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The magnetic anisotropies of a patterned, exchange biased FesoMnso/NigoFezo system are studied
using ferromagnetic resonance, supplemented by Brillouin light scattering experiments and Kerr
magnetometry. The exchange biased bi-layer is partially etched into an antidot geometry so that
the system approximates a NigoFeoo layer in contact with antidot structured FesoMnsg. Brillouin
light scattering measurements of the spin wave frequency dependence on the wave vector reveal a
magnonic band gap as expected for a periodic modulation of the magnetic properties. Analysis of the
ferromagnetic resonance spectra reveals 8-fold and 4-fold contributions to the magnetic anisotropy.
Additionally, the antidot patterning decreases the magnitude of the exchange bias and modifies
strongly its angular dependence. Softening of all resonance modes is most pronounced for the
applied magnetic field aligned within 10° of the antidot axis, in the direction of the bias. Given the
degree to which one can tailor the ground state, the resulting asymmetry at low frequencies could
make this an interesting candidate for applications such as selective/directional microwave filtering

and multi-state magnetic logic.

I. INTRODUCTION 53

54

Periodically patterned holes in a magnetic film can
be used to affect microwave frequency response, and are *
used in magnonic devices, spin wave logic [I], 2], interfer- *
ometry and filtering devices [3]. An interesting aspect of *
patterned films is that they induce a non-uniform mag- *
netisation reversal process, which can be advantageous *
for the development of multi-state memory devices [4-6].
A stepped magnetisation reversal, necessary for such ap-
plications, can be achieved by patterning a bi-component
structure, typically comprised of antidot structuring with
the holes filled with a different magnetic material [7HI0],
or by adding positive or negative exchange bias on a sin-
gle ferromagnetic layer system [4, [I1]. Exchange bias can °
also be seen as a way to modify the dynamic response of °
the magnetic system, as a result of the competing unidi-
rectional and anisotropic field distribution [12]. In par-
ticular, an asymmetric microwave response with respect
to the applied field has been demonstrated to originate
in the unbalanced pole distribution at the edges of the
holes in the antidot lattice (ADL) [13]. "
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We report the magneto-dynamic properties of an an-
tiferromagnet - ferromagnet system with antidot struc-
turing on the antiferromagnet, but incomplete holes in
the ferromagnetic layer, studied using ferromagnetic res-
onance (FMR) and Brillouin light scattering (BLS). This
type of structuring results in a periodic modulation of the
ferromagnetic layer thickness and exchange bias between
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the holes. The layer configuration is illustrated in Fig.
a). Having a continuous film adjacent to the ADL al-
lows the spin wave modes to have a complex dependence
on the applied field angle, as spin waves can potentially
be allowed to propagate in all directions [7]. The concept
of partially etched ADL has been reported in Ref. [14],
where the two resonance modes observed both via all-
electric spin wave spectroscopy and micro-focused BLS
on an ADL with 1 gm pitch and 435 nm hole diameter,
have been attributed to the hole and inter-hole channels,
which are perpendicular to the applied magnetic field di-
rection. The sample reported here is different in terms of
the lattice parameters, etch depth and presence of the ex-
change bias field. Applied magnetic field angle dependent
FMR results show a combined 8-fold symmetry for the
lowest frequency resonance modes and a dominant 4-fold
symmetry for the highest frequency resonances. Also,
the variation of the exchange bias field with applied field
direction exhibits an interesting dependence. It is widely
known that exchange bias in continuous films possesses a
unidirectional symmetry with regards to an external field
[15], [16]. However, in the case of the ADL here studied,
the effect of exchange bias on the FMR properties ap-
pears to vary greatly with the angle between the external
magnetic field and the symmetry of the ADL structuring.
Previous reports focused mainly on the effect of ADL on
the net exchange bias field [4, T} 17, [I8] which in turn
was observed to affect the static magnetisation, without
providing detail on the angular dependence of the FMR
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modes we address in this manuscript. Using micromag-is
netic modelling we obtain simulated resonance spectrauss
which is in good agreement with the experimental FMRuso
and BLS data. The resonance spectra as a function of theio
applied field angle and the spatial distribution of the pre-ia
cessional modes were investigated in order to determineis
the origin of the 8-fold anisotropy observed in the exper-is
iments. Modes are considered to be localised when theis
precession amplitude is confined to the edges of the holesiss
and extended when the maximum precession amplitudeiss
extends across the ADL. This nomenclature has been in-i
troduced in Refs. [19, 20] and since then used in several
Refs. [21H23]. Here, it is found that an 8-fold anisotropy
emerges due to the partial patterning in the FM layer,
causing an overlap in resonance frequency between the
localised (or edge) mode and the first extended mode.
Importantly, despite being partially patterned across the
whole thickness, the structure behaves as magnonic crys-
tal exhibiting characteristic spin wave band gaps induced
by the artificial periodicity of the ADL.

The manuscript is structured as follows: the details of
the film growth, patterning, structural analysis and mag-
netometry data are presented in Sec. [[Il The magneto-
dynamic properties of the patterned films studied by
FMR and BLS, and the effect of patterning on the mag-
netic anisotropies are discussed in Sec. [[TI] In Sec. [V]we
present and discuss the micromagnetic simulations car-
ried out to interpret the origin of the anisotropy in this
particular ADL system.

148

II. FILM GROWTH AND PATTERNING 149
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A Si substrate was sputtered with an 8 nm thick layer'™
of tantalum (Ta), acting as a buffer layer, and followed'®
by the sequential deposition of FeogNigy and FesoMnsg inij
a sputtering system (Shamrock SFI) at a base pressure,
of 1078 mbar in the presence of an in-plane magnetic,,,
field of 9 mT. The bi-layer was capped with an 8 nm Ta,;
layer to prevent oxidization. Following deposition, theiss
sample was annealed at 498 K in a 0.2 T magnetic fieldis
(3°C/minute ramp, 120 minutes at maximum temper-so
ature) in order to set the exchange bias direction. To
initiate the patterning process, a 220 nm thick layer ofia
silicon nitride (SiN) was deposited on top of the Ta layer,is
with the purpose of using it as a hard mask. The sampleiss
was subsequently patterned using electron beam lithog-ies
raphy combined with reactive ion etching. The wholeiss
process was carried out in three main steps: (1) a 2001
nm thick layer of ZEP520 resist was deposited on topier
of the SiN, subsequently exposed on a Vistec VB6 UHRuses
EWF e-beam writer and developed in O-Xylene; (2) theiso
developed pattern was transferred to the hard mask viaio
a reactive ion etching process (RIE) using CHF3/04 inn
a 80+RIE etching tool; and (3) the NiFe/FeMn/Ta wasir
etched on a ET340 RIE tool using CHy/Hy [24]. The es-is
timated etching rate for the NiFe/FeMn/Ta layers was 37
nm/min. The ADL covered an area of 1.5 x 1.5mm?.s

The unit cell size is 420 nm, with 280 nm diameter
holes. A scanning electron microscopy (SEM) image of
the structure is shown in Fig. [I{b).

An area of the substrate (5 x 5mm?) which was sub-
ject to the fabrication process but remained unpatterned
was used as a reference in the study of the magnetic prop-
erties of the continuous films. In Appendix Sec. [A] we
compared the resonance properties of this continuous film
with those of the continuous film as-deposited. The re-
sults suggest that the fabrication process did not affect
the exchange bias properties of the continuous film.

(a) FeMn FeMn
NiFe 1 ‘ NiFe
H,#0 Hy,=0 " H,+0

FIG. 1. (a) Schematic of the cross-section view of the par-
tially etched ADL. The ADL consists of a fully etched FeMn
layer adjacent to a partially etched NiFe layer. The thickness
of the remaining NiFe is labelled as t;,. A non-zero exchange
bias field, Hy, is expected right underneath the FeMn layer
while in the regions from which the FeMn has been removed
the expected value for Hp is zero. (b) SEM image of the
NiFe(20nm)/FeMn(10nm) ADL fabricated. The red dashed
square illustrates the ADL unitary cell whose side is 420 nm
long. The hole diameter is 280 nm. The yellow dashed rect-
angle illustrates the orientation of the cross-section used in
the morphology and elemental analysis presented in Fig. [2]

Conventional transmission electron microscopy and
electron energy loss spectroscopy (EELS) studies on a
cross section of the sample were performed in order
to determine the thickness and the elemental composi-
tion of each layer. EELS measurements were performed
in a probe corrected JEOL ARM200F scanning trans-
mission electron microscope operated at 200 keV and
equipped with a cold field emission electron gun and a
GIF Gatan Quantum ER spectrometer. The EELS data
were collected at a dispersion of 1.2 meV /channel (5 eV
/ 4096 channels) and pixel size of 1.54 nm. Figures[2|(a)-
(c) show a cross-section of the ADL which was prepared
by focused ion beam (FIB) with a cut along the lattice
diagonal. We note a that the unetched sections of the
ADL are protected by a trapezoid shaped section of SiN.
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FIG. 2. (a)- (c) Bright field TEM images of the ADL cross-
section. (d) EELS data relative to the region I and region II.
Elemental profiles (normalized signal) of the regions I and II
indicated in (b)-(c), with the layer thickness shown for each

of the relevant layers. The dashed yellow rectangle shown™
in Fig. b) illustrates the orientation of the cross-section®
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with regards to the ADL. Re- deposition of material may have?%®
occurred during the etching process. The e-beam Pt at the209
top was deposited to protect the specimen during the FIB2io
cut. 211

212

213

This shape is a result of the etch rates for the different

elements during the RIE process. In Fig. 2b), the re-*

214

5

gions labelled as I and II refer to the Ta/NiFe and the™°

Ta/NiFe/FeMn/Ta, respectively. The elemental maps o

f217

each region are shown in Fig. 2(d). From analysing re-"*
gion I, the presence of Si, Ta, Ni, Fe, C, O, Pt and Ti**

were detected, from the substrate to the top of the film.’
Although it has not been possible to identify the origin®

of the Ti, it is believed that its origin is related to con-
tamination during the etching process since this element

2

0

22

only appears in regions exposed to the reactive ion etch-2:

ing process. The presence of C and O are the result of
etching and the fact that this surface, rich in Ni and Fe

gion II, one is able to identify the elements Si, Ta, Ni

1224
was not capped in any way, promoting the formation of,

oxides at the interface as well as a carbon layer. In re-,
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1227
Fe, Mn, Ta and N. Based on the elemental composition,

shown in Fig. c) relative to the several elements across,
the sample, the thickness is estimated for the case of the,

28

29

30

Ta, NiFe and FeMn layers. This is done by measuring,,,

the width at half height of the elemental distribution.

232

Magneto-optic Kerr effect (MOKE) magnetometry waszs
employed to study the hysteretic behaviour of the con-2s:
tinuous (a) and the patterned ADL (b) films. MOKEzs
hysteresis loops are shown in Fig. for both the (a) con-2s
tinuous NiFe/FeMn films and (b) ADL. The setup was
operated in the longitudinal configuration, with a laserzs
spot size of 500 ym in diameter. For the continuous film,2s
the hysteresis was obtained while the external magneticzo
field was applied parallel (= 0°) and perpendicular:u

5 (a) Continuous film

) (b) ADL

7

FIG. 3. Hysteresis loops obtained from MOKE measurements
of: (a) the continuous film while the external field was ap-
plied parallel (§z= 0°) and perpendicular (0= 90°) to the
exchange bias direction. (b) the ADL while the external field
is applied along the edges of the ADL, which coincide with
the directions 0= 0° and = 90°.

(0= 90°) to the exchange bias direction and the ADL
axis (Fig. [I(b)). The results show a clear easy axis
direction with an exchange bias field magnitude Hy~ 5
mT. In the case of the ADL, the hysteresis was measured
with the external field applied along the lattice edges.
For both 8= 0° and 6= 90° the exchange bias field mag-
nitude |Hp| = 1.5 mT. In a patterned film, the low
field magnetisation processes are dominated by the ADL
anisotropy so the effect of exchange bias is not as trivial
as a lateral shift in the hysteresis loop commonly ob-
served in continuous exchange bias films. The fact that
both directions exhibit a net exchange bias field suggests
that a transformation of the exchange bias symmetry has
occurred due to the ADL patterning. This aspect will be
discussed when looking at the ferromagnetic resonance
results.

III. MODE STRUCTURE

Broadband ferromagnetic resonance spectroscopy was
performed using a vector network analyser (Rohde &
Schwarz ZVA40), VNA-FMR. The sample was placed on
top of a coplanar waveguide with the system operating
in a 2-port configuration. Each measurement was ini-
tiated well above the saturation field, at pugH= 150
mT, where a reference spectrum was acquired for back-
ground correction. Then, starting at a maximum ap-
plied field pgH= 65 mT, the VNA frequency was swept
and the averaged (5 times) forward scattering parameter,
So1 recorded. The static external magnetic field was lin-
early reduced once the frequency sweep was completed.
This procedure was repeated in the applied field range
of |poH| < 65 mT in field steps of 1.2 mT. As a final
outcome, we obtained the relative variation of the magni-
tude of the parameter S5; as a function of the microwave
frequency and external magnetic field.

Brillouin light scattering (BLS) is an optical tech-
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nique which relies upon the inelastic scattering of light
from spin wave excitations in magnetic systems, enabling
the study of wave vector resolved spin wave dispersion
[25]. The principle consists of the interaction of pho-

tons with a certain energy and momentum (hwj,hlz[)

with magnons (hw, hk). The terms w and k correspond
to the frequency and wavevector of the incident photons
and magnons. The annihilation or creation of optically
excited magnons can be retrieved by measuring the en-
ergy and momentum transfer of the scattered photons
hws(ks) = h(wr(kr) + w(k)). BLS experiments were
performed in the backscattering configuration using a
Sandercock (3+3)-type tandem Fabry-Perot interferom-
eter. Spectra were acquired in the Damon-Eshbach (DE)

scattering configuration (k£ L H). The wavelength of the
incident laser light was A= 532 nm. Due to a photon-
magnon conservation of momentum in the scattering pro-
cess, the in-plane component of the excitation wave vec-
tor (k) varies with the incidence angle of light () accord-
ing to k= (47 /) sin 0, where X is the light wavelength. A
static external field of pugH= 50 mT was applied in the
direction parallel to the lattice edge and collinear with
the exchange bias direction, consistent with = 0° of

Fig. [[|b).

A. Field dependent magneto-dynamics using
VNA-FMR and BLS

The ferromagnetic resonance spectra shown as colour®’
plot in Fig. were obtained from the ADL sample,?®
where the magnetic field is applied parallel to the lat->°
tice edge (0= 0°) and the exchange bias direction. The*®
full spectra contains four resonances and all are centered*
at around puoH ~ 0 mT. The modes are labelled as I,*?
CF, II and III, from lower to higher frequencies. The
mode CF is labelled differently since its origin is related®*
to the continuous film underneath the ADL (recall Fig.3%
[[{a) and Fig. Pfa)). The modes I, II and III are in-**°
trinsically related to the patterned layer. Features worth®®
noting are the field regions at which softening of modes I3%
and II occur. These are indicated with arrows numbered®®
as 1 and 2, respectively. For the case where the applied®?®
field is aligned with the edges of the lattice, the mag-31
netisation reversal undergoes a hard-axis like behaviour,?
i.e. at a certain stage of the reversal, the external field*s
cancels the effective anisotropy, allowing for local reori-**
entation of the magnetic domains. Consequently the res-*'°
onance frequency drops to a minimum value, as a result®!®
of the vanishing torque along the applied field direction®”
[26]. When the applied field is lower than the anisotropy®®
field, the torque is restored and the resonance frequency
increases. The regions in the spectra highlighted with
dashed circles and numbered as 3 (poH ~ 15 mT) and®®
4 (uoH ~ 40 mT) indicate the overlap between the res-
onance mode CF and modes I and II, respectively. 320

One should also note the effect of exchange bias in thes
FMR response. This appears as a lateral displacement ofs2
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9
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—60 —40 -20 0 20 40 60
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FIG. 4. Contour plot of the normalised magnitude of the
forward scattering parameter S21, representing the ferromag-
netic resonance data of the ADL. The scatter plot (blue tri-
angles) corresponds to the BLS data at 8y ~ 0°. From lower
to higher frequencies, four resonance modes are labelled as I,
CF, IT and III. The field/frequency regions numbered as 1 and
2 highlight the softening of the modes I and II, respectively.
The regions numbered as 3 and 4 indicate intersection of mode
CF with the modes I and II, respectively. The term A fr rep-
resents the asymmetry in frequency of mode I between the
resonance at poH= -20 mT and poH= 20 mT.

the spectra and a noticeable asymmetry in resonance fre-
quency between positive and negative applied fields. The
asymmetric behaviour results from the unidirectional na-
ture of the exchange bias field, which at positive applied
fields shifts the resonance frequency downwards, whereas
for negative fields the resonances are shifted upwards,
giving rise to an asymmetry noted in the spectra by
Afgr. For the case of mode I, an asymmetry Afr= 1
GHz is obtained when evaluating the difference in res-
onance frequency at the applied field of pgH= 20 mT
and poH= -20 mT. A similar behaviour is observed for
resonance mode II, where the asymmetry A fr= 0.4 GHz
for |uoH| = 20 mT. The asymmetry is expected to be
larger when pgH =~ Hj, since that, due to mode soften-
ing, the exchange bias field becomes the only ordering
parameter for the magnetisation. Field dependent BLS
data (triangular symbols) is also shown in Fig. Note
the good agreement with the FMR data. The small de-
viations between the FMR and BLS data can originate
from a possible misalignment of the sample relative to
0= 0°. The wavevector dispersion studied using BLS is
discussed in the following section.

B. Spin wave dispersion using BLS

Figure shows the spin wave frequency dispersion (fre-
quency vs wavevector) of the ADL (open circles) and
the continuous exchange biased film (red squares). The
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largest wave number measured was Kyq.= 2.6 X7/a, withses
a being the hole spacing (420 nm), which, in the recipro-sss
cal space corresponds to a wave vector just above the sec-ser
ond Brillouin zone. When the light is focused at normal
incidence upon the sample surface (k = 0), the modes
agree well with the resonance peaks obtained from the,
VNA-FMR experiments. Similarly to the FMR results,
at k= 0 the resonance mode CF overlaps with mode II369
from the ADL.
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FIG. 5. BLS measurements at 8= 0°, while in the presence®”
of an external field poH= 50 mT, of the ADL (open circles)3®®
and the continuous film (red squares). For k= 0 the reso-3%
nances match the FMR data. The periodicity of the latticeswo
causes a change in the slope of the dispersion modes at k=so
m/a and 27 /a as highlighted by the red dashed arrows. The392
magnonic band gap is highlighted by the grey shaded area at,,

(/a radem ™', ~10 GHz). The spin wave wave vector is per-_,
pendicular to the applied field direction (DE configuration). sos

396

In materials with modulated magnetic properties, thesso
spin wave dispersion relation exhibits prohibited and al-sss
lowed frequency bands, similarly to the case of electronses
scattering due to an atomic lattice or the diffraction ofs
photons in the case of a photonic crystal. In Fig. [Glao
note the existence of a forbidden bandgap, 0.6 GHz wide, 0
at k= 0.77x10%radem ™" (7/a), located at the boundarysos
of the first Brillouin zone (grey shaded rectangle). Theaos
emergence of a band gap is evidence of repulsive interac-4os
tions due to Bragg scattering of spin wave modes. Exper-4es
imental evidence for Bragg scattering of spin waves wassor
first demonstrated in Ref. [27] for the case of simple twouos
dimensional nano-structures. In Ref. [28] the spin waveas
dispersion for a type of bi-component ADL demonstratedano
the emergence of a BG. Reference [29] demonstrates thateu
having a non-magnetic Ag ADL on top of a ferromagnetica
continuous film can induce selectivity in the spin waveas
spectra. The results presented in the present manuscriptas
show that the formation of band gap is also possible inas
the current geometry while in the presence of spatiallyas
modulated exchange bias field. The periodicity of thear
lattice is reflected in the BLS data, as can be seen byas
following the dispersion branches which have inflectionas

points at the boundaries of the Brillouin zone. The fre-
quency variation of these modes is highlighted by the red
dashed arrows.

C. DMagnetic anisotropies

In-plane angular dependent FMR measurements were
performed in order to evaluate the anisotropic behaviour
of the resonance modes. In the angular range of
0= [0° —190°], FMR spectra were acquired every 10°,
while around [0°,45°,90°] the step was reduced to 5°.
Representative spectra are shown in Fig. [} On all spec-
tra the dashed lines represent the fit to each resonance
mode using a Kittel-like resonance equation shown in Eq.
2

The data corresponding to fy= 10° shown in Fig. [g]
is used to demonstrate the existence of two softening
regions (black arrows) in the field range presented. In
particular, at an applied field of pgH ~ -15 mT, the de-
crease in resonance frequency of mode I is associated with
the balance between the external field and the effective
anisotropy which includes the ADL anisotropy, Hj, due
to patterning and the exchange bias field, H,. The dif-
ference in resonance behaviour at positive and negative
applied fields is related to the exchange bias field which,
for positive applied fields, counts as a positive contribu-
tion to the anisotropy, whilst for negative applied fields,
counts as a negative contribution.

In the low field regions, near poH ~ 0 mT, the mag-
netisation undergoes the reversal process, as we have also
observed in the MOKE data shown in Fig[3] The reversal
process is widely understood as mode softening followed
by complete reversal of the magnetisation via domain for-
mation and rotation[30H33]. Similar resonance behaviour
is observed when the applied field is set along, for exam-
ple, = 20° and 30°. In these spectra, the resonance
frequency of mode I is higher when compared to that of
0= 0°, and therefore the resonance in the direction be-
tween 20° and 30° behaves like an easy-axis, as opposed
to the directions = 0°, 45°, 90° where a hard-axis be-
haviour is observed. It is important to note that in prin-
ciple, the 8= 45° hard-axis anisotropy is lower than the
anisotropy along the directions 6= 0°, 90°, since the
drop in the resonance frequency is less pronounced. This
can be easily seen in Fig. [} where we show a detailed
analysis of the anisotropy field as a function of the ap-
plied field angle, thetay.

A detailed description of the anisotropies of the differ-
ent resonance modes is now presented and discussed. The
anisotropy parameter for each mode was obtained by si-
multaneously fitting all the resonance modes obtained at
each spectra. The multi-peak fit done in the field range
within 60 mT < |puoH| > 35 mT, thus considering only
the saturated states. In this field range we assume that
the domain textures which are inherent to low field region
are suppressed due to the presence of a relatively large
applied field magnitude. The fittings were performed on
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FIG. 6. Colour plots of the FMR data (normalised magni-43
tude of S21) at different applied field angles, 0. Each reso-43
nance mode was fitted with a Kittel-like resonance equationaso
and the results of the fitting are plotted using the dashed,s,
lines. The vertical arrows in 8= 10° indicate the field re-,,,
gion where mode softening occurs. Mode softening strongly,,,
depends upon the applied field angle. The dashed rectangles444
in spectra corresponding to 0= [30° — 50°] highlight high
frequency modes which appear only at certain angles. These™
are also labelled with square and circular symbols in the spec-
tra corresponding to 0= 45° and 50°. The low signal to noise
ratio prevents a more detailed study of these modes.

the derivative of the experimental data so a derivative of
the Lorentzian function was used to fit each resonance
line, with an average R? of 0.884 0.04. An example of
the fitting process is given in Appendix Sec. At each™
angle, the data was fitted with four resonance lines, as™
illustrated in Fig. [6] by the four dashed lines, allowing the**
assessment of the anisotropy field, the exchange bias field*’
and the effective magnetisation, following a generalised”
Kittel formula [34]: o

452

f2=7"(H+Hy | +Hy)(| H+ Hy | +Hy, + poM) (1)sss
where v is the electron gyromagnetic ratio. Assuming::

that ygo M > | H+ H, | + Hy, in Eq leads to the,
approximation

f2(0) = ¥*(| H + Hy | +Hy)poMegy, -

where M.;y is the effective magnetisation. Theasso
anisotropy field as function of angle, Hy(0y), obtainedss
from fitting to the experimental data with Eq. [2] is plot-s
ted in Fig. [7] The results suggest the presence of anse

457

(2)458

FIG. 7. Angular variation of the anisotropy fields obtained by
fitting Eq. [2] to the experimental data (symbols) for modes
I, CF II and III (error bars included with the symbols). The
continuous lines represent a fit to the proposed model for the
anisotropy, shown in Eq. The dashed line (cyan) is in
agreement with the behaviour of mode III, which will be dis-
cussed later.

overlapping 8-fold an 4-fold anisotropy terms. The solid
lines represent a fit to Eq[3] which accounts for an off-
set constant, HY, and 4- and 8-fold anisotropy constants,
which are labelled as H ,‘cl and H}, respectively. In partic-
ular for mode I, the 8-fold and 4-fold dependence can be
clearly seen by following the continuous blue line. An uni-
axial anisotropy constant was not used here given that
both the CF mode and the continuous film (Appendix
Sec. data exhibited a negligible anisotropy field.

Hy(0g) = HY + Hitcos®(2(0m +600)) + Hycos® (4(0 +6p))
(3)

Hy(0n) = HY + Hycos(0y + 6p) (4)
Figure[8|shows the angular variation of the exchange bias
field, Hyp, for all modes. The continuous lines are fits of
Eq. [ to the experimental data. It is important to note
that the angular dependence of mode CF is in agreement
with the angular variation of a continuous exchange bi-
ased film [35], as also demonstrated using micromagnetic
simulations (see Fig. [A4|d) of Appendix Sec. [C)).

The exchange bias field magnitude obtained in mode
I appears to change from positive to negative amplitude
when 0y changes by 22.5°. This angular dependence il-
lustrates an interesting property of this magnetic system
whereby the combined anisotropies give rise to an ap-
parent anisotropic dependence of the exchange bias field
with regards to the applied field direction, which may
be associated with modifications in the coercivity due to
the ADL structuring. Alternatively, one could consider
the occurrence of deformations in the spin texture at the
interface between the NiFe and the FeMn films, allowing
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for the exchange bias to behave as a rotatable anisotropy.sss
Having obtained a residual anisotropy for the CF modeas
and on the other obtained a good agreement between theas
Eq. [4] and the exchange bias field dependence across allas
field directions, we considered that effects such as rotat-seo
able anisotropy and training effects are negligible in thisso:
exchange bias system. These effects would in any case beso
highly suppressed due to the strong local modificationssos
to the anisotropy imposed by the structuring. Moreover,sos
in Sec.IV we will demonstrate that micromagnetic sim-sos
ulations support our decision to exclude such artefacts.sos
Although the mechanism for this is not fully understood,sor
this feature could possibly enable the use of such systemssos

as tunable microwave filtering devices. 500
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FIG. 8. Angular variation of the exchange bias field (symbols)sz
and fits (lines) to the experimental data using Eq. 530
531

Table [l summarises the fitting terms for the values ofss
Hy(0g) and Hy(0y) described in Eqs. [3[ and |4} A fit-ss
ting parameter, 6y, was added to account for a possibless:
misalignment between the exchange bias axis and thesss
edges of the ADL and experimental error in measuringss
the in-plane rotation angle. This small offset angle canss
be observed in Fig. [7] and [§| as a lateral displacement ofss
the local extrema with regards to the main directions,ss;

91-[: 0° and 90°. 540
541
mode[| H) H, Hy H; H; M.y 542
I [[-1.6 1.8 -89 -45 86 1.1 543
CF [[0.05 35 -1.7 -1.0 - 1.3 544
o |[-1.7 24 74 7.2 -76 1.1
II [[-0.1 1.17 13.6 221 5.6 1.2

45

5
TABLE I. Fitting parameters for the anisotropy, bias and,
effective magnetisation of the ADL. Units of the fitting pa-
rameters expressed in mT, with exception of Mc¢¢, which is

expressed in T. The fitting parameter 6y is ~ 11°. 547
548

46

549
The angular variation of modes II and III is rathersso

complicated to follow, given the strong dependence
on the anisotropy and the overlapping of the modes.
However, it is noted that the angular dependence of
these two modes appears to be shifted by 45° with
regards to one another. Also, in the angular range
of 0= [22.5° — 67.5°], it appears that the anisotropy
field of mode III increases substantially, which suggests
that in the VNA-FMR data this mode could be shift-
ing to higher frequencies than covered in this measure-
ment. The limited sensitivity of the VNA-FMR appara-
tus constrained observations at higher frequency. Thus,
it is only possible to make a qualitative description of
these modes. In Fig. [f] at angles corresponding to the
range 0= [30° — 50°], two sets of symbols were added
(square and circular shapes) to highlight two frequency
modes which appear within the frequency and field range
marked with the dashed grey rectangles. To aid the dis-
cussion, the region of the spectra where these two modes
appear is shown in more detail in Fig.[9} The modes in
the frequency region between 7-10 GHz are labelled as
IV and V and highlighted with blue and green dashed
lines, respectively, so that they are more easily followed.
Note that when 0y changes from 30° to 40°, mode IV
moves upwards in frequency, while mode V moves down-
wards. At Oy= 40° both modes intercept at (uoH, f)
~ (14 mT, 8.2 GHz). In the spectra corresponding to
fr= 45° and 50°, modes IV and V continue their as-
cending and descending movements, respectively. The
ascending movement of mode IV may be understood as
the continuation of the mode III, as suggested by the
trend of the anisotropy field discussed in Fig. An al-
ternative description is that mode III remains in the same
frequency range as mode II. However, our interpretation
is that mode III undergoes an increase in resonance fre-
quency, whose movement is given by mode IV, which is
consistent with the combined 8-fold and 4-fold anisotropy
obtained from modes I and II and III. Mode V moves
downwards in frequency with increasing g and may be
related to the resonance mode observed at 12.01 GHz in
the BLS spectra (Fig. . The fact that these two modes
change rapidly with 05 suggests great sensitivity to the
anisotropy of the patterned structure.

Following the cross-sectional studies of Fig. 2| the NiFe
remaining in the holes is approximately 14.5 nm in thick-
ness and therefore it is expected to play a significant role
in defining the FMR properties. With this in mind, a
comparative micromagnetic study was performed in or-
der to understand the effects of the partial patterning on
the anisotropy dependence of the ADL system.

IV. PARTIAL PATTERNING AND MODE
ANALYSIS

The FMR spectra as function of the applied field angle
(6g) were obtained from micromagnetic simulations us-
ing Mumax [36]. The angular dependence was obtained
at a fixed external field magnitude of 50 mT, thus vary-
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FIG. 9. Resonance modes IV and V with low FMR amplitude
appear the high frequency region. These spectra correspond
to sections of the data shown in Fig. [f] but with improved
contrast. The arrows indicate the direction of motion with
increasing Op.

ing only the applied field angle, 6y, relative to the ADL.
These spectra were obtained by performing a Fourier
analysis of the time dependent out-of-plane component
of the magnetisation, m,(t), after applying a spatially
uniform field pulse in the form of Agsinc(t — to), where_
Ag=1mT and to= 3 ns. oo

A broad study was performed, covering the angular,,
variation of the FMR data for t,= 0, 5, 10, 15 and,,
20 nm. In this study, the magnetic properties, the holeg,
size and periodicity were kept constant, whilst varying,,,
the thickness, ¢, of the magnetic material in the holes,,
(see Fig.[Ia)). The angular dependence of the resonance,,,
modes, in the case of t,= 0, 5, 10 and 20 nm are shown in,,,
Appendix Sec. [C] in Fig. [A4] In summary, we observed,,
the emergence of an edge mode in the low frequency range,,
at t,= 0 nm, whose resonance frequency tends to increase,,
with an increasing t5,. In addition, we observed that for,,,
tp= 0 nm the first fundamental mode exhibits a 4-fold,,,
dependence, which is in agreement the literature. How-,
ever, when considering ¢,= 15 nm, which is shown ing,
Fig. the resonance of the edge mode overlaps with,,
that of the first fundamental mode and as a result, the,
angular dependence of the resonance frequency exhibits,,,
a combined 4-fold and 8-fold components. Under these,,
conditions, we were able to qualitatively reproduce the,,

angular dependence of mode I discussed in Fig. [7). 606

Note that the 8-fold symmetry emerges in the low-eor
est frequency mode, M1. Additionally, it is also notedses
that the higher frequency modes, M4 and M5 exhibit asw
4-fold dependence shifted by 90° with respect to one an-so
other. This is important to note as a similar trend waseu
observed in the experimental data, when discussing thee:
modes shown in Fig. [9] One can also note that along thess
main directions of the ADL (g ~ 0° and 90°), mode M3e1

A Ml ®M2 VM3 & M4 #M5
15+ ]
13 } 1
1073
S
N =
% 1045
<
105
10°

0 45 90

135 180 225 270 315 360
0p (deg)

FIG. 10. Angular variation of the FMR spectra for t,= 15
nm. The dark regions correspond to the resonance position.
Symbols illustrate the position of the resonance modes M1-5
at 0= 2.80 and these can be associated with modes I, CF, 11
and III obtained experimentally, while M5 may correspond to
mode V of Fig. [0] Magnetic properties used in Mumax: Mg=
1T, Acz= 1.3¢"*? J/m, Landau-Lifshitz damping constant
a= 0.02 and 6, = 11.25°. The discretisation unit was set
to 3.28 nm in the film plane and 5 nm along the direction
perpendicular to the film.

crosses with the mode resulting from the adjacent con-
tinuous layer (mode M2). To replicate the variation of
the exchange bias field of this sample, the pinning field
(Hp) in the micromagnetic simulations was only applied
outside the holes.

To verify the superposition of the edge mode with the
first fundamental mode of the ADL, we determined the
spatial distribution of the resonance modes. To obtain
the spatial distribution of the precession modes at fixed
applied magnetic field, a time domain Fourier analysis
of the magnetisation component m,(z,y,z,t) was per-
formed. In general, the precession modes in the ADL re-
sult from a localisation of the precession amplitude due to
the highly non-uniform demagnetisation fields and these
are ultimately related to the pole distribution around the
edges of the holes [20, 27].

Figure [[I] shows the spatial distribution of the reso-
nance modes obtained at fy= 2.8° with an applied field
magnitude of 50 mT, while considering ¢,= 15 nm. The
normalised precession amplitude is colour coded in the
images and each panel appears labelled with its corre-
sponding precession frequency. It can be noted that
in the lowest frequency mode, the mode amplitude at
the edges of the holes (edge mode) overlaps with the
amplitude profile corresponding to the first order mode
which extends throughout the ADL. The coupling be-
tween these two modes is maintained along all directions
since the existence of the continuous layer allows the first
order mode to rotate uniformly with the applied field
angle. The modes at higher frequencies correspond to



615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

FFT amplitude

660

S
o

661

FIG. 11. Spatial distribution of the resonance modes of the®?

ADL for t,= 15 nm. The exchange bias field direction wast63
set at = 11.25°. In Mumax we simulated a 2 by 2 array and

employed boundary conditions to ensure the finite dimensions™
of the system did not affect the results. The size of the unit®®

cell was set to 420 nm and the hole diameter was 280 nm. %
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668

second and third order modes, given the number of am-6
plitude nodes and the symmetry regards to the appliedse
field angle. 671
We note that the amplitude of the mode correspond-57
ing to 6.78 GHz dominates in the regions of the holes®”
(dashed circles). Nevertheless, this mode also extends®™*
through the whole lattice. Moreover, the regions with®”
higher amplitude appear to be elongated along the direc-"°
tion perpendicular to the applied magnetic field. In the®”
mode profiles at higher frequencies, we note that the high®
amplitude regions maintain the same orientation for the®®
mode at 8.17 GHz and 10.3 GHz, whereas in the mode®®
profile corresponding to 12.31 GHz, the amplitude pro-%!
file appears to be elongated along the direction parallel®?
to the applied field. The simultaneous analysis of the an-%
gular dependence of the resonance modes for t,=15 nm®*
and the spatial distribution of the lowest resonance mode
allowed us to conclude that the eight-fold anisotropy in
the ADL emerges due a superposition of the edge mode
with the first fundamental mode. This was achieved by
controlling the etch depth t5 of the ferromagnetic layer.
Note that for values of ¢, of 10 nm these two modes aresss
separated from each other, while for ¢;,= 20 nm, the over-
all resonance behaviour resembles a continuous exchange
biased film. 686

687

688

689

V. CONCLUSIONS 690

691

We show how an exchange biased, partially etched, an-eo
tidot lattice (ADL) can be used to modify the spin wavess
properties and introduce high order anisotropies. Com-es
peting internal fields and modification of the exchangesos
bias in the vicinity of the holes resulted in alterations toess
the ground state of the magnetic system, observed heress

in the form of the magnetic anisotropies with 8-fold and
4-fold components, which we observed from the angular
dependence of four resonance modes. This feature as not
been explored so far in the literature as one usually ex-
pects a 4-fold component in ADL systems. The addition
of the exchange bias field induces an asymmetric response
of the resonance frequencies with regards to the applied
field direction. These asymmetries are tunable, reaching
up to 2 GHz for the lowest resonance frequency mode,
and can be advantageous for microwave filtering appli-
cations. In addition, we observed that as a result of the
local modifications due to structuring, the exchange bias
field becomes highly dependent on the direction of the
external applied field with regards to the ADL lattice,
suggesting that a stepped reversal may may be achieved
by carefully controlling the lattice parameters and etch
depth.

The TEM cross-sectional analysis allowed a detailed
characterisation of the multi-layered system, especially
in terms of the layer configuration and the morphology
of the holes. In particular, it allowed to measure the
thickness of the NiFe remaining in the holes (14.5 nm).
This information helped producing an accurate micro-
magnetic picture which in turn allowed to understand the
origin of the 8-fold anisotropy component. We have con-
cluded that the 8-fold symmetry emerges due to an over-
lap between the edge mode and the first order extended
mode. This may be understood from the perspective of
the dipolar fields which emerge with structuring. Due
to partial patterning, the dipolar interactions among the
nearest holes and next-nearest holes become comparable
and thus raising such anisotropic behaviour. The etching
of only 5 nm has ensured that the nanostructured system
maintains the properties of a magnonic crystal as the spin
wave dispersion (frequency vs wave vector) measured by
BLS reflects the periodicity of the ADL, and the emer-
gence of a frequency band gap of 0.6 GHz, at the edge of
the first Brillouin zone.
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Appendix A: FMR data of the continuous films 72

729

To ensure that the magnetic properties of the films
have not been affected by the temperature changes™
throughout the fabrication process, a comparison was™
made between the ferromagnetic resonance data relative’™
to the continuous film as-deposited (AD) and after the™
patterning process (AP). The results demonstrated that™
the magnetic properties have not been altered through-"*
out the patterning process by, for example the resist bak-"*°
ing step. This can be seen from the comparison of the
VNA-FMR data shown in Fig. A summary of the™
fitting parameters is shown in table [l As can be noted,”
the magnetic properties are identical for both AD and™
AP samples. The anisotropy field amplitude, Hy, ob-"*
tained from the fitting is small on both AD and AP films™
so the anisotropy can be assumed negligible. [
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FIG. Al. FMR data from the continuous films (a) as-

deposited, AD and (b) after patterning, AP. The applied fieldss
was varied from the directions parallel (6= 0°) and perpen-7se
dicular (6= 90°) to the exchange bias direction. The spectrass;
in (b) were measured from a sample of continuous film whichs,
was subject to the same lithography process as the antidots,_,
but not etched, as it was protected by the hard mask. Note76
that the FMR data corresponding to 6= 90° exhibits a small

exchange bias indicating that the puoH L Hj, condition was'
not fully satisfied. 72

0

763

764

765

766

Sample || Hy (T) Hi (T) Mesy (T) ror
AD 0.005 0.001 1.16 163
AP 0.0052 0.0011 1.21

769

TABLE I. Fitting parameters for the continuous films at the
as-deposited (AD) and post-processing (AP) stages

772
773
774
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Appendix B: Example of the fitting of the
experimental data

Figure corresponds to an example the multi-peak
fitting procedure. The derivative of the experimental
data shown in Fig. [A2a) is fitted with four Lorentzian
functions. All functions are fit simultaneously and across
the whole field range. As we consider only the field re-
gion where the specimen is saturated, the fitted functions
are also set to satisfy Kittel’s resonance equation. The
initial conditions necessary for the fitting are the esti-
mates of the parameters for the Kittel equation (Myy,
H, and Hp) for each of the resonances and from there
we obtain an estimate for the resonance peaks and line-
widths. This set of initial conditions is then fit to the
experimental data. An example of the fit is shown in
Fig. [A2b). From the residual plot shown in Fig. [A2]c)
we note a good agreement between the experimental data
and the fitted functions.

(@ Derivative of the (b) Multi-peak fitting functions ©
experimental data Fit, = 0.9446

Residual

0.012
0.008
0.004

3
H
8

-0.004

21/dF (1/GHz)

-0.008

&
e
ds:

-0.016

-0.020

0 10 20 30 40 500 10 20 30 40 50 10 20 30 40 50
Field index Field index Field index

FIG. A2. (a) Derivative of the experimental data as a function
of frequency and magnetic field (index). (b) Functions used
to fit the experimental data. The plot is constituted by four
Lorentzian shaped functions (derivative plot). (c¢) Plot of the
residual values.

Appendix C: Case study

Figure demonstrates the agreement between the
BLS data (blue markers) and the simulated FMR spec-
tra, suggesting that the ground state for the micromag-
netic simulations has been successfully determined. In
particular, note the agreement in the three lowest reso-
nance modes and the softening of the lowest mode, at
around poH= 20 mT. The disagreement in the low field
region may be due to the existence of imperfections at
the hole edges in the ADL which were not recreated in
micromagnetic simulations. These imperfections will af-
fect the reversal of the magnetisation via local pinning of
domains.

Figure [A4] shows the calculated resonance frequency
as a function of the angle, 6y, between the applied field
and the edge of the ADL. From Fig[A4fa) to (d) the
thickness of the material in the region of the holes, ¢,
is set to 0, 5, 10 and 20 nm, respectively. For t,= 0
nm we recreate a fully etched ADL and the limiting case
of t,= 20 nm all resonances merge in a single mode, re-
sembling the FMR, response of the mode CF discussed in
the Fig. In Figa), the high frequency resonance
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FIG. A4. (a)-(d) Angular variation of the resonance modes

of the ADL for ¢t,= 0, 5, 10 and 20 nm. The exchange bias
field direction was kept fixed at 6,= 11.25°. Using Mumax,
we simulated a 2 x 2 array and applied boundary conditions
to ensure the finite dimensions of the system do not affect the
results.

814
band appears labelled as HF (11 - 14 GHz), the inter-
mediate frequencies as IF (5.0 - 11 GHz) and the loweste:s
frequency band as LF (1.5 - 4.8 GHz). When comparing?s
the results of the Fig. (a)-(d), we observed the fol-*"
lowing: 1) the modes in the HF band become weaker in
amplitude with the increase in t;; 2) the frequency rangess
of the IF band becomes narrower, the amplitude of theswo
modes becomes dominant and the band itself appears toso
shift downwards in frequency, with increasing t5; 3) forsa
tp= 0 nm the resonance mode in the LF band appearss»
in the frequency range of 2-4 GHz, when ¢;,= 5 nm thess
IF band appears between 3-5 GHz and in the case of t;,=s»
10 nm the LF band shifts to a range of 5-6 GHz. Impor-ss

11

tantly, we note that the angular dependence of the LF
band (dashed lines) evolves to an 8-fold symmetry, as t;
increases.

Appendix D: Asymmetry

In section [[ITC| of the manuscript the anisotropic and
biased magneto-dynamic response of the ADL was dis-
cussed. It was noted that only the Hy(fy) of mode CF
follows the cos(fy) behaviour of Eq. which is nor-
mally obtained in continuous exchange biased films. The
modes I, II, and II exhibit an oscillatory behaviour dif-
ferent to cos(fg). In mode I the oscillation of Hp(0p)
is more pronounced, with the largest exchange bias field
amplitude obtained at 8y= —10°, 10°, 80° and 100°,
where AHb ~ £+ 2 mT (Fig. . At 0= 0°, the effect of
the exchange bias field is not observable mainly because
the spin configuration is dominated by the anisotropy
of the ADL. By combining the anisotropy of the ADL
and the exchange bias one adds a degree of tuning to
the resonance frequencies, whereby positive and nega-
tive frequency shifts are obtained by small variation in
the applied field angle. Although the mechanism is not
fully understood, the change in the polarity of the bias
field may be associated with the magnetic domain tex-
ture which forms during magnetisation reversal [33].

20F
15F
1.0F

—o—f (,uoH 20 mT) -, (%H— 20 mT)
0.5
0.0

EEVNLE Jl

-1.0 -
-1.5

20F % ]

0 45 90 135 180
0,, (degrees)

Aj} (GHz)

T
1

FIG. A5. Difference in resonance frequency of mode I between
poH=20mT and poH=-20 mT, as a function of applied field
angle.

Figure shows the difference (asymmetry), Afg, in
resonance frequency between ~ pgH = 20 mT and pugH
= -20 mT, as function of Ay (consistent with Fig. [4).
The applied field |uoH| = 20 mT represents a good ap-
proximation to the magnitude at which the softening of
mode I occurs. The magnetic configuration at this ap-
plied field will be highly non-linear at certain angles due
to the proximity to the hard-axis of the ADL, for example
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at 0= £10°. Given the 8-fold oscillation in the asymme-sss
try of A fr, we can confirm that the asymmetry is causedsss
by the competition between ADL anisotropy and the ex-ss
change bias field. The asymmetry appears to have differ-sss
ent behaviour in the angle range 0= ~ [112.5° — 135°] 3
possibly due to non-uniform reversal behaviour of thesso
magnetisation, caused by pinning near the edges of thesa
holes which may give rise to complex domain structures.ss
The micromagnetic simulation results shown in Fig. [Adks
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12

do not exhibit this change in polarity, as can be under-
stood by comparing the spectra at = 10° and 0g=
350°, suggesting that by simply defining the exchange
bias as a pinning field may be an incomplete approach
to the problem of exchange bias in patterned structures.
Local deformations of the magnetic domain texture im-
posed by the patterning of the holes or roughness at the
interface between the NiggFesy and FesgMngg films may
also occur, allowing for non-uniform magnetisation rever-
sal.
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