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The Dzyaloshinskii-Moriya interaction in magnetic multilayers (invited)

Hans T. Nembach1,2

1. Quantum Electromagnetics Division, National Institute of Standards and Technology, Boulder, CO 
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2. JILA, University of Colorado Boulder, Boulder, CO 80309, USA

The Dzyaloshinskii-Moriya interaction (DMI) is of large interest. It can give rise to chiral spin-
chains, chiral domain walls and skyrmions. Interfacial DMI can be described by a three-site
exchange mechanism, where the coupling between two spins in the ferromagnet is mediated
by an atom in the material with large spin-orbit coupling. The DMI causes a non-reciprocal
frequency-shift for Damon-Eshbach spin-waves. The sign of the frequency-shift depends on
the polarity of the magnetization and the propagation direction of the spin-waves. We use
Brillouin   Light   scattering   spectroscopy to determine the frequency-shift for both field-
polarities. We use  M s  and  g, which are determined by SQUID and ferromagnetic
resonance spectroscopy (FMR), to then extract the DMI. In order to gain deeper insight into
the underlying physics of the interfacial DMI, we prepared different multilayer systems with
DMI. We found that for a Ni 80Fe20(x)/Pt sample series with x ranging from 1 nm to 13 nm the
symmetric Heisenberg exchange and the DMI both show the almost identical thickness
dependence1. This was originally predicted for magnetic oxides and for metallic spin-glasses.
With another sample series we studied the role of the
direct   exchange   coupling   between   CoFeB   and   Pt,
where   we   inserted   a   Cu   spacer   between   the   two
materials with a thickness x ranging from 0.2 nm to 2.0
nm.   We   find   that   the   DMI   and   the   proximity
magnetization in the Pt both show a similar exponential
decrease   with   Cu   thickness.   This   underlines   the
importance   of   the   direct   exchange   for   these   two
phenomena. Moreover, we find that the Gilbert damping
is highly correlated with the magnitude of the proximity
magnetization. This suggest that spin-memory loss due
to the proximity magnetization strongly contributes to
the   total   damping.   Bulk   magnetic   oxides   like   for
example Fe2O3 are well known for the presence of DMI.
We in-situ oxidized a Pt/Co 90Fe10  and a Cu/Co 90Fe10  sample series for different times and
subsequently capped these samples to prevent further oxidation. Both sample series showed
an increase in DMI with oxidation, which demonstrates unambiguously that interfacial oxide
gives   rise   to   DMI.    The   spectroscopic   splitting   factor  g⊥ ,   which   we   determined   by
perpendicular FMR, changes with the oxidation and is correlated with the increase in the
DMI. The change in g⊥  indicates changes of the hybridization and the associated charge
transfer   at   the   oxide   interface.   This   was   also   predicted   by   recent   density   functional
calculations (DFT) 2. Finally, we addressed the importance of the in-plane symmetry of the
crystal lattice. So far, most of the experimental work has been done on (111) textured films
exhibiting C 3v  symmetry, for which the DMI is isotropic. We prepared by molecular beam
epitaxy the Pt(110)/Fe system, which has C2V symmetry. Our measurements show a two-fold
symmetry for the DMI, see fig.1. The ratio for the DMI along the [-110] and the [001] agrees
with DFT calculations.
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Figure   1:   Angular   dependence   of   the
frequency-shift for the Pt(110)/Fe system.
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Epitaxial yttrium iron garnet thin film structures with sharp edges
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Considering the range of spin wave propagation, yttrium iron garnet (YIG) became the most
promising  material  for  magnonics  due  to  its  extremely  low  damping  of  magnetization
precession. To realize low damping in YIG thin films however, certain growth conditions have
to be provided in order to reassure the epitaxial  growth.  Commonly employed fabrication
methods of high-quality thin YIG films require deposition temperatures over 500°C, leading to
a top-down lithographical approach that is ion-beam etching of a previously deposited plain
film,  whereas  a  patterned  resist  layer  serves  as  a  mask.  This  method  introduces
crystallographic defects and imperfections to the surface structure, and in the case of YIG
films, it causes a significant increase in the damping parameter. Moreover, the method does
not  ensure  well-defined  structure  edges  for  insulators,  which  may  play  a  crucial  role  in
devices  utilizing  edge  spin  waves. To  overcome  these  issues  we  used  a maskless
photolithography combined with pulse laser deposition at room temperature (leading to an
amorphous  structure  of  YIG  films)   and  post-deposition  annealing  resulting  in epitaxial
films[1].  The procedure for the preparation of YIG structures was as follows: 1) a positive
photoresist was spin-coated onto the GGG substrate; 2) using maskless photolithography, an
array of squares was patterned and the exposed areas were developed; 3) plasma etching
was performed to remove a residual resist; 4) the
film was deposited from a stoichiometric ceramic
YIG target under 2×10-4 mbar partial pressure of
oxygen at room temperature; 5) after the depo-
sition,  the  lift-off  process  was  done  using
sonication to obtain the expected structures;  6)
finally, the samples were annealed in a tube fur-
nace under an oxygen atmosphere (p ≈ 1 bar) for
30 min at 850°C. Using the plain, reference film
fabricated along with the structured one, we have
shown that  structurization  does not  significantly
affect  the structural  nor  magnetic  properties of
the  films,  i.e.,  out-of-plane  lattice  constant,
surface  roughness  and  sharp  edges  (Fig.  1),
saturation magnetization, anisotropy fields, and
damping constant (α = 5×10-4).
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Figure 1. Height profile [z(x)] taken from the struc-
tured sample (left  axis),  and the right  shows the
differential of the profile, clearly showing the slope
change.  The inset  shows a 3D map of  the stru-
cture’s edge.
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Enhancement of spin-orbital coupling in Cu layer by rare-earth of Nd additives
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Ya Zhai1,2*
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The specific magnetic dynamics of ferromagnetic multilayers has attracted great interests for
their  potential  applications  in  spintronics  devices[1,2],  which  are  strongly  influenced  by
Gilbert damping parameter. Recently, an interface effect so called spin pumping provides an
idea approach to enhance the magnetization dynamic damping of ferromagnetic (FM) layer
in FM/NM bilayers. The enhancement of damping coefficient due to spin pumping depends
on the spin-orbital coupling of nonmagnetic (NM) in FM/NM[3]. However, Cu layer is often
used to separate FM layers in spin valve devices in practice, and the spin pumping effect in
FM/Cu is almost invisible due to weak spin-orbital (L-S) coupling of Cu. In this research, we
concentrate on the rare earth Nd with strong L-S coupling doped in  non-magnetic  layer
copper(Cu) in Py/Cu-Nd bilayers and investigate the spin pumping effect by increasing the L-
S coupling of nonmagnetic (Cu) layer.

A series  of  Ni80Fe20(10nm)/Cu1-x-Ndx(d  nm)  films  are  deposited  on  Si  substrates  by  DC
magnetron  sputtering  at  room  temperature.  The  doping  content  of  Nd  is
0%、47.5%、69.5%、100%, respectively. The thickness of magnetic layer Py is fixed as 10
nm and nonmagnetic layer (Cu-Nd) varies from 0 to 32 nm. the damping constant of all films
are obtained from the frequency dependence of FMR linewidth, which exhibits an extremely
enhancement in comparison to single permalloy(Ni80Fe20) layer and showed an increased
trend with increasing Cu1-x-Ndx thickness,  indicating the spin pumping plays an dominative
role.  By  changing  the  doping  content  of  Nd,  the
damping  also  significantly  increased,  as  shown  in
Fig.1.  These  results  show that  the  doping  of  rare
earth  Nd  does  well  control  the  L-S  coupling  in
nonmagnetic  layers.  The  spin  diffusion  length(λSD)
and interfacial spin mixing conductance (g↑↓) are also
determined and discussed in the full paper. 
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Figure  1.  Dotted  line  show  the  measeured
Gerbert damping in FeNi(10 nm);Cricles show
the  measured  damping  of  different  Nd
content(0% 、 47.5% 、 69.5% 、 100%)  in
FeNi(10 nm)/Cu1-x-Ndx(d nm) as a function of
the  Nd  thickness.Solid  lines  are  theoretical
fitting.
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Quantum magnonics: control and measurement of a single magnon (invited)
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Ferromagnetic  resonances  (FMR)  have  been  studied  for  decades.  They  generate  high-
quality  oscillations  of  magnetization  at  microwave  frequencies  and  are  widely  applied  to
many devices such as frequency-stabilized oscillators, narrow-band filters, etc. However, it
was very recent that the quest for quantum control and measurement of the collective spin
excitations in ferromagnetic materials started.  

For  FMR  at  ωm/2π = 10  GHz,  a  quantum  of  the  magnetostatic  oscillation  mode,  a

magnon, has the energy  ℏωm  corresponding to the thermal energy of  k B×  0.5 K.
Thus, at 10 mK in a dilution refrigerator, the number of thermally excited magnons in the
mode could be negligibly small, i.e., the mode could be in a magnon vacuum. 

We use the Kittel  mode of a single crystalline yttrium iron garnet sphere and couple the
spatially  uniform  collective  spin  precession  with  the  microwave  photons  in  a  cavity,
demonstrating  strong  coupling  between  the  two  harmonic  oscillator  modes  [1].  We next
accommodate in the same cavity a superconducting qubit which consists of a Josephson
junction and two antenna pads [2]. The nonlinearity provided by Josephson effect results in
an effective two level system, a quantum bit, with which we control the quantum state of the
magnetostatic mode at a single magnon level. We observe an energy level splitting of the
qubit  excitation  due  to  the  interaction  with  the  magnon  vacuum  via  the  virtual  photon
excitation in the cavity. When the magnon and qubit frequencies are detuned, the dispersive
interaction  between  them  enables  us  to  count  the  number  of  magnons  excited  in  the
millimeter-sized sphere one by one [3].
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Microwave Properties of NiFe2O4 Nano Hollow-spheres using home-made 
Rectangular Waveguides 

Dipika Mandal*,1 and Kalyan Mandal1 
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Ferrites are well known materials for their use in high frequency devices e.g. microwave 
communication technology. It is anticipated that hollow nanostructures of ferrites would be 
more promising for high frequency applications because of their inner hollow cavity, high 
compressibility to withstand cyclic changes in volume, low density and better magnetic 
properties compared to their solid counterpart. NiFe2O4 (NFO), being one of the most 
significant spinel ferrites due to its highly specific qualities such as low coercivity (HC), high 
saturation magnetization (MS), Curie temperature (TC) and electrical resistivity, low eddy 
current loss, and remarkable thermal and chemical 
stability [1], is chosen here as microwave absorbent 
material. Microwave absorbing materials is an 
widespread interest due to severe electromagnetic 
interference pollution arising from various electronic 
devices and also to minimize the electromagnetic 
reflection from the metal plate such as shells of military 
aircrafts, ships and tanks [1]. In the present work, NFO 
NHSs are synthesized and their characterization (Z, ε, σ 
etc.) is done up to 110MHz. Herein, rectangular 
waveguides, which are most efficient to transfer power 
at high frequencies, are designed for different frequency 
bands using TE10 mode, choosing a cut-off frequency 
and applying their corresponding length and breadth. A 
Vector Network Analyzer (VNA) is used to standardize 
the home-made setup and also to measure the network 
parameters (S-parameters). The permittivity (ε), 
permeability (μ), conductivity (σ), reflection loss (RL) 
and impedance (Z) are analysed for bulk NFO from 1-
8GHz. using Nicholson-Ross-Weir (NRW) method from 
.S2P data. RL is around −22dB at 5.3GHz for bulk NFO 
(Fig. 1(a)). Increase in ε in NFO NHSs than bulk NFO 
from 3.5 to 11.4 ensure increase in RL. Variation of these 
properties with frequency (f) and temperature influences 
their applications for microwave devices e.g. in isolators, 
circulators etc [2]. 
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Figure 1. (a) RL vs. Frequency (f) for NFO 
bulk, Inset: FESEM micrograph of NFO 
NHSs (b) σ vs. frequency at different 
temperatures for NFO NHSs, Inset: 
dielectric loss (tan δ) vs. log(ω) 
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Broadband FMR measurements on MnN/CoFeB exchange bias systems 
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Philipp Zilske,1 and Markus Meinert1 
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In exchange bias systems, a unidirectional anisotropy is generated in a ferromagnetic layer by 
the interfacial exchange coupling to an antiferromagnet. This renders the ferromagnet less 
sensitive to external fields, yielding a shift of its hysteresis curve. Recently, it was shown that 
exchange bias also influences the magnetization dynamics and the magnetic relaxation of the 
ferromagnet [1,2].  
In this work, we performed ferromagnetic resonance 
measurements on MnN(30nm)/CoFeB(tCFB) bilayer 
systems with CoFeB thicknesses ranging from 5 to  
20 nm. The antiferromagnetic MnN [3] induces an 
exchange bias of up to 550 Oe for tCFB = 5 nm. 
Broadband FMR measurements were carried out 
parallel and antiparallel with respect to the pinned 
direction of the ferromagnet and revealed a 
unidirectional relaxation mechanism in all samples. 
Figure 1a) shows the resonance linewidth vs. 
frequency data for a sample with tCFB = 20 nm. 
Linewidth, and damping, is clearly higher in the 
antiparallel configuration. In addition, the gyromag-
netic ratio, effective magnetization and exchange bias 
fields were determined from the broadband FMR data 
as a function of the CoFeB thickness. To fully 
characterize the anisotropies present in the CoFeB 
layer, additional in-plane rotation FMR measure-
ments were performed. In Figure 1b), the 
dependence of the resonance field on the in-plane 
angle between external magnetic field and exchange 
bias direction is presented. The data shows a 
dominant unidirectional behaviour but also reveals 
the presence of an additional uniaxial anisotropy, 
indicated by the dip around the maximum at 180°. 
Similar features were observed via in-plane rotation 
MOKE measurements. Our results confirm the 
unidirectional relaxation mechanism in exchange 
biased systems [1,2] and improve the understanding 
of magnetic relaxation in systems with multiple anisotropy contributions. 
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Figure 1: FMR measurements on an 
MnN(30nm)/CoFeB(20nm) system. 
a) linewidth data for antiparallel and parallel 
orientation of magnetic field with respect to 
exchange bias direction. b) in-plane rotation 
measurement of the resonance field taken at 
a fixed frequency of 30 GHz.  
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High-Frequency Dynamics of Honeycomb Artificial Spin Ice in Different 
Microstates

Daan M. Arroo1, Jack C. Gartside1, Lesley F. Cohen1, Will R. Branford1

1. Blackett Laboratory, Imperial College London

The exponentially large microstate space available to artificial spin ice (ASI) systems has 
identified them as promising candidates for applications as reprogrammable magnonic 
crystals [1,2]. In such applications, different microstates possess different spin-wave 
eigenmodes, while inter-island coupling and the periodicity already present in most ASI 
geometries leads to the formation of a band structure through Bragg reflection.

It has recently been demonstrated that ASI systems may be prepared in any desired 
microstate via ‘Topological Defect-Driven Magnetic Writing’ (TMW) using the localised field of
a magnetic-force microscopy tip [3], bringing devices based on moving between selected 
microstates within reach.

Here, the prospects of spin-wave devices based on ASI systems prepared in specific 
microstates via TMW are explored via micromagnetic simulations [4]. It is found that altering 
the microstate of ASI on a honeycomb lattice allows substantial control over spin-wave 
eigenspectra, including the ability to frequency-shift and activate or deactivate individual 
resonant modes. ASI systems with integrated TMW are thus demonstrated to offer strong 
prospects as core components of reprogrammable magnonic devices and microwave filters.

Figure 1: By moving between different microstates of a honeycomb ASI system, the spin-wave eigenspectrum 
may be dramatically altered. Here moving from state (i) to state (ii) (shown left) splits an eigenmode centred at 
8.2 GHz and opens up a gap of ~1 GHz with the microwave absorption at 8.2 GHz suppressed by -15 dB.
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Mutual synchronization in chains and arrays of spin Hall nano-oscillators 
(invited)

Mohammad Zahedinejad,1 Shreyas Muralidhar,1 Ahmad A. Awad,2 Mykola Dvornik,1 and 
Johan Åkerman1,2*

1. Department of Physics, University of Gothenburg, Sweden
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Stockholm, Sweden

Spin Hall nano-oscillators (SHNOs) operate via the injection of a pure spin current into a
ferromagnetic (FM) layer by passing a direct current through a non-magnetic (NM) heavy
metal layer with a strong spin Hall effect (e.g. Pt, W, Ta). The spin current exerts a torque on
the local magnetization of the FM and can fully compensate the intrinsic damping to sustain a
steady state precession of the magnetization around the local effective magnetic field. We
recently demonstrated robust mutual synchronization of chains of up to nine Pt/NiFe based
nano-constriction SHNOs [1]. Such chains can resemble the human brain where neurons
interact with neighbouring neurons through synaptic couplings resulting in a synchronization
of their action potential activity. Synchronized networks have also been proposed for non-
Boolean computing approaches such as bio-inspired neuromorphic computing with coupled
oscillators [2-3] in which the synchronization frequency, the integrated output power, and/or
the phase can be considered as the computation output. It is hence of interest to attempt
mutual synchronization in two-dimensional SHNO arrays. 

Here,  we  investigate  nano-constriction
based  on  Pt/Hf/NiFe  trilayers  with
reduced  spin  wave  damping.  We
fabricate chains of up to 50 SHNOs and
demonstrate  robust  mutual  synchroni-
zation in chains as long as 21 SHNOs.
We also fabricate two-dimensional N x
N nano-constriction  SHNO arrays  and
demonstrate robust mutual synchronization for N = 2 – 8 and partial synchronization in 10 x
10 arrays. Our results indicate that each nano-constriction interacts with its neighbours via
both  dipolar  and  exchange  coupling.  For  the  smaller  arrays,  the  net  coupling  is  strong
enough to have robust mutual synchronization for nano-constrictions separated by up to 300
nm. However, to achieve robust synchronization in the larger arrays, the separation must be
reduced to increase the coupling strength. Our results also indicate that neighbouring nano-
constrictions  synchronize  with  a  net  relative  phase  shift,  such  that  the  initial  rapid
improvement of the peak power with increasing N, levels off for larger N. The linewidth, on
the other hand, is found to decrease linearly with N, in agreement with theory.  
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Figure  1.  Schematic  of  a  typical  SHNO (left)  and  a  SEM
image of the fabricated 8 x 8 SHNOs array (right).
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Nonlinear spin wave dynamics of coupled magnetic skyrmions

Michele Ruggeri,1* Carl-Martin Pfeiler,2 Bernhard Stiftner,2 Norbert J. Mauser,1 Dirk 
Praetorius,2 and Gino Hrkac2,3 

1. Faculty of Mathematics, University of Vienna
2. Institute for Analysis and Scientific Computing, TU Wien
3. College of Engineering, Mathematics, and Physical Sciences, University of Exeter

Nano-contacted spin-torque skyrmion oscillators (STSOs) are anticipated to find application
as nanoscale  sources of  microwave emission in  future  technological  applications  and to
show new possibilities as processing memory devices.  Presently, the output power and the
phase stability  of  individual  skyrmions are  not  fully  understood and not  competitive  with
existing  oscillator  technologies.   Possible  synchronization  of  multiple  coupled  confined
skyrmions has been proposed to enhance the microwave emission.  The control of device-to-
device variations, such as mode splitting of the microwave emission, is essential for single
and multiple STSOs to be successfully synchronized. In this work, we numerically investigate
different excitation modes (field pulse driven) of helimagnetic nanodisks to understand the
phase stability and the frequency changes of skyrmion structures; see Figure 1. The principle
aim of this study is to understand how large the non-equilibrium dynamics is and to lay the
foundation to use a combination of electrical measurements and time-resolved scanning Kerr
microscopy (TRSKM) to map and directly observe skyrmion dynamics. For the numerical
integration of the Landau-Lifshitz-Gilbert, we consider our convergent implicit-explicit finite-
element-based tangent plane scheme [1],  whose analysis has recently been extended to
cover chiral interactions of Dzyaloshinskii-Moriya type [2]. Significant changes in skyrmion
stability and dynamics were observed as a function of the applied field pulse strength. This
work demonstrates that, based on field pulse shape and strength, skyrmion structures can be
excited and even forced in local non-equilibrium structures that are recovered with additional
field pulses. Numerical characterization of such dynamics permits a deeper insight into the
requirements for optimal excitation and future possible phase-locking of multiple STSOs that
share common magnetic layers.
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Figure 1. Two stable magnetization configurations in a helimagnetic nanodisk: Skyrmion state (left) and
horseshoe state (right).

Figure 1. Left to right: portraits of A. Avogadro, G. Ferraris and J.-L. Lagrange.
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Ultra-fast artificial neuron: generation of picosecond- duration spikes in a 
current-driven antiferromagnetic auto-oscillator
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Oleksandr Prokopenko,5 Vasyl Tyberkevych,4 Johan Akerman,1 and Andrei Slavin 4*
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       We demonstrate analytically and numerically, that a thin film of an antiferromagnetic
(AFM) material, having biaxial magnetic anisotropy and being driven by an external spin-
transfer torque signal, can be used for the generation of ultra-short "Dirac-delta-like" spikes
[1]. The duration of the generated spikes is several picoseconds for typical AFM materials,
and is determined by the in-plane magnetic anisotropy and the effective damping of the AFM
material. The generated output signal can consist of a single spike or a discrete group of
multiple  spikes  ("bursting"),  which  depends  on  the repetition  (clock)  rate,  amplitude  and
shape  of  the  external  control  signal.
The  spike  generation  occurs  only
when  the  amplitude  of  the  control
signal  exceeds  a  certain  threshold,
similar  to  the  action  of  a  biological
neuron  in  response  to  an  external
stimulus. 
     The "threshold"  behavior  of  the
proposed AFM spike generator makes
possible its application not only in the
traditional  signal  processing,  e.g.  for
the development of “frequency comb”
generators,  but  also  as  artificial
neurons  in  the  future  neuromorphic
signal  processing  circuits  working  at
clock frequencies of tens of gigahertz. 
    It  is,  also,  worth noting,  that  the
proposed  mechanism  of  the  AFM-
based  ultra-short  spike  generation  is
efficient  for  relatively  high  values  of
the  damping  constant αeff=0.01 .
This  means  that  metallic  AFM
materials, like Mn2Au or IrMn could be
more suitable for the practical design
of  the  AFM-based  spike  generators,
than the dielectric AFM, like NiO. The
use  of  conductive  AFM  layers  in  a
spike generator can also substantially
enhance  the  magnitude  of  the  output  signal  by  employing  the  "AFM  tunneling
magnetoresistance effect"  [2]  instead of  the ISHE in the adjacent  Pt  layer to  extract  the
output spike signal from the AFM material.

[1]. R. Khymyn  et al., Scientific Reports 7, 43705 (2017).
[2]. P. Wadley  et al., Science 351, 587590 (2016).

Figure 1.  Numerical  simulation of  different  regimes of  spike
generation in the AFM SHO : a)Shape of the combined (dc +
ac) input driving current;  b) Regime of no generation ("low"
value  of  the  ac  current  jac);  c)Generation  of  a  single  output
spike during each period of the driving ac current ("moderate"
values of the ac current jac ); d)Generation of  multiple spikes
(bursting) during each period of the AC current ("high" values
of the ac current jac).
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Ultra-fast artificial neuron: generation of picosecond- duration spikes in a 
current-driven antiferromagnetic auto-oscillator

Roman Khymyn,1  Ivan Lisenkov,2, 3 James Voorheis,4 Olga Sulymenko,5

Oleksandr Prokopenko,5 Vasyl Tyberkevych,4 Johan Akerman,1 and Andrei Slavin 4*

1. Department of Physics, University of Gothenburg, 41296 Gothenburg, Sweden
2. Department of Electrical Engineering,, Oregon State University, Corvallis, OR 97331, USA
3. Institute of Radioengineering and Electronics of RAS, Moscow, Russia
4. Department of Physics, Oakland University, Rochester, MI 48309, USA
5. Faculty of Radiophysics,Taras Shevchenko National University of Kyiv, Kyiv, 01601, Ukraine

       We demonstrate analytically and numerically, that a thin film of an antiferromagnetic
(AFM) material, having biaxial magnetic anisotropy and being driven by an external spin-
transfer torque signal, can be used for the generation of ultra-short "Dirac-delta-like" spikes
[1]. The duration of the generated spikes is several picoseconds for typical AFM materials,
and is determined by the in-plane magnetic anisotropy and the effective damping of the AFM
material. The generated output signal can consist of a single spike or a discrete group of
multiple  spikes  ("bursting"),  which  depends  on  the repetition  (clock)  rate,  amplitude  and
shape  of  the  external  control  signal.
The  spike  generation  occurs  only
when  the  amplitude  of  the  control
signal  exceeds  a  certain  threshold,
similar  to  the  action  of  a  biological
neuron  in  response  to  an  external
stimulus. 
     The "threshold"  behavior  of  the
proposed AFM spike generator makes
possible its application not only in the
traditional  signal  processing,  e.g.  for
the development of “frequency comb”
generators,  but  also  as  artificial
neurons  in  the  future  neuromorphic
signal  processing  circuits  working  at
clock frequencies of tens of gigahertz. 
    It  is,  also,  worth noting,  that  the
proposed  mechanism  of  the  AFM-
based  ultra-short  spike  generation  is
efficient  for  relatively  high  values  of
the  damping  constant αeff=0.01 .
This  means  that  metallic  AFM
materials, like Mn2Au or IrMn could be
more suitable for the practical design
of  the  AFM-based  spike  generators,
than the dielectric AFM, like NiO. The
use  of  conductive  AFM  layers  in  a
spike generator can also substantially
enhance  the  magnitude  of  the  output  signal  by  employing  the  "AFM  tunneling
magnetoresistance effect"  [2]  instead of  the ISHE in the adjacent  Pt  layer to  extract  the
output spike signal from the AFM material.

[1]. R. Khymyn  et al., Scientific Reports 7, 43705 (2017).
[2]. P. Wadley  et al., Science 351, 587590 (2016).

Figure 1.  Numerical  simulation of  different  regimes of  spike
generation in the AFM SHO : a)Shape of the combined (dc +
ac) input driving current;  b) Regime of no generation ("low"
value  of  the  ac  current  jac);  c)Generation  of  a  single  output
spike during each period of the driving ac current ("moderate"
values of the ac current jac ); d)Generation of  multiple spikes
(bursting) during each period of the AC current ("high" values
of the ac current jac).
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Excitation of short spin-wave packets by pure spin current

Boris Divinskiy,1* Vladislav E. Demidov,1 Sergej O. Demokritov,1 and Sergei Urazhdin2

1. Institute for Applied Physics, University of Muenster
2. Department of Physics, Emory University 

Downscaling poses a number of new challenges for the implementation of magnonic 
devices. In particular, the traditional inductive method for spin wave excitation becomes 
inefficient at nanoscale. An alternative approach to the excitation of spin waves can utilize 
the spin-transfer torque generated by local spin current.

Here, we use time- and space-resolved micro-focus Brillouin light scattering spectroscopy to 
study the excitation of propagating spin waves by pure spin currents, generated by the 
nonlocal spin injection (NLSI) mechanism. By applying the driving dc current in the form of 
short pulses, we show that the NLSI mechanism is sufficiently fast to enable generation of 
short spin-wave packets with the duration down to 2 ns. Moreover, we find that the intense 
spin-wave packets generated by the pure spin current experience a nonlinear compression 
while propagating in the magnonic nano-waveguides, which further reduces their temporal 
width. The nonlinear compression can compensate the dispersive broadening of spin-wave 
packets, allowing on to engineer the nonlinear characteristics of magnonic transmission lines
with improved information flow capacity.

Our findings clearly demonstrate the unique benefits of NLSI oscillators as the nanoscale 
sources of short spin-wave packets for the implementation of high-speed magnonic devices. 
Our results should stimulate further developments in magnonics, and bring this area of 
research closer to the real-world applications.

Figure 1. Measured maps of the spin-wave 
intensity recorded at delays of 1.6, 2.4 and 3.2 
ns with respect to the start of the driving current 
pulse, as labeled. The temporal width of the 
spin-wave packet is 2.1 ns, and its center 
frequency is 8 GHz. The nano-waveguide is 
outlined in dashed lines.
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Current-driven mode expansion and rotation in nano-constriction spin Hall 
nano-oscillators in out-of-plane fields.

Ahmad A. Awad, 1* Mykola Dvornik,1 Afshin Houshang,1 Philipp Dürrenfeld,1, 2 Mohammad 
Zahedinejad,1 Yuli Yin,1, 3 and Johan Åkerman1, 4

1. Department of Physics, University of Gothenburg, 412 96 Gothenburg, Sweden
2. Nanjing University, Nanjing, China 3South East University, Nanjing, China 
3. South East University, Nanjing, China
4. Materials and Nanophysics, School of ICT, KTH Royal Institute of Technology, 164 00 Kista, 

Sweden

Spin  Hall  nano-oscillator  (SHNO)[1] devices  hold  great  promise  as  extremely  compact,
broad-band, and versatile microwave oscillators and have unique opportunities for magnonic
device. The synchronization of nano-constriction based SHNOs[2] has been demonstrated
recently[3]  and  opens  up  many  research  and  application  opportunities  where  coherent
phase locking is needed, e.g. for energy efficient spin-wave computing on the nanoscale.
The mutual synchronization of nano-constriction SHNOs is mediated throgh mode overlap,
which occurs at  high out  of  plan fields.  meanwhile its decisively vital  to characterize the
microwave auto-oscillation spatial  distribution in order to design and geometrical  improve
synchronized  oscillatory  networks  of  such  SHNOs,  qualitative  description  of  the  auto-
oscillation  spatial  profile  and its  current  tunability  still  lacking for  the  oblique field  where
mutual synchronization is efficiently robust.

Here we show that the frequency behaviour of such SHNOs is generic over a wide range of
nano-constriction widths, w = 80–200 nm, and confirm that the auto-oscillations emerge from
a linear localized eigen-mode at the nano-constriction edges. We further demonstrate, by
combination  of  electrical,  optical  measurements  and  micromagnetic  simulations,  that  the
auto-oscillation  localization reported for  in-plane field
operation weakens in oblique fields, giving way to an
extended  auto-oscillation  mode  (figure  1(a))  with  a
spatial profile that, with increasing current, undergoes
both  expansion  along,  and  rotation  about,  the
constriction axis (see figure 1(b)). The characterization
of mode evolution and rotation with current is crucial
for  the  future  development  of  longer  synchronized
chains and potentially two-dimensional arrays, where the
directional expansion will likely play a key role.
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Figure 1. (a) µ-BLS Spatial map of the to
the  auto-oscillation  above  threshold  atf
supercriticality ξ = 1.5. (b) Auto-oscillation
mode angle respect to the central axis of
the  constriction  (θasy)  shown  in  (a)  as
function of supercriticality ξ.
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Phase shift keying in spin torque oscillators (invited) 

A. Litvinenko1, C. Murapaka1, P. Sethi1, A. Jenkins2, L. Vila1, V. Cros3, P. Bortolotti4, R. 
Ferreira2 and U. Ebels1 

1. Univ. Grenoble Alpes, CEA, CNRS, INAC, SPINTEC, F-38000 Grenoble, France 
2. International Iberian Nanotechnology Laboratory (INL), Braga, Portugal 
3. Unité Mixte de Physique CNRS, Thales, Univ. Paris-Sud, Université Paris-Saclay, Paris, France 
4. THALES TRT, Palaiseau, France 

 

Spin torque oscillators (STO) are promising for wireless communication schemes due to their 
nano-scale size and their frequency tunability over a decade frequency range via either a dc 
current or an applied field. However, one of the main issues is their relatively large linewidth 
and high phase noise figure which can limit for STOs the data transmission rate in frequency 
and amplitude shift keying schemes [1,2]. One possibility to reduce the STO phase noise and 
hence the linewidth is to couple several oscillators or to injection lock the STO to an external 
rf current or field source [3, 4]. Such synchronisation opens the possibility of implementing the 
third concept of data transmission which is phase shift keying (PSK) as will be demonstrated 
here. A specific feature of the synchronisation phenomenon is that the phase of the locked 
oscillator is shifted with respect to the source [5]. This phase shift  is determined by the 
detuning which is the frequency difference of the free running oscillator and the rf source. For 
STOs, due to their non-isochronous properties the frequency of the free running state and thus 
the detuning can be easily changed through the DC current or DC field. In this presentation we 
validate  this  concept  of  PSK  for  magnetic  tunnel  junction  based  vortex  STOs  whose  free 
running parameters are f=300MHz, f=100kHz and P=1µW. They are characterized by perfect 
locking to external sources at 2f and f/2 for which the phase noise is strongly reduced [4]. The 
vortex  devices  studied  here  show  a  phase  noise  reduction  of  -50dBc/Hz  at  10kHz  offset 
frequency in the synchronized state. The frequency detuning of the STO that leads to a phase 
shift  of the locked signal, is induced by connecting an additional low frequency modulation 
current source. Maximum phase difference between  shifts close to  = π/2 and π were 
achieved  for  the  synchronization  at  2f  and  f/2  respectively.  We  obtained  4Mb/s  PSK  data 
transmission rate for the synchronization at 2f which is of the order of the amplitude relaxation 
frequency. We also demonstrate advanced PSK techniques such as quadrature phase shift 
keying QPSK  and  discuss  the  use  of  a field  line for synchronization  and  modulation. This 
concept  can  be  applied  also  for  uniform  devices  oscillating  at  higher  frequencies  and 
consequently  at  higher  data  rates  [2].  This gives  prospect  for novel,  robust  wireless 
communication schemes based on STOs, at high signal to noise ratio. 
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Spin torque excitation of spin waves at the yttrium iron garnet / cobalt interface
(invited) 

Stefan Klingler,1,2 Vivek Amin,3,4 Stephan Geprägs,1 Kathrin Ganzhorn,1,2 Hannes Maier-
Flaig,1,2 Matthias Althammer,1,2 Hans Huebl,1,2,5 Rudolf Gross,1,2,5 Robert D. McMichael,3 Mark 
D. Stiles,3 Sebastian T. B. Goennenwein,6,7 and Mathias Weiler1,2*

1. Walther-Meißner-Institut, Bayerische Akademie der Wissenschaften, Garching, Germany
2. Physik-Department, TU München, Garching, Germany
3. Center for Nanoscale Science and Technology, National Institute of Standards and Technology 

NIST, Gaithersburg, MD, USA
4. Institute for Research in Electronics and Applied Physics, University of Maryland, College Park, 

MD, USA
5. Nanosystems Initiative Munich, Munich, Germany
6. Institut für Festkörperphysik, TU Dresden, Dresden, Germany
7. Center for Transport and Devices of Emergent Materials, TU Dresden, Dresden, Germany

The field of magnonics is concerned with the use of spin waves (magnons) for information
processing  applications.  Yttrium iron garnet  (YIG)  is  the  standard  material  for  magnonic
applications due to its long magnon propagation length. Magnonics based on exchange spin
waves is particularly appealing, as exchange spin waves have isotropic dispersion with small
wavelengths and large group velocities. However, the excitation of exchange spin waves by
conventional  nanolithographically  defined  microwave  antennas  is  inefficient  due  to  high
ohmic losses and impedance mismatch. 

Here,  we show that  exchange spin waves with wavelengths as  small  as  50 nm can be
efficiently excited by interfacial spin torques in YIG/Co heterostructures [1]. To this end, we
excite YIG/Co thin film bilayers by a quasi-uniform, magnetic driving field with frequencies
1GHz ≤ f ≤26.5GHz  using  a  broadband  magnetic  resonance  technique  at  room

temperature.  We  study  YIG/Co(50  nm),  YIG/Cu(5  nm)/Co(50  nm)  and  YIG/AlOx(1.5
nm)/Co(50nm) bilayers, all based on 1 µm thick YIG films grown by liquid phase epitaxy. We
observe an efficient excitation of perpendicular standing
spin  waves  (PSSWs)  in  the  YIG  layer,  when  the
resonance  frequencies  of  the  YIG  PSSW  and  Co
ferromagnetic resonance (FMR) coincide,  as shown in
Figure  1.  PSSW  excitation  is  also  observed  in
YIG/Cu/Co trilayers,  but  not  in  YIG/AlOx/Co. Our data
are  very  well  described  in  the  context  of  a  modified
Landau-Lifshitz-Gilbert model that takes interfacial spin
torques and direct exchange coupling into account. We
find that the spin-torque coupling at the insulator/metal
interface  is  qualitatively  different  to  that  previously
observed in all-metallic systems [2].
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Figure  1.  Vector  network  analyzer  S21

transmission  spectra  (color  coded)
obtained  for  a  YIG(1µm)/Co(50nm)
bilayer.  YIG  PSSWs  up  to  n=40  (

λ=50nm ) are  excited  by  the  Co
FMR.
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Spin Seebeck effect and ballistic transport of quasi-acoustic magnons 
in room-temperature yttrium iron garnet films

Dmytro A. Bozhko,1* Timo Noack,1 Halyna Yu. Musiienko-Shmarova,1 Thomas Langner,1 
Frank Heussner,1 Viktor Lauer,1 Björn Heinz,1 Vitaliy I. Vasyuchka,1 Anna Pomyalov,2 
Victor S. L’vov,2 Burkard Hillebrands,1 and Alexander A. Serga1

1. Fachbereich Physik and Forschungszentrum OPTIMAS, TU Kaiserslautern, Germany
2. Department of Chemical Physics, Weizmann Institute of Science, Israel

The observation of the spin Seebeck effect in a magnetic insulator demonstrates the crucial
role of spin waves in spin caloric transport processes [1]. In the case of the longitudinal spin
Seebeck effect (LSSE) a thermal gradient is created perpendicularly to the magnetic film
plane,  and the spin  current  generated by  thermal  magnons is  flowing along the thermal
gradient. The generated spin current can be measured as an electric signal in the adjacent
nonmagnetic metal by means of the inverse spin Hall effect. The temporal dynamics of the
LSSE is tightly connected with fundamental properties of a magnons such as their mean free
path. This physical quantity is crucial  for the understanding of the transport properties of
magnetic materials and the general peculiarities of magnon-phonon interaction as well as for
the engineering of efficient LSSE-based spin-caloritronic devices. Despite extensive studies
[2-5], the value of the magnon mean free path is not yet well determined.

In order to determine magnon mean free path we perform investigations of  the temporal
evolution of the LSSE in a wide range of magnetic layer thicknesses. A pulsed microwave
signal  was applied to the structure and the subsequent  thermal  gradient  gives rise to a
LSSE-voltage  pulse,  which  was  measured  by  an  oscilloscope.  The  experiments  were
conducted using bilayers of  a  magnetic  insulator  (Yttrium Iron Garnet  (YIG))  of  different
thicknesses, and a normal metal (Pt, 10 nm). We found, that the time evolution of the LSSE
is determined by the evolution of the thermal gradient triggering the flux of thermal magnons
in the vicinity of the YIG/Pt interface. An increase of the YIG thickness from 150 nm to 53 μm
leads to a 7-fold increase in the rise time of the detected LSSE voltage. The experimental
data have been precisely fitted using a model which assumes ballistic motion of thermal
magnons in a temperature gradient. The average magnon propagation length of about 425
nm was found to be almost independent of the YIG film thickness. We consider this fact as a
manifestation of a ballistic transport scenario – the ballistic propagation of  quasi-acoustic
magnons in room temperature YIG. The ballistic flight of the magnons with energies above
20K is a result of their almost linear dispersion law, similar to that of acoustic phonons.
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Tunable spin-wave phase shifters utilizing metal-insulator transition  

Vitaliy V. Vitko,1 Andrey A. Nikitin,1* Aleksei A. Nikitin,1 Alexey B. Ustinov,1 Maksim A. 
Belyaev,2 Andrey A. Velichko,2 and Boris A. Kalinikos1 

1. Department of Physical Electronics and Technology, St. Petersburg Electrotechnical University 
“LETI” 

2. Institute of Physics and Technology, Petrozavodsk State University 

Nowadays increased demands to the composite frequency-agile magnetic materials for 
microwave applications are evident.  A combination of ferrites with other materials such as 
ferroelectrics or piezoelectrics is promising for microwave devices due to electric and magnetic 
tunability of the waveguiding properties [1].  A metal-insulator transition (MIT) in the oxides of 
transition elements, such as vanadium dioxide (VO2), characterized by huge conductivity 
changes offers a novel tuning mechanism for the spin-wave devices.  This tuning mechanism 
manifests itself as a modification of the spin-wave dispersion due to controllable variation of 
the conductivity during the MIT.  This mechanism takes origin from the work of Bongianni [2] 
that describes an influence of a conductive layer on propagation of the surface magnetostatic 
waves.  In contrast to this work, we develop a theory that describes a dispersion of the surface 
spin waves in the ferrite-dielectric-metal multilayered structures taking into account finite 
values of the layer permittivities and conductivities.  According to developed theory, we 
propose a novel miniature dual tunable phase shifter.  The investigated structure is shown in 
Fig. 1(а).  A ferrite waveguide consists of an yttrium iron garnet (YIG) film (2) on a gadolinium 
gallium garnet substrate (1).  A dielectric-metal structure is composed of a thin dielectric film 
(3), a VO2 film (4), and a metal screen (5).  In the calculations, we use typical parameters for 
the YIG-film structures: d1=500 µm, ε1=14; d2=5 µm, ε2=14, H0=1500 Oe, M=1750 G.  A 
thickness of the VO2 film is d4=300 nm.  A tuning of the VO2 conductivity is realized as follows.  
An application of the short voltage pulses to the bottom metal electrode produces a heating of 
the VO2 film.  It results in a change of the conductivity σ4 in a range from 100 S/m for OFF state 
to 25 kS/m for ON state.  The parameters of the layers 
3 and 5 are chosen in order to provide an effective 
tuning of the dispersion characteristic and minimize a 
temperature influence on the YIG waveguide properties.  
They are d3=10 µm, ε3=4.6; and d5=500 nm, σ5=800 
kS/m.  The temperature distributions are found by using 
appropriate COMSOL models and will be presented at 
the conference.  The dispersion characteristics of the 
surface spin waves in the proposed structures are 
calculated using the developed theory and shown by 
solid and dashed lines in Fig. 1(b) for ON and OFF 
states, respectively.  Fig. 1 (c) shows a phase shift 
accumulated in the 1-mm length structure.  One can see 
that the phase shift is larger than π rad in the bandwidth 
of 0.6 MHz at the central frequency of 6.353 GHz.  
Therefore, the proposed thin-film structures utilizing 
metal-insulator transition look favorable for a 
development of novel tunable microwave devices. 
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Figure 1. (a) Sketch of the ferrite-dielectric-
metal structure. (b) Dispersion 
characteristic of the spin waves in the 
investigated structure calculated for  σ4=0.1 
kS/m and σ4=25 kS/m. (c) Phase shift 
accumulated in the 1-mm length structure. 
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Planar Hall torque (invited) 

Ilya N. Krivorotov,1* Christopher Safranski,1 and Eric A. Montoya1  

1. Department of Physics and Astronomy, University of California at Irvine 

Spin-orbit torques (SOTs) in bilayers of ferromagnetic (FM) and nonmagnetic (NM) materials 
enable energy efficient manipulation of magnetization by current. Previously studied spin Hall 
[1] and Rashba [2] torques originate from spin-orbit interactions within the NM layer and at the 
FM/NM bilayer interface, respectively. In this talk, we report the discovery of a SOT arising 
from planar Hall current in the FM material of the bilayer [3]. This antidamping planar Hall 
torque (PHT) exhibits biaxial angular symmetry in the plane defined by the bilayer normal and 
the charge current direction ((xz) plane in Figure 1(a)). The unusual symmetry of PHT can be 
deduced from the angular dependence of the planar Hall current in the FM layer and is 
distinctly different from the uniaxial symmetry of the antidamping spin Hall torque (SHT) as 
illustrated in Figure 1(a). We measure SOTs by spin-torque ferromagnetic resonance in 
FM/NM bilayer nanowires, where FM is a Co/Ni superlattice and NM = Au, Pd, and Pt. The 
antidamping component of the SOTs is deduced from the dependence of the ferromagnetic 

resonance linewidth H on direct current density Jdc applied to the nanowire. Figure 1(b,c) 

shows angular dependence of the slope of H(Jdc) for three different NM materials. This figure 
shows that the magnitude 
of uniaxial SHT strongly 
depends on the NM 
material while the 
magnitude of the biaxial 
PHT is nearly the same for 
all three NM materials, 
which lends further support 
to the planar Hall effect in 
the FM layer being the 
origin of the novel SOT. 
Figure 1(b,c) demonstrates 
that the magnitude of PHT 
is similar to that of the giant 
SHT of Pt and that strong 
PHT can be present in a 
system with negligibly small 
SHT (e.g. FM/Au). We also 
show that PHT is large 
enough to cancel magnetic 
damping of the FM layer 
and excite auto-oscillations 
of the FM magnetization. 
The discovery of PHT [4] 
expands the class of 
materials for energy efficient manipulation of magnetization by giant SOTs.  
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Figure 1. (a) Angular dependence of antidamping SOTs in NM/FM bilayers: 

biaxial PHT and uniaxial SHT (red – negative damping, blue – positive 

damping). Angular dependence of antidamping SOTs in FM/NM bilayers 

for NM = Au, Pd, and Pt: (b) SHT in the (xy) plane; (c) PHT in the (xz) plane. 
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SNR improvement by introducing GPRML system and dual spin-torque 
oscillator 

Yasuaki Nakamura1*, Madoka Nishikawa1, Hisashi Osawa1, Yoshihiro Okamoto1, Taro 
Kanao2, and Rie Sato2 

1. Graduate School of Science and Engineering, Ehime University 
2. Corporate Research and Development Center, Toshiba Corporation 

Three-dimensional magnetic recording which uses a spin-torque oscillator (STO) as a reading 
sensor as well as a write-assisting device for microwave assisted magnetic recording (MAMR) 
using the antiferromagnetically coupled (AFC) structure medium has been proposed as one of 
the prospective recording technologies [1]. In the reading process using an STO, the 
reproducing waveform is given as temporal dynamics of magnetization [2] shown in Fig.1, 
where the reading STO reacts to recorded dot of “0”.  The amplitude of STO oscillation 
waveform decreases as the STO comes close to the recorded dot of “0”, and the amplitude 
increases again as it leaves from the recorded dot of “0” [3].  We employ a dual STO.  The 
amplitude of STO #1 oscillation waveform decreases as the STO comes close to the recorded 
dot “0”, on the other hand, as it leaves from the dot of “0”, the amplitude increases again. In 
this research, we assume that the STO #2 reacts to the recorded dot of “1” as the opposite 
reaction of the STO #1.  Furthermore, we employ the generalized partial response class-I 
maximum likelihood (GPR1ML) system [5], and evaluate the bit error rate (BER) performance.  
In the evaluate system, the input data sequence is recorded on the dots, and reproduced by 
the dual reader with STO #1 and #2 scanning on the same recorded dots or the same track.  
The envelopes sampled by the channel bit interval 
Tc are equalized to the GPR characteristic [5] after 
subtraction operation, and decoded by the Viterbi 
detector.  Figure 2 show the BER performances for 
the system noise (SNRS) [3].  As san be seen from 
the figure, the GPR1ML system improves the SNRS 
by about 1 dB compared with PR1ML system. 
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Figure 1. Envelope model for the recorded 
data pattern “000111000111”. The relative 
velocity between the medium and the STO, 
the dot diameter and pitch are 20 m/s, 20 
nm and 25 nm. 

Figure 2. BER performance for system 
noise (SNRS) (GPR1ML system, 3rd order 
noise predictor).  
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Investigation of anisotropic spin waves for computing applications

Ádám Papp,1* and György Csaba1

1. Faculty of Information Technology and Bionics, Pázmány Péter Catholic University, Hungary

Several spin-wave-based devices were demonstrated for computing and signal processing
applications  [1].   Among  them  perhaps  the  most  promising  are  those  that  exploit  the
interference  of  spin  waves  to  realize  non-Boolean,  wave-computing  type  algorithms,  or
microwave spectral  analysis  [2].  The relatively  small  length of  spin  waves at  microwave
frequencies provides an effective way to compress a traditional spectrometer arrangement
down to the scale of on-chip integration. In these devices the concepts are usually ‘borrowed’
from  well-established  optical  arrangements.  However,  there  are  substantial  differences
between spin waves and electromagnetic waves, e.g. in their dispersion relation.

Spin waves have, in general, non-linear, and strongly anisotropic dispersion relation. In out-
of-plane magnetized thin films the dispersion is isotropic; this geometry was used in most of
the designs in [1] and [2]. One drawback of the use of out-of-plane magnetized films is that
this configuration usually requires substantially higher bias fields than in-plane magnetized
films.  Another  difficulty  arises  with  the  spin-wave  readout  in  out-of-plane  devices,  since
inductive readout by nanoscale antennas fabricated on top of the magnetic film can only be
used  with  in-plane  magnetization.  For  these
reasons we investigate  the feasibility  of  using
anisotropic  spin  waves  in  the  devices
referenced above. 

One  of  the  most  important  building  block  of
wave  computing  algorithms  is  the  lens.  We
designed  focusing  surfaces  in  multiple
magnetization  configurations  in  YIG  films  and
investigated  their  properties  and  limitations  in
imaging. An example is depicted in Figure 1b.,
which shows a  micromagnetic  simulation  of  a
focusing surface in an in-plane magnetized thin
YIG film. Details of the simulation are included
in  the  figure  caption.  Another  important
phenomenon is the diffraction on gratings and
phase  filters,  as  this  is  the  basis  for  Fourier
transform and spectral decomposition in optical
algorithms. We applied a modified version of the
Rayleigh-Sommerfeld  diffraction  integral  to
design diffraction gratings for spectral analysis,
and  demonstrated  these  by  micromagnetic
simulations.  
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Figure  1.  (a)  Calculated  dispersion  curves  of
Damon-Eshbach  type  spin  waves  in  a  50  nm
thick  YIG film at  various  applied magnetic  field
values.  (b)  Micromagnetic  simulation  of  spin-
wave focusing in the same YIG film at 2.5 GHz.
The two field regions separated by the focusing
surface are 10 mT and 20 mT applied in the y
direction.  The  location  of  the  plane  wave
generation is indicated by a red line. The focusing
surface was designed to refract the incident plane
waves to the focal point similarly to the approach
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Nonlinear Magnetic Dynamics:  Exchange Coupled Bilayers and the Magnetic 
Analogy to the Fermi-Pasta-Ulam Problem (invited)

Robert E. Camley,1,2*  Aaron Ferona,1 Jeramy Lewis1, and Nicholas R. Anderson2

1Department of Physics, University of Colorado at Colorado Springs
2UCCS BioFrontiers Center, University of Colorado at Colorado Springs

We address two fundamental problems in
nonlinear magnetic dynamics:

1) Nonlinear excitations and ferromagnetic
resonance  results  for  exchange  coupled
bilayers, and

2)  Is  there  a  magnetic  analogy  to  the
Fermi-Pasta-Ulam study showing that the
energy  put  into  a  low-order  eigenmode
can  generate  new modes,  but  with  time
return the system to the original state? 

The  experimental  creation  of  large
oscillating  microwave  fields  (200  Oe)  in
microstructures  has  generated  new
directions for theoretical investigations. [1]
In  the first  problem we study localization
and  absorption  exchange  coupled  thin
films.   We  find  a  number  of  interesting
features: 
1)  There  can  be  a  power-dependent
localization of energy in one film, breaking
the symmetry, and 
2)  For  the antiferromagnetic  coupled bilayer,  there can be a rapid  increase in  absorbed
energy at a new frequency, as seen in Fig. 1.  The new peak has the potential to be used as
a high-frequency power limiter.  

The original Fermi-Pasta-Ulam (FPU) problem [2] examining nonlinear elastic motion in a
chain was a catalytic study (generating thousands of citations) that gave significant insight in
nonlinear physics. In a linear harmonic system one expects that if  energy is put into one
eigenmode, the system will reach the ergodic limit, i.e. the energy will eventually be spread
out equally through all the eigenmodes (through damping or small perturbations). What FPU
found for a nonlinear system was very different. Energy added to one mode was transferred
to nearby modes in frequency, but then the system would nearly completely return to the
original  mode  as  time  progressed.  Here  we  present  the  first  theoretical  study  of  FPU
behaviour in nonlinear magnetic chains. In magnetic systems the FPU behaviour exists only
under certain conditions and may be turned on and off by varying an external magnetic field.
A realistic micromagnetic model shows such behaviour could be measurable.
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Figure  1.  Power-dependent  ferromagnetic  resonance
absorption as a function of frequency for ferromagnetic and
antiferromagnetic  coupled  bilayer  structures.   For  the
system with antiferromagnetic coupling there is a dramatic
appearance of a new absorption peak (near 30 GHz) as the
input power is increased.  Arrows show the position of the
linear acoustic and optic modes for the two cases. 



23

DAY 2: NONLINEAR PHENOMENA

Hartman effect for spin waves in exchange regime

Jarosław W. Kłos,1,2* Yuliya S. Dadoenkova,3,4 Justyna Rychły1, Natalya. N. Dadoenkova,3,4 
Igor L. Lyubchanskii4,5, and Józef Barnaś1,6
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3. Ulyanovsk  State  University,  Ulyanovsk,  Russia
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The Hartman effect [1] is the wave phenomenon observed for the wave packet tunnelling
through a barrier, where the evanescent solution of the wave equation exists. The effect can
be defined as the saturation of the group delay with the increase in the barrier width [3]. This
can be paradoxically interpreted as an unlimited growth of the propagation speed for the
tunnelling wave packet. The Hartman effect was investigated in the past for different types of
wave  excitations  like  electromagnetic  and  electronic
waves. In this Communication, we show the possibility of
the existence of Hartman effect for exchange spin waves
which tunnel through the barrier formed by a magnetic
anisotropy field [4]. 
The Hartman effect is a phase sensitive effect. Therefore
the appropriate formulation of  the boundary conditions
on  the  interface  of  the  barrier  is  crucial.  In  our
calculations, we take into account the general Barnas-
Mills boundary conductions (which include the interface
exchange  stiffness)  to  calculate  the  transmission  and
group delay for spin waves.
To exemplify our findings, we performed calculations of
the  exchange  spin  wave  tunnelling  through  the
anisotropy  barrier  in  CoFeB  of  variable  thickness,
covered by MgO.

Acknowledgments

The  study  has  received  financial  support   from  the
National  Science  Centre  of  Poland  Grants  No.:  UMO-
2016/21/B/ST3/00452,  UMO-2017/24/T/ST3/00173  and
the EU’s Horizon 2020 MCSA-RISE Grant Agreement No.
644348  (MagIC).  J.W.K.  and  J.R.  would  like  to
acknowledge  the  support  of  the  Foundation  of  Alfried
Krupp Kolleg Greifswald, the Adam Mickiewicz University
Foundation,  respectively.  Y.S.D.  and  N.N.D.  have
received financial support  from the Ministry of Education
and Science of the Russian Federation - State Contracts
No.3.7614.2017/9.10 and No.14.Z50.31.0015. 

References

[1] T.E. Hartman, J. Appl. Phys. 33, 3427 (1962); 
H.G. Winful, Phys. Rev. Lett. 90, 023901 (2003). 

[2] M. Büttiker and S. Washburn, Nature 422, 271 (2003).

[3] J.W. Kłos, Y.S. Dadoenkova, J. Rychły, N. N. Dadoenkova, I.L. Lyubchanskii 
and J. Barnaś, arXiv:1801.05876.

Figure 1. (a) The exemplary structure has
the form of a ferromagnetic layer made of
a low-damping material (CoFeB) with an
out-of-plane magnetic anisotropy induced
by  the  interface  with  the  oxide  layer
(MgO)  deposited  on  top  of  the
ferromagnetic layer. (b) Saturation of the
group delay τgr, observed in the tunnelling
regime with the increase of the width of
the  barrier  L.  Width  of  the  interface  ‘i’
between the matrix ‘m’ (1.3nm thick) and
the barrier ‘b’ (1.0nm thick) was assumed
as  tmb=4  nm.  The  following  material
parameters were taken: MS,m=1.2×10A/m,
MS,b=0.8×106A/m,  Am=27×1012J/m,
Ab=20×1012J/m, Ki=1.3×10−3J/m3.  
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Magnon-polaritons in antiferromagnets 

Rostislav V. Mikhaylovskiy,1* Kirill Grishunin,1,2 Sebastian Baierl,3 Guo-Hong Ma4, Rupert 

Huber3 and Alexey V. Kimel1,2 

1. Institute for Molecules and Materials, Radboud University 

2. Moscow Technological University (MIREA) 

3. Department of Physics, University of Regensburg 

4. Department of Physics, Shanghai University 

The antiferromagnetic materials appeal to spintronics and magnonics because of their very 

high terahertz (THz) frequencies of spin dynamics and unique functionalities in comparison 

to conventional ferromagnets. Due to the strong coupling of the propagating THz magnetic 

fields with magnons, the hybrid magnon-polariton modes are formed. The physics of the 

magnon-porations calls for an interdisciplinary approach at the merge of magnetism and 

photonics. 

For instance, magnon-polaritons are shown to play a dominant role in propagation of 

terahertz (THz) waves through TmFeO3 orthoferrite, if the frequencies of the waves are in 

vicinity of the quasi-antiferromagnetic mode of spin resonance [1]. Theoretical analysis 

indicates that the beating arises due to the energy exchange between the higher and lower 

polariton branches formed in vicinity of the antiferromagnetic magnon frequency.  

Polaritonic nature of spin modes in antiferromagnets has important implications for THz-

driven spin control [2]. In DyFeO3 orthoferrite the lattice-mediated coupling of the electric 

fields produced by otherwise orthogonal magnon modes leads to internal resonance, when 

the frequencies of the modes are close to each other. This resonance results in a dramatic 

enhancement of spin oscillations excited by THz magnetic field.  
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Investigation of microwave bistability in spin-wave optoelectronic active ring 

resonator 

Vitalii V. Vitko,* Andrey A. Nikitin, Alexey B. Ustinov, and Boris A. Kalinikos 

Department of Physical Electronics and Technology, Saint Petersburg Electrotechnical University 

“LETI” 

The bistable phenomena appeared as a result of an interaction of electromagnetic radiation 

with different nonlinear resonance systems have attracted a lot of attention due to a variety of 

the fundamentally important effects and practical applications.  Naturally, the phenomena 

manifest themselves in the ring systems, electrical length of which is large compared to the 

wavelengths of the circulating signal.  Up to now, the main attention has been given to the 

optical rings.  Among them, two nonlinear systems, namely, optical fiber rings and micro-rings, 

were studied (see, e.g. [1] – [2]).  Whereas the optical rings were widely investigated due to a 

variety of the fundamentally important effects and practical applications, the “foldover” 

phenomena representing bistability behavior of the spin-wave (SW) rings was investigated only 

by Janantha [3].  It is physically clear that a combination of the SW and optical waveguides in 

a feedback ring provides a new type of nonlinear system with various nonlinear phenomena.  

Therefore, in this work the microwave bistability in the active ring resonators (RRs) with dual 

spin-wave and optical nonlinearities has been investigated.  A general circuitry of the 

investigated active RR is shown in Fig. 1(a).  The theory for the nonlinear transfer function of 

the active RR consisting of the SW and optical delay lines 

was developed.  The nonlinear transfer function was 

derived taking into account the nonlinear phase shifts in 

both delay lines.  The bistable behavior of the 

transmission characteristics of the active RR was 

analyzed using the developed theory for the two types of 

the SW delay lines based on the forward volume spin 

waves (FVSWs) and backward volume spin waves 

(BVSWs).  It was find out that an introduction of the highly 

nonlinear optical fiber in the active RR based on the 

FVSW delay line provides compensation of the SW 

nonlinearity (see Fig. 1(b)).  However, exactly the same 

nonlinear optical fiber in the active RR based on the 

BVSW delay line enhanced the bistability (see Fig. 1(c)).  

In order to check the adequacy of the developed theory, 

the transmission characteristics of the particular case of 

the active RRs consisted of the nonlinear FVSW or BVSW 

delay lines and linear optical single mode fiber were 

experimentally measured.  The results of the theoretical 

investigations are in good agreement with the 

experimental data. 
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Figure 1. (a) Diagram of the spin-wave 
optoelectronic active RR arrangement.    
Transmission characteristics of active RR 
based on optical and (a) FVSW or (b) 
BVSW delay lines. 
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Nonlinear spin conductance of yttrium iron garnet thin films driven by large 
spin-orbit torque 
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The recent demonstrations that spin-orbit torques      
(SOTs) allow one to generate and detect pure        
spin currents [1,2] have triggered a renewed effort        
to study magnons’ transport in magnetic      
insulators. A large effort has concentrated so far        
on yttrium iron garnet (YIG), which is famous for         
having the lowest known magnetic damping      
parameter. From a fundamental point of view,       
these studies of magnon transport in YIG by        
means of the direct and inverse spin Hall effects 
(ISHEs) are very interesting as they provide new        
means to alter strongly the energy distribution of        
magnons up to thermal energies, where the       
interplay between these nonequilibrium    
populations is expected to lead to new collective        
phenomena.  

We propose herein to measure the non-local spin        
conductance of YIG films when the driving       
current is varied in a wide magnitude range        
creating, first, a quasi-equilibrium transport     
regime and, then, driving the system to a        
strongly out-of-equilibrium state. To reach this      
goal the spin current density injected in the YIG         
by SOT will be increased by more than one         
order of magnitude compared to previous works       
while simultaneously reducing the film thickness      
by also an order of magnitude using ultrathin        
films of YIG. Since a large amount of electrical         
current needs to flow in the Pt, a pulse method is           
used to reduce significantly Joule heating. In the        
following the current is injected during 10-ms       
pulse series enclosed in a 10% duty cycle. 

The lateral device is biased by an in-plane        
magnetic field set at a variable azimuthal angle φ.         
We sort the nonlocal voltages according to their        
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symmetry with respect to the magnetization direction. We construct in Figs. 2 the signal sum               
Σφ=(Vφ+ Vφ)/2 averaged over the two field polarities and by construction even with respect to               
the direction of the applied magnetic field (the green curve). It has been shown in [2] that this                  
signal should be associated to SOT. At low current, the SOT signal, Σ 0 , [3] follows first a                 
linear behavior which is believed to be dominated by thermal magnons’ transport. The             
interesting novel feature is the fact that the SOT signal, Σ 0 , deviates from a purely linear                
transport behavior at large current above, I c . Quite remarkably the deviation from the linear              
conductance occurs very gradually and approximately follows a quadratic behavior. Such a            
progressive rise is very different from the sudden surge of magnons’ numbers reported             
before in these systems [1]. 

We find that at high current, the spin conductance is dominated by magnetostatic magnons              
[3], which are low-damping non-equilibrium magnons thermalized near the spectral bottom by            
magnon-magnon interaction, with consequent a sensitivity to the applied magnetic field (cf.            
FIG2b). This picture is supported by microfocus Brillouin Light scattering. 
We believe that these findings are not only important from the fundamental point of view, but                
also might be also useful for future applications. Although transport of thermal magnons is              
difficult to control due to their relatively high energies (FIG2c), the crossover to a subthermal               
spin conduction regime allows the development of controllable spin conductors by relatively            
weak magnetic fields. 
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Ultrafast Lorentz Microscopy: A tool to study laser- and current-driven 
magnetization dynamics (invited)

Marcel Möller,1* Nara Rubian da Silva,1 John H. Gaida,1 Armin Feist,1 Sascha Schäfer, 2 and 
Claus Ropers1

1. 4th Physical Institute, University of Goettingen
2. Institute for Physics, University of Oldenburg

Lorentz  microscopy  is  a  widely  applied  technique  for  the  nanoscale  mapping  of

magnetization structures. Its adaptation to time-resolved imaging offers fascinating prospects

for studying ultrafast magnetization dynamics [1,2].

The Göttingen Ultrafast  Transmission Electron Microscope (UTEM) is a newly developed

instrument  [1],  which  allows  for  studies  of  ultrafast  magnetization  and  demagnetization

dynamics induced by radio-frequency currents or optical pulses [3]. This is facilitated with an

electron source which can either deliver a continuous electron beam or electron pulses with a

duration down to 200 fs at a 0.6 eV spectral width and a sub-nm focal spot size [1]. In this

contribution,  we investigate the gyrotropic  motion of  a magnetic  vortex confined within a

20nm thick 2µm x 2µm permalloy nanoisland [5]. Exciting the magnetic vortex with an in-

plane spin current near the resonance frequency of 101MHz, we can follow the trajectory of

the vortex core with 20 nm resolution. Furthermore, we investigate the response of the vortex

to non-periodic excitations. Using a sinusoidal current pulse which only lasts for a few cycles,

we can trace the build-up and relaxation of the vortex gyration, which yields the damping and

the spectral characteristics of our sample system.
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[2] K. B. Schliep, et al., Appl. Phys. Lett. 110, 222404 (2017)
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Figure 1. (a) Time-resolved Lorentz micrographs of the gyrotropic motion of the vortex. (b) Line
profiles along x- and y-direction as a function of time delay. (c) Positions of the vortex core
during a single cycle. (d) X-profile of the vortex core t=0 ns with a full-width half max of 46 nm.
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Tailoring the magnetic anisotropy of thin films using ferromagnetic resonance 

Dirk Backes1 

1. Department of Physics, Loughborough University  

Topological insulators are materials with an insulating bulk and conducting surfaces. The 
electronic states these surfaces harbour are remarkable in the sense that the spins of the 
charge carriers are locked to their momentum and transport is topologically protected, i.e. 
backscattering is suppressed [1]. In combination with magnetic materials these properties can 
be harvested for a whole set of new applications, such as new kinds of spintronic devices 
based on topological insulators [2] or for generating dissipationless currents in magnetic 
topological insulators [3]. 

In both cases, the magnetic anisotropy of the ferromagnetic materials is crucial to achieve the 
desired interaction with the topological insulator. In this work, the anisotropy is shown to be 
determined from the magnetodynamic behaviour 
in an external magnetic field, using ferromagnetic 
resonance (FMR) [4]. An example is the magnetic 
anisotropy of Co20Fe60B20 thin films, where the 
magnetisation can be adjusted from in-plane to 
out-of-plane by changing the thickness of the films. 
A new FMR setup with high sensitivity and 
dynamic range was built for these purposes. At its 
core is a network analyser, allowing to apply ac 
currents with frequencies up to 40 GHz through a 
waveguide, situated in a brass cavity. In future, 
FMR will play an important role in the 
characterisation of topological 
insulator/ferromagnet-bilayers.  

 
References 
[1] Z. Hasan and C.L. Kane, Rev. Mod. Phys. 82, 3045 (2010). 

[2] Y. Fan and K. L. Wang, SPIN 6, 164001 (2016). 

[3] C.-Z. Chang and M. Li, J. Phys.: Condens. Matter 28, 123002 (2016). 
[4] D. Backes et al., J. Appl. Phys. 111, 07C721 (2012). 
 

Figure 1 FMR dispersion curves for cobalt iron 
boron films with varying thickness 
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Anisotropies and relaxation in exchange-biased bilayers 

Tim Mewes,1* Jamileh B. Mohammadi,2 Joshua M. Jones,1 Soumalya Paul,1 Behrouz 

Khodadadi,3 Christian Kaiser,4 and Claudia K.A. Mewes1 

1. Center for Materials for Information Technology, Dept. of Physics, University of Alabama, USA 

2. Dept. of Physics, New York University, New York, USA 

3. Dept. of Physics, Virginia Tech, Blacksburg, USA 

4. Western Digital, Fremont, USA 

The exchange coupling at the interface between a ferromagnet and antiferromagnet leads to 

many interesting properties of these bilayer systems, including a shifted hysteresis curve or 

unidirectional anisotropy, that have led to a multitude of applications of these systems. Here 

we report on recent investigations of the magnetization dynamics in a series of IrMn/CoFe 

exchange biased bilayers using broadband ferromagnetic resonance. These investigations 

enabled us to precisely determine the interfacial exchange coupling Δ𝜎 = 𝑀𝑠 ⋅ 𝑡𝐶𝑜𝐹𝑒 ⋅ 𝐻𝑒𝑏 for 

this material system. The value of Δ𝜎 = 0.53 ± 0.002 (𝑒𝑟𝑔/𝑐𝑚2) for this material system 

exceeds known values for metallic antiferromagnets [1]. Furthermore, we find a strong 

interfacial perpendicular anisotropy of 𝐾𝑖 = 1.94 ± 0.14 (𝑒𝑟𝑔/𝑐𝑚2), which has not been 

previously reported for this system and is comparable to values reported for CoFeB/MgO 

systems [2]. Broadband ferromagnetic resonance 

measurements up to 65 GHz reveal a clear 

unidirectional character of the relaxation in this 

system, such a behaviour has previously only been 

reported for NiFe/FeMn bilayers [3]. These 

measurements also indicate a strong two-magnon 

scattering contribution to the relaxation in this 

system. In-plane angular dependent measurements 

not only confirm the unidirectional character of the 

relaxation in this system, but also reveal that while 

two-magnon scattering is the dominant relaxation 

mechanism for CoFe films thinner than 5nm in 

thicker films another interfacial contribution starts to 

dominate. Its inverse CoFe thickness dependence 

enables us to distinguish it from the 1/𝑡𝐶𝑜𝐹𝑒
2  thickness 

dependence expected for a strictly interfacial two-

magnon scattering contribution. 
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Figure 1. Unidirectional linewidth contribution 
determined from in-plane angle dependent 
measurements as a function of the inverse CoFe 
thickness. The solid black line shows the two-
magnon contribution, while the dashed black line 
is an additional contribution scaling with the 
inverse film thickness that is required for the fit 
shown in blue (95% confidence bands are 
shown as blue areas). 
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Modulation of magnetization dynamics in dual-free-layer system by inserting 
ultra-thin rare-earth layers

Qian Chen,1 Xuezhong Ruan,2 Long Yang,2 Honglei Yuan,1 Ya zhai,1,* and Yongbing Xu2,*

1. School of Physics, Southeast University, Nanjing 210096,China 
2. School of Electronic Science and Engineering, Nanjing University, Nanjing 210093, China 

As  an  essential  building  block  to  spin-valves,  ferromagnet  /  normal-metal  /  ferromagnet
hybrid  structures  have  received  tremendous  attention  over  the  last  two  decades  [1,2].
Especially with the development of  spin torque nano-oscillators (STNO) composed of dual
free layers, such a system is expected to offer a great improvement in microwave power
emission. Here, we modulate the magnetization dynamics in a NiFe / Cu / FeCo dual-free-
layer  system  by  inserting  different  ultra-thin  rare-earth  (RE)  layers  adjacent  to  the
ferromagnetic  layer.  The magnetization  relaxation  processes  in  each ferromagnetic  layer
under  different  external  fields  are  studied  using  optical  pump-prob  magneto-optical  Kerr
spectroscopy. By extracting the oscillatory components from the magnetization dynamics and
then carrying out the fast Fourier transform, two intrinsic excitations in the frequency domain
are observed. Dynamic magnetic parameters of the system such as the lifetime and Gilbert
damping (α) during magnetization relaxtion are obtained by nonlinear fitting of kerr signals.
We find that the initially small magnitude of α in the NiFe and FeCo layers is improved and
the lifetime is decreased by Tb and
Gd  insertions.  Broadband
ferromagnetic resonance based on
a  vector  network  analyser  is
employed  to  further  identify  our
study,  and  the  results  are
consistent.  With  the  help  of  the
element-specific  technique  of  X-
ray  magnetic  circular  dichroism
(XMCD),  we  find  that  the
modulation effect can be attributed
to  the  orbital  moment
enhancement  of  Ni  and  Co  and
the  inducement  of  ferromagnetic
ordering  in  RE  layer.  This  result
will  have  clear  significance  for
improving the performance of  the
dual  free-layer  STNOs  by
independently tuning the dynamic
magnetizations of the free layers.
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Figure  1.  (a)  Schematic  structure  for  sample  A  and  B.  (b)
Oscillatory components of magnetization dynamics at H = 5538 Oe.
(c) The iIntrinsic excitation frequency and the lifetime as functions
of the external magnetic field.
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The Influence of Boundary on spin pumping in permalloy/Terbium/permalloy 
trilayers

Zhaocong Huang,1 Yukun Wang,1 Biao You, 2 Jun Du,2 and Ya Zhai1,2,*

1. School of Physics, Southeast University，Nanjing210096, China
2. National Laboratory of Solid Microstructures, Nanjing University

 As  an  essential  application  of  pure  spin  current  in  spintronics,  spin  pumping  effect  in
ferromagnet/nonmagnet hybrid structures have received tremendous attention over the last
two decades author.[1,2] In early studies, The nonmagnetic layer in most of the related work
was focused on normal metals  such as Cu, Pt, Pd, and Au. However, rare earth elements,
i.e. terbium (Tb), is nonmagnetic material at room temperature and possess a large orbital
momentum, which could enhance the spin-orbit coupling and in turn, spin pumping effect.[3]
In this  paper,  we study the spin pumping effect  of  permalloy(Py,Ni80Fe20)/Tb bilayers and
Py/Tb/Py  trilayers  by  varying  different  thickness  of  Tb  layer,  which  examines  that  the
influence of spin pumping effect by boundary of nonmagnetic layer .

Two series of Py(30 nm)/Tb(dTb nm) and Py(30 nm)/Tb(dTb nm)/Py(30 nm) films with different
thicknesses  of  Tb  layer  from  0  to  40  nm  are  deposited  on  silicon  substrates  by  DC
magnetron sputtering at room temperature.  Ms decreases with increasing the thickness of Tb
for  both  series,  and  double  coercivity  appears  for  thicker  Py/Tb/Py  trilayers,  which  may
originate from the neighbouring effect in the Py/Tb interfaces. The spin pumping effect  and
magnetization dynamics is investigated by vector network analyzer ferromagnetic resonance
(VNA-FMR)  measurements  at  different  frequencies.  By  fitting  the  experimental  data  of
frequency dependence of resonance field and linewidth,
the  magnetic  parameters  such  as  effective
magnetization,  anisotropy  constants  are  obtained,
damping coefficient extracted from resonance linewidth,
increases with increasing the thickness of Tb layer for
both  series  and  finally  tends  to  a  fixed  value.  It  is
interesting  to  note  that  the  damping  coefficient  grows
faster in trilayers though they reach the same value at
the  end  for  both  bilayers  and  trilayers  as  shown  in
fig.1(b).  Additional, according to the fitting result of the
thickness dependence of Tb layer of damping constant
(α), the spin diffusion length is 6 nm in both bilayers and
trilayers, while the spin mixing conductances are 50×1015

cm-2 and  58×1015 cm-2,  respectively.  The  details  will
discussed in the full paper.
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Figure  1.  (a)  FMR  spectra  of  different
thickness  of  Tb  layer  for  Py/Tb/Py
trilayers  with  frequency  of  10  GHz.  (b)
Thickness dependence of  Tb layer  of  α
for both bilayer and trilayer.
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Propagating spiral spin waves in magnetic nano-patches

David Osuna Ruiz,1* Alastair P. Hibbins,1 and Feodor Y. Ogrin,1 

1. Department of Physics and Astronomy, University of Exeter

Spin waves in confined structures have widely been a subject of interest in the field of
computing and magnetic memories. In nanostructures, spin waves can be excited in the GHz
regime, but this is not always a desirable phenomenon since it could cause interferences
while reading or writing stored data in simple structures such as circular disks. However,
constructive interferences between spin waves can enhance their intensity and could make
them   more   easily   detectable,   something   desirable   in   other   applications.   Therefore,
understanding   the   sources,   propagation   and   dispersion   characteristics   of   spin   waves
becomes a fundamental topic for improving future technological applications. 

In a relaxed single vortex state, widely used for bit storage, spin waves with circular or
spiral   wave   fronts   can   usually   be   excited   depending   on   the   orientation   of   an
alternating magnetic field [1]. In our work we
study   differences   between   thin   and   thick
disks.  We  found  that,  depending  on
thickness, propagating spiral spin waves are
more  efficiently  excited  from  different
regions of the disk: Edge and core vicinity.
We give a simple explanation for the origin
of   spiral   spin   waves   in   thick   samples
through Landau-Lifshitz equation of motion
[2]. We also show their dispersion relations,
which  allows  to  easily  identify  their
frequency range of work. Spiral spin waves
can   offer   a   new   variety   of   interesting
applications in contrast to circular spin waves.
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Figure 1. Numerical results of a propagating spiral spin
wave from the center of a thick Permalloy disk at 8.5
GHz under in-plane excitation. Greyscale shows the
intensity of the dynamic out of plane component of
magnetization.
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Nanomagnet field noise by relaxometry of nitrogen-vacancy centers in 
diamond (invited)

Robert D. McMichael1 and Kapildeb Ambal1,2

1. Center for Nanoscale Science and Engineering, National Institute of Standards and Technology, 
USA

2. Maryland NanoCenter, University of Maryland, College Park, MD, USA

Thermally excited modes in magnetic nanostructures produce stray field fluctuations that are
strong  enough  to  change  the  spin-sensitive  optical  properties  of  nitrogen  vacancy  (NV)
center defects in diamond [1].   Increasingly, NV centers are finding uses as optically-read
atom-sized  magnetic  field  sensors  with  nanotesla  sensitivity  [2,3].   One  of  the  special
properties of NV centers, a millisecond spin-state
coherence time, is degraded by field noise at the
microwave transition frequencies of the NV’s spin,
enabling  sensitive  measurements  of  microwave-
frequency  field  noise.   We  use  this  relaxation
effect to detect field noise from thermally excited
spin modes in ferromagnetic nanostructures.   To
calculate  the  field  noise,  we  developed  a  new
micromagnetic  modeling  method  that  avoids
random  “thermal”  excitation  fields,  and  instead
calculates deterministic losses when the sample is
excited  by  a  dipole  at  the  NV’s  location.   A
fluctuation-dissipation  argument  then  yields  the
power spectrum of the stray field fluctuations with
peaks  corresponding  to  modal  resonance
frequencies.  Noise  spectra  are  calculated  for
Permalloy-like,  3  nm  thick  disks  with  diameter
range  from  50  nm  to  5000  nm.   The
micromagnetic  results  agree  with  a  macrospin
model at the small end of the size range, and also
agree  at  the  large  end  with  a  fluctuation-
dissipation  model  for  plane  waves  in  films.   In
contrast  to  measurements  of  microwave-driven
modes,  this  measurement  scheme  allows
measurements of odd-symmetry modes and offers
spatial resolution as fine as tens of nanometers.
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Figure 1. a) Detailed balance scheme for the
model.   Field  fluctuations drive currents  in
the ring.  Johnson noise drives dynamics in
the magnet. Net power flow must be zero.
b) Field noise spectra for x, y, z-components
of  stray  field  calculated  for  a  500  nm
diameter disk, 3 nm thick at 290 K.  Images
are  precession  modes  corresponding  to
selected peaks.
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Internal emission of electromagnetic terahertz waves caused by ultrafast 
optical demagnetization in ferromagnetic transition metal

Vladimir A. Skidanov1* 

1. Institute for Design Problems in Microelectronics, Russian Academy of Sciences

Last years terahertz radiation caused by dynamical processes in optically excited bi-layered
structures including ferromagnetic and normal transition metal films is widely investigated.
The terahertz electrical signal appeared under influence of femtosecond optical pulse was
attributed  mainly  to  spin-orbit  coupling  of  polarized  electrons  excited  in  ferromagnetic
medium and diffused into normal metal [1]. The relation of  teraherts radiation with laser-
induced dynamics of the exchange splitting in ferromagnetic film and demagnetization effect
was also discussed [2] but the nature of ultrafast demagnetization is not understood clearly
up to now [3]. 

The terahertz radiation is considered as a direct consequence of demagnetization effect in
ferromagnetic media in the present report. The simple model is proposed to explain the main
features of the demagnetization effect in transition metals. The model is based on the intra-
band electron transitions between d-band electron states below Fermi level under influence
of  exchange  interaction  during  femtosecond  optical  excitation.  It  is  shown  that
demagnetization in ferromagnetic transition metal is accompanied by terahertz radiation of
circularly polarized electromagnetic waves.

In accordance with Stoner model of  d-band splitting in transition metals minority sub-band
has always higher energy and more number of empty states than majority sub-band above
Fermi level so that minorities dominate over majorities among excited electrons. Therefore
the number of minority empty states below Fermi level exceeds the number of majority empty
states  forming  the  inversion  of  majority/minority  populations  during  optical  pulse.  The
localized polarized electrons  suffer  varying exchange interaction  with  neighbours  so that
significant part  of  majorities changes their polarity transferring to released minority states
with lower energy by spin inversion thus reduce magnetization of medium. The transfer rate
corresponds to exchange interaction frequency which is in terahertz range. Spin inversion
accompanies by broadband circularly  polarized terahertz electromagnetic  emission in  the
direction of magnetization to conserve angular momentum. Reverse recombination of excited
minorities is restricted since a significant part of minority states are occupied by intra-band
inversion of majorities so that demagnetization conserves during long spin-lattice relaxation
time. Partial recovery of magnetization occurs due to recombination with spin inversion of a
small fraction of excited minorities near Fermi level (within ~ 100 meV) with released majority
states induced by internal terahertz emission when light pulse is terminated.

The purely  exchange mechanism of  ultrafast  demagnetization possesses to describe the
most of observed phenomena without artificial models of superdiffusion or enhanced spin-
orbit  coupling.  The  terahertz  radiation  arises  then  as  a  natural  laser  similar  effect  in
ferromagnetic  medium  with  inversed  populations  of  majorities  and  minorities  electrons
energy levels under influence of varing exchange interaction.
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Temperature dependence of magnetic properties of a 18-nm-thick YIG film 
grown by liquid phase epitaxy: effect of a Pt overlayer

Nathan Beaulieu,1* Nicolas Thiery, 2 Nelly Kervarec,5 Olivier Klein,2 Grégoire de Loubens,3 
Hervé Hurdequint,3 Jamal Ben Youssef, 1 and Nicolas Vukadinovic  4  

1. LabSTICC, CNRS, Université de Bretagne Occidentale, 29238 Brest, France 

2. SPINTEC, CEA-Grenoble, CNRS and Université Grenoble Alpes, 38054 Grenoble, France

3. Service de Physique de l'Etat Condensé, CEA, CNRS, Université Paris-Saclay, Gif-sur-Yvette, 
France 

4. Dassault Aviation, 78 quai Marcel Dassault, 92552 St-Cloud, France 

5. Plateforme technologique RMN-RPE, Université de Bretagne Occidentale, 29238 Brest

In the field of magnonics, the magnetic damping plays a crucial role [1]. Yttrium iron garnet
(Y3Fe5O12, YIG) thin films grown by liquid phase epitaxy (LPE) is the best candidate because
it presents the lowest damping known. Moreover, as YIG is an insulator, pure spin currents
take place in this material, which considerabily decreases the energy consumption, as it
doesn’t need any heating dissipation. In addition, the growth of thin films (thinner than 100
nm) is critical to perform YIG nanostructures, as they are very resilient to standard etching
techniques. Our aim is thus to grow very thin YIG films with a damping reaching the value of
the bulk  and  to  investigate the magnetic  properties  of
these films and associated YIG/Pt heterostructures.
In this work, a 18-nm-thick YIG film was grown by LPE on
a   (111)-oriented   Gadolinium   Gallium   Garnet   substrate.
The high quality of this film is revealed by a low Gilbert
damping  parameter  (α=3.2*10-4)  and  a  weak
inhomogeneous  contribution  to  the  ferromagnetic
resonance (FMR) linewidth (ΔH 0=2.5 Oe) [2]. This film
was   then   capped   with   a   3-nm-thick   Pt   layer.   The
magnetic   properties   (anisotropies,   resonance   linewidth)
of   this   heterostructure   were   investigated   with   an   EPR
spectrometer at 9.8 GHz for temperatures ranging from
140 K up to 405 K. From the angular dependences of the
uniform  mode  (FMR)  and  a  surface  mode,  a
enhancement of the uniaxial anisotropy field Hku of the
YIG/Pt film with respect to the YIG film is evidenced (Fig.
1).   This   effect   is   attributed   to   the   surface   anisotropy
induced by the Pt layer. The temperature dependences of
the   first-order   cubic   magnetocrystalline   anisotropy   field
for the YIG and YIG/Pt films appear quite similar (inset of
Fig. 1) and follow the evolution reported for bulk YIG [3].
On the other hand, the FMR linewidths of YIG and YIG/Pt
films   decrease   for   increasing   temperature   both   for   in-
plane and out-of-plane configurations (Fig. 2). The effect
of the Pt layer on the FMR linewidth strongly depends on
the orientation of the polarizing magnetic field and will be
discussed in this communication.  
References
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Figure 1. Temperature dependence of
the uniaxial anisotropy field H Ku and the
first-order cubic magnetocrystalline field
HK1 (inset) for YIG and YIG/Pt films. 

Figure 2.  Temperature dependence of

the   in-plane   (b=90°)   and   out-of-plane

( b=0°) FMR linewidths for the YIG and

YIG/Pt films.
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        Quantum-impurity relaxometry of magnetic dynamics 
Benedetta Flebus  

Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA 

Prototypes of quantum impurities (QI), such as NV centers in diamond, 
have been recently growing in popularity due to their minimally invasive 
and high-resolution magnetic field sensing. In this work, we focus on 
quantum-impurity relaxometry as a method to probe collective 
excitations in magnetic insulators. We develop a general framework that 
relates the experimentally-measurable quantum-impurity relaxation 
times to the properties of a magnetic system via the noise emitted by the 
latter. We suggest that, even when the quantum-impurity frequency lies 
within the spin-waves gap, quantum-impurity relaxometry can be 
effectively deployed to detect signatures of the coherent spin dynamics, 
such as magnon condensation, both in ferromagnetic and 
antiferromagnetic systems, as well as open prospects to nonintrusively 
probe spin-wave transport regimes in magnetic insulators. Furthermore, 
we show that magnetic textures such as antiferromagnetic domain-walls, 
whose detection in conventional magnetometry experiments is 
challenging, can be imaged via quantum-impurity relaxometry. Finally, 
we put forward a proposal for coupling distant quantum impurities via 
such topological defect. 
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Modelling wave propagation in nanometer metallic magnetic structures

Mustafa M. Aziz,1* Conor McKeever,2 and Feodor Ogrin2 

1. College of Engineering, Mathematics, and Physical Sciences, University of Exeter
2. Department of Physics and Astronomy, University of Exeter, 

A hybrid electromagnetic and micromagnetic method has been previously developed by the
authors based on the finite-difference time-domain (FDTD) Maxwell's equation framework [1],
offering numerical efficiency and stability for solving the complex system of the combined
Landau-Liftshitz-Gilbert (LLG) and Maxwell's equations.  This method was used to study the
magnetisation dynamics in permalloy thin-films excited by sub-nanosecond fields produced
from current carrying conductors [1].  This stable algorithm was utilised in the literature for
example  to  study  the  broadband  ferromagnetic  resonance  of  thin-film  magnetic
nanostructures closely contacting non-magnetic metallic layers in microstrip line structures
[2], and studying the dispersion of spin-waves in thin conducting magnetic films [3].  In this
work, the FDTD-LLG algorithm is extended to model high-frequency electromagnetic wave
interaction with long metallic magnetic nano-prisms with 50 - 300 nm square cross-sections,
saturated over their long axis or relaxed into the vortex ground state.  This is to investigate
the  effects  of  Eddy  current  screening,  damping  and  size  dependence  of  the  magnetic
elements on the high-frequency susceptibility  and resonance modes of  the nano-prisms.
Simplified analysis of numerical stability of the FDTD-LLG algorithm is also presented.
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Engineering interactions in 3-D artificial spin ice – a spectral analysis 
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Artificial spin ices (ASIs) are arrays of strongly correlated nano-scale magnetic islands.  While 
initially envisaged as a two-dimensional analogue of bulk frustrated pyrochlores [1], they are 
now seen as a possible avenue to designing functional materials. Indeed, interest has focused 
on the topological magnetic structures that these systems exhibit: namely, monopole-like 
excitations and Dirac strings [2]. Recent research has shown that the presence of these 
structures and, more generally, the exact microstate of the ASI lattice affect the dynamical 
behaviour [3]. This suggests the possibility of using ASI as a reconfigurable magnonic crystal 
[4]. Up until now, most dynamical studies have considered ‘flat’ ASI systems. For example, the 
standard tiling pattern – square ice – consists of two interpenetrating sub-lattices of magnetic 
islands arranged in a plane. This is shown in Fig. 1(a). By shifting the islands in one sub-lattice 
vertically (i.e. out-of-plane as in Fig. 1(b)), the interactions between islands can be modified. 
In this work, we investigate the effect of this vertical offset on the dynamical behaviour of single 
vertices and small arrays using micromagnetic simulations. In particular, we probe the 
behaviour of the spin-wave dynamics through excitation of the ferromagnetic resonance mode.  
We show that altering this offset leads to significant shifts in the frequencies of certain modes 
as illustrated in Fig 1(c). In particular, we can see that modes merge together. Such merging 
tends to occur at offsets for which the nearest-neighbour and next-nearest-neighbour 
interactions are of the same strength. 
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Figure 1. (a) The canonical square ASI tiling pattern is composed of two sub-lattices arranged perpendicular to each 
other (shown here in green and purple). The island moments for one vertex are shown by way of example. (b) By 
raising one sub-lattice vertically, the interaction strengths between islands can be engineered. (c) The spectrogram 
shows the effect of this offset on the modes of a single vertex with a net magnetic charge.  
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Naturally Hyperbolic and Chirality Too: The Optics of Antiferromagnets 

R. Stamps  1, R. Macedo2 and I. Proskurin1
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2. School of Physics and Astronomy, University of Glasgow, Glasgow, UK

Natural hyperbolic magnetic media exist in which optical effects such Goos-Hanchen shifts 
[1] and negative reflection [2] can be tuned by simply applying external magnetic fields. We 
discuss how this occurs in antiferromagnets and show that by rotating the easy axis of the 
crystal,  the hyperbolic  dispersion is  rotated and the angle  of  refraction is  modified  and  
cannot be defined as simply negative and positive as is done in conventional hyperbolic  
media. The optical properties (ie focusing) derived from the hyperbolic behaviour are also  
modified. Because the crystal is magnetic all afore mentioned behaviour can be tuned to a 
different frequency by applying external magnetic fields. 

As first  demonstrated by Tang and Cohen in  chiral  optics,  the asymmetry in  the rate  of
electromagnetic energy absorption between left and right enantiomers is determined by an
optical  chirality density.  Here,  we demonstrate that  this  effect  can exist  in magnetic  spin
systems.  By  constructing  a  formal  analogy  with  electrodynamics,  we  show  that  in
antiferromagnets  with  broken  chiral  symmetry,  the  asymmetry  in  local  spin-wave  energy
absorption is proportional to a spin-wave chirality density, which is a direct counterpart of
optical zilch.[3] We propose that injection of a pure spin current into an antiferromagnet may
serve  as  a  chiral  symmetry  breaking  mechanism,  since  its  effect  in  the  spin-wave
approximation can be expressed in  terms of  additional  Lifshitz  invariants.  We use linear
response theory to show that the spin current induces a nonequilibrium spin-wave chirality
density. 
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Driving magnetisation precession with coherent phonons (invited)
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It  is  known that  phonon pulses can be used to stimulate magnetisation  precession of  a
ferromagnetic film by modification of the magnetocrystalline anisotropy energy [1]. Recently
we have extended this concept to demonstrate how coherent phonons can be used to drive
magnetisation  precession  effectively  and  controllably  at  resonant  frequencies  [2,3].  We
describe two methods by which we have created localised phonon modes and controlled
their interactions with a magnetic film or nanostructured array. 

In the first experiment [2] we demonstrate resonant driving of magnetisation precession in a
thin film of Galfenol, an alloy of iron and gallium known to exhibit high magnetostriction. The
Galfenol  film  is  deposited  by  sputtering  onto  a  GaAs/AlGaAs  structure  containing  two
superlattices designed to act as a Bragg mirror. The Galfenol layer plays the role of a Fabry-
Perot cavity between two flat phonon mirrors: one mirror is the free surface and another is
the  Bragg  mirror.  The  studied  multilayer  structure
possesses a number of  localized phonon modes with
frequencies in the range 20 – 30 GHz, corresponding to
the stop-bands of the superlattices. Optical pump-probe
measurements  are  used  to  stimulate  the  coherent
phonon  modes  and  to  detect  the  magnetisation
precession via the transient Kerr rotation of the probe
signal. By applying an external magnetic field we tune
the  magnetisation  precession  frequency  towards  the
resonant  frequencies  of  the  phonon  cavity,  at  which
points  we  observe  a  large  enhancement  of  the
magnetisation precession amplitude.

In  the  second  experiment  [3]  we  pattern  a  lateral
periodic grating into a Galfenol film in order to localise
phonon modes in the form of a surface acoustic wave
(SAW) at a frequency of ~15 GHz. Optical pump-probe
measurements  reveal  a  large  enhancement  of  the
magnetisation  precession  amplitude  when  the
precession  frequency  of  the  ferromagnetic  grating  is
tuned to the frequency of the localised phonon modes by
the application of an external magnetic field (Figure 1).
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Figure  1.  (a)  Schematic  figure  of  the
Galfenol  grating.  a=40nm,  d=150nm,
h=40nm.  (b)  Temporal  evolution  of  the
magnetisation precession represented by
the Kerr  signals,  and (c)  the FFTs.  The
red  dashed  line  in  (c)  indicates  the
frequency of the localised SAW mode.

42

DAY 3: MAGNETIZATION DYNAMICS AND RELAXATION III



Deeply non-linear ferromagnetic resonance in a YIG nano-disc: MRFM 
spectroscopy of spin-wave instabilities
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Magnetization dynamics is strongly non-linear, yielding a series of interesting phenomena. It
is well known that in ferromagnetic resonance of extended films, spin-wave (SW) instabilities
quickly develop as the excitation power is increased [1], preventing to achieve large angle of
uniform precession. The situation is quite different in nano-structures, where SW modes are
highly  quantized  due  to  the  geometric  confinement,  and  expected  to  influence  less  the
magnetization dynamics in the non-linear regime. In this work, we probe the magnetization
dynamics  of  an  ultra-low  damping  YIG  nano-disc  [2]  using  magnetic  resonance  force
microscopy  (MRFM).  Ultra-large  amplitude  precession  with  complete  suppression  of  the
longitudinal component is achieved by pumping the sample with a uniform microwave field
(Figure 1).  Strikingly,  we measure that the foldover shift  is not constantly growing as the
power  is  increased,  but  instead  presents  plateaus,  pointing  towards  non-linear  energy
dissipation to quantized SW modes, which is confirmed by micromagnetic simulations. In
addition, by applying a second microwave field we are able to excite the SW resonances on
top of the large-amplitude precession state. The lowest energy mode corresponds to the
uniform nutation of the magnetization about its stable precession trajectory, whose frequency
was shown to have a similar form as the Rabi formula, generalized to take into account non-
linearities [3]. Micromagnetic simulations show that higher order modes are nutation modes
with spatial gradients, i.e., SW nutation modes.
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Figure 1. Linear vs. non-linear FMR of an individual
YIG  nano-disc  at  10.5  GHz.  The  magnetic  field  is
applied  along  the  normal  of  the  nano-disc.  At  low
power (-30 dBm), quantized spin-wave modes can be
observed.  At  large power (12 dBm),  the main FMR
line  displays  hysteretic  foldover.  In  this  experiment,
the precession angle reaches up to 87°.
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A Luneburg lens for spin waves (invited) 

Natalie J. Whitehead,1* Fedor B. Mushenok,1 Simon A. R. Horsley, 1 Thomas G. Philbin,1 and 
Volodymyr V. Kruglyak1 

1. Department of Physics and Astronomy, University of Exeter 

Graded index lenses have long been studied for the purpose of controlling the direction of 
propagating  waves.  The  Luneburg  lens  [1]  is  a  particularly  useful  example,  focusing  any 
incident plane wave to a point on the edge of the lens. This lens has been realised for both 
high and low frequency electromagnetic waves [2,3], and recently for sound waves [4]. It could 
also be a useful component in future wave-based computing devices, perhaps in launching or 
reading a plane wave using a point antenna. 

In this work, we 
demonstrate  a  Luneburg 
lens for forward-volume 
spin waves using 
micromagnetic modelling. 
The refractive  index  for 
spin waves in a thin film is 
determined by the film 
thickness, magnetisation 
or the magnetic field, and 
so  the  graded  index  can 
be  created  by  changing 
one  of  these  parameters 
to match the required 
profile [5]. For ease of 
modelling, the lens is created by modulating the saturation magnetisation in a circular region 
of a thin YIG-like film. We analyse the behavior of the spin waves as they move through the 
lens, observing a significant enhancement of the wave amplitude as the wave is focused. 

Acknowledgements 

This research has received funding from the Engineering and Physical Sciences Research 
Council (EPSRC) of the United Kingdom, via the EPSRC center for Doctoral Training in 
Metamaterials (Grant No. EP/L015331/1), and the European Union’s Horizon 2020 research 
and innovation program under Marie Skłodowska-Curie Grant Agreement No. 644348 
(MagIC). S.A.R.H. would like to thank the Royal Society and TATA for financial support. 

References 

[1] R. K. Luneburg and M. Herzberger, University of California Press, Berkeley and Los 
Angeles (1964). 

[2] A. D. Falco, S. C. Kehr, and U. Leonhardt, Opt. Express, 19, 5156 (2011). 

[3] J. A. Dockrey, M. J Lockyear, S. J. Berry, S. A. R. Horsley, J. R. Sambles, and A. P. 
Hibbins, Phys. Rev. B 87, 125137 (2013). 

[4] S.-H. Kim, ArXiv:1409.5489 Cond-Mat. (2014). 

[5] C. S. Davies and V. V. Kruglyak, Low Temp. Phys. 41, 760 (2015). 

Figure  1.  Snapshots  of  pulse  moving  through  Luneburg  lens  (dotted  outline). 
Normalised Mx component of magnetisation shown. 
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Nonreciprocal flexural dynamics of Dzyaloshinskii domain walls
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A magnetic  domain  wall  is  a  topological  spin  structure  which  exhibits  a  rich  variety  of
dynamics. A simple model like the 1D domain wall can describe many interesting features,
such as Walker breakdown, but it fails to capture dynamics that involve deformations in the
domain wall. A particular example involves flexural motion, which is relevant for magnonics
as a domain wall can host spin waves and acts as a reconfigurable nanochannel [1]. The 1D
model  is  parametrized by  two variables:  the internal  spin  orientation  and the mean wall
position.  In  this  work   we  extend  the  1D  model  to  allow  the  domain  wall  to  bend  [2].
Specifically, we account for spatial variations in the domain wall position and its internal spin
orientation. We apply this approach to the case of ultrathin ferromagnetic layers with uniaxial
anisotropy and in proximity of a strong spin-orbit coupling material, which give rises to an
additional  chiral  interaction,  the  Dzyaloshinskii-Moriya  interaction  (DMI).  The  DMI  favors
Néel-type domain wall  with a fixed chirality
and  induces  non-reciprocal  propagation  of
spin  wave  in  the  Damon-Eshbach
configuration  [3].  This  non-reciprocal
propagation  induced  by  the  DMI  is  also
present  in spin wave channeling in  domain
walls. We consider effects of the DMI, dipolar
interaction,  pinning  and  external  magnetic
field.  We  show  that  the  non-reciprocal
propagation and the resonant frequency can
be tuned with an external magnetic field. This
non-reciprocity does not only depend on the
DMI but it also depends on the dipolar field.
We also show that a straight domain wall can
be unstable or  metastable when subject  to
an in-plane magnetic field. Instabilities occur
when  the  in-plane  field  is  close  to
compensating the effect of the DMI as shown
in figure 1.

Acknowledgements

This work was partially supported by Agence
National de la Recherche (France) under contract No. ANR-16-CE24-0027 (SWANGATE).

References

[1] F. Garcia-Sanchez, P. Borys, R. Soucaille, J.-P. Adam, R. L. Stamps, and J.-V. Kim, Phys. 
Rev. Letters 114, 247206 (2015).

[2] R. Soucaille, F. Garcia-Sanchez, J.-V. Kim, T. Devolder, J.-P. Adam, arXiv:1802.03068 
(2018).

[3] J.-H. Moon, S.-Man Seo, K.-J. Lee, K.-W. Kim, J. Ryu, H.-W. Lee, R.D. McMichael, M.-D. 
Stiles, Phys. Rev. B 88, 184404

Figure 1. Dispersion relation of the flexural 
motion of a magnetic domain wall with 
respect to a magnetic field applied normal to 
the domain wall. The two black area in the 
center represent instabilities of a straight 
domain wall. The dotted line is the effective 
DMI field. The domain wall is pinned in an 
anisotropy well. 
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Direct observation of magnetic droplet solitons
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The  magnetic  droplet  is  a  localized  excitation  found  in  uniaxial  ferromagnets  where  a
polarized current provides sufficient spin transfer torque to counteract the inherent damping.
This dissipative soliton was first detected in nanocontact spin torque oscillators (NC-STO) [1].
The droplet  is  created underneath the contact  and is  predicted to have a reversed core
where the spins precess at angles almost antiparallel to the initial state [2]. However, the first
images of a droplet revealed much smaller precession angles. 

In  this  work  we  use  all-perpendicular  NC-STOs and  image the spin  wave  excitation  by
scanning transmission X-ray microscopy (STXM). We observe a fully reversed droplet core,
in accordance with theory, while the droplet diameter is twice as big as the expected value.
Micromagnetic simulations show that the origin of the enlargement is current-in-plane Zhang-
Li torque adding an outward pressure on the droplet perimeter. We also image the evolution
of the magnetic state as a function of current and field.
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Figure  1.  (a)  STXM  image  of  a  droplet  in  a  field  of  180  mT.  
(b)  Micromagnetic  simulation  of  the  droplet,  including  Zhang-Li
torque.
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Long-distance propagation of short-wavelength spin waves (invited)
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Recent years have witnessed a rapidly growing interest in exploring the use of spin waves 

for information transmission and computation toward establishing a spin-wave-based 

technology that is not only significantly more energy efficient than the CMOS technology, but

may also cause a major departure from the von-Neumann architecture by enabling 

memory-in-logic and logic-in-memory architectures [1-3]. A major bottleneck of advancing 

this technology is the excitation of spin waves with short wavelengths, which is a must 

because the wavelength dictates device scalability [4-6]. Here, we report the discovery of 

an approach for the excitation of nm-wavelength spin waves. The demonstration uses 

ferromagnetic nanowires grown on a 20-nm-thick Y3Fe5O12 film strip [7]. The propagation of 

spin waves with a wavelength down to 50 nm over a distance of 60,000 nm is measured. 

The measurements yield a spin-wave group velocity as high as 2600 m/s, which is faster 

than both domain wall and skyrmion motions.
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Spin waves in LMBE-grown nanosized YIG films: towards low relaxation 

Leonid V. Lutsev,* Alexander M. Korovin, Viktor E. Bursian, Sergey M. Suturin, and Nikolai S. 
Sokolov

Ioffe Institute, Saint Petersburg, Russia

In  this  paper  we  describe  synthesis  of  LMBE-grown  (Laser  Molecular  Beam  Epitaxy)
nanosized Y3Fe5O12 (YIG) films, study spin-wave propagation and relaxation, and consider
methods to reduce spin-wave damping and to produce films with desirable magnetic depth
profile. Low relaxation of spin waves in  nanosized YIG films gives opportunity to construct
spin-wave devices such as filters,  delay lines, and signal-to-noise enhancers operated  at
microwave  frequencies.  The  low spin-wave  relaxation  in
nanosized magnetic  films is favored by the fact  that  the
three-spin-wave  processes  are  forbidden  and  that  only
four-spin-wave  processes  can  take  place  [1,2].  Another
factor influencing the spin-wave relaxation and propagation
is spin wave scattering on defects and impurities especially
in  the interface region.  Reduction  of  the number of  ions
with strong spin-orbital  coupling,  as well  as synthesis  of
films  with  certain  magnetic  depth  profile  can  essentially
decrease the spin-wave damping. 
In order to determine the influence of  relaxing impurities,
we  studied  spin  wave  propagation  and  temperature
dependences of the FMR linewidth H. The increase of the
FMR line width  H observed upon sample cooling in our
LMBE-grown YIG films (Fig. 1a), in accordance with [3,4],
points to relaxation processes caused by Fe2+ presence.
The appearance of Fe2+ ions can be likely associated with
structural defects as well as nonstoichiometric composition
of  the  films.  Comparing  H(T)  dependences  in  the
samples  grown  by  the  liquid  phase  epitaxy  and  by  the
LMBE technique, one can suggest that doping of YIG films
by  some  acceptors  (like  lead  ions)  could  result  in
considerable  decrease  of  the  relaxation  losses  of  spin
waves.  Unlike  YIG  films  grown  on  Gd3Ga5O12 (GGG)
substrates,  YIG  films  on  Nd3Ga5O12 (NdGG)  substrates
demonstrate  strong  dependence  of  the  effective
magnetization  4M –  HA and,  consequently,  amplitude-
frequency characteristics of propagated spin waves on the
YIG film growth temperature (Fig.  1b).  The possibility  to
control  magnetic  parameters  by  tuning  the  growth
temperature can be used to produce YIG films with buffer
layers  and  with  desirable  magnetic  profile  -  spin-wave
waveguides.  In  result,  this  can  considerably  reduce  the
spin-wave damping. 
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Figure 1.  (a)  Temperature dependence
of the FMR linewidth  H of the  YIG(19
nm) film with  4M –  HA = 1900 Oe on
GGG substrate for in-plane geometry at
the  frequency  F =  9.24  GHz. (b)  The
S21-parameters (scalar gains) of surface
spin waves propagated in  YIG(35 nm)
films with 4M – HA = 676 Oe and 1024
Oe grown  on  NdGG  substrates  at
500C and 700C, respectively.
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Magnon Transport in Spin Textures

Helmut Schultheiss
Helmholtz-Zentrum Dresden-Rossendorf

One of the grand challenges in cutting edge quantum and condensed matter physics is to 
harness the spin degree of electrons for information technologies. While spintronics, based 
on charge transport by spin polarized electrons, made its leap in data storage by providing 
extremely sensitive detectors in magnetic hard-drives, it turned out to be challenging to 
transport spin information without great losses. With magnonics a visionary concept 
emerged: Utilize magnons - the excitation quanta of the spin system in magnetically 
ordered materials - as carriers for information. Magnons are waves of the electrons* spin 
precessional motion. They propagate without charge transport and its associated Ohmic 
losses, paving the way for a substantial reduction of energy consumption in devices. In this 
presentation, I will present our recent highlights on magnon propagation and manipulation 
in non- collinear spin textures. In particular, I will outline how magnons can be steered in 
magnetic microstructures by locally generated magnetic fields [1] and how magnetic 
domain walls serve as magnon nanochannels [2].
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Probing and controlling ultrafast spin dynamics by terahertz waves 

(invited)

Tobias Kampfrath1,2

1. Department of Physics, Freie Universität Berlin, Germany
2. Department of Physical Chemistry, Fritz Haber Institute of the Max Planck Society, Berlin, 

Germany

Bilayers  consisting  of  a  magnetic  and  nonmagnetic  metallic  thin  film  (see  Fig. 1)  are
spintronic model systems in which spin transport from the magnetic into the nonmagnetic
metal  can  be  triggered  by  heat.  Here,  we  push  the  bandwidth  of  this  spin-dependent
Seebeck effect into the terahertz (THz) range by ultrafast excitation of Fe|Pt bilayers with a
femtosecond laser pulse (Fig. 1). Detection of the ultrafast spin current is facilitated by the
inverse spin Hall effect that deflects spin-up and spin-down electrons in opposite directions,
resulting in the emission of a THz pulse [1]. Sampling of the THz field thus allows one to
monitor  the  spin  transport  and  provides  a  quick  and  easy  estimate  of  the  spin  Hall
conductance [2].  Optimization  of  the  spintronic  thin-film structure  has led  to efficient  and
scalable emitters of THz pulses that fully cover the range from 1 to 30 THz without gap [3].

Spin angular momentum can be transferred not only by
the flow of hot spin-polarized conduction electrons, but
also by thermal torque. To reveal the first ultrafast steps
of this spin Seebeck effect, we employ the ferrimagnetic
insulator  YIG  and  apply  the  THz  emission  technique
(Fig. 1) to YIG|Pt bilayers. By extracting the spin-current
dynamics from the measured THz waveform [4], we find
that the spin Seebeck current builds up on the time scale
on which the photoexcited electrons of the Pt layer relax
to  a  Fermi-Dirac  distribution [5].  This  observation
highlights  the  importance  of  carrier  multiplication  for
efficient spin transfer. It is a hallmark of the notion that
the  spin  Seebeck  current  is  driven  by  Pt  conduction
electrons scattering off the metal-insulator interface.
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Figure 1. Ultrafast spin currents 
from a magnetic into a 
nonmagnetic layer are triggered 
by a femtosecond laser pulse. The 
inverse spin Hall effect converts 
the spin flow into a transverse 
charge current giving rise to the 
emission of a terahertz 
electromagnetic pulse.  
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Influence of three magnon scattering on spin-wave damping in YIG/Bi2Se3 
bilayer

Aryan Navabi  1, Yuxiang Liu1, Pramey Upadhyaya2, Koichi Murata1, Farbod Ebrahimi1, 
Guoqiang Yu1, Bo Ma3, Rao Yiheng3, Mohsen Yazdani1, Mohammad Montazeri1, Lei Pan1, 
Ilya N. Krivorotov4, Igor Barsukov5, Qinghui Yang3, Pedram Khalili Armiri1, Yaroslav 
Tserkovnyak2, Kang L. Wang1

1. Department of Electrical Engineering, University of California, Los Angeles
2. Department of Physics and Astronomy, University of California, Los Angeles
3. State Key Laboratory of Electronic Films and Integrated Devices, University of Electronic Science 

and Technology of China
4. School of Physics and Astronomy, University of California, Irvine
5. Department of Physics and Astronomy, University of California, Riverside

Spin-wave damping in planar Yttrium Iron Garnet (YIG) films remains the main drawback in
integrating ferromagnetic films with Radio Frequency Integrated Circuits. Most studies have
often used Pt as a source of spin current through the spin Hall effect to provide an anti-
damping torque [1]. In the reciprocal process, it was observed that three magnon scattering
plays a role in the observation of enhanced spin currents [2]. Our report consist of two parts:
spin-wave  amplification  using  surface  spin
currents  from  topological  insulators  (TI),  and
demonstration  of  the  role  of  three  magnon
scattering in spin-wave damping. 

In our LPE YIG(2.3 μm)/ Bi2Se3(15 nm) bilayer, we
measured the change in spin-wave amplitude as
the  current  in  the  TI  layer  was  varied.  This
measurement was performed for different external
magnetic fields and at different frequencies. It was
observed  that  for  some  narrow  window  of
frequencies the gain of the spin-wave signal was
enhanced (Figure 1). We were able to attribute this
dependence in gain to three magnon scattering. A
high population of low-energy magnons induced by
the SOT can suppress and ultimately even reverse
the three-magnon scattering process that drains the long-wavelength mode. Such reversal is
expected  at  the  onset  of  the  SOT-induced  condensation  of  magnons  at  the  dispersion
minima.  The  tendency  of  a  pumped  magnon  gas  to  condense  at  the  finite-momentum
dispersion  minima  has  been  well  established  in  the  case  of  parametric  pumping  [3].
Understanding such behaviour can help in engineering spin-wave devices where damping
can be reduced to lower the insertion loss in such devices. 
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Figure  1.  Gain  due  to  SOT  from  surface  spin
currents in YIG/TI bilayer. A0 is the amplitude of
the spin-wave when no current is applied to the TI
layer. The gain in dB is the measured gain in the
spin-wave  amplitude  due  to  SOT.  The  figure
shows that the gain is enhanced at some narrow
frequency window in the pass band.
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Multilayered magnonic networks based on laterally and vertically coupled 
isulator-based magnetic stripes and magnonic crystals

A.V. Sadovnikov  1,2*  , E.N. Beginin  1  , S.E. Sheshukova  1  , A.G. Grachev  1  , S.A. Odincov  1  ,

Yu.P. Sharaevsky  1   and S.A. Nikitov  1,2

1. Department of Physics and Astronomy, University of Exeter
2. College of Engineering, Mathematics, and Physical Sciences, University of Exeter

In recent years much research has been directed towards the use of spin waves (SWs) for
signal processing at microwave and subterahertz frequencies due to the possibility to carry
the information signal  without  the transmission of  a charge current  [1].  Magnonic crystal
(MCs)  have  attracted  a  significant  attention  due  to  their  wide  range  of  application  and
numerous ways to fabrication. Here we report the experimental observation of the spin-wave
coupling [2] in different magnonic structures based on the asymmetric adjacent MCs (Fig.1(a-
b)), adjacent magnetic yttrium iron garnet (YIG) stripes (Fig.1(c-d)) and array of magnetic
stripes  (Fig.1(e)),  which  demonstrates  the  collective  spin-wave  phenomena  such  as  the
discrete soliton formation. We show, that the combination of frequency and spatial filtering
features of the MC and spin-wave coupling in the adjacent magnetic waveguide leads to the
realization of the tunable magnonic drop filter[2-3]. We also identify the mechanism of the
efficient  spin-wave  power  transmission  between  the  magnonic  crystals  and  adjacent
magnetic  stripes.  As a major  result,  we have demonstrated by the means of  the space-
resolved  Brillouin  light  scattering  (BLS)  technique,  that  non-identical  MCs  within  close
proximity demonstrates the efficient spin-wave coupling at the frequency of the magnonic
forbidden gap of one of the MCs. Thus MCs can be used not only to achieve the spatial and
frequency  filtering  of  spin-wave  signal  but  also  to  provide  the  phase  condition  with  an
efficient  spin-wave  power  transfer  from  the  input  to  drop  port  of  magnonic  coupler.The
obtained results open new perspectives for the future-generation electronics using integrated
magnonic networks.

Figure 1. . (a-b) The functional sketch of magnonic add/srop filter; (c-d) BLS map and results of micromagnetic
simulation  of  SW  propagation  in  adjacent  magnonic  stripe;  (e)  Formation  of  discrete  soliton  in  the  planar
magnonic array.
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Hexaferrite power composite noise suppressor implemented for IC interposer

Akihiro Takahashi,1 Mitsuharu Sato,1 Yasunori Miyazawa,1 Masahiro Yamaguchi,1,2* 
Ranajit Sai,1,3 Makoto Nagata,4

1. New Industry Creation Hatchery Centre (NICHe), Tohoku University
2. Department of Electrical Engineering, School of Engineering, Tohoku University
3. Centre for Nano Science and Engineering, Indian Institute of Science (IISc)
4. Graduate School of Science, Technology and Innovation, Kobe University

Electromagnetic noise  from fast-switching  SiC-  or  GaN-inverter  equipment  may  degrade
sensitivity  of  mobile  communication  receiver  circuit  where  those  device/equipment  are
densely installed like in a home or an automobile. This paper discusses magnetic material
technology to improve receiver sensitivity in mobile handset. The idea is to use FMR losses
to supress conduction noise in receiver circuit.

M, Y and Z-type Sr-hexaferrite and Ba-hexaferrite particles [1],[2] are selected as candidate
materials; Namely SrCoXTiXFe12-2XO19(x=1.4), Ba2Zn2Fe12O22 and Ba3Zn2-XCoXFe24O41(x=1.45).
NiCuZn spinel ferrite is tested for comparison. Average diameter of the particle is 0.1~3.6
μm. The particles are mixed with a polymer binder to form a powder composite. Volume ratio
of magnetic particle is nominally 50 %. Thickness of each power composite is about 50 μm to
fit  the space between interposer  and IC chip die,  as shown in Fig.  1(a).  The IC chip is
mounted on the interposer PCB upside down (circuit surface down) to meet latest packaging
requirement to reduce stray impedance and save space. A packaging technique is developed
to reduce space between the circuit surface of the IC chip and the composite sheet pasted
on the interposer PCB down below 5 μm for the effective noise suppression.

The noise on IC chip is supposed to flow in a
<100 μm wide power/ground line.  Therefore a
model micro strip line with signal line width of 95
μm is fabricated to meet IEC 62333-2 criteria.
Fig. 2 shows measured input loss ratio, Ploss/Pin

= 1-(|s11|2+|s21|2) [3] as a function of the product
of angular frequency ω, relative imaginary part
permeability μr” and composite sheet thickness
tm.  Since  the  criteria  to  obtain  a  10  dB noise
reduction on chip is Ploss/Pin >0.12 [4], it is clear
that  there  are  good candidate  to suppress  on
chip conduction noise by more than 10 dB at 6
GHz.  Most  promising  candidate  within
experiments is Y-type Ba2Zn2Fe12O22. 
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Figure  1.  (a)  Cross  section  of  an  IC  chip
package.   (b)  Measured  input  loss  ratio,
Ploss/Pin for candidate composite sheets.
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Systematic errors in the determination of the spectroscopic g-factor in 
broadband ferromagnetic resonance spectroscopy: a proposed solution

C. Gonzalez-Fuentes1, R. K. Dumas2 and C. Garcia1

1. Departmento de Física, Universidad Técnica Federico Santa María
2. Quwantum Desing. Inc. 

 A theoretical and experimental study of the influence of small offsets of the magnetic field
(δH)  on  the  measurement  accuracy  of  the  spectroscopic  g-factor  (g)  and  saturation
magnetization (Ms) obtained by broadband ferromagnetic resonance (FMR) measurements is
presented.  Figure 1 shows a sketch of the experimental set-up.

The random nature of δH generates systematic and
opposite sign deviations of  the values of  g and  Ms

with respect to their true values. A δH on the order of
a few Oe can leads to ~ 10% error of  g and  Ms for
typical range of frequencies employed in broadband
FMR experiments. This may be the origin of the large
spread  of  values  of  g that  can  be  found  in  the
literature,  even  for  well  studied  ferromagnetic
materials like Ni80Fe20, that has been shown recently
[1].

We propose a simple  experimental  methodology to
significantly  minimize the effect  of  δH on  the fitted
values  of  g and  Ms,  eliminating  their  apparent
dependence in  the range of  frequencies  employed.
Our method was successfully tested using broadband
FMR measurements on a 5 nm thick Ni80Fe20 film for
frequencies ranging between 3-17 GHz.

We believe the simple methodology that we propose,
will be useful to researchers interested in to measure
accurate values of g and Ms using broadband FMR.
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Figure  1.  (a)  Picture  of  the  broadband
FMR  set-up  indicating  his  main
components.(b) Diagram of a slice of the
coplanar waveguide with the sample on it.

54

DAY 3: RF, MICROWAVE, AND MILLIMETER WAVE
DEVICES



  

  

 

Additive Manufacturing with in-situ Poling and Measurement of complex 

Permeability of Hexaferrite-Polymer Composite around FMR Frequency 

Max Ho,1* Siyuan Liu,1 Rustu Umut Tok,1 Srinivas Prasad,1 Ethan Wang,1 and Rob N. 

Candler1,2,3 

1. Department of Electrical and Computer Engineering, University of California, Los Angeles 

2. Department of Mechanical and Aerospace Engineering, University of California, Los Angeles 

3. California NanoSystems Institute, University of California, Los Angeles 

Additive manufacturing has provided a new methodology of fabricating structures with 

complicated shapes; however, despite efforts up to date, the materials selection is still very 

limited.  A class of smart materials known as magnetorheological elastomer has been 

fabricated via traditional techniques and only recently additive manufacturing [1, 2]. If the 

concept of a printable, magnetic material is taken further, one possibility is to change the 

orientation of magnetization in-situ.  This idea is made possible by deployment of hard 

magnetic, namely, hexaferrite particles.  This class of materials has a strong magnetocrysalline 

anisotropy.  Due to their large internal anisotropy field, the particles of these materials tend to 

rotate to the field direction instead of changing magnetization direction while experiencing an 

external magnetic field (less than the anisotropy field).  We have developed methods of 

fabricating composites of high hexaferrite concentration (up to 50% by volume).  The magnetic 

properties of the composites meet the expectation of mixtures with 

fractional magnetic material (Fig.1).  Rotation of hexaferrite particles in 

polymer matrix and thus magnetic anisotropy has been demonstrated in 

composites of different concentration (Fig. 2).  The realization of such 

capabilities makes direct printing of magnetic components that require 

anisotropic magnetization possible.  

For devices using hexaferrite like circulators, the FMR, or ferromagnetic 

resonnance, frequency is critical.  Several methods to measure the 

complex permittivity and permeability is reported in the literature [3, 4]. 

However, there is a lack of inexpensive and reliable method to measure 

permeability and permittivity of hexaferrite materials in V-band. 

Especially, these methods fail in determining permeability around FMR 

[3,4].  A method of using two waveguides with the composite sandwiched 

in the middle is used to the location and bandwith of S-parameter dips, 

which, according to simulation, is correlated to FMR frequency and ΔH, 

respectively.  
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Figure 1. Composite 
of different volume 
concentration of 
hexaferrite powder 
showing rotation 
under 0.7T magnetic 
field.  Figure 2. 
Simulated results of 
S-parameter dip 
locations and 
bandwidths 
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Approaches to Measure Magnetic Nano-objects with Stripline Resonators 

Rodger M. Walser,1,3* Alaka P. Valanju,1,3 and Prashant M. Valanju2,3 

1. College of Engineering, University of Texas at Austin (Retired) 
2. Institute for Fusion Studies, Department of Physics, University of Texas at Austin (Retired) 
3. MetaMaterials Inc. (Current) 

Since the publication [1] of the theory of stripline resonators (SR), they have been 
extensively used in measurements of the microwave properties of magnetic materials. This 
can be attributed to their considerable experimental convenience, measurement simplicity, 
and sensitivity. SRs have a large volume to surface ratio, and thus large unloaded cavity Q’s 

of typically 1000 to 5000.  By tuning the cavity [Fig.1], and 
making measurements at its harmonic frequencies, they 
can be used over a wide frequency range. The first use of 
an SR to measure the complex µ spectra of thin (~ 0.1 
µm) films was reported in [2]. The work reported here was 
concerned with exploring two techniques to increase the 
detection limits of perturbations in this type of cavity to 
allow their use in measurements of magnetic nano-

objects such as nanowires 
and nanodots. The first 
was implemented using 

inhomogeneous SRs of the type shown in Figure 2. This 
device has a tapered center conductor with an open area A1 
at the source end (right), and a smaller area A2 at the shorted 
(left) end (Fig.2). The dimensions of the taper were selected 
to maintain a constant impedance. Since the Poynting vector is 
continuous along the line, the perturbation of the increased RF 
magnetic field by a magnetic object placed at the shorted end is enhanced. Magnetic film 
perturbation enhancements of 15 at 3 GHz, and 1025 at 200 MHz were measured. It is 

believed that these could be increased 10x with 
improved designs. Further enhancements were 
demonstrated using critically coupled SRs. 
Cavity perturbation absorption linewidths are 
usually measured in over-coupled cavities with 
coupling constants of β~2 and maximum 
absorptions of 10-20 dB. However, by varying 
the cavity resistance r to match the transformed 
external resistance, they can be critically 
coupled with β≈1 so that nearly 100% of the 
incident power is absorbed, and the return loss 
is between -50 dB to -80 dB. Our measurements 
already show that magnetic film perturbations in 
critically coupled homogeneous SRs at 200 MHz 
and 3 GHz [Fig. 3] can be enhanced by ~102. It 
appears possible to critically couple 
inhomogeneous SRs to reduce the detection 

limits of thin film volumes by 104 and allow SRs to 
measure properties of nano-objects.		
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Figure 1. Tunable (400MHz-2GHz) 
stripline resonator (Fig. 4.7 in [2]). 

Figure. 3 Resonance reflection by CoZrNb thin 
film vs HDC in 3 GHz critically coupled SR dips 
below -80 dB, almost all power is absorbed. 

Figure 2. Our 3 GHz  tapered 
stripline resonator. 
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Fano-Resonance Based Nanoscale Spin-Wave Transducer, Valve and Phase 

Shifter in Damon-Eshbach Geometry 

Kevin G. Fripp*1, Vlad D. Poimanov2, Fedor B. Mushenok1, Feodor Y. Ogrin1, Volodymyr V. 

Kruglyak1 

1. Physics and Astronomy, University of Exeter, Exeter, Devon, United Kingdom; 

2. Department of Physics and Technology, Donetsk National University, Donetsk, Ukraine 

 

The promise of creation of spin-wave based logic devices rests on our ability to excite spin 
waves with nanoscale wavelength and then to control their amplitude and / or phase, all on the 
nanoscale.  Au et al demonstrated that a magnetic nanoelement formed above a longitudinally 
magnetised magnonic waveguide can act as an efficient spin-wave transducer, valve and 
phase shifter, each reprogrammable through switching the magnetisation in the element [1,2].  
Here, we use micromagnetic simulations to extend the concept of Au et al to the case of the 
magnonic waveguide magnetised parallel to its width, i.e. Damon-Eshbach geometry for spin-
wave propagation.  This system demonstrates the ability to control the propagation of spin 
waves along the waveguide via magneto-dipolar coupling to the overlaid magnetic 
nanoelement [1,2].  Depending upon the direction of the magnetisation of the nanoelement 
and waveguide by the bias magnetic field, the spin waves either can be transmitted, phase-
shifted or reflected in a controlled manner.  Our 
observations are explained in terms of the coupling 
of the discrete spectrum of precessional modes of 
the nanoelement to the continuum of the waveguide, 
which is a typical example of a Fano resonance. 
This is interpretation is supported by frequency 
dependent micromagnetic simulations that yield the 
characteristic Fano-like lineshapes for the reflection 
and transmission coefficients of spin waves in the 
waveguide. 
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Fig. 1: Schematic of the arrangement of a 

Permalloy antenna on top of a Permalloy 

waveguide. Here M denotes the direction of 

magnetisation and B the biasing field. 
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High frequency modes in ferromagnetic shells for microwave applications 

C. J. McKeever,1* M. M. Aziz, 2 and F. Y. Ogrin1 
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The static and dynamic properties of curved geometrical structures such as hemispheres, 

nanotubes and spherical shells have undergone an explosion of interest in recent years, as 

part of a broader trend towards three-dimensional nanomagnetism [1] [2]. Here, the high-

frequency dynamical properties of spherical shells with single/onion and vortex domain 

structure are studied with numerical micromagnetic simulations. 

 

It is found that intensive high frequency modes can be excited when the shells possess a 

vortex domain (see Fig. 1). These resonances resemble standing modes across the vortex 

core line (see Fig. 1(c)). Within this regime, the fundamental mode is not strictly the largest 

mode in the permeability, consistent with previous experimental observations [3] [4]. 

Furthermore, the size dependence of the resonance modes is significantly weaker than 1 𝑅2
2⁄  

even under ideal conditions, where 𝑅2 is the outer radius. 
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Figure 1. (a) Vortex domain structure for spherical shell particles with parallel and anti-parallel orientation of 
the vortex singularities. (b, top) The imaginary component of the susceptibility (color) for a spherical shell of 
outer radius 100 nm and varying shell thickness. The white dashed line corresponds to the plot of the 
susceptibility (b, bottom). (c) Normalized spatial Fourier transform corresponding to the y-component of the 

magnetisation for a shell of outer radius 100 nm and ratio 𝑅1 𝑅2⁄ = 0.3 The modes (i)-(iv) correspond to 𝑓1-

𝑓4  in (b, bottom), respectively. 
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Narrow bandpass filter based on SRR 
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Narrow bandpass filter based on metamaterial square SRRs will be presented in this paper, 

simulation results and expremental measuremnets showed promising performance suitable for 

satellite communications and radar applications. SRRs are used seeking improved 

performance and miniaturized size.  A study was made to optimize the filter's performance by 

changing some parameters as SRR dimensions, gaps and used substrate. The filter is finally  

designed using substrate Rogers RT/duroid 5880 with relative permittivity and thickness of 2.2 

and 0.508 mm respectively, to reach 3 dB bandwidth of approximatly 180 MHz and centre 

frequency of 9.1 GHz. The design is composed of two double square SRRs in series with gaps 

of 0.8 mm, metal width of 0.5 mm for the inner square and 1 mm for the outer square.The outer 

SRR has length of 6 mm and the full length of the filter is 24 mm. The proposed filter provides 

return loss of 23.8 dB and insertion loss of 0.348 dB. It also has decreased insertion loss by 

84% and increased return loss by 58% compared to recently published bandpass filter in [1]. 

Fractional bandwidth is approximately 2%, this filter is promising for radar applications in X 

band as they require narrow and sharp filters. All previous results are obtained from simulations 

performed on the finite element method solver HFSS. The fabricated narrow bandpass filter is 

shown in Figure 1 using the previously mentioned specifications, and the measurements are 

going to be discussed in the full paper. 
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Figure 1. Top view of the fabricated narrow bandpass filter 
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Characterisation of Perpendicular Stationary Spin Waves in Thin Permalloy 
Films Using VNA-FMR 
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Ferromagnetic resonance spectroscopy (FMR) is a powerful technique for the study of high 
frequency dynamics in magnetic systems [1]. The FMR signals are exceptionally sensitive to 
the presence anisotropies, structural or magnetic inhomogeneities and characteristics such 
as the Gilbert damping parameter and exchange constants [2]. Typical FMR experiments 
measure the fundamental mode of resonance, where spins precess uniformly across the 
thickness of the sample. However, it is possible to excite higher order resonances including 
Perpendicular Standing Spin Waves (PSSW). Due to the low intensities of the signal of such 
resonances, ultra-high sensitivity is required for their detection.  

In this work, we investigate the FMR signals from a series of thin permalloy films ranging in 
thickness from 25nm to 200nm. The measurements are made using broadband FMR setup 
based on a coplanar waveguide and a vector network analyser (VNA-FMR). Figure 1 shows 
that, in addition to the fundamental mode, PSSWs are observed. PSSWs have been seen in 
other VNA-FMR measurements, but an analysis of these waves as a function of mode 
number or thickness has not been reported. The data was analysed using the standard 
theory of the frequency of PSSW which for a thin film dominated by shape anisotropy is [1]:  

���������	
 = �
2� ����	 − 4��	 + 2��	

����
�� 		� 

where Hres is the applied field at resonance, γ is the gyromagnetic ratio, Ms is the saturation 
magnetisation, A is the 
exchange constant, n is mode 
number and t is film 
thickness. Analysing the data 
with A as the free parameter 
gives an increase in A with 
thickness and a decrease 
with mode number. This is 
clearly inconsistent with the 
normal assumption that A is 
constant and reasons for this 
intriguing result will be 
discussed in the presentation.  
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Figure 1. Resonant modes of a permalloy film of thickness 100nm in the 
case where the external magnetic field is applied perpendicular to plane
of film magnetisation. Inset: Experimental geometry and FMR setup.  
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Chiral Magnonics: Unique Spin-Wave Phenomena Induced by a Periodic 
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Periodically patterned metamaterials are known for exhibiting wave properties similar to the
ones  observed  in  electronic  band  structures  in  crystal  lattices.  In  particular,  periodic
ferromagnetic  materials,  also  known  as  magnonic  crystals,  are  characterized  by  the
presence of bands and bandgaps in their spin-wave spectrum at tunable GHz frequencies.
Recently,  the  fabrication  of  magnets  hosting  Dzyaloshinskii-Moriya  interactions  has been
pursued with high interest since properties such as the stabilization of chiral spin textures
and  nonreciprocal  spin-wave  propagation  emerge  from  the  antisymmetric  exchange
interaction. In this context, to further engineer the magnonic band structure, we propose the
implementation of magnonic crystals with periodic Dzyaloshinskii- Moriya interactions, which
can be obtained, for instance, via patterning of periodic arrays of heavy metals wires on top
of  an  ultrathin  magnetic  film.  We  demonstrate  through  theoretical  calculations  and
micromagnetic simulations that such systems show a unique evolution of the standing spin
waves around the gaps in areas of the film that are in contact with the heavy metal wires. We
also predict the emergence of flat magnonic bands and indirect gaps, demonstrating that
these effects  depend on the strength of  the Dzyaloshinskii-Moriya interaction.  This  study
opens further pathways towards engineered magnonics for spin-wave-based devices.
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Double periodical planar photonic crystal with superconductive inclusions
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The propagation of electromagnetic wave of GHz band through the planar photonic crystal
with superconductive inclusions studied both analytically and numerically. The elements of
photonic  crystal  are  formed  as  double  periodical  structure,  where  the  1st sequence  is
presented by the normal metal elements. The 2d sequence consists from elements, which in
turn  are  periodical  alternated  elements  with  another  (much  smaller)  period.  One  of  the
elements in 2d sequence is the magnetoactive material and another one is superconductive
one. 
It was shown that intrinsic modes of double periodical photonic crystal appear in the given
metamaterial. Besides it has been shown, that the varying of the temperature near Tc leads
to the drastic changes in the thin structure of the transmission spectra of photonic crystal
under  study.  Thu  s  it  has  been  shown  that  these  features  are  quite  prospective  for
implementation into quantum computing technologies, nanophysics, etc..
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Surface states in finite-size planar photonic crystals
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The periodically shaped microstripe transmission lines (MSTL) are used in microwave 
technology as so-called stepped-impedance filters [1, 2]. This structures can be considered 
as one-dimensional photonics crystals (PC) operating in GHz frequency range [3]. In real PC 
the surfaces/boundaries are natural defects which break
the periodicity of the structure. The modes localized on
defects (including surfaces [4] or interfaces [3]) can be
observed for selected frequencies in stop bands of PC if
the appropriate matching condition are fulfilled. For PC
we can apply the impedance matching conditions [5]. To
match the impedance of MSTL in stop band
(characterized by opposite signs of effective permeability
and permittivity), we have to use the boundary elements
(BE) linking, at the “surface”, the periodic section of
microstripe to its straight terminations (see Fig.1a).

We  investigated  experimentally  and  numerically the
conditions of appearance of surface state (SS) in PC in
the form of MSTL (planar PC) [6]. The unit cell of the PC
consists of five sequentially connected narrow and wide
segments of MSTL (Fig. 1,a).  
The  transmission  spectrum  of  a  PC  with  BE  was
investigated. It is seen from Fig. 1b, that only when the
PC is bounded by two BE then the transmission peak
appears in the stopband. This peak can be attributed to
the presence of SS [7]. 
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Figure  1.  (a)  The  investigated
structure. (b) Experimental spectra of
planar PC with and without BC. 
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The  demand  for  high  performance  microwave  devices  is  more  and  more  pushing
towards the development of miniaturization, integration and multi-functionalization. Although
these characteristics are hallmark of ferrite ceramics for microwave circuits application that
exist today, there might be a major challenge of ferrite ceramics for future application is how
to reduce the ferromagnetic resonance linewidth. Here,
a uniform and dense NiCuZn ferrite ceramics with higher
saturation  magnetization  and  lower  ferromagnetic
resonance linewidth were obtained at 950 °C by doping
the Mn3O4-Bi2O3 composite additives.  The Mn3O4-Bi2O3

composite additives were composed of 0.5 wt.% Mn3O4

and x  wt.% Bi2O3 ( where x = 0.0, 0.5,  1.0,  1.5). X-ray
diffraction  indicates  that  a  pure  spinel  phase  of  the
samples  can  be  formed  with  a  sintering  temperature
ranging from 900 °C to 950 °C. SEM images reveal that
Mn3O4-Bi2O3 additions  doped  into  NiCuZn  ferrite
ceramics  can  promote  grains  growth  and  reduce
sintering temperatures (drop to  below ~ 950 °C), which
is  very  advantageous  for  LTCC  technology.  Further,
appropriate  Mn3O4-Bi2O3 composite  additives  can
improve  gyromagnetic  properties,  including  enhanced
saturation  magnetization  and  reduced  ferromagnetic
resonance  linewidth  at  low  sintering  temperatures.  At
last,  the  samples  with  0.5  wt.% Mn3O4 and  1.0  wt.%
Bi2O3 presented high saturation magnetization (4πMs ≈
3733.7  Gauss)  and  low  ferromagnetic  resonance
linewidth (ΔH ≈ 152.6 Oe) sintered at 950 °C. Therefore,
the  improved  gyromagnetic  performances  endow  the
NiCuZn  ferrite  ceramics  as  a  kind  of  promising
candidates  for  X-band  microwave  devices,  such  as
phase shifter and circulator.
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Figure 1. (a) Magnetic hysteresis loops of
Ni0.2Cu0.2Zn0.6Fe2O4 with  0.5 wt.% Mn3O4

-x  wt.%  Bi2O3 (0.0≤x≤0.15)  composite
samples sintered at  950 ºC for  4  h.  (b)
FMR values of 0.5 wt.% Mn3O4 -x wt.%
Bi2O3 doped  NiCuZn  ferrite  ceramics
sintered  at  different  sintering
temperatures.
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Metal alloys-based composites have been applied as core materials for various electronic
devices due to their high permeability and saturation magnetic flux density. However, these
materials  have  disadvantage  in  that  core-loss  is  increased  when  operating  frequency
increases. Fe-Si based-composite materials mixed with sub micro-sized alloy powders have
been studied in order to reduce energy loss without suppressing magnetic properties in high
frequency range. Sub micro-sized Fe is an excellent additive with higher resistivity than metal
alloys. In addition, it has stable permeability up to MHz range.

In this work, we studied  AC magnetic properties and core-loss of bimodal core mixed with
Fe-6.5Si and micro-sized Fe [(1-x) Fe-6.5Si + (x) sub micro-sized Fe] in MHz range. We
prepared uniform spherical Fe powder with pure α-Fe phase. Particle size analysis showed
that average powder sizes of Fe-6.5Si and sub micro-sized Fe powders were around 18.1
and 3.3 μm, respectively. Permeability and Q factor increased until critical concentration of
sub micro-sized Fe. The x=0.3 composite showed the highest permeability of 32, which was
below self-resonant  frequency range.  The Qmax was 74 for  core mixed with  x=0.2.  From
analysis based on Ollendorff’s equation, AC magnetic behaviour of the core totally matched
with that of core’s packing density.  On the other hand, core-loss measurements at 1MHz
showed that the total loss reduced from 693 to 612mW/cm3 as x was increased up to 0.2.
After dividing total loss by hysteresis loss and eddy current loss, the decrease in total loss as
found to be dominant by the suppression of eddy current loss which was lowered from 390 to
279mW/cm3.
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Influences of iron and oxygen vacancies on magnetic properties of Fe3O4 
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The Nanoscaled or microscaled magnetite based materials have been extensively exploited
in biomedicine engineering and spintronics due to their high spin polarization, high Curie
temperature, and non-toxic, bio-compatibility[1-2]. Recently, it is interesting to note that the
Mossbauer  spectra  of  Fe3O4 nano-material  for  various  preparing  techniques  are  quite
different,  especially  first  absorption  peaks,  which  indicates  that  the  cation  occupation  is
different.  The stoichiometric Fe3O4 unit  cell  is composed of 8 oxygen face-centered cubic
(fcc) lattices (32 O anion), and 8 Fe cations occupying the tetrahedral interstices (A site, Fetet)
while 16 Fe cations locating in the octahedral interstices (B site, Feoct). Fetet and Feoct ions
possess antiparallel magnetic moment and thus Fe3O4 show ferrimagnetic properties, where
the net total magnetization is mainly determined by magnetic moments of Fe2+

oct ions. The
controversial results may refer to transfer of Fetet and Feoct ions by using different fabrication
method or different temperature, as well as iron and  oxygen vacancies. In this study, we
explore  different  Iron  oxides  such  as  Fe3O4,  Fe2O3,  FeO  and  so  on  by  first  principle
calculation as well as  experimental evidence. In order to investigate the effect of  valence
state of Fe ions to the magnetic properties of Iron oxide, a series of Fe3O4 spherical particles
with different annealing temperature are prepared.

The ab initio calculations are performed via density functional theory (DFT) based on a 56-
atoms  unit  cell  of  Fe24O32 model  with  inverse  spinel  structure  using  periodic  boundary
condition. We adopt  a projected augmented wave (PAW) pseudopotential to describe the
core  electrons  and  the  general  gradient  approximation  (GGA)  of  Perdew,  Burke,  and
Ernzerhof  (PBE)  for  exchange  and  correlation  as  implemented  by  the  Vienna  Ab-initio
Simulation Package (VASP). By applying different ratio of Fetet and Feoct ions, as well as the
existence of oxygen and iron vacancies, total energies, magnetic moments, density of states
and band structures are obtained. The result shows that  magnetic moment as well as  half
metallic property vary dramatically when it becomes nonstoichiometric Fe3O4.

Additional, Fe3O4 spherical particles with uniform size, regular shape and good dispersibility
are prepared by the solvothermal  methods,  followed by annealing at  the temperature of
200C, 400C and 600C. With increasing heat treatment temperature, the grain size grows
up and the magnetization is enhanced. Mossbauer spectra show that  the heat treatment
temperature have a significant effect on the micro-structure. The relative absorption intensity
in  A  site  fast  increases  as  increasing  heat  treatment  temperature,  from  0.6  at  room
temperature to 10.5 at 600C, indicating that there are large amount of Fe ions from B site to
A site. The influences of oxygen and iron vacancies on magnetic properties are discussed in
the full paper.
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New ideas to generate short spin waves and process spin wave signals are very desirable
nowadays, due to their potential for high energy efficiency and miniaturization. We present  a
mechanism  which  allow  approaching  closer  to  this  goal:  directional  dipolar  coupling  in
magnonic crystal. This is achieved by grating-assisted resonant dipolar interaction between
two  ferromagnetic  layers  separated  by  some  distance.  Multiple  crossings  between
dispersion  branches  of  coupled  spin  waves  propagating  in  the  layers  are  present  as  a
consequence of periodicity of the system, i.e.,  a folding-back effect. This creates suitable
conditions  for  co-  and  contradirectional  couplings  which  do  not  exist  in  homogeneous
materials.   We show by the numerical  calculations the efficient  energy  transfer  between
layers which may be of co-directional or contra-directional type. In particular, we show that it
is  possible  to  achieve  complete  spin  wave  energy  exchange  between the  layers,  if  the
structure is optimized for resonant, phase-matched interaction of a proper magnitude. We
also tested influence of damping on the spin wave energy exchange between layers, and
show that  the  effect  can  be  optimized  by  modulation  of  grating  thickness  and  distance
between layers.  We propose such a  system to be a  simple  and efficient  transducer  for
generation of short spin waves in Py from long spin waves in CoFeB (Fig. 1), which allows to
transfer the spin wave signals in the vertical direction, and also to exploit it as a narrow band
filters for future magnonic devices. 
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Fig. 1  Spatial distribution of dynamic magnetization
component  after 15 ns of  excitation by RF antenna
(dashed  line  to  the  left)  in:  (a)  Py/CoFeB  bilayer
without  damping (b)  Py/CoFeB with  damping.  Lines
indicate  boundaries  of  the  layers,  dashed  line
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Spin waves can be used as data carriers in next-generation information processing systems.
In  this  respect,  artificial  magnetic  materials  with  properties  periodically  varied  in  space,
known as magnonic crystals, are especially promising. The usage of electric currents is of
interest  for  the  manipulation  of  spin  waves  in  magnonic  crystals  [1]  as  well  as  in  other
magnonic  devices  [2].  However,  the  associated  Joule  heating  is  a  serious  obstacle.  A
possible  solution  is  the  usage  of  hybrid  structures  consisting  of  magnonic  and
superconducting  elements.  Here,  we  use  such  a  structure  to  realize  a  reconfigurable
magnonic  crystal  and  investigate  its  spectrum of  spin  wave  transmission  by  broadband
microwave spectroscopy. The magnonic crystal is realized in a 50 nm-thick and 2.2 µm-wide
permalloy  waveguide located underneath of  a 50 nm-thick superconducting Nb film.  The
measurements were performed in the temperature range from 5 to 9 K. In the mixed state,
the magnetic field penetrates the Nb film in the form of flux lines (fluxons) arranged in an
Abrikosov  lattice  [3].  The  lattice  of  fluxons  induces  a  periodic  spatial  modulation  of  the
magnetic field in Py, thus leading to the formation of a Bloch-like band structure (band gaps)
in the magnonic frequency spectrum. The rejection and transmission frequency bands are
clearly observed and demonstrated to be tuned by both the strength of the bias magnetic
field and the transport current applied to the Nb film. The reported results is the first step
towards  combining  the  advantages  from  the  research  domains  of  fluxonics  [4]  and
magnonics [5], and are relevant for the development of future microwave applications and
data processing.
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Symmetry and localization properties of defect modes of a one-dimensional bi-component
magnonic superlattice are theoretically studied. The magnonic superlattice can be seen as a
periodic array of nanostripes, where stripes with different width, termed as defect stripes, are
periodically introduced. By controlling the geometry of the defect stripes, a transition from
dispersive to practically flat spin-wave defect modes can be observed inside the magnonic
band  gaps.  It  is  shown  that  the  spin-wave  profile  of  the  defect  modes  can  be  either
symmetric  or  antisymmetric,  depending  on  the  geometry  of  the  defect.   Due  to  the
localization peculiarities of the defect modes, a particular magnonic superlattice is proposed,
wherein the excitation of either symmetric or antisymmetric flat magnonic modes is enabled
at  the  same  time.  Also,  it  is  demonstrated  that  the  relative  frequency  position  of  the
antisymmetric mode inside the band gap does not significantly change with the application of
an external field, while the symmetric modes move to the edges of the frequency band gaps.
The results are complemented by numerical simulations, where an excellent agreement is
observed between both methods. The proposed theory allows exploring different ways to
control the dynamic properties of the defect modes in metamaterial magnonic superlattices,
which can be useful for applications on multifunctional microwave devices operating over a
broad frequency range.
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Thickness and temperature dependent FMR linewidth in MgFe2O4 thin films on 
Si(100)

K.Mallick,1* and P.S.Anil Kumar1
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Generation and manipulation of Spin Waves (SWs) is critical to the field of magnonics and
spintronics. Recent flurry of studies on Yttrium Iron Garnet (YIG) [1] have shown its potential
use as a spintronic material due to its ultra-low gilbert damping and electrically insulating
nature. Ferrites also form a class of materials which are electrically insulating and predicted
to have good microwave properties. However only few detailed studies exist that investigate
the spin current generation in ferrites, especially in thin films. Here we investigate the FMR
properties of the partially inverted spinel MgFe2O4. Polycrystalline thin films of MgFe2O4  of
varying thicknesses were deposited on Si(100) using pulse laser deposition. Except for the
lowest  thickness  the  measured  FMR  linewidth  has  a  value  close  to  220  Oe  which  is
comparable to recent reports on other polycrystalline ferrites [2]. Out-of-plane magnetic field
orientation  dependence  of  FMR  linewidth  suggested  a  two  magnon  contribution  in  the
linewidth.  By  fitting  the  angular  dependence  with  the  LLG  equation  the  contribution  of
extrinsic  and  intrinsic  gilbert  damping  was estimated.  The variation  of  the  linewidth  with
temperature was also recorded.
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Figure 1. (a) FMR spectra for 89nm film. ΘH represent angle with respect
to sample normal. b) Variation of linewidth for 2 sample orientations (in-
plane and out-of-plane) with sample thickness.
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Tunable magnon photon coupling using a BLIG ((LuBi)3Fe5O12)  film and a split 
ring resonator
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Split ring resonators (SRR) are metamaterials with good microwave absorption and with a
planar  structure  allowing  better  coupling  of  microwave  photons  and  magnons  [1].  In  a
magnetic system, the magnon bands can be controlled by an externally applied magnetic
field and enables a tuneable coupling. Magnon photon coupling has been studied in 3D and
planar YIG films [2,3]. Coupling of SRR and FMR (ferro magnetic resonance) modes have
been observed in an inverted SRR cavity [3]. Resonant frequencies of  2.5, 4.9 and 7.5 GHz
(fSRR) were obtained for SRR simulated in HFSS software. We fabricated the SRR on a Roger
substrate  with  35  μm  copper  lines  ensuring  a  50  Ω  termination.  Characterization  setup
included a CW signal generator, a circulator and a
spectrum  analyser.  Bismuth  lutetium  iron  garnet
(BLIG)  film  of  thickness  7.9  μm,  grown  over
gadolinium  gallium  garnet  substrate  was  placed
covering  the  cavity  and part  of  the  feed line.  RF
current in the feed line excites microwave photons
in the SRR by inductive coupling. A static applied
magnetic field (H),  greater than 200 Oe saturates
the BLIG film. The resonant fields of the SRR cause
the magnetization to precess and excite SWs. The
S21 spectra  obtained in Fig. 1(a),  shows an SRR
mode at 3.18 GHz, which does not change with the
field variations. For  H  of 435 Oe, we observe the
appearance of a small dip at 2.75 GHz, which keeps
shifting to the right as  H increases with increasing
amplitude, till  fSRR. With frequencies above  fSRR,  as
the  effect  of  magnon photon  coupling  decreases,
the amplitude of  these peaks decreases,  as  H  is
increased.  In  Fig  1(b),  we  plot  the  frequencies
corresponding to all the dips in S21  as in Fig. 1(a).
Blue dashed lines show the trend of  the  curves.
The lower frequency peaks stop to increase after
450 Oe,  but  the  higher  frequency peaks start  to
increase with  H.   This  splitting  of  the spin  wave
mode results from a strong coupling between the
microwave photons and  magnons.   We obtain  a
coupling strength (δ) of ~ 620 MHz.  We shall also
report  the results  of  ongoing experiments to improve the photon-magnon coupling using
optimal SRR geometries and femto second laser machined magnonic crystal cavities.
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Figure 1. (a) S21 spectra with increase in H (b)
Coupling  of  magnons  and  photons.  Dotted
blue  curve  -  plot  of  the  frequencies
corresponding to the dips in Fig. 1 (a) and the
dashed  blue  line  is  extension  of  the  trend;
Red  dashed  line  -  Plot  of  Kittel's  formula;
Black dashed line - plot of fSRR
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Y-type hexaferrite  synthesis, characterization and magnetically-induced 
reflection losses at 1-20 GHz
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We  report  studies  on the  influence  of  substituting  the  magnetic  Fe3+ cations  with  non-
magnetic  cations  (Al3+)  on the  Y-type  Ba0.5Sr1.5Zn2Fe12O22 hexaferrite’s  magnetic  and MW
parameters. The interest in studying the Al-substituted Y-type Ba0.5Sr1.5Zn2Fe12O22 hexaferrite
arises from the appearance of a  large magnetoelectric effect at room temperature in a low
magnetic field [1]. The Y-type hexaferrite Ba0.5Sr1.5Zn2Al0.08Fe11.92O22 powder was synthesized
by sol-gel auto-combustion.  After the auto-combustion process, the precursor powder was
annealed at 1170 °С to obtain the single-phase Ba0.5Sr1.5Zn2Al0.08Fe11.92O22 powder. The X-ray
diffraction analysis showed that the powder was single-phase with a very high crystallinity.
The  hysteresis  measurement  was  performed  by  using  a  SQUID  Quantum  Design
magnetometer  at  room  temperature.  The  hysteresis  curves  were  very  narrow  with  a
coercivity  field  of  18 Oe,  due  to  the  easy  axis  of
magnetization  lying  in  a  plane  normal  to  the  c-axis
direction.  The magnetization  at  50 kOe was 47 emu/g.
With the purpose of studying its microwave properties in
the  1-20 GHz  range,  the  Ba0.5Sr1.5Zn2Al0.08Fe11.92O22

powder  was  dispersed  in  a  polymer  matrix  and  the
reflection  losses  of  the  composite  samples  were
measured  with  and  without  applying  an  external
magnetic  field. The  magnetic  field  increased  the
attenuation losses of the sample (RL < -25 dB). 
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Figure  1.  SEM  image  of
Ba0.5Sr1.5Zn2Al0.08Fe11.92O22 powder.
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Investigation of the electromagnonic crystals based on thin-film multiferroics 

with the coplanar transmission line 
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Artificial magnetic materials with spatial periodic modulation of their physical properties or 

geometry, known as magnonic crystals, are promising for new microwave devices [1]. Recent 

advances related to the thin-film technology have resulted in fabrication of the multiferroic 

heterostructures that combine advantages of the ferrites and ferroelectrics. Owning to the dual 

tunability of wave spectra by both electric and magnetic fields, such structures are widely used 

in microwave devices. Different kinds of the ferrite-ferroelectric all-thin-film structures based 

on the coplanar or slot transmission lines (TL) have been suggested [2], [3]. However, up to 

now only the periodic multiferroic structures based on slot TL were investigated. This work 

reports theoretical investigations of а novel thin-film periodic ferrite-ferroelectric 

heterostructures based on a coplanar TL. We named such kind of multiferroic waveguides as 

electromagnonic crystals (EMC). This structure consists of a polycrystalline barium-strontium 

titanate (BST) film (2) on a sapphire substrate (1), a coplanar TL, an epitaxial yttrium-iron 

garnet (YIG) film (3) on a gadolinium gallium garnet (GGG) substrate (4) (see Fig. 1(a)). The 

periodic structure is formed by variation of a gap widths of 75 µm and 25 µm implemented by 

rectangular modulation of the TL ground electrodes as is shown in Fig. 1(a). The structure is 

magnetized along the z-axis. The dispersion relation is derived through analytical solution of 

the full set of Maxwell`s equations utilizing a method of approximate boundary conditions [3]. 

The obtained result is used for a numerical calculation of the transmission characteristics of 

the EMC using the transfer-matrix method [4]. In the calculations the following parameters are 

used: the length of the one period 1 mm; the lengths of the segments 0.5 mm; the number of 

periods 10; d1=d4=500 µm, 1=10, 4=14; d2=2 µm, 

2=1500; d3=10 µm, 3=14, H=1350 Oe, M=1750 G. The 

obtained results show that the transmission characteristic 

of the EMC consists of pass-bands and stop-bands. The 

first stop-band of the EMC occurs near 5.86 GHz. Its width 

measured at a level of 3 dB from the maximum loss of 33 

dB is 24.6 MHz. The effective magnetic and electric tuning 

of the transmission characteristics was achieved and 

shown in Fig. 1(b). In particular, an application of the bias 

voltage of 150 V provides the shift of the band-gap by 10.4 

MHz. At the same time, the change of the external 

magnetic field by 10 Oe shifts the band-gaps by 26 MHz. 

All these advantages make investigated EMC attractive for 

development of new microwave devices. 
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Figure 1. (a) The EMC based on a 
coplanar transmission line with periodic 
modulation of the slot width. (b) Electric 
and magnetic tuning of the transmission 
characteristic for the EMC. 
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3D FDTD-LLG modelling of magnetisation dynamics in thin film ferromagnetic
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There is a growing need in high frequency tuneable microwave materials for applications in
the areas of microwave electronics, transformation optics, photonics. Due to their intrinsic RF
phenomena, such as FMR, ferromagnetic thin films have always been of great interest and
led  to  a  great  amount  of  experimental  research  very  often  supported  by  numerical
simulations. While purely magnetostatic solvers, such as OOMMF or Mumax, have always
been  the  standard  benchmark  tools  and  usually  provide  a  precise  description  of  the
magnetisation processes in thin-film ferromagnetic structures, these systems are however
limited in applications where full electromagnetic solutions are required, especially when the
material properties are extremely non-uniform (e.g. dielectric/metal interfaces). In such cases
one needs to consider a modelling approach where a full solution of Maxwell equations is
needed  alongside  the  materialistic  equations,  such  as  e.g.  Landau-Lifshits-Gilbert  (LLG)
providing  the  relation  between  the  magnetisation  and  the  magnetic  field  [1-2].  Here  we
propose  such  a  model  which  uses  3D  finite-difference-time-domain  (FDTD)  approach
together  with  LLG  to  find  the  exact  solutions  for  magnetisation  dynamics  in  thin  film
ferromagnetic structures. As a benchmark testing we demonstrate application of such model
for  different  classical  phenomena such as Faraday effect,  and then explore the dynamic
characteristics  of  thin  films  in  magnetostatic  applications.  In  particular  we  consider
propagation of magnetostatic/spin waves in metallised magneto-dielectric and metallic thin
films  and  demonstrate  their  dispersion  characteristics,  including  those  that  cannot  be
obtained by purely magnetostatic approach. In one example we demonstrate a formation of
fast TE and TM electromagnetic waves in THz frequency band propagating in geometry of
transverse and longitudinally applied magnetic field. In the second example we consider a
model  of  ‘realistic’ permalloy  films,  in  which  the effects  of  eddy  currents  are  taken  into
account. We show that the dumping associated with the electric fields leads to modification of
the attenuation length and compare this with the analogous properties in magneto-dielectric
films. The results are compared with the standard analytical solutions and the simulations by
using Mumax3 and OOMMF.
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Effect of annealing on tunable uniaxial magnetic anisotropy in laser ablated 

CoFeB thin films 
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A detailed comparative Ferromagnetic resonance study of Co40Fe40B20 (CoFeB) thin films, 

before and after annealing, are presented in this work. The CFB thin films with varying 

thickness from 5 to 40 nm were deposited on SiO2 (300 nm)/Si (100) substrate using pulsed 

laser deposition technique. The as-deposited CFB thin films are amorphous, but annealing at 

400oC results in crystallization of CoFe with bcc structure along (110) orientation.  Secondary 

ion mass spectroscopy reveals the Boron diffusion at the interface in both amorphous and 

crystalline phase of CoFeB. The estimated magnetic anisotropies and angular dependence 

of resonance field (Hres) and FMR linewidth (∆HPP) clearly indicates the presence of uniaxial 

magnetic anisotropy (UMA) in as-deposited 

and annealed thin films at 4000C. The M-H 

loops in both parallel (∥) and perpendicular (⊥) 

geometry confirms that easy axis (EA) of 

magnetization lies within the plane (IP) of the 

film. In contrary to annealed thin films, 

amorphous CoFeB thin films demonstrates in-

plane magnetization directing towards Out-of 

plane (OP) by reducing film thickness up to 5 

nm indicating that preferred orientation for 

perpendicular magnetic anisotropy. In EA 

direction, the extracted coercivity, Hc found to 

be increased from 3 Oe to 138 Oe upon 

annealing at 4000C for 40 nm CoFeB film; it is 

likely associated with the crystallization. From 

the temperature dependence of Hres (ψ), and 

Hres (α), we found that irrespective of the 

nanocrystallization volume fraction of the 

samples, the uniaxial anisotropy constant (Ku) 

increases with an increase in annealing 

temperature [Fig. 1]. The variation of ∆HPP is 

attributed to the presence of magnetic 

inhomogeneities due to annealing. The drastic 

increase in ∆HPP upon annealing at 4000C [Fig. 1] is originated from the complete 

crystallization of CoFeB and broad distribution of the magnetization axis.  In addition, we 

have detected SWR modes excited in CoFeB thin films in both IP and OP geometries. Spin-

wave stiffness, D, and exchange constant, A increases with increase in film thickness, 

whereas exchange correlation length, Lex decreases with increase in annealing temperature. 
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Figure 1. The variation of (a) peak-to-peak line width 
(∆HPP) and (b) uniaxial anisotropy constant (Ku) on 
annealing temperature for 40 nm and 20 nm thick 
CoFeB films. 
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Technology

We show how to apply the electrodynamic model of the magnetic plasmon resonance [1] for
precise  measurements  of  the  ferromagnetic  resonance  linewidth  ΔH  on  relative  large
spherical specimens. Two measurement methods are presented [2]. The first one employs
Q-factor measurements of two splitted magnon-polariton modes in metallic cavity loaded with
the sample under test. The second method employs the unloaded Q-factor measurements of
the magnetic plasmon resonance in a filter setup with two orthogonal semi-loops used for
coupling.  Q-factor  measurements  are  performed  employing  a  vector  network  analyser.
Presented  methods  allow  one  to  extend  the  measurement  range  of  the  ferromagnetic
resonance linewidth ΔH beyond the limits of the commonly used measurement standards in
terms  of  the  size  of  the  samples  and  the  lowest  measurable  linewidths.  Several
monocrystalline YIG and polycrystalline narrow linewidth garnets have been measured with
these methods. Samples that can be measured with the newly proposed methods may have
larger size as compared to the size of samples that were used in the standard methods
restricted by the limits of perturbation theory.
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Microwave properties of a magnetic antidot array in a bubble domain state
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Periodic magnetic media that support propagation of spin waves are known as magnonic
crystals. They are considered an important component for emerging magnonic information
processing technologies, i.e. those that utilise magnons to carry information, because of the
appearance of magnonic band gaps in their spectrum not found in homogeneous materials
[1]. Altering the magnetic texture naturally changes the spectrum of excitations. So, due to
magnetic  hysteresis,  this  offers  a  possibility  of  non-volatile,  yet  reconfigurable  magnonic
crystals [2]. Their spectrum is characterised by presence of magnonic bands and band gaps,
with some of the bands formed as a result  of  splitting of oscillatory eigenmodes of such
magnetic textures as domain walls, vortices and most recently, skyrmions [3,4].

We use micromagnetic simulations to calculate the
spectrum  of  collective  excitations  of  magnetic
bubble  domains  that  form  a  honeycomb  lattice
within  a  hexagonal  lattice  of  magnetic  antidots
(Fig.  1).  We  observe  that  the  width  of  bands
formed from different modes of an isolated bubble
domain  decreases  dramatically  as  the  mode
number increases, with only the band associated
with  the  m=0  “breathing”  mode  showing  a
significant  group velocity.  A theory based on the
magneto-dipole  coupling  between  the  excited
nearest  neighbour  bubble  domains  agrees
qualitatively  with  the  simulation  results,
suggesting  the  coupling  as  the  principal
mechanism  of  the  collective  mode  formation  at
low frequencies. 
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Figure 1. The bubble domain lattice. The red and
blue  colour  intensities  scale  with  the  out-of-plane
component of the magnetisation. The arrows show
the  magnetisation’s  orientations  and  circulation
directions  within  domains  and  domain  walls,
respectively. 
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In-plane  magnetised  devices  activated  by  spin-orbit  torque  (SOT)  combine  simplicity  of
design with energy efficient switching for future magnetic memory elements.  SOT switching
of in-plane magnetised CoFeB(2 nm) nanoscale ellipses fabricated at the centre of Pt Hall
crosses has previously been investigated using a differential planar Hall effect technique.[1]
Their planar nature allows complimentary optical techniques to probe switching speed and
uniformity.   Here, time-resolved scanning Kerr microscopy was used to probe picosecond
magnetisation dynamics of a 400 nm×1000 nm ellipse in response to a current pulse passed
through  a  Pt(6 nm)  Hall  cross  parallel  to  the  ellipse  minor  (hard)  axis.   The  associated
Oersted  magnetic  field  (Oe-field),  and  the  polarisation  of  spins  traversing  the  Pt/CoFeB
interface due to the spin Hall effect, were then parallel to the ellipse major (easy) axis.  When
magnetised  along  the  easy  axis,  between  remanence  and  the  reversal  switching  field,
asymmetry in the amplitude and relaxation of the dynamics was observed for opposite field
history,  i.e. magnetisation parallel or anti-parallel to the spin polarisation, indicating active
SOTs on picosecond timescales.  When magnetised away from the easy axis, a transient
offset  and  temporary  suppression  of  the
dynamics was observed at the centre of the
ellipse,  while  its  ends  revealed  remarkably
different  dynamics.   Time-resolved  images
indicate  a  precessional  reorientation  of  the
magnetisation that  nucleates at  one end of
the ellipse and rapidly propagates along its
major axis (Figure 1), before returning to the
equilibrium  state.   Further  measurements
and modelling are required to disentangle the
Oe-field  and  SOT  contributions  to  the
reorientation. 
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Figure 1. (a) Time-resolved polar Kerr image of the 400
nm×1000  nm ellipse.   The  location  of  the  ellipse  is
indicated by the dashed line in the reflectivity image (b).
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Robust modulation of magnetization dynamics by dilute rare-earth doping  
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The magneto-dynamic properties of magnetic thin films are central to the emerging research 

field of magnonics [1-2]. To carry forward the application of magnonic devices, precisely 

manipulations of magnetization dynamics for a given material are particularly important [3]. 

Here, we modulate the magneto-dynamic properties of permalloy (Py, Ni80Fe20) films doped 

with rare-earth (RE) metals gadolinium (Gd), terbium (Tb) and neodymium (Nd) at low 

concentrations by using a broadband ferromagnetic resonance (FMR) setup in a wide 

frequency range from 3 to 23 GHz. Both the resonant absorption due to the uniform precession 

of the magnetic moments and the first perpendicular standing spin-wave (PSSW) related to 

the nonuniform precession across the thickness of the film are observed. The analysis of the 

uniform pression mode shows that the g-factor (g) and the gilbert damping (α) of the doped Py 

films increase dramatically with Tb and Nd content. From the resonance condition of the first 

PSSW mode, the exchange stiffness (A) of the sample is extracted, which shows a decrease 

with the increasing RE doping content, most strongly for Tb and slowly for Gd. These 

tunabilities of the 

various fundamental 

magnetic properties of 

permalloy-based films 

will arouse significant 

design freedom in 

magnonic devices. 
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Figure 1. (a) The FMR measurement setup consisting of the coplanar waveguide 
inside the electromagnet alone with a two-port vector network analyzer(VNA). (b) 
exchange stiffness A extracted from PSSW as a function of the RE concentration. 
Solid lines are parabolic fits. 
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Spin wave damping in a curved magnetic nanowire
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Nanoscale magnetic systems attract great attention as elements of future magnonic logic
devices. In particular, curved nanoscale magnetic systems [1] have been extensively studied
in various geometries, such as wires of different cross-sections, rings, arrays of wires, etc.
Most of studies so far have dealt with the effect of  curvature on the static micromagnetic
configurations and the spectrum of precessional excitations of curved magnetic systems.  At
the same time,  the  studies  do  not  usually  consider  the  effect  of  curvature  on magnetic
damping, which however plays an important role in real magnetic systems.  Here, we study
analytically  the  magnetic  damping  in  a  curved  magnetic  nanowire  described  using  the
Landau-Lifshitz  equation  with  the Baryakhtar  damping term [2].   We have  obtained  and
analyzed a theoretical dependence of the Gilbert and Baryakhtar contributions to the overall
damping on the radius of curvature of the nanowire.  We show that the dependence is non-
monotonic  when  the  radius  of  curvature  is  comparable  to  the  exchange  length  while
curvature effects diminish as the radius of curvature increases.

Acknowledgements

This research has received funding the European Union’s Horizon 2020 research and 
innovation program under Marie Skłodowska-Curie Grant Agreement No. 644348 (MagIC).

References

[1] A. V. Golovchan, V. V. Kruglyak, V. S. Tkachenko, and A. N. Kuchko, Roy. Soc. Open 
Science 5, 172285 (2018). 

[2] V. G. Baryakhtar and A. G. Danilevich, Low Temp. Phys. 39, 993 (2013). 

80

POSTERS: C  MAGNETIZATION DYNAMICS AND
RELAXATION



Time-resolved X-ray detected ferromagnetic resonance measurements of a 
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Antiferromagnetic NiO films have been studied as media for the effective propagation of spin
currents, mostly by means of the inverse spin Hall effect (ISHE) [1]. However their study is
still incomplete because ISHE has only been used to probe the dc spin current, while the ac
spin   current   has   not   been   measured.   X-ray   detected   ferromagnetic   resonance   (XFMR)
allows   an   ac   spin   current   to   be   detected   via   the   spin   transfer   torque   exerted   upon   a
ferromagnet   [2].  To   this   end,   time-resolved   element-specific   XFMR   measurements  were
performed   upon   a   CoFe/NiO/Fe/NiFe   multilayer.   Microwaves   of   4   GHz   frequency   were
supplied through a coplanar waveguide (CPW) with a variable phase relative to the x-ray
pulses, so as to generate an in-plane rf magnetic field orthogonal to the axis of the CPW,
while a static magnetic field of magnitude  H  was applied parallel to the axis.  Figure 1(a)
shows XFMR delay scans acquired at the Co and Ni L 3 edges of the CoFe and NiFe layers
respectively. The amplitudes and phases were extracted by fitting sine curves to the data
acquired at different values of H, as shown in Figure 1(b) and (c). The FMR field was close to
60 Oe for both the CoFe and NiFe layers, and the precession was found to have very similar
phase for both layers. These results indicate that the CoFe and NiFe layers are strongly
coupled and exhibit an acoustic precessional mode. Since the intrinsic FMR frequency of the
CoFe layer should be much higher than 4 GHz, the XFMR measurements may be interpreted
as a signature of spin current propagation mediated by magnons within the NiO layer. 
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Figure 1. (a) XFMR delay scans measured at different H values, (b) fitted amplitudes, and (c) fitted phases for
Co (blue squares) and Ni (red circles) L3 edges. Sine curves in (a) are fits to the experimental data.
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Computational micromagnetics: A mathematical point of view
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Micromagnetic phenomena on a ferromagnetic sample are often described by the Landau-
Lifshitz-Gilbert  equation  (LLG)  which  is  a  nonlinear time-dependent  partial  differential
equation. The sought magnetization is a three-dimensional vector field. From a mathematical
point of view, the strong non-linearity of  LLG, an (implicit) non-convex modulus constraint,
and  the  non-uniqueness  of  solutions  of  LLG aggravate  the  development  and  thorough
mathematical analysis of numerical integrators. The tangent plane scheme (a.k.a. projection
scheme) [1] and the midpoint scheme [2] represent two FEM-based classes of convergent
integrators with a rigorous mathematical analysis.

We discuss  recent  developments  and  our  contributions  to  the  latter  algorithms [3-6].  In
particular,  this includes a convergent  tangent  plane integrator  for  the simulation of  chiral
magnetic  skyrmion dynamics [5]. Moreover, we present our open-source and user-friendly
Python  module  commix  [4] (based  on  the  FEM  software  package  NGS/Py)  for
mathematically justified computational micromagntism.
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Dynamic properties in stadium-like particles: Effect of its form anisotropy
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The dynamics of magnetization of nanoscale magnetic structures has attracted considerable
attention, both for fundamental reasons and for their possible technological applications in
spintronica devices [1], logical devices [2], advanced storage [3], oscillator of microwave [4],
as well as other applications [5-14] There are many reports on the dynamic behavior of nano-
sized magnetic elements, including a circular disk [19], rectangles [20], ellipses [21], triangles
[22-23], antidots [24-26], wires [27-28] ], rings [29-31].

For example, the read and write speeds on magnetic recording media had been up to the
order of 0.5 Gb / s [32], which are ultimately limited by the dynamic magnetic properties [33].

Another example, in rectangular or elliptical uniformly magnetized elements, the spin wave
spectrum exhibits discrete own frequencies [34-35].One of the spin wave modes is the edge
mode that is located near the edges of the element due to the strong lack of homogeneity in
the internal magnetic field at the edges. Above the uniform resonance frequency, a series of
quantum spin waves are found,  which are related to
lateral confinement [36-38]. 

On the other hand, in [39] they investigated particles in
elliptical form and in the form of a stage according to
their  geometry  by  means  of  numerical  simulations.
They addressed the effect of particle shape anisotropy
on  coercivity  and  remanence.  Evidence  that  the
particles  in  the  form  of  stadium  have  many  more
outstanding properties compared to elliptical particles. 

Furthermore,  in  [40]  they  investigated  the  dynamic
properties of elliptical nano-rings showing the existence
of  two  or  three  resonance  peaks  that  are  under
different thicknesses of elliptical nanometer with onion
state. The lower resonance increases with the width of
the  elliptical  ring,  but  decreases  with  thickness.
However,  the  higher  frequency  resonance  decreases
with the width of the elliptical ring

Even so, the dynamic properties for stadium-type particles have not been studied, and this is
why in this work, through the use of micromagnetic simulations with the OOMMF software
[41], we will investigate their dynamic properties in terms of their geometric parameters. The
spectra and spatial  distributions of  the spin wave modes and their  evolution due to their
shape will be obtained and explained.
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Figure1.  (a)  Schematic  diagram  of
stadium  type  dots  investigated.  (b)
Resonance modes for stadium type dots

83

POSTERS: C  MAGNETIZATION DYNAMICS AND
RELAXATION



 

 

Antenna configuration dependence of nonreciprocity of spin waves 

Koji Shibata,1 Kenji Kasahara,1 Kazuyuki Nakayama,1 Volodymyr V. Kruglyak,2 Mustafa M. 
Aziz,3 and Takashi Manago1, 2* 

1. Department of Applied Physics, Fukuoka University 
2. Department of Physics and Astronomy, University of Exeter 
3. College of Engineering, Mathematics and Physical Sciences, University of Exeter 

Spin waves have attracted much attention as a novel tool for future spintronic devices. One 
of the spin wave modes, magneto-static surface wave (MSSW), has been investigated 
intensively owing to their large signal and large attenuation length in a metal system. We 
focused on the nonreciprocity characteristics of MSSW, which is intensity difference 
depending on the propagation direction. In order to develop the future applications such as 
wave interference devices, isolators, and filters, the control of the nonreciprocity will be 
important. The intensity nonreciprocity of MSSW occurs due to superposition of waves 
excited by  excitation antenna fields perpendicular to the film plane and in-plane components 
of the magnetisation. Therefore, the nonreciprocal propagation could be controlled by 
modulating each component. We previously reported the effect of distance dependence 
between a magnetic layer and excitation antenna on the nonreciprocity, which showed the 
nonreciprocity can be changed by the distance [1]. In this paper, we report the dependence 
of the nonreciprocity on the excitation antenna width. The samples were 50-nm-thick Py 
strips on a SiO2/Si substrate and an isolation layer and coplanar waveguides of SG-type 
were formed on it. The spin wave was measured by a network analyser and microprobe 
station with electromagnets. Micromagnetic simulation was also performed to compare with 
the experimental results. In this calculation, spin waves were excited with a pulse using an 
antenna field calculated separately. The nonreciprocity was estimated at the certain 
resonance frequencies of 5, 6, and 7 GHz for both experiment and simulation. The 
nonreciprocity parameter (NR) was defined by the ratio of the spin wave intensity, m-/m+. As 
is shown in Figure 1(a), NR increases, but tends to 
decrease with the antenna width. This tendency was 
also obtained in the simulation. The reduction of the 
NR seems to originate from the rapid decrease in the 
in-plane excitation field compared to the 
perpendicular excitation field with increasing antenna 
width. At present, the antenna field calculation does 
not include the effect of presence of Py film. Since 
the antenna field distribution should be modified by 
vicinity of a ferromagnetic film, we will include and 
discuss this effect on the simulation. 
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Figure 1. Antenna width dependence of the
nonreciprocity parameter NR. (a)
Experimental results, and (b) Simulation
results. 
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Spin waves in confined structures have widely been a subject of interest in the field of
computing and magnetic memories. In nanostructures, spin waves can be excited in the GHz
regime, but this is not always a desirable phenomenon since it  could cause interferences
while reading or writing stored data in simple structures such as circular disks. However,
constructive interferences between spin waves can enhance their intensity and could make
them  more  easily  detectable,  something  desirable  in  other  applications.  Therefore,
understanding  the  sources,  propagation  and  dispersion  characteristics  of  spin  waves
becomes a fundamental topic for improving future technological applications. 

In a relaxed single vortex state, widely used for bit storage, spin waves with circular or
spiral  wave  fronts  can  usually  be  excited  depending  on  the  orientation  of  an
alternating magnetic field [1]. In our work we
study  differences  between  thin  and  thick
disks.  We  found  that,  depending  on
thickness, propagating spiral spin waves are
more  efficiently  excited  from  different
regions of the disk: Edge and core vicinity.
We give a simple explanation for the origin
of  spiral  spin  waves  in  thick  samples
through Landau-Lifshitz equation of motion
[2]. We also show their dispersion relations,
which  allows  to  easily  identify  their
frequency range of work. Spiral spin waves
can  offer  a  new  variety  of  interesting
applications in contrast to circular spin waves.
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Figure 1. Numerical results of a propagating spiral spin
wave from the center of a thick Permalloy disk at 8.5
GHz under  in-plane  excitation.  Greyscale  shows the
intensity  of  the  dynamic  out  of  plane  component  of
magnetization.
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We present ferromagnetic resonance measurements and theoretical description of standing
spin-wave modes in arrays of long thin film cobalt  microstripes formed on thin permalloy
films.  The measurements were performed at microwave frequency of 9.92 GHz while the
swept bias magnetic field  H was applied in the plane of the sample at various orientations
relative to the symmetry axes of the stripes.  The value of  H was large enough to saturate
both cobalt and permalloy magnetic subsystems at sufficiently large distances from the stripe
edges.   Up to four  different  spin wave modes were identified from the experiments and
classified  as  belonging  to  two  series,  using  their  resonance  field  values  and  their
dependence  on  the  bias  field  orientation.   The  first  of  the  two  series  (“cobalt  modes”)
included modes with resonance fields that had an angular dependence typical for the easy-
axis shape anisotropy of magneto-dipole origin expected for long stripes.  Their resonance
fields increased as the bias field orientation varied from that along the stripe length to that
parallel  to  the  stripe  width.   The  second  series  included  “permalloy  modes”,  which  had
generally higher resonance fields.  The angular dependence of the resonance field of the
strongest permalloy mode was the same as that of the cobalt modes.  However, its lower
field satellite had an opposite angular dependence, i.e. its resonance field decreased as the
bias field orientation varied from that along the stripe length to that parallel to the stripe width.
The angular dependence of the permalloy modes is explained in terms of that of the stray
magnetic field created by the magnetic charges formed at the edges of the cobalt stripes.
The stray field increases / decreases the internal field in the permalloy film between / under
the  cobalt  stripes.   This  interpretation  is  corroborated  by  the  results  of  micromagnetic
simulations and analytical theory.  The discovered modulation of the internal magnetic field
induced by the stripe array in the permalloy film is also periodic, which can be exploited to
create magnonic crystals without physical patterning of the magnetic film used as a medium
for spin wave propagation.  
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Manipulating of the flow of photons has become an important topic of research for nano-
photonic in recent years  [1], [2]. Metasurfaces, composed of phase shifters formed by the
subwavelength  nanostructures,  have  attracted  a  lot  of  attention  due  to  their  gorgeous
performance  and  ultrathin  thickness.  Based  on  well-known  photonics  concepts  of
metasurface flat lenses, we designed spin-wave phase-shifting metasurface which focuses
plane  spin  waves.  We  demonstrated  with  using  the  micromagnetic  simulations  and  the
analytical  model  that  the  effect  exists  also  for  the  exchange  and  dipolar  spin  waves
propagating in thin ferromagnetic film, at the reflection or in the transmission through the
interface where the interlayer exchange interactions are present.  The phase shift  of  spin
waves in a transmission through the interface between two semi-infinite thin films is achieved
by introducing ultrathin nonmagnetic metallic spacer, with a width much smaller than the spin
wave  wavelength.  Due  to  the  RKKY interaction,  the  change  of  the  metal  width  allows
modifying  interlayer  exchange  coupling  between  magnetizations  in  two  Co  films.  The
exchange coupling controls the phase of the transmitted spin wave. We combine this phase-
shift dependency with the lens equation to design a spin wave flat lens based on magnonic
matasurface. 
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Magnonic  quasicrystals  are  magnetic  structures  with  long-range  order  but  lack  of  a
translational symmetry. The dipolar field which determines the interaction between magnetic
elements and strongly influences low frequency spin wave dynamics are of a long range
type. However, the questions are, what is influence of the quasiperiodic order of the magnetic
elements  on  the  magnetization  dynamics  in  structures  based  on  thin  films?,  What  is  a
difference  with  respect  to  the  magnonic  crystals?,  Can  it  be  exploited  for  applications?.
Those questions have not yet found full answers? To shad more light on the magnetisation
dynamics in quasiperiodic structures, we show the recent results of the experimental and
theoretical investigations on arrays of the Py stripes of two different widths and finite length
arranged according to the Fibonacci rule.  We investigate theoretically the stray magnetic
field, which is used to interpret the experimental data of the magnetization reversal curve. We
show, that although an influence of the Fibonacci order is not strong, it can be detectable in
the  measured  hysteresis  loops,  especially  near  the  plateau  appearing  due  to  dipolar
interaction between antiferromagnetically ordered wide and narrow stripes. Furthermore, we
show that the spin wave dynamics in the magnonic crystals and quasicrystals composed of
the  same  elements  can  have  differences,  which  can  be  exploited  for  applications  in
magnonics.
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We have used the Boltzmann kinetic equation for the phonon distribution function and the 

linear response theory to analyze the relaxation kinetics of the spin sub-system of a 

ferromagnetic insulator (FMI) on a massive dielectric substrate with a high thermal 

conductivity. With oscillatory heating of spins, the energy relaxation depends on the thickness 

of the FMI layer d  and the oscillation frequency of the thermal source  . The frequency 

dependence of the oscillation amplitude of the magnon temperature 1mT  is shown in Fig. 1 

(a). When the effective thickness of the FMI layer is much larger than the phonon-magnon 

scattering length, the 1( )mT   dependence has two peculiarities, described by the relation 

2 2 1/2

1( ) (1 )mT      . In the low-frequency regime, the parameter   is equal 

' ( ) /es p m es pc c c   , where 
pc  ( mc ) is the heat 

capacity of phonons (magnons), 4 /es d s     is 

the mean time for a phonon to leave the FMI,    

is the average probability of the phonon 

transmission through the FMI-substrate interface, 

and s  is the average speed of the acoustic 

phonons. In the high-frequency regime,   coincides 

with the time of magnon-phonon collisions 
mp . The 

response of effectively thin layers of FMI has only 

one feature with 
mp  . The effective thickness of 

the FMI layer is /d   . For the phonon-magnon 

collision time 
pm , the following relation holds: 

( / )pm p m mpc c  . The temperature dependence of 

pm  and 
mp  is shown in Fig. 1 (b) for the case when 

the Curie temperature is equal to the Debye 

temperature. The normalization frequency 0  

depends weakly on the parameters of the FMI and 

is of the order of 1010 – 1011 s-1. This analysis 

suggests that the times es , 
pm , and 

mp  can be 

identified from experiments on the parametric 

excitation of spin waves by electromagnetic 

radiation modulated at the frequency  . 

Acknowledgements 

This research has received funding the European Union’s Horizon 2020 research and innovation 

program under Marie Skłodowska-Curie Grant Agreement No. 644348 (MagIC). 

Figure 1. (a) Schematic dependence of the 
magnon temperature amplitude on the heat 
source frequency. The solid line corresponds to 
an effectively thick film; the dashed line 
corresponds to an effectively thin film of the 
same material. (b) Temperature dependence of 
the phonon-magnon (1) and magnon-phonon 
(2) collision frequency. 
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  Photovoltage is an attractive technique to investigate the dynamic properties of the spin 

excitations of ferromagnetic elements (stripe or dot) fabricated at the surface of a  

𝐺𝑎𝐴𝑠/𝐴𝑙0.33𝐺𝑎0.67𝐴𝑠 heterojunction [1]. This method is of particular interest for probing 

localized spin wave modes. The high sensitivity of this technique arises from high electron 

mobility and low electron density which are respectively 𝜇 = 1.5 × 106𝑐𝑚2. 𝑉−1. 𝑆−1 and  𝑛𝑠 =

1.6 × 1011𝑐𝑚−2 which enables efficient rectification of magnetic moment oscillations through 

the Hall effect. We report on the discrete structure of spin waves resonance as a function of 

magnetic field orientation and the shape of cobalt ferromagnets. We compared experimental 

spin wave resonances between perpendicular and parallel orientation to the micromagnetic 

stripe at different frequencies at 4K. We modelled the photovoltage spectra using 

micromagnetic simulation (OOMMF), Fig. 1(a). The photovoltage resonances indicated 

Damon-Eshbach modes when 𝐵𝑎 is parallel to the stripe. We observed bonding-antibonding 

spin waves when 𝐵𝑎  is parallel to the 

short axis of the stripe.  Those 

resonances are indicated by arrows in 

Fig. 1(a). We also describe the discrete 

structure of photovoltage spectroscopy 

for individual dots as well. Our cobalt dot 

had a 40nm radius and was magnetized 

perpendicular to the 2DEG by the static 

magnetic field, Fig. 1(b). The parallel 

orientation is no different than the 

perpendicular for symmetry measures. 

Our results shown that photovoltage 

measurements in hybrid semiconductor-

ferromagnetic structures provide a 

sensitive and extended tool for probing the 

spin waves of small magnets of size 

varying between 20 and 200nm. 
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Figure 1. (a) OOMMF calculation of the imaginary 
susceptibility with 𝐵ǁ and 𝐵⊥to the stripe. (b) Experimental 
dependence of the photovoltage spectroscopy to the 
magnetic dot. 
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Propagation of spin wave in magnonic crystal with interface of asymmetrical 
properties

Yuliia I. Gusieva,1* Oksana Yu. Gorobets,1, 2 Yuriy I. Gorobets,1, 2 

1. Department of general and experimental physics, National Technical University of Ukraine “KPI”, 
Kyiv, Ukraine.
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Nowadays the study of multilayered structures has become popular. For example, many 
scientific works are devoted to the features of the behavior of waves in photonic and 
magnonic crystals [1,2]. All researches are aimed at supplementing the basic knowledge 
about crystals by means of the transition from ideal systems to real crystal structure with 
defects or with deviation from an ideal lattice of crystal. One of such problem is take account 
influence the broken spatial inversion symmetry on the propagation of waves.   In this work, 
we consider a periodic magnetic crystal with interface of asymmetrical properties. The 
magnonic crystal is represented by repeating system. Each system consists of two 
ferromagnetic films of finite thickness. The inversion symmetry is broken at the interface 
between two layers. The problem of the propagation of spin waves in such semi-infinite 
system was studied. Earlier, the boundary conditions for such a boundary were obtained. 
The reflection coefficient and transmission coefficient of spin waves for our model of 
magnonic crystal were obtained. The broken spatial inversion symmetry has been described 
by parameter of broken symmetry. The dependences of the reflection coefficient and the 
transmission coefficient on these parameters are analysed. The nonreciprocity effect of spin 
waves is also considered. The nonreciprocity effect is considered to mean a difference 
between the reflection coefficient of spin waves propagating through a system in two 
opposite directions. The problems of forward and reverse passage of spin wave in our 
magnonic crystal`s model are investigated. 
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Scattering of spin waves from an interface between a ferromagnet and a 
helimagnet with a Dzyaloshinskii–Moriya spiral
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Non-centrosymmetric  magnetic  crystals  with  spin-orbit coupling  can  support  an
antisymmetric  interaction  between spins  called  Dzyaloshinskii-Moriya  interaction.   This
enables a variety of fascinating spin configurations, including so called helicoidal states  -
long-range spin spirals.  Magnetic materials with spiral magnetic structure (helimagnetics)
are an exotic type of magnetic materials where the period of the magnetic structure is much
greater than and, as a rule, incommensurate with the period of the crystalline structure. 

Since the discovery of the first incommensurate magnets in 1956, the static and dynamic
properties of incommensurate magnets have been subjected to intense research aiming to
disclose  specific  properties  of  the  magnetic  order.   Currently,  peculiarities  of  the
magnetization  dynamics  in  such  structures  have  attracted  interest  of  both  theorists  and
experimentalists.  The researchers  are attracted,  in  particular,  by  the exotic  and complex
micromagnetic  states  and  dynamic  characteristics.  A  complex  ground  configuration  of
incommensurate magnets causes a number of interesting phenomena in terms of spin wave
propagation and may enable new opportunities for creation of magnonic devices.

Here,  we  will  report  results  of  an  analytical  study  of  the  peculiarities  of  spin  wave
propagation, scattering and localisation in layered magnetic structures formed by films with a
spiral  magnetic  order  and  those  with  commensurate  magnetic  order,  i.e.  conventional
ferromagnets.   In  particular,  the  frequency  dependence  of  the  reflection  /  transmission
coefficients of a spin wave from / through a junction between a commensurate ferromagnet
and a helimagnet with a long-range Dzyaloshinskii–Moriya spin spiral will be presented and
discussed.  The importance of surface bound spin wave solutions that arise in this structure
is revealed and analyzed in detail. 
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Spin waves (SWs) ability to carry and process information on the nanoscale presents the main 

application of magnonics, one of the leading directions of modern magnetism [1]. 

Miniaturization of reprogrammable GHz electronics, an integrated spin-wave logic and an 

energy-efficient implementation of computational technologies are the crucial challenges of 

magnonic devices [2]. Encoding the binary data into the spin-wave amplitude and phases 

attract considerable attention [3]. 

We propose to control short wavelength SW phase shifts by means of specially designed 

ultrathin nonmagnetic interface layer in the system of two antiferromagnetically coupled 

ferromagnetic media. Antiferromagnetic 

configuration is modelled by applying the 

static external magnetic field to one of the 

ferromagnets.  

We found that varying of the exchange 

coupling parameter, the interface anisotropy 

constant and the angle of SW incidence 

changes SW phase shifts abruptness. 

Scalable interlayer exchange parameter 

varies in the range [-1; 1], which proved to 

change SW phase shift between transmitted 

and incident SW in the range [-90°; 90°] 

(Fig.1). It is also shown analytically that 

insertion of the interface anisotropy can 

increase the phase shift of transmitted wave. 

Implementation of described spacer can be 

realized using e.g. sandwich structures with 

high anisotropy values [4].  
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Figure 1. Transmitted SW phase shift dependence on the 

scalab le interlayer exchange parameter 
12

S

A  and on angle 

of incidence θi for the SW frequency 65 GHz. Results are 

built for the Co-nonmagnetic layer-Co system. 
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Spin wave scattering on a uniaxial ferromagnetic cylindrical spin lens with 
inhomogeneous boundaries
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We theoretically consider a spin dynamics process in a ferromagnetic structure having the
form of cylindrical lens and located in infinite ferromagnetic medium that have parameters of
exchange interaction,  uniaxial  magnetic  anisotropy and saturation  magnetization  different
from the material of a lens.

In exchange mode, we find the refraction index of spin waves on boundaries of such lens as
a ratio of corresponding wave numbers. Focal length of lens is also calculated. 

To estimate transparency of spin lens, we calculate its reflection coefficient (averaged on
incidence  angles)  using  corresponding  method  of  quantum  mechanics  and  taking  into
account  possible  inhomogeneities  of  interface  coupling.  Study  of  reflection  coefficient’s
dependencies on spin wave frequency,  external  permanent  magnetic  field  and medium’s
magnetic parameters shows the opportunity to operate lens transparency in a wide range by
changing,  for  example,  only  value  of  external  permanent  magnetic  field,  so  that  almost
perfect transparency is replaced with almost total reflection, and such structure is becoming
a mirror instead of lens. The dependencies of refraction amplitude and refraction index on
frequency and material parameters are also given. It provides the opportunity to operate the
scattering process efficiently with several parameters of the system simultaneously.
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magnetic nano-elements 
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It is widely known that the spin wave dispersion is very sensitive to the sample’s magnetic 
properties and micromagnetic state, the latter including both the internal magnetic field and 
magnetisation. In fact, spin waves are rarely observed to propagate in uniform media. 
Inspired by and feeding from other fields of wave physics, we have recently formulated the 
concept of graded-index magnonics as a unifying theme focusing on general aspects of spin 
wave excitation and propagation in media with continuously non-uniform properties - the 
graded magnonic index. Davies et al suggested the graded profile of the so called local 
ferromagnetic resonance (FMR) frequency as powerful toll by which to predict the character 
of spin wave emission in patterned magnetic structures excited by a uniform microwave 
magnetic field [1]. Here, we have tested the ability of the local FMR frequency concept to aid 
interpretation of the spin wave normal modes in square nanomagnets with nonuniform 
ground states [2]. We have found that, while offering some insights into the frequency of the 
quasi-uniform spin wave modes, the concept fails to predict or describe the edge spin wave 
modes confined in the demagnetised regions of the nanoelements. To describe the latter 
modes, we have developed an analytical theory based on that proposed by Bailleul et al [3] 
and adopting exact solutions presented by Downing [4]. The predictions of our theory for the 
frequency and profile of the edge modes compare favourably with the results of dynamic 
micromagnetic simulations for the same static micromagnetic configurations.  
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Microscopy.
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Optical manipulation of the magnetization of magnetic thin films is a promising route towards
ultrafast magnetic switching and information transfer from light to spin waves (SWs). Very
recently it has been shown that propagating SWs can be excited and quantified using an all-
optical pump-probe method [4]. However, to excite high amplitude sustained SWs a train of
pulses at very short interval time is needed and there are still very few works addressing this
option [5]. So far, optical pump-probe measurements have primarily been based on Magneto-
Optical Kerr Effect (MOKE) microscopy. Here, we instead attempt to investigate the optically
excited  spin  dynamics  using  a  µ-focused  Brillouin  light  scattering  (BLS)  technique  with
potentially much higher sensitivity.

We report on the effect of a high repetition-rate train
of  ultrafast  optical  pulses  on the SW spectrum of
magnetic  thin  films.  In  the  µ-BLS microscope,  we
employ femtosecond pulses at 800 nm as a pump in
addition to the µ-BLS green laser at 532 nm. The
pulses have a repetition rate of  1 GHz. We show
that  using  a  thin  magnetic  film,  such  as  NiFe,  a
substantial enhancement of the SW amplitudes can
be  observed  at  frequencies  in  the  NiFe  thin  films
that  coincide  with  the  harmonics  of  the  1  GHz
repetition rate of the laser pulses (See Fig.1). Our
results  clearly  indicate  that  it  is  possible  to  excite
SWs of high amplitudes using a high-repetition rate
femtosecond laser.  
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Figure  1.  (a)Intensity  map  of  BLS  signal  at
different  applied field values on NiFe thin  film
sample. 
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The use of plasmonic nanostructures for confinement of electromagnetic energy to the 
nanoscale is ubiquitous for applications ranging across near-field imaging, photocatalysis, 
solar cells, medicine and magnetic recording.  Among the variety of different materials and 
structures being studied, silver nanowires are particularly germane as they support sharp 
plasmonic modes in the infrared to ultraviolet spectral regions and can simultaneously act as 
plasmonic nanoantennas, resonators or waveguides. Using photoemission electron 
microscopy (PEEM) combined with a broadly tuneable femtosecond laser source we present 
a microscopic and spectroscopic study of the plasmonic response in single-crystalline Ag 
wires grown in situ on Si(001) substrates [1]. By tuning the energy, polarization, and 
wavevector of the incident laser light we can selectively excite either the propagating surface 
plasmon polariton modes or localized plasmon resonances. In particular, we demonstrate the 
excitation of the transverse higher order surface plasmon modes driven by the incident laser 
light with wavevector perpendicular to the major axis of the wire (Figure 1). By changing the 
incident photon energy we distinguish two types of bound modes, localized at the Ag/vacuum 
and the Ag/Si interfaces. Although both modes can be excited with near-infrared light, the 
Ag/Si modes make the dominant contributions to the photoemission signals in part due to a 
much stronger field confinement [2]. Our results provide a better understanding of the optical 
response of metal/semiconductor hybrid structures and might be beneficial in the area of 
research concerning plasmon-enhanced solar energy conversion and photocatalysis. 
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Figure 1. PEEM images of the 2.5 μm long Ag wire upon excitation with different photon energies in the transverse 
geometry; the wavevector of the laser light is perpendicular to the long axis of the wire, and the field is  
TM-polarized. Resonant modes with periodic modulation patterns of photoemission intensity along the wire can be 
clearly observed. 
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Synchronization of spintronic oscillators [1,2] is an active research area for improvement in 

quality factor and power. Here we present an experimental study of the synchronization of 

spintronic feedback nano oscillators (SFNO) [3] to external microwave magnetic field. We 

show synchronization of main peak at integer and fractional multiples, as well as side band 

locking. The synchronization of the side bands open new path for mutual phase locking of 

oscillators with large difference in auto oscillation frequency. We further applied the feedback 

technique to study the self-synchronization of spin torque nano-oscillator (STNO) [2] and found 

a large improvement in the quality factor. 
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Figure 1(a). shows the schematic for injection 
locking of spintronic feedback nano oscillator 
(SFNO) with magnetic field feedback. The output 
signals of SFNO is split using power splitter and 
one part is amplified and feedback to coplanar 
wave guide situated on top of MTJ. The second 
part of outputs is measured using spectrum 
analyser. figure 1(b) 2D plot of power spectral 
density (PSD) as a function of external source 
frequency (fe) 
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Magnetic tunnel junction (MTJ) based nanopillars can be used to generate steady-state 

microwave oscillations, when the spin-momentum transfer from the fixed to the free layer 

compensates its intrinsic damping [1]. These devices termed as spin-torque oscillators (STOs) 

are nanometric size, offer wide frequency tuning [1] and high modulation rates [2] and are also 

compatible with integrated semiconductor technology. For wireless communication 

applications, STOs need to be implemented and tested within external RF circuits, such as 

phase locked loop (PLL) for stable signal generation and frequency shift keying for information 

encoding. There are only a few studies demonstrating wireless communication using STOs [3-

5] due to some limitations such as low output power and large linewidths as compared to state 

of the art oscillators. Further optimization in nanofabrication of MTJ based STOs has the 

potential to improve the oscillator characteristics. Here we report optimization of the MTJ free 

layer (FL) and etching of the nanopillar to obtain straight pillar profiles. Dynamic measurements 

of nanopillars at different etching conditions reveal improvements in linewidths, signal power 

and less extinctions as the profile of pillar becomes uniform and straight. While the use of CoFe 

(0.5 nm)/CoFeB (1.5 nm) as FL in conjunction with single step etching yielded multimode 

spectra with large linewidths; significant improvements in spectra and linewidths were 

observed with thicker FL (CoFeB 2nm/Ta 0.2nm/NiFe 2 nm) and three step etching process. 

The three etching angles viz, 20°, 45° and 80° with respect to the pillar normal aided in defining 

the shape and cleaning of the re-deposition from the side walls as was observed in the 

transmission electron microscopy (TEM) images. The standalone signal power as high as 100 

nW and line widths as low as 17 MHz were achieved and injection locking to an external radio 

frequency source were also demonstrated as well as PLL operation. Further optimization of 

etching will be discussed in the presentation such as etching of the FL only. We will also 

discuss preliminary results regarding the incorporation of a field line to these devices which is 

expected to enhance the modulation rates [6], better injection locking and novel concept for 

PLL.  
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Through spin polarized transport properties spintronic devices provide microwave functions 

that are of interest for wireless communication schemes. These functions include microwave 

signal generation (DC-to-RF converter), modulation and frequency selective microwave signal 

detection (RF-to-DC converter). In this presentation we discuss the signal generation using 

spin torque oscillators (STO) within a phase locked loop (PLL) [1, 2]. A phase locked loop is 

used (i) to provide a variable output frequency from a stable fixed frequency oscillator and (ii) 

to improve the phase noise of a frequency tuneable oscillator of lower performance. In order 

to provide a flexible design of the constituting rf components, to decrease losses and reduce 

noise, and to realize a first step towards compact system design, we have fabricated hybrid 

phase locked loops on 0.18µm BiCMOS. The PLL’s frequency divider, loop filter and voltage-

current converter were designed for two types of STOs: vortex devices emitting in a frequency 

range of 0.1-1GHz and uniform magnetized devices emitting in the 1-10 GHz range. PLLs were 

assembled on two different PCBs with appropriate signal amplification and DC current source 

to adapt to different power levels and operation condition. Results will be presented for 

magnetic tunnel junction devices with RA2Ωµm² and TMR of 50-100%. The Polarizer Pol is 

an in-plane magnetized synthetic antiferromagnet and the free layer is made of 

CoFeB2/Ta0.2/FeNi(t) with thickness t=7nm for vortex devices and t=2nm for uniform devices. 

The PLL of vortex devices shows a reduction of phase noise of -50dBc at 100kHz offset 

frequency in a bandwidth of 2MHz. The corresponding free running parameters are f=337MHz, 

f=100kHz and P=1µW. For uniform devices (f=4.2GHz, f=15MHz and P=100nW) 

temporarily locking is also demonstrated within a bandwidth of 1MHz. The frequency of the 

oscillator clearly follows the PLL target frequency, while the phase noise reduction is not yet 

complete due to instabilities of the free running signal. Besides phase noise reduction we also 

demonstrate the possibility to shift the PLL output frequency through variation of frequency 

division which gives prospect to use the PLL for frequency shift keying. Further improvements 

of PLL operation such as locking via a field line will be discussed. The achieved results are a 

first step towards integration of spin torque oscillators for microwave applications.  
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Spin Hall nano-oscillators (SHNOs) exhibit magnetization precession driven by pure spin 

currents generated by the spin Hall effect [1,2].  While focusing of current within the active area 

is key to the excitation of spin waves, significant Oersted field is generated in extended regions 

of the device. The combined action of the spin transfer torque (STT) and Oersted torque allows 

multiple precessional modes to be excited. Here a SHNO was formed by fabricating two 

Au(150nm) triangular nano-contacts on top of a 4 micron diameter bi-layer disk of 

Py(5nm)/Pt(6nm). Using electrical microwave measurements and time-resolved scanning Kerr 

microscopy (TRSKM) the dynamics excited by both RF and DC currents were explored. For 

the RF case, the STT and Oersted field induce ferromagnetic resonance (FMR). The optical 

data can be used to determine the relative strengths of the STT and Oersted torques in a 

similar manner to the STT-FMR teqhnique, but with the advantages that an optical probe 

confers. In contrast the DC case is expected to excite a localized spin wave bullet between the 

nano-contacts, which may be synchronised to the TRSKM by RF injection [3]. When observing 

the injection-locked mode a superposition of two modes can be seen (see Figure 1), the FMR 

excited by the RF current and the bullet mode. Separation of the two excitations yields spatially 

assymetric in-plane dynamics associated with the bullet mode. Furthermore, the dynamic 

structure extends over a greater distance than expected for the free-running bullet mode, 

suggesting an additional interaction between the bullet and FMR modes. Improved 

understanding of the character of the 

injection-locked bullet mode is essential 

for the mutual synchronisation of multiple 

SHNOs for increased output power.. 
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Figure 1. TRSKM images of Polar, Horizontal and 
Vertical dynamic magnetization, and Intensity for 
different injected currents. A DC current of 16 mA, and 
RF current of 1.4 mA at 6 GH,z were used, with a, field 
applied of 650 Oe applied at 120° to the vertical. 
Subtraction of the top two datasets yields the dynamics 
resulting from the DC current.  
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Phase-locked spin torque vortex oscillators (STVOs), formed from multiple nano-contacts 
(NCs) on a spin-valve mesa, are anticipated to exhibit enhanced microwave power and 
phase stability compared to an individual STVO.  The Oersted field produced by the DC 
current in each NC leads to the formation of a vortex, while the spin-torque sustains vortex 
gyration.[1,2]  While the microwave emission due to the gyration can be characterized by 
electrical measurements, the magnetization dynamics beyond the perimeter of the NC 
cannot.  In this work pairs of STVOs with NCs of 100 nm diameter and centre-to-centre 
separation ranging from 200 nm to 1100 nm have been studied, with a combination of 
electrical measurements and time-resolved scanning Kerr microscopy (TRSKM) being used 
to explore the microwave emission and associated magnetization dynamics as a function of 
NC separation.  Electrical measurements were richly featured, often exhibiting multiple 
modes and their harmonics.  The character of the spectrum was also found to change 
markedly as the NC separation was reduced.  At the smallest separation of 200 nm, splitting 
of the STVO frequency was observed over a significant range of DC current, while the 
enhanced amplitude and reduced linewidth expected of a pair of mutually synchronized 
STVOs was not.  To explore the splitting further TRSKM was used to image the 
magnetization dynamics. A small injected microwave (RF) current, with frequency and power 
of 160 MHz and -5 dBm respectively, was used to phase-lock one of the modes to the laser 
system for stroboscopic Kerr imaging of the dynamics.  The Kerr images acquired for the NC 
pair with 200 nm separation reveal significant differences in the spatial character of the 
magnetization dynamics when compared to those observed previously for a pair with 900 nm 
separation, for which the dynamic interaction is expected to be weaker.  For a separation of 
900 nm, localized regions of magnetization dynamics were observed close to each NC, each 
region having similar spatial character to that found within single NC devices, suggesting that 
a separate vortex had formed at each NC.[3] However for a pair of NCs with 200 nm 
separation, no evident change in contrast was observed to span the region occupied by the 
NCs, even though large amplitude dynamics were observed some microns from the NCs.  
We speculate that these dynamics are due to the oscillation of anti-vortices (AV) that were 
pushed away from the NCs, pinned by stray DC electromagnetic fields from the device 
contact pads, and then excited by the stray RF Oersted field.  An improved understanding of 
the interaction of pairs of NC-STVOs obtained from time-resolved imaging of their 
magnetization dynamics is crucial for the realization of networks of phase-locked STVOs that 
share common magnetic layers. 
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Boundary conditions for order parameters at an interface between ferromagnetic (FM) and 

antiferromagnetic (AFM) materials were obtained in the continuous medium approximation 

similarly to the approach in [1]. Three order parameters are considered inside an interface of 

finite thickness magnetization M of FM, magnetizations of both sublattices M1 and M2 of 

AFM. This approach allows one to take into account the finite thickness of the FM/AFM 

interface which is much less than spin wave length (see Fig. 1 (a)). Using these boundary 

conditions, the excitation of a surface evanescent spin wave is considered in AFM when spin 

wave in FM falls onto this interface. The uniform and nonuniform exchange between all order 

parameters are taken on account of the interface energy as shown in Fig. 1 (b). The 

coefficients of transmission and reflection of spin wave through the FM/AFM interface are 

derived in cases of a compensated and noncompensated net magnetization of AFM at the 

FM/AFM interface layer [2]. 
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Figure 1. (a) The typical functional dependences of the constants in the energy on the y coordinate in the 
interface. (b) The schematic image of the system consisting of FM, interface of finite thickness between 
FM/AFM and two-sublattice AFM. 
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A practical application of using a microwave technique to determine the blood 
glucose level
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Abstract—  A square  microwave  resonator  is  proposed  to  determine  the  blood
glucose level in a non-invasive way. Using microwave theory, the principle states that
the  properties  of  liquid  which  varies  in  materials  can  be  determined  when  the
electromagnetic wave interacts with the material.  The microwave resonator and a
traditional glucometer were tested on 20 participants; each participant placed their
index finger on the sensing area of the microwave resonator and the permittivity of
the  different  participant  was  determined.  The  permittivity  of  the  participant  was
quantified  using  the  blood  glucose  level  obtained  in  an  invasive  way.  The result
shows that the device is sensitive and can differentiate between diabetic and non-
diabetic participants. The proposed method provides a practical application of a low
cost and fast monitoring of the blood glucose level.

 Keywords—  blood  glucose  level,  non-invasive  measurement,  Permittivity,
microwave frequency.
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Magnetic nanoparticles : microwave detectors
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The competition between exchange and dipolar interactions in magnetic nanoparticles leads
to  very  rich  spectra  of  magnetic  excitations  which  can  be  used  for  building  selected
microwave  devices.  Here  an  extensive  numerical  study  of  the  magnetic  structures  and
excitations  of  nanoparticles  is  achieved  by  means  of  Langevin  simulations  at  low
temperature for cubic nanoparticles with 64 atoms on the edge. Both approximate ground
states and low energy excitations are computed. The variable parameter of these simulations
is the ratio d of dipolar interaction versus exchange. This ratio d mimics in a monotonous way
an effective change of size of the cubic sample with larger units instead of just atoms. When
looking  at  magnetic  structures  with  growing  values  of  this  ratio  d,  first  a  magnetic
monodomain is obtained, then a complex structure involving a single vortex line appears,
then appears  a set of a few nearly parallel vortices which is quite similar to a network of
singularities which occurs in two-dimensional nanodots [1], and later a more complex three-
dimensional network of vortex lines and of other singularity lines [2] is observed. Such a
complex set of dancing singularity lines is shown in the snapshot reported in Figure 1 for a
rather high value of d when only singular points of the magnetic structure are shown. The low
frequency dynamics of these magnetic nanoparticles is dominated by dipolar  interactions
which  involve  anisotropy.  But  this  effective  dipolar  anisotropy  depends  on  the  internal
magnetic structure of the sample and is strongly reduced in the case of a rather isotropic
structure as resulting of a full 3D network of singularity lines. Thus, the low frequency part of
the  excitation  spectrum results  from the competition  between  general  dipolar  anisotropy
which leads to a stiffening of spin waves with power law in d for the frequency, and magnetic
structural isotropy which is favoured by an increase of d and leads to a softening of spin
waves.  So,  excitation  spectra  critically  depend  on  the  size  of  magnetic  particles.  This
property can be used to obtain selective microwave detectors by taking samples of different
sizes.
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Figure  1. A  snapshot  of  the  magnetic
singularity  lines  according  to  the  three
directions  (in  blue,  green and  red)  in  a
magnetic cube made of 64*64*64 spins,
after  a  long  relaxation.  These  lines  are
still moving in a collective way within this
superparamagnetic sample.
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