
forming several compounds which can be classified in octahedral, tetrahedral and trigonal prismatic
structures according to the sites occupied by the carbon atoms [16,27-30]. In general, due to the
large number of available Fe:C stoichiometries, their corresponding phase interconnection and ease of
formation, the practical synthesis of pure IC samples of certain defined composition usually suffers from
the presence of other related IC phase impurities, especially when the quest is focused in the preparation
of nanostructured materials, which is essential for most contemporary applications [26,31]. In the frame
of this scope, several strategies have been applied following physical and chemical routes to realize
pure ICs either as stand-alone NPs or in some supported medium [1,17,32,33]. Carbon-type supports
of IC NPs could be favorable over other types of supports because of the ease of reducibility of iron on
carbon relative to other elements or compounds. Therefore, the use of carbon-type materials that will
carry other materials as the supporting template, either in nanoscale or in bulk sizes, would induce high
scientific and technological interest and potential for future dynamic applications. Moreover, the nature
and physical and chemical characteristics of the NPs’ support medium can be used to develop factors
that will determine, through their interaction, the NPs” morphology and interconnection, affecting
thus their overall properties [34,35].

On the other hand, it is widely known that diamonds are used in a variety of technological
applications due to their unique structural, morphological, mechanical, electrical and thermal
properties [36]. Moreover, in recent years great interest has been emerged for diamonds in the
nanoscale, the nanodiamonds (NDs), due to their excellent biocompatibility and their ability to form
clustered aggregations developing tight nanotemplates, which can operate as support matrices for the
further development of other nanomaterials [37-42].

Following the trend of our group’s recent development of hybrid L1, FePt NPs/NDs
nanostructures [43], we report here the synthesis, characterization and study of the morphological,
structural and magnetic properties of a new line of hybrid nanostructured system, that combines a set
of different types of magnetic NPs and nanostructures, from IOs to ICs NPs and carbon nanotubes
(CNTs), developed on NDs nanotemplates (IO-IC NPs/NDs). In our current study we have taken
the path of producing a chemical precursor (CP) via wet chemical methods, which was subsequently
thermally treated (annealed) under controlled conditions in a range of temperatures. The samples
were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), magnetization
measurements and %’ Fe Mossbauer spectroscopy. The results reveal that the annealing temperature
determines to a large extend the type and nature of the nanophases produced on the surface of
the NDs nanotemplates nanohybrids (NHDs). Relatively low annealing temperatures favor the
production of IOs, high annealing temperatures the production of a mixture of different IC phases
and large CNTs, while for intermediate annealing temperatures, high quality single phase FezC
NPs/NDs NHDs with uniform size distribution and nice dispersion of the cementite NPs over the NDs
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nanotemplates assemblies are produced. This NHDs system presents magnetic properties that hold
potential for proposed applications as agents for contrast enhancement in magnetic resonance imaging
(MRI) [44,45] and/or magnetic particle imaging (MPI) [46,47], as well as for magnetic hyperthermia [48]
and magnetically induced heating heterogeneous catalysis [24,49].

2. Experimental

2.1. Materials Synthesis

The hybrid nanostructured materials were synthesized by a two stage procedure: in the first
stage, a CP was produced following the wet chemistry impregnation method [50,51], in which the NDs
nanotemplates were functionalized with the appropriate IO NPs development seeds. In particular,
300 mg Fe(NO3)3-9H,0 (99.999%, Aldrich 529303) were diluted in 3 mL of deionized water and the
solution was mixed with 540 mg of NDs powder (98%, Aldrich 636428). The mixture was blended
and homogenized well in the form of a moist paste on an agate mortar and left to dry at 100 °C for
24 h. After dehydration and re-homogenization into fine powder, the material was calcined at 400 °C
for 1 h in order to release the nitrates and produce ferric IO NPs seeds on the surfaces of the NDs
nanotemplates (Figure 1).

agfieolis nanodiamonds (NDs) b|€"dil”91 drying &
calcination

FC(NO3)3'9H20 solution

superparamagnetic [O—
& ferrimagnetic 600 °C SN
Fe3_XO4 NPs/NDs

annealing in evacuated

ferromagnetic 799 °C quartz ampoules ¢
FesC NPs/NDs chemical precursor:
. superparamagnetic  spinel-
ferromagnetic type iron oxide (maghemite)
FesC NPs/NDs & nanoparticle  (NP)  seeds

carbon nanotubes impregnated on nanodiamond

ferromagnetic 1050 °C ig| nano-template matrices

FesC & FesC, NPs/NDs development of
& carbon nanotubes NPs/NDs nanohybrids

Figure 1. Schematic representation of the synthesis stages followed and the resulting nanohybrid
samples produced in this work.

The initial Fe(NOj3)3-9H,O/NDs mass ratio was calculated to produce the CP containing a
nominal average 10 wt% ferric IO loading relative to the NDs nanotemplates, with the oxide chemical
formula composition estimated as Fe;O3. In the second stage, the CP was sealed in quartz ampoules
under vacuum (1072 Torr) and annealed at annealing temperatures of 1050 °C (NHDs-1050), 900 °C
(NHDs-900), 750 °C (NHDs-750) and 600 °C (NHDs-600) for 4 h. Depending on the magnitude of the
annealing temperature, a range of different nanophases were developed on the surfaces of the NDs
nanotemplates (Figure 1).
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2.2. Materials Characterization

XRD of the powder CP and NHD samples were collected on a Bruker Advance D8 diffractometer
using a Cu K radiation in order to examine the structural properties of the phases present in them
and their average particle sizes. The samples’ particle morphology, size and stoichiometry were
investigated by TEM using a JEOL JEM2010 microscope operated at 200 kV with a point-to-point
resolution of 1.9 A and element-mapping capability by means of high-angle annular dark field (HAADF)
microscopy. Before TEM measurements, the samples were dispersed in ethanol, and the suspension
was treated in ultrasound for 10 min. A drop of very dilute suspension was placed on a carbon
coated grid and allowed to dry by evaporation at ambient temperature. A superconducting quantum
interference device (SQUID) magnetometer (Quantum Design MPMS XL-7) was used to investigate the
magnetic properties of the samples by means of magnetization (M) and mass magnetic susceptibility
(xg) measurements. M versus (vs) external applied magnetic field (H) hysteresis loops were collected
at temperatures of 5 and 300 K in fields up to 50 kOe. The zero-field-cooled (ZFC) and field-cooled (FC)
Xg Vvs. temperature curves were recorded on warming the samples in the temperature range from 5 to
300 K under H = 1000 Oe, after cooling them in zero magnetic field and on cooling, immediately after
the warming procedure under the above magnetic field, respectively. > Fe Mossbauer spectra (MS) of
the CP and the synthesized NHDs were collected in transmission geometry at 300, 77 and 11 K using
constant-acceleration spectrometers, equipped with % Co(Rh) sources kept at room temperature (RT),
in combination with a liquid N bath (Oxford Instruments Variox 760) and a gas He closed loop (ARS
DMX-20) Mossbauer cryostats. Velocity calibration of the spectrometers was carried out using metallic
a-Fe at 300 K and all isomer shift (IS) values are given relative to this standard. The experimentally
recorded MS were fitted and analyzed using the IMSG code [52].

3. Results and Discussion

3.1. XRD

The XRD patterns of the CP and the annealed NHD samples are shown in Figure 2.

Two broad diffraction peaks characteristic of the cubic NDs structure at 43.9 (111) and 75.3 (220)
degrees 20 dominate the XRD diagram of the CP sample, where two additional very broad peak
regions spanning from around 30 to 40 and 55 to 65 degrees 26 are compatible with contributions from
the respective angular positions of the main diffraction peaks of a spinel-type y-Fe,O3 (maghemite) IO
structure at 30 (220), 35 (311), 57 (511) and 63 (440) degrees 26 [53]. The very broad diffraction peaks of
this phase, overcoming the angular widths of single peaks by being expanded in widths including
several single peaks (e.g., ~25-40 degrees 20), constitute identifying evidence of its extremely small
NPs sizes and low crystallinity in the CP.

It is evident from Figure 2b that annealing the CP at 1050 °C has immediate effect on the formation
of crystalline phases. In particular, apart from the presence of the characteristic NDs diffraction peaks,
a major contribution from the (002) planes of a graphitic-type structure is evident by a very strong
peak at 25.6 degrees 26. The exact nature and morphology of this phase cannot be resolved from the
XRD results alone, and further analysis with TEM will reveal its features (vide infra). A combination
of several diffraction peaks characteristic of the orthorhombic Fe;C structure dominate the part of
this XRD diagram between 35 and 90 degrees 20, while a careful inspection of the area between
40 and 50 degrees 20 reveals the presence of the major diffraction peaks of the monoclinic FesC,
structure. The XRD diagram of the NHDs-900 sample in Figure 2c is quite similar to that of the
NHDs-1050 sample; however, the intensity of the diffraction peak of the graphitic-type planes is
reduced and contributions of the diffraction peaks of the monoclinic Fe5C; structure are absent. In the
XRD diagram of the NHDs-750 sample in Figure 2d, the diffraction peak of the graphitic-type planes is
completely absent, while there is also no evidence of the presence of diffraction peaks for the Fe5C,
phase. The characteristic diffraction peaks of the NDs and the Fe3C phase are the only contributions to
this diagram, in which a further broadening of the diffraction peaks of this IC phase is clearly shown,
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indicating a further reduction in its average particle size, relative to the sharper peaks appearing at the
XRD diagrams of the higher annealing temperatures samples. Figure 2e reveals an XRD diagram of the
NHDs-600 sample exempt from the appearance of any graphitic-type or ICs contributions, while the
presence of the NDs diffraction peaks is accompanied only by the occurrence of the characteristic
diffraction peaks of a spinel-type magnetite/maghemite (Fe3O4/y-Fe,O3) structure.

4 Nanodiamonds ¢ ! FegC
® CNTs + F65C2
* Ff>3-><04/v-F'320§k #7-FeyO3

Intensity (a.u.)

20 30 40 50 60 70 80 90
20 (Degrees)

Figure 2. XRD patterns of the CP (a) and the NHDs samples resulting by annealing the CP at different
temperatures indicated (in °C): 1050 (b), 900 (c), 750 (d) and 600 (e). The presence of the different
crystalline phases in the samples is denoted by the relative symbols on their diffraction peaks.

The XRD diagrams of all samples present relative broad diffraction peaks, which constitute the
striking feature of the nanostructured nature of the phases appearing in them. An estimation of
the average NPs crystalline domain size <D> for each phase, in the cases where this is resolvable
and possible to be derived from the width of the diffraction peaks using the Scherrer formula [54],
was attempted, and the results are listed in Table 1.
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Table 1. Average NPs crystalline domain size <D> values, in nm, of the crystalline phases detected in
the XRD diagrams of the samples as resulting using the Scherrer formula. The figures in parentheses
denote the uncertainty attributed to the relevant last digit.

Sample NDs Fe3C Fe5C, Spinel-Type Iron Oxide C-Graphitic
cp 4 (1) - - non-resolvable -
NHD-1050 7 (1) 20 (1) 16 (1) - 11(1)
NHD-900 5(1) 16 (1) - - 8(1)
NHD-750 5(1) 12 (1) - - -
NHD-600 4(1) - - 9(1) -

As evident from these values, the average size of the NDs NPs is essentially unaffected by
the heat treatments up to 900 °C and only a slight increase is observed at the highest annealing
temperature in this work. This is important and reflects the thermal, chemical and structural stability
of the chosen nanotemplate base within a wide range of applied annealing temperatures. However,
the annealing temperature seems to play an important role for the NPs size in the case of Fe3C, as the
<D> value for this phase scales with the annealing temperature value, exhibiting a positive slope
of about 2.7 nm/100 °C. The estimated <D> values for the graphitic-type phases in NHD-1050 and
NHD-900 samples is based on the Scherrer model, assuming a mosaic of rectangular or round-type
NPs [54]. As the true nature of the morphology of this phase will be revealed by following TEM
measurements, this result from XRD analysis is thus only indicative, and might reveal only one part of
the nanostructural nature of the relative phases.

3.2. TEM

The morphology, arrangement and interconnection of the nanophases present in the samples are
revealed by TEM measurements. Representative characteristic images of the CP and the NHD samples
are displayed in Figure 3. Additional images revealing similar features of the samples can be found in
the Supplementary Material (SM) (Figures S1-S5).

Figure 3a—c reveal a system of closed packed ND NPs forming roughly round, as well as
irregular shape nanotemplates dispersed in a range of sizes from ~50 to ~300 nm. It is not so easy to
distinguish between the CP’s IO (maghemite) NPs from the dominant presence of the ND NPs in these
nanotemplates, due to the quite small sizes of the former kind and their low crystallinity, as evidenced
by the XRD measurements. However, Figure 3b,c reveal several NPs with rather darker contrast in
comparison to their adjacent NPs, resulting from the higher, compared to the NDs, density of the
oxide phase, which might include also more than one oxide NPs clustered in groups, as the XRD
results suggest. All ND NPs seem to be uniform in size, at about 4-5 nm, in perfect agreement with the
XRD measurements.

Figure 3d shows that the morphology of the NHD-1050 sample combines the presence of large
CNTs and assemblies of NDs nanotemplates. The CNTs diameter and length reaches from tens to a few
hundred nm and from a few to several um, respectively. In addition, some of the CNTs have partially
filled ends or interiors with denser elongated sections of ICs phases, while smaller IC NPs seem to
be caught within their walls, most probably during their growth procedure. This is an indication
that the formation of the ICs phases triggers catalytically the growth of these large CNTs, due to the
increased annealing temperature [55]. By taking closer looks to the regions at and around the NDs
nanotemplates, we can disclose assemblies of dense IC NPs regions of several tens of nm encapsulated
in CNTs in Figure 3e, as well as some quite smaller (of the order of few nm) IC NPs dispersed
on the surface of the nanotemplates in Figure 3f. These results agree well with the XRD findings,
where sharp and intense CNTs and ICs peaks are detected, suggesting relatively high crystallinity
and sizes of the corresponding phases. The morphologies of the nanophases in the NHD-900 sample
depicted in Figure 3g-i seem to be quite similar to those of the NHD-1050 sample (see also SM Figures
S4 and S5). However, relative decreased number of CNTs and increased abundance of small IC
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NPs in the ND nanotemplates are observed, combined with regions of larger CNTs-encapsulated
IC particles of increased sizes that reach several tens of nm, confirming the XRD results. The TEM
images of the NHD-750 sample shown in Figure 3j-1 reveal a system of homogeneously dispersed
ND nanotemplates of quite smaller sizes compared to those found in the samples synthesized at
higher annealing temperature. Another striking difference of this sample compared to the formers is
the complete absence of CNTs. The ND nanotemplates in Figure 3k,1 contain what, according also
to the XRD results, appear to be small Fe3C NPs, of the order of 5-10 nm, which are also quite
homogeneously dispersed on the surface of the nanotemplates with no agglomeration tendency.
In addition, these nanotemplates appear also to be relieved from the presence of neighboring large
CNTs-encapsulated ICs NPs. The overall morphology of the nanotemplates in Figure 3m-o for sample
NHD-600 seem to resemble that of sample NHD-750, with wide size dispersion and no presence of
CNTs. The nanotemplates are surface-decorated with evenly dispersed NPs of greater density than the
NDs and sizes ranging between 5 and 10 nm, which, as the XRD diagram of this sample has indicated,
adopt the spinel-type IO structure.

Figure 3. TEM images of the CP (a—c), NHD-1050 (d—f), NHD-900 (g-i), NHD-750 (j-1) and NHD-600
(m-o) samples at different magnifications.
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From the TEM images displayed in Figure 3 and the preceding description, it is evident that
NHD-750 is the sample with the highest homogeneity and purity of containing phases. In order to
shed more light in the morphology of the nanotemplates, verify the presence and investigate the
dispersion of the IC phase in this sample, additional HAADF microscopy images of parts of this
sample were collected and specific elemental mapping was performed on them. A characteristic
example of these analyses is shown in Figure 4, while additional images can be found in SM (Figure S6).
Some HAADF microscopy images of the NHD-900 sample are also demonstrated there (Figures S7-59)
for comparison.

90 nm

Figure 4. HAADF microscopy image from a certain nanotemplate cluster of the NHD-750 sample
(a) with specific elemental mapping of C (b); Fe (c) and Fe & C (d).

The presence of Fe in this Figure reveals that the Fe3C phase is related to the NPs situated on the
points of the highest contrast, corresponding to the NPs with higher density (darker NPs in the normal
contrast images in Figure 3 or lighter NPs in the reverse contrast image in Figure 4). These NPs are also
evenly and homogeneously disseminated on the surface of the nanotemplate, as indeed the regular
TEM images of Figure 3 already indicated. In the case of the C atoms, it is difficult to distinguish
their presence on the Fe3C NPs from the total assembly of C atoms in the NDs, which constitute the
background in this nanotemplate. Nonetheless, C atoms of the NDs make a fine spreading and enclose
in all cases the Fe atoms. This remark validates further the hybrid nature of the sample.

An important outcome of the characterization of all NHD samples with TEM is that no areas of
isolated unsupported stand-alone IC or IO NPs assemblies separated from the NDs nanotemplates are
detected, without taking into consideration the larger particles encapsulated in CNTs for the cases of
the higher annealing temperature samples. This confirms the high quality of the hybrid nature of the
NDs nanotemplates in all samples and especially the NHD-750 and NHD-600 samples.

3.3. Magnetization and Magnetic Susceptibility

The magnetic properties of the CP and the NHD samples are, to a large extent, exposed through
the behavior of their M vs. H under constant temperature (T), as well as their x¢ vs. T under constant
H measurements, which are exhibited for all samples in Figures 5 and 6, respectively. The isothermal
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M vs. H loops were collected at RT (300 K) and 5 K, while the x, vs. T scans were performed in ZFC
and FC modes under H = 1000 Oe.
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Figure 5. Isothermal M vs. H loops of the CP (a); NHD-600 (b); NHD-750 (c); NHD-900 (d) and
NHD-1050 (e) samples collected at RT (red squares) and 5 K (blue circles). The insets show the detailed
features of the loops around H = 0.

Starting the description from the CP sample, the M vs. H loop at RT in Figure 5a shows
linear paramagnetic-like behavior, while a ferromagnetic/ferrimagnetic sigmoidal-type curve with
non-saturated M values and non-vanishing and asymmetric coercive fields (Hcs) is developed at
5 K. The maximum M values at 50 kOe (Mmax), along with all other characteristics of the loops for
all samples, are listed in Table 2. The corresponding x, vs. T ZFC curve begins with a maximum
at 5 K and continues with a local maximum at ~25 K, followed by a monotonic decrease for higher
T values, while the FC curve exhibits a monotonic increase throughout the whole T range with
an asymptotic behavior at low T. The bifurcation of the two curves occurs at the irreversibility
temperature of T, ~60 K. The previously described characteristics are indicative of an assembly
of ferromagnetic/ferrimagnetic-type NPs that are completely superparamagnetic (SPM) at RT and
partially magnetically blocked at low T [56]. The existence of two x, maxima at blocking temperatures
of Tg ~5 K and Tg ~25 K for the ZFC curve, along with the Tj.,-Tp difference of about 35 K, indicate a
dispersion of NP sizes, which however, due to the low Tg values, seem to be quite small in magnitude,
while the asymmetry in Hc at 5 K denotes the presence of exchange-bias interactions between different
types of magnetic ordered phases, that might result, e.g., due to possible variations in stoichiometry
or/and a core-shell NPs structure [56]. Due to their extremely small sizes, the smaller NPs could take a
more drastic shift in their spinel-type ferric oxide (maghemite) stoichiometry, mainly affecting their
surface atomic layers, as well as a reduction in their crystallinity towards a more amorphous structure.
These structural characteristics, accompanied by the magnetic interactions between interconnected
NPs, could justify their observed magnetic properties that resemble spin-glass-like behavior at low
temperatures [57-60], and explain the asymmetry found in the coercivity values of the hysteresis loop
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of this sample at 5 K. Moreover, the asymptotic behavior of the FC curve at low T reveals that these
NPs are magnetically non- or very weakly-interacting, reflecting their spatial isolation on the surface
of the corresponding NDs nanotemplates [51,61,62].
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Figure 6. ), vs. T measurements of the CP (a); NHD-600 (b); NHD-750 (c); NHD-900 (d) and NHD-1050
(e) samples collected under H = 1000 Oe following ZFC (red squares) and FC (blue circles) modes.

Table 2. Isothermal hysteresis loops magnetic characteristics of the samples.

Mmax+ Mmax— MR+ Mg_ He+ Hc-

1 T (K
Sample ) (emu/g) (emu/g) (emu/g) (emu/g) (kOe) (kOe)
o 300 0.23 ~022 0.00 0.00 0.00 0.00
5 2.46 —240 0.10 ~0.06 0.54 ~0.99
300 391 391 0.00 0.00 0.00 0.00
NHD-600 5 647 ~6.48 1.88 ~151 0.28 ~032
300 1041 1039 215 ~1.63 0.09 ~0.12
NHD-750 5 14.82 ~14.86 543 ~5.20 1.78 ~185
300 1011 ~10.12 333 ~2.90 0.53 046
NHD-900 5 14.65 ~14.64 6.68 ~6.50 255 253
300 9.84 ~9.84 0.51 ~035 0.14 ~0.16
NHD-1050 5 12.27 ~1230 226 225 0.80 ~0.80

A Tp of ~100K and a Tj;; of ~190 K are observed from the x, vs. T ZFC and FC curves of the
NHD-600 sample. The higher Tg and Tj;-Tg = 90 K difference values, compared to the CP sample
case, indicate a system of ferromagnetic/ferrimagnetic-type NPs with relatively larger average sizes
and wider size dispersion compared to those in the CP. Indeed, the increased NP size of the NHD-600
sample affords clear ferromagnetic characteristics in the M vs. H loops; however, the non-vanishing
dM/dH slope at high fields and the increased Hc values at 5 K relative to those observed at 300 K,
declare the presence of a part of the NP assembly that retains SPM characteristics. On the other side,

80



Magnetochemistry 2020, 6, 73

the corresponding x, values in the FC curve is almost linearly related to the decrease in T, and do
not follow an asymptotic behavior at low temperatures, which suggests that magnetic interparticle
interactions, most probably of dipolar or exchange nature [61,63,64], must be present, a result that
should be expected from the respective size growth of the corresponding IO NPs in the CP.

Ferromagnetic characteristics are observed also in the M vs. H loops of the NHD-750 sample;
however, there is a slight tendency for lack of saturation in the of M values at high fields. Further,
the inset in Figure 5c reveals that the variation of M around H = 0 is not smooth but rather complex,
and seems to be composed of two contributions: one with magnetically harder characteristics that
lends non-vanishing Hc values to the loops and one with magnetically softer characteristics that are
responsible for the sadden drop of the M values at H = 0. The x, values of the ZFC curve for this
sample show a continuous increase with increasing T with no local extrema up to 300 K, while the
FC curve is also continuous and smoother over a quite narrower x, values range. These results are
indicative of a system of ferromagnetic NPs with combined hard and soft magnetic characteristics
that could result from size dispersion or/and magnetic interparticle interactions strength variation.
Moreover, the behavior of the system seems to be dominated from the larger in size or/and strongly
magnetically interacting NPs, which are magnetically blocked even at RT. On the other hand, the smaller
in size or/and weakly magnetically interacting NPs reveal their presence through their softer magnetic
characteristics and their non-saturation M values tendency. Thus, as Fe3C NPs with both multi-domain
or single-domain characteristics can exist simultaneously in the sample, they can contribute different
properties to the magnetic measurements, i.e., both strong (multi-domain) and soft (single-domain)
ferromagnetic features, decisively influencing the magnetic characteristics of the system [43,56,65].

For the NHD-900 sample, very similar characteristics to the x, vs. T curves of the NHD-750 sample
are observed, while its M vs. H loops are more saturated at high H and quite smooth around H =0,
with clear symmetric hystereses that reach Hc values of the order of ~0.5 kOe at 300 K and 2.5 kOe at
5 K (see Table 2 and inset of Figure 5d). These results show that here, the system of ferromagnetic NPs
seems to acquire on average larger sizes or/and experience stronger magnetic interparticle interactions.
The NPs size and morphology in this sample involving the presence of larger elongated cementite NPs
entering the interior or filling the ends of the CNTs and/or caught on their walls, should indeed induce
an effect on the increased H¢ values. Similar behavior of high Hc values has been found for elongated
cementite NPs encapsulated by CNTs [66,67], where also the NPs size dispersion has been proposed to
be a crucial factor for the appearance of this characteristic.

The M vs. H loops of the NHD-1050 sample are completely saturated at high H and symmetric
around H = 0, showing hystereses with reduced H¢ values relative to those found for the NHD-900
sample (see Table 2). The x, values of the ZFC curve increase up to ~30 K and stay almost constant in a
wide T range up to ~150 K, before dropping further smoothly up to 300 K, while for the FC branch x,
increases almost linearly with the decrease in T. These characteristics reflect a system of ferromagnetic
NPs with wide size dispersion and possible compositional variations, in which, however, the larger in
size NPs are shaping the system’s magnetic behavior.

3.4. 5 Fe Massbauer Spectroscopy

The iron-containing phases present in the samples, their crystal structure, particle size and
morphology, as well as their magnetic properties are further investigated by means of the
atomic-level-probing technique of % Fe Mossbauer spectroscopy. " Fe MS of the studied samples
recorded at RT (300 K) and 77 K appear in Figure 7. Some corresponding MS collected at lower
temperature (11 K) are shown in SM (Figures S10 and S11).
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Figure 7. % Fe Mossbauer spectra of the CP (a); NHD-600 (b); NHD-750 (c); NHD-900 (d) and NHD-1050
(e) samples collected at 300 and 77 K.

The 300 K spectrum of the CP sample in Figure 7a exhibits only a central quadrupole split
contribution, while development of partial magnetic splitting appears at the spectrum of this sample at
77 Kin the form of broad magnetically split contributions, in addition to the main quadrupole split
contribution that still dominates this spectrum. In order to fit these MS adequately, we used a single
quadrupole split doublet with Lorentzian line-shapes for the RT spectrum and a combination of a
quadrupole split doublet and two magnetically split components, for which a Gaussian-type spreading
of their hyperfine magnetic field (By¢) values (ABys) [52] was allowed to model their broadening.
The resulting Mdssbauer parameters values for the RT spectra of all samples are listed in Table 3, while,
for the lower temperature MS, the corresponding parameters are listed in SM (Tables S2 and S3). The IS,
quadrupole splitting (QS), quadrupole shift (2¢) and B¢ values of all components of the CP sample
correspond to Fe?* ions in magnetically ordered y-Fe,O3 NPs, which, due to their reduced size and
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influence of thermal agitation to their magnetization, undergo fast SPM relaxation, confirming the
XRD, TEM and magnetization measurements [43,51,68-70].

Table 3. Mossbauer hyperfine parameters resulting from the best fits of the corresponding spectra of the
samples recorded at 300 K. IS is the isomer shift (given relative to o-Fe at 300 K), I'/2 is the half line-width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, By is the central value of the hyperfine
magnetic field, ABy¢ is the spreading of By, and AA is the relative spectral absorption area of each
component used to fit the spectra. Typical errors are + 0.02 mm/s for IS, I'/2, 2e and QS, + 3 kOe for B¢
and + 5% for AA. * denotes the cases where asymmetric ABy¢ spreading was allowed for lower/higher
values relative to Bps. Component colors (CL): B = black, BU = blue, C = cyan, DC = dark cyan,
DY = dark yellow, G = gray, GR = green, LM = light magenta, M = magenta, O = orange, OL = olive,
R =red, V = violet.

Component 1S I/2 QS or 2¢ B¢ ABy¢ AA

Sample Assignment (mm/s)  (mm/s)  (mm/s) (kOe) k0o )

cp SPM y-Fe, O3 0.35 0.24 0.90 0 0 100 B
Fe3. Oy (Fe®™) 0.25 0.15 —0.02 495 11/0 * 7 G

Fes Oy (Fe25%) 0.68 0.15 0.05 447 5/0 * 5 v

NHD-600 SPM y-Fe, 05 0.36 0.18 0.89 0 0 36 0

MCOL
0.37 0.12 0.02 102 38 17 R
v-Fe;03/Fes3 Oy

MRES Fe3, Oy 0.41 0.15 0.00 489 78/0 * 35 LM
Fe;C (1) 0.19 0.14 0.01 209 3/0 * 36 DY
Fe;C (2) 0.21 0.14 0.05 212 0 20 GR
NHD-750 MCOL Fe3C 0.20 0.14 0.03 110 45 17 oL
) MRES Fe;C 0.20 0.14 0.03 202 12/0 22 DC

SPM metallic Fe -0.02 0.15 0.38 0 0 2 M

SPM Fe3* (10) 0.32 0.16 0.58 0 0 3 0
FesC (1) 0.19 0.14 0.01 209 3/0 % 39 DY
FesC (2) 0.21 0.14 0.05 212 0 21 GR
NHD-900 MCOL Fe;C 0.20 0.14 0.07 119 53 19 OL
- MRES Fe3C 0.20 0.14 0.07 198 9/0* 16 DC

SPM metallic Fe —0.02 0.15 0.42 0 0 2 M

SPM Fe3* (10) 0.32 0.16 0.63 0 0 3 0
Fe3C (1) 0.19 0.14 0.01 209 3/0 % 27 DY
Fe3C (2) 0.21 0.14 0.05 214 0 15 GR
MCOL Fe3C 0.20 0.14 0.02 91 47 13 oL

FesC, (1) 0.14 0.14 0.09 220 12 14 \Y%
NHD-1050 FesCs (2) 0.15 0.14 0.07 181 9 14  BU
FesC5 (3) 0.10 0.14 0.12 103 5 9 C

SPM IC 0.07 0.15 0.31 0 0 1 M

MCOL Fe3* (10) 0.36 0.14 0.01 273 93 7 e}

The characteristic SPM relaxation time, T, depends on the structural, morphological and magnetic
characteristics of these NPs, through the magnetic anisotropy constant K, the size (or volume
V) of the NPs, the presence and the strength of magnetic inter-particle interactions and the
temperature [43,56,64,71,72]. Thanks to their very small size and good dispersion on the surfaces
of the NDs nanotemplates, the IO NPs of the CP are relatively isolated, with loose inter-attachment or
inter-connection to each other and experience no, or weak, inter-particle magnetic interactions, so they
are not magnetically blocked at 300 K. For all these NPs represented by the SPM doublet at RT, the
SPM relaxation is very fast, meaning that under these conditions (increased T), T falls far below the
characteristic > Fe Mossbauer spectroscopy measuring time Tyvs-exp (T < TMs-exp), Which is of the order
of TvS-exp ~1078 s [73,74]. As a consequence, for these IO NPs the By values at RT average to zero
(they collapse completely).
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By lowering the temperature to 77 K, the appearance of a minority, in absorption area (AA),
set of broad magnetically split contributions indicates that a small part of the assembly of these IO
NPs develops non-zero By values. The existence of two different magnetically split components,
one that acquires magnetically collapsing (MCOL) By characteristics (Figure 7a 77 K wine color, SM
Table S1 MCOL y-Fe;O3 component) and another that presents broad lines but magnetically resolved
(MRES) characteristics (Figure 7a 77 K light gray color, SM Table S1 MRES y-Fe,O3 component),
suggests that the assembly of these IO NPs in the CP sample can be described by the different aspects
of the SPM relaxation. These aspects refer to the size of the NPs and their interactions through their
inter-connection, which both influence t as T is reduced from 300 to 77 K.

The assembly of the IO NPs of the CP can be viewed to be composed of three groups:
The IO NPs, which are larger in size or/and better inter-connected to each other (or assembled
together), have increased V or/and are experiencing stronger inter-particle magnetic interactions,
acquire T > Tyjs.exp at 77 K and are represented by the MRES Fe?* component. The IO NPs, which are
intermediate in size or/and less inter-connected, have relatively decreased V or/and are experiencing
weaker inter-particle magnetic interactions, acquire T ~Tyis.exp at 77 K and are represented by the
MCOL Fe* component. However, still at 77 K the majority of the IO NPs are completely SPM as they
acquire T < Tyjs.exp and are represented by the SPM doublet (Figure 7a 77 K orange color, SM Table S1
SPM y-Fe;O3 component). This further confirms the picture drawn from all characterization methods
used here for the CP, that presents an assembly of very small maghemite NPs relatively isolated on
the surfaces of the NDs nanotemplates, which shows fast SPM relaxation at RT, but which is partially
getting slower at lower temperatures.

The MS of the NHD-600 sample presents a combination of quadrupole and magnetically split
contributions both at RT and 77 K, with the magnetically split part increasing its AA as the temperature
decreases. For the RT spectrum, we used a set of one quadrupole and four magnetically split components
and their resulting Mossbauer parameters are listed in Table 3. The doublet presents very similar
parameters to the corresponding doublet of the CP, while there are two well resolved magnetically split
components, one of which presents Fe>* and the other Fe?5* valence state characteristics, which lie
quite close to those of the corresponding ions of magnetite (Fe3O4) [75]. However, the ratio of their
relative AA values, AA(Fe**)/AA(Fe?5*) = 1.41s quite different from the nominal 0.5 expected for Fe304,
indicating that the corresponding stoichiometry is shifted to non-stoichiometric Fez_,O4 (0 < x < 0.33).
For the other two magnetically split components, one presents broad and asymmetric lines, high By
value, increased IS relative to that of the SPM doublet and closer to the average of the Fe** and Fe?%*
components, and the other broad and symmetric lines, low By value and similar IS relative to that
of the SPM doublet. Combining these results with the XRD, TEM and magnetization measurements
and analyses, it is evident that this sample contains an assembly of spinel-type IO NPs dispersed
on the surfaces of the NDs nanotemplates. The stoichiometry of these spinel-type IO NPs varies,
most probably according to their sizes. The larger NPs have Fe;,Oy stoichiometries (intermediate
between maghemite x = 0.33 and magnetite x = 0), while the smaller NPs are of the maghemite
type. A similar set of components is used to fit the 77 K spectrum of this sample, with the magnetic
components increasing their AAs in total relative to those at RT at the expense of the AA of the SPM
doublet. However, the presence of the Fe>>* component is not detected directly at 77 K, due to its
low contribution, as evidenced from the RT spectrum, which is additionally screened by the major
contribution of the broad asymmetric magnetically resolved component (see also SM).

The spectra of the NHD-750 sample appearing in Figure 7c show a clear dominant six-line pattern
contribution with relative narrow resonant lines, in superposition to a central broad magnetically split
part. This central broad part is more intense at RT and less at 77 K. In addition, an asymmetry (referring
to the shape difference between the lower and higher absolute velocity sides) of the resonant lines for
the clear magnetically resolved part is observed at RT, which is, however, reduced substantially at 77 K.
In order to describe these characteristics, we used a set of six components to fit the RT spectrum. Four
of them (colored with green tints) describe the cementite Fe;C phase, one minor component (colored
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magenta) acquires IS value corresponding to SPM metallic iron, and one quadrupole split component
(colored orange) to an SPM IO phase of Fe?* character. Of the four components describing the Fe;C
phase, two of them have Mossbauer parameters values that are quite close to those of the bulk Fe;C
phase [16,27]. The other two acquire IS and 2¢ values that fall on the average of the two “bulk-like”
components, while their By values are reduced compared to the “bulk-like” components, slightly for
one of them, which retains clear magnetically resolved characteristics (MRES Fe3C), and substantially
for the other, which receives By collapsing characteristics (MCOL Fe3C). These featuress reveal a system
of Fe3C NPs that experience different types of SPM relaxation effects, similar to the case of the NHD-600
sample: the larger in size and more inter-connected Fe3C NPs acquire “bulk-like” characteristics with
slow SPM relaxation, while the smaller and more isolated ones experience faster SPM relaxation at
RT. However, in the case of the Fe3C phase there is no complete collapse of the By value, which is
attributed both to the larger size of the NPs and to the increased K value of Fe3C compared to those of
the spinel-type IO NPs of the NHD-600 sample [67,76]. The thermal development of the shape of the
MS from RT to 77 and 11 K is the expected one for an assembly of NPs which undergo SPM relaxation
phenomena: the MRES component is absent at low temperatures, being merged with the “bulk-like”
components, while the AA values of the MCOL component are constant at about 20%. This means that
a fraction of the Fe3C NPs is still under the influence of SPM relaxation at temperatures as low as 11 K.

Taking into account the nature of the other two remaining minor components which were used
to fit the MS of this sample and the fact that there are no additional diffraction peaks detected at the
corresponding XRD diagram apart from those of the Fe3C and NDs phases, it is revealed that these
components are related to iron-containing phases with SPM characteristics and very small particle
sizes. The SPM component with the IS corresponding to a metallic iron phase, acquires zero By values
at all temperatures, but non-zero QS values as well. According to our fitting model, this component
is attributed to a very small amount of metallic iron, which forms very fine NPs, most probably
below ~5 nm. In such small sizes, these fine iron NPs have been found to lose their crystallinity and
adopt amorphous structure characteristics, which is reflected as shifts in their hyperfine Méssbauer
parameters values [77,78]. Moreover, the most probable presence of C atoms that might have diffused
in the structure of these NPs could heighten further these shifts. The SPM 10 doublet with the Fe3*
characteristics at the RT spectrum develops magnetic splitting with broad resonant lines at lower
temperatures. This phase could be related to a minority of IO NPs developed during the annealing
procedure, or to surface oxide layers related to the metallic iron NPs. The contributions of these two
components sum up to AA levels of the order of ~5%.

Very similar MS to the NHD-750 sample are found also for the NHD-900 sample, which are shown
in Figure 7d. The evolution of these spectra with respect to the decrease in temperature is also very
similar to that found for the NHD-750 sample. Consequently, we have applied a fitting model which
includes the same set of components that we used to fit the MS of the NHD-750 sample in order to fit
the MS of the NHD-900 sample, and the resulting Méssbauer parameters for the later sample are almost
identical to those resulting for the former (see Table 3 and SM Tables S2 and S3). The main difference
between the two cases appears for the AA values of the “bulk-like” and MCOL Fe3C components at
low temperatures. The AA values of the MCOL Fe3C component are reduced for the NHD-900 sample
relative to the NHD-750 sample and the gain from this reduction for the NHD-900 sample is directed
towards its “bulk-like” components, suggesting an increase in the relative population for the larger in
size Fe3C NPs of the corresponding assembly. These results come in perfect agreement with the XRD,
TEM and SQUID measurements of both samples.

The MS of the NHD-1050 sample synthesized at the highest annealing temperature, appearing in
Figure 7e, resemble those of the samples annealed at 900 and 750 °C, but an additional contribution at
the inner (lower absolute velocity sides) parts of the magnetically split pattern persists both at 300
and 77 K. Combining this feature with the evidence for the presence of the Fe5C, phase confirmed by
XRD, led us to include a sub-set of three additional components (colored with blue tints) to the fitting
model we used to fit the MS of the NHD-750 and NHD-900 samples, in order to fit the MS of this
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sample. These components correspond to the FesC; IC phase. The resulting Mossbauer parameters for
these components are very close to those reported for the bulk Fe;C, phase in the literature [27,79,80].
The presence of a central magnetically collapsing component is related to the Fe3C NPs assembly,
as evidenced by its Mossbauer parameters values. Another broad magnetically split contribution
of Fe** character and collapsing By, characteristics is attributed to an IO phase with SPM features.
A Bps-collapsed SPM component with small AA is also included in the fitting model, as in the cases
of the NHD-750 and NHD-900 samples. However, here the IS of this component is shifted to values
characteristic of the IC phases rather than metallic iron. Again, these results come in perfect agreement
with the XRD, TEM and SQUID measurements for this sample.

4. Discussion

Summarizing the experimental data from all characterization methods used to study the NHD
samples presented here, we can describe the evolution of the development of the different phases,
as well as their properties in these NHDs, as a function of the syntheses conditions.

The CP itself constitutes a hybrid nanomaterial, composed of very fine y-Fe,O3 NPs dispersed
evenly on the surfaces of the ND nanotemplates, providing it with SPM characteristics. The effect of
annealing these pristine NHDs under vacuum at relatively low temperatures (600 °C) is to increase
the particle size of the maghemite NPs, and simultaneously, to partially reduce some of the Fe3*
ions to Fe?*. Wherever this valence reduction occurs, it alters the local environment of the iron ions,
shifting the spinel-type structure and composition from maghemite (y-Fe,O3 = Feg;304 = Fe; 4704)
towards non-stoichiometric magnetite (Fe3_4Oy, 0 < x < 0.33), as the heating under vacuum conditions
represents a soft-reduction agent. The resulting material acquires ferrimagnetic characteristics due to
the development of the spinel-type ferrimagnetic IO phases.

Increasing the annealing temperature to 750 °C triggers the involvement of a harder reduction
agent present in the pristine NHDs to the synthesis mechanism of the final product. This agent is no
other than the C atoms of the surface layers of the NDs nanotemplates assemblies, which are also
known to exist partially in the form of graphitic-type coatings [38,81,82]. These C atoms not only
provide the conditions for the full reduction of the CP’s Fe?* ions to Fe¥ character, but are able to enter
the structure of the resulting NPs in the material, forming thus the cementite Fe;C phase. It seems
that the synthesis procedure of the Fe3C phase under these conditions is almost complete, as the
majority of the y-Fe;O3 NPs of the CP are transformed to cementite, following the original pattern
established by their presence as ancestors in the CP. However, a very small minority of them remains
as y-Fe;O3 NPs, or as surface layers of a small part in the sample comprised of metallic iron NPs
which were reduced from the y-Fe;O3 NPs without adopting the C atoms in their structure, or at least
not to the level of forming the complete carbide phase. Due to the presence of the Fe;C phase, the
resulting NHD material acquires ferromagnetic features, combining hard and soft magnetic phases
which are attributed to the dispersion of size of the individual cementite NPs, as well as the different
interconnection characteristics of their assemblies.

By altering further the annealing temperature to 900 °C, the effect of the annealing conditions,
apart from the formation of the cementite NPs phase in the resulting NHDs, is to lead some part
of the C atoms of the CP to become involved in the growth of large-sized CNTs. The presence of
the cementite phase itself at this annealing temperature plays the most important role in this CNTs
growth procedure: it acts as the catalyst that is activated due to the increased temperature of 900 °C,
compared to the lower annealing temperature of 750 °C where the production of CNTs could not be
triggered [83]. The Fe3C NPs acquire, as expected, on average larger sizes than those developed at the
lower annealing temperature of 750 °C. On the other hand, the cementite phase that is involved in the
CNTs growth seems to enter partially their interior, forming larger elongated sections covering their
ends, or being caught as smaller NPs within their walls. The increased sizes, as well as the elongated
schemes of these Fe3C NPs, provide hard ferromagnetic characteristics to the resulting NHD material,
with H¢ values reaching ~2.5 kOe at 5 K.
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Impelling the CP system to more elevated annealing temperatures of the 1050 °C level,
stimulates further the size increase in the Fe3C NPs, the production of the additional IC FesC,
phase, as well as the further growth of CNTs, both in concentration and in size. The IC phases are
not only involved in the growth of CNTs, but are frequently included as moieties in their interiors
or are encapsulated by them. Simultaneously, some IC NPs retain the dispersion form provided
by their y-Fe;O3 NPs ancestors in the CP and remain at the surfaces of the NDs nanotemplates.
The magnetic properties of the resulting NHD material is influenced by the wider dispersion of
NPs sizes, morphology and stoichiometry, but is governed by the larger IC NPs that provide hard
ferromagnetic characteristics, albeit with reduced Hc values relative to the sample annealed at 900 °C,
most probably due to the multi-domain character of the NPs induced by their size growth.

5. Conclusions

In the present work, a versatile synthesis technique of magnetic nanostructured hybrid materials
focused on iron carbides is deployed. A chemical precursor composed of fine maghemite nanoparticles
dispersed on the surfaces of nanodiamond nanotemplates was used as the starting material. We have
proven that by treating the chemical precursor in evacuated quartz ampules under different annealing
conditions we can control and tailor the production of a variety of different nanostructured phases
present in the nanohybrids, from spinel-type iron oxides, to iron carbides of Fe;C and FesC,
stoichiometries, as well as large-size carbon nanotubes. The magnetic properties of the resulting
hybrid nanomaterials reflect the characteristics of their bearing magnetic phases, which span from
superparamagnetic to soft and hard ferromagnetic. It is demonstrated that a hybrid nanomaterial
composed of single phase ~10 nm Fe3C nanoparticles dispersed evenly on the surface of nanodiamond
nanotemplates can be produced, which could be suitable for important technological applications in
the fields of nano-biomedicine and catalysis.

Further development and adjustment of the present proposed synthetic route provides a
good prospect for the development of a new category of magnetic nanohybrid materials based
on nanodiamonds.
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sample. Figure S6. HAADF image from a certain nanotemplate cluster of the NHD-750 sample with specific
elemental mapping. Figure S7. HAADF image from a certain nanotemplate cluster of the NHD-900 sample with
specific elemental mapping. Figure S8. HAADF image from a certain portion of the NHD-900 sample including
NDs nanotemplates and CNTs with specific elemental mapping. Figure S9. HAADF image from a certain portion
of the NHD-900 sample including NDs nanotemplates and CNTs with specific elemental mapping. Figure S10.
Massbauer spectrum of the NHD-750 sample recorded at 11K. Figure S11. Mossbauer spectrum of the NHD-900
sample recorded at 11 K. Table S1. Mossbauer Parameters as resulting from the best fits of the MS of all samples
recorded at 77 K. Table S2. Mossbauer Parameters as resulting from the best fits of the MS of the NHD-750 and
NHD-900 samples recorded at 11 K.
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Abbreviations/Acronyms

2e quadrupole shift

Bre hyperfine magnetic field

CNT(s) carbon nanotube (s)

CP chemical precursor

FC field-cooled

H applied magnetic field

HAADF high-angle annular dark field
Hc(s) coercive field (s)

1C(s) iron carbide (s)

10(s) iron oxide (s)

s isomer shift

K magnetic anisotropy constant

M magnetization

MCOL magnetically collapsing

Mmax maximum M value at 50 kOe
MPI magnetic particle imaging

Mg remnant magnetization

MRES magnetically resolved

MRI magnetic resonance imaging

Mg saturation magnetization

MS Maossbauer spectra

ND(s) Nanodiamond (s)

NP(s) nanoparticle(s)

Qs quadrupole splitting

RT room temperature

SM Supplementary Material

SPM superparamagnetic

SQUID superconducting quantum interference device
T temperature

TEM transmission electron microscopy
v volume

Vs versus

XRD X-ray diffraction

ZFC zero-field-cooled

ABy¢ spreading of hyperfine magnetic field
TMS-exp characteristic %/ Fe Mossbauer spectroscopy measuring time
T relaxation time

Xg mass magnetic susceptibility
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