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We present an analysis of the dynamics of isolated magnetic antivortices preformed by high
frequency absorption measurements from the linear via the non-linear to the switching regime.
Static magnetic bias fields are used to deflect the antivortex out of the equilibrium position and the
shift of the resonance frequency of the gyrotropic eigenmode is observed. The results from the
absorption measurements for highly anisotropic annihilation fields of the antivortex are compared
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I. INTRODUCTION

Isolated vortices and antivortices have been studied as
potential candidates for fast non-volatile data-storage.'™
These magnetic singularities can be found in thin-films of
soft ferromagnetic materials like permalloy (NigoFe,o). The
singularities are characterized by a special curling of the in-
plane magnetization around a small core region, where the
magnetization tilts out-of-plane, either up or down. This so
called polarization p=*1 can be utilized to store a bit of
information.

In order to switch the polarization, several different
mechanisms for both vortices and antivortices have been
described. The gyrotropic eigenmode of the vortex or anti-
vortex, a circular motion of the core around the equilibrium
position, can be excited by oscillating external fields*™” or
spin currents™” either in a continuous or pulsed fashion.'*!'!
Once the core reaches a critical velocity, the radius of the
trajectory does no longer increase, but the magnetization
radially inwards of the core is deformed and a vortex-
antivortex pair with an opposite polarity is created. The orig-
inal core annihilates with its counterpart. In case of a vortex,
it annihilates with the antivortex of the pair, and a single vor-
tex with opposite polarity remains. A corresponding process
for antivortices exists.*”'*!? Since both singularities are
involved in either switching process, a detailed knowledge
of the dynamics of vortices and antivortices is needed for a
complete understanding of the involved processes.

Vortices have been studies intensively, since they can be
found as the ground state in thin-film structures with proper
thickness and width that resemble a disc'*'> closing the
magnetic flux. In contrast to this, experimental studies on
antivortices are more complicated as their magnetic structure
is characterized by four alternating poles giving rise to a
complex shape in which the antivortex can be stabi-
lized.”®'®7 In these thin-film structures, the antivortex is,
although stable, not easily recoverable once destroyed and
mostly found as an as-grown state. Our method presented in
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Ref. 17 for a reliable antivortex nucleation in a specially
shaped structure enables an analysis of the antivortex dy-
namics by means of high frequency (hf) absorption measure-
ments as well as magneto resistance (MR) measurements for
the static behavior of isolated antivortices.

Il. SAMPLES AND MEASUREMENT TECHNIQUES

Samples are fabricated by electron-beam lithography
using a Zeiss Supra 55 SEM with a Raith lithography system
and lift-off processing on silicon substrates. For absorption
measurements, 85 ¢-shaped permalloy (NigoFe,) elements
with a thickness of 50nm and a wire width w of 1.1 um are
deposited by thermal evaporation as well as the overlaying
80nm thick copper stripline, capped by Snm gold, see
Fig. 1. For resistance measurements, a single permalloy ele-
ment is contacted by dc-magnetron sputtered gold leads.
Before deposition of the gold layer, the contact surface is

Py Elements
Cu Stripline

FIG. 1. Scanning-electron micrograph of several ¢-shaped permalloy micro-
structures overlaid by a copper stripline for high-frequency absorption meas-
urements. The surrounding Oersted-field of the high-frequency current is
schematically depicted. The inset in the upper left shows a magnetic force
micrograph with antivortices in each element, where the three-dimensional
depiction of the topography is overlaid by the color coded magnetic infor-
mation.'”'® The inset in the lower right shows the in-plane magnetization
vector field of an antivortex.

© 2014 AIP Publishing LLC
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cleaned in situ via radio frequency argon-plasma etching to
ensure a good electrical contact and a 3 nm adhesive alumi-
num layer is deposited without breaking the vacuum.

The absorption spectroscopy is performed in a serial
setup of an Agilent Technologies E8257D analog signal gen-
erator, the sample, and an Agilent E4418B power meter with
an Agilent E9304A sensor.® The electrical connection from
SMA connectors on a printed circuit board to the broadened
ends of the copper stripline is realized by aluminum wire
bonding. The ground signals are closed on the printed circuit
board, since no impedance matched ground-signal-ground
layout is necessary within the frequency range used here. A
two-dimensional electromagnet with two pairs of pole pieces
surrounding the sample, that is controlled via Hall sensor
feedback, ensures the precise remanence free control of the
external in-plane field necessary for the generation of the
antivortices.'” The gyrotropic mode of the antivortices is
excited harmonically by the unidirectional alternating
Oersted field of the stripline. At resonance, the antivortices
gyrate with a maximum radius around their equilibrium posi-
tion. The power absorption of the antivortex ensemble results
in an increase of the total stripline impedance. This conver-
sion has been discussed in Ref. 6. In order to detect the small
signal AR caused by the antivortex ensemble compared to
the resistance of the stripline (Rg;, ~ 70 Q), a reference signal
has to be measured. This is done by saturating the magnet-
ization of all structures at 90 mT in x-direction and setting
the field back to the bias field used to deflect the antivortex
from its equilibrium position. Note, that for some experi-
ments, the bias field can be zero. Application of the satura-
tion field ensures that a homogeneous magnetization is
present in the wire junctions of the structures. Antivortices
are then generated by a two dimensional field sequence that
has been presented in our previous work, see Ref. 17, and
the signal difference of both magnetic states is determined.
Thus for every frequency step, the antivortices are newly
generated. This method is prone against temperature or pos-
sible other drifts of the resistance of the whole setup.
Moreover, possible magnetic state changes induced by the
bias field have no effect on the following data points. Since
the method used to generate the antivortices also gives con-
trol over their orientation, antivortices with ¢ = —1 are inves-
tigated in all measurements presented here. The
measurements are performed at 7=21.5 °C controlled with a
precision of 0.15 K.

We have performed complementary magneto resistance
measurements in lock-in technique. Figure 2(a) depicts a
microstructure with Au contacts. The antivortex state is
investigated by comparison of the resistance in saturation
parallel to the current flow direction, indicated in Fig. 2(a),
and the resistance after antivortex generation and application
of the bias in-plane field with angle ® for each data point.
The magnetization pattern of the antivortex approximately
consists of four triangularly shaped uniformly magnetized
domains, see Figs. 2(b) and 2(c). For an estimation of the
MR signal of the antivortex state, the ratio of the domain
size parallel and perpendicular to the current flow is constant
for a core deflection in an external field. When we assume a
homogeneous current flow between the contact leads, a
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FIG. 2. (a) Scanning electron micrograph of a ¢-shaped structure with Au
contact leads for resistance measurements. (b) Scheme of a deflected anti-
vortex. The triangularly shaped domains are denoted as parallel or perpen-
dicular to the current flow. (c) Combined atomic and magnetic force
micrograph of a contacted ¢-structure containing an antivortex with an ori-
entation of ¢ = —1. For the MR measurements presented here, the structure
with two contacts shown in (a) is used.

constant magnetization within the wire arms, and no defor-
mation of the 90° domain walls, the MR signal is expected to
be constant to a good approximation.

lll. RESULTS AND DISCUSSION

The resonance frequency of the gyrotropic eigenmode
of isolated antivortices is determined by means of absorption
spectroscopy. Figure 3(b) shows a typical absorption spec-
trum for the antivortex ensemble described above with a res-
onance frequency of f.s=(169.4*0.3) MHz. This
frequency is approximately 40% lower than the resonance
frequency of a vortex confined in a square-shaped element
with the same film thickness, and edge length comparable to
the wire width.® The lower frequency indicates a weaker
confining potential if the antivortex is considered as a rigid
quasiparticle as it is successfully done for vortices.

A variation of the excitation power and with that the
exciting Oersted field?' is depicted in Fig. 3(a).?* For low ex-
citation powers, the resonance frequency is rather constant.
In this regime (1), the gyration of the antivortex can be
described as a rigid quasiparticle in a nearly parabolic poten-
tial.?" If the excitation power is increased, the resonance fre-
quency drops significantly about 20% in regime (2). In
addition to the frequency drop, an asymmetric absorption
curve can be observed in this non-linear regime, see Fig.
3(c). This asymmetry has also been reported for numerical
simulations and measurements of resonance curves of vorti-
ces by Drews et al. in Ref. 19. The core switching regime (3)
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FIG. 3. (a) Influence of the exciting field strength Hy¢ on the absorption
spectrum. Three regions can be distinguished: (1) linear gyrotropic motion,
(2) non-linear gyrotropic motion, and (3) continuous switching of the polar-
ity of the antivortices. In regime (3), the cone shaped absorption signal is
caused by continuous switching processes. Note the different field step sizes
in region (1) of about 0.05mT compared to regions (2) and (3) with
0.28 mT. (b) Average of 17 frequency sweeps in the linear regime. The
absorption signal shows a Lorentzian shape caused by the resonant excita-
tion of the gyrotropic eigenmode of the antivortex ensemble. (c) Absorption
signals for an increasing excitation fields in the non-linear regime of the
gyrotropic mode. The curves are offset successively by 50 mQ. In order to
show the increasing asymmetry and red shift of the absorption curves,'**°
the same Lorentzian fit at the lowest excitation field strength of 1.96 mT is
plotted as a solid line for all data curves. (d) Absorption signal from the core
switching regime. The solid line is a guide to the eye.

is reached at uoHyr=3 mT, indicated by the characteristic
cone shaped signal®® above 3mT. The Oersted field to
induce antivortex core switching is about six times the field
strength needed to induce core switching in a similar setup
for vortices.®** The continuous switching of the polarity
of the core is possible, since the linear excitation by the
stripline can couple to both the clockwise and the counter-
clockwise eigenmodes of the antivortex, in contrast to an
excitation by rotational Oersted fields’ or rotational spin
currents.’

J. Appl. Phys. 116, 153903 (2014)

The absorption signal is reduced for strong excitation
fields above 3 mT near the resonance frequency, which can
be explained by the instability of the antivortex state, see
Fig. 3(d). If the antivortex switches its core polarization mul-
tiple times at high gyration radii, there could be a probability
that it moves away from the equilibrium position in the mid-
dle of the wire junction into one of the arms and is destroyed
there. Since the absorption measurement is a time integrating
method, this process does not contribute to the ensemble sig-
nal anymore. For vortices especially in discs, these consider-
ations are irrelevant, since the vortex state is the
energetically favored state. Consequently, even if a vortex is
destroyed by a strong excitation, it will recover shortly after
and will again contribute to the absorption signal.

To probe the confining potential of the antivortex, a
static in-plane field is applied in eight different directions,
Hey (®), in order to deflect the antivortex from the center of
the wire junction. Since the generation process of the anti-
vortices determines the orientation of all antivortices in the
ensemble, here ¢ = —1, a single deflection direction of the
whole ensemble can be ensured. A detailed description of
the shift of the energy minimum due to this Zeeman field for
vortices is presented in Ref. 24. For the absorption spectros-
copy, see Fig. 4(a), a low excitation field in the harmonic re-
gime of uoHys=0.3mT is chosen. The resonance frequency
dependence of the static bias field H.; (®) shows a different
behavior for different field angles as well as a varying anni-
hilation field H,, (®) of the antivortices. At the annihilation
field, the antivortex is pushed out of the wire junction and
consequently, the absorption signal vanishes. Three types of
frequency shifts can be distinguished. The frequency shift la-
beled (I) exhibits a small drop in the resonance frequency of
6 MHz, which corresponds to about 4%, as well as a
decrease in the absorption. The annihilation field is around
2mT. The second type (II) is characterized by a similarly
small annihilation field, but shows a frequency increase of
about 33 MHz (20%) with an increase of the absorption sig-
nal for bias field values close to the annihilation field. The
third type (III) has relatively high annihilation fields up to
8mT and the resonance frequency rises about 25 MHz
(15%). The small annihilation fields of antivortices in com-
parison to annihilation fields of vortices of about 35mT
(Ref. 6) indicate again the comparably very shallow poten-
tial, which confines the antivortex within the wire junction.
Moreover, the anisotropy of the annihilation fields and the
frequency shifts shows a strong influence of the wire arms
and the asymmetry of the structure on the antivortex.

To compare the drastic asymmetry of the annihilation
field for gyrating antivortices with the annihilation fields for
a static antivortex, magneto-resistance measurements are
performed, see Fig. 4(b). The annihilation fields are indicated
by abrupt resistance changes closest to zero fields in the MR
signal. The MR signal jumps from a nearly constant plateau,
as expected for the deflected antivortex state, to a MR signal
indicating a magnetization diagonal, perpendicular, or paral-
lel to the current flow, see insets in Fig. 4(b). For some field
angles, the annihilation of the antivortex is followed by addi-
tional step-like transitions most likely due to sudden depin-
ning processes of domain walls from the corners of the
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FIG. 4. (a) Dependence of the antivortex resonance on a static bias field
Hex (©). (b) Magneto resistance of the wire junction of a ¢-shaped micro-
structure that contains an antivortex at zero field. The annihilation fields
of the antivortex vary strongly between the two experiments. The excited
antivortex is destroyed at lower static field strengths. In the absorption
spectra, three types (I, II, and III) of frequency shifts can be distinguished.

junction. As every data point represents a whole field sweep
starting after an antivortex nucleation from zero field to ei-
ther positive or negative field values, the smooth field de-
pendence of the MR signal for each field angle indicates
both a successful antivortex nucleation for every data point
and a single path for the expulsion of the antivortex. The
annihilation fields range from 7.2 mT to 12.7 mT and show a
similar but much less distinct asymmetry as those derived
from the absorption measurements, see Fig. 5(a).

Analogous to the MR measurements, micromagnetic
simulations are performed with the OOMMF code,* where
the deflection of the antivortex by a quasi static in-plane field
H.. (®) for eight different field angles is investigated. The
simulated element is mapped from a scanning electron micro-
graph of a real element, ensuring the same dimensions and
edge roughness. Typical material parameters for permalloy
are used, a saturation magnetization of Mg=8 x 10°Am™",
and an exchange constant of A=1.3 x 107'"" T m~'. An artifi-
cially high Gilbert damping of «=0.5 is used, as only the

J. Appl. Phys. 116, 153903 (2014)
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FIG. 5. (a) Comparison of the annihilation fields of the deflected antivortex
for different in-plane field angles of the static field H.,. Annihilation fields
from magneto-resistance measurements, micromagnetic simulations, and
high frequency absorption measurements are shown. (b) Simulated deflec-
tion from the equilibrium position of the core for bias fields with the indi-
cated angle. The different annihilation processes (Vum, Vpw, and AV,,)) for
each angle are explained in the text. (c) Distance from the equilibrium posi-
tion at zero field of the antivortex core depending on the bias field obtained
by micromagnetic simulations. (d) Sketch of a ¢-shaped structure. A deflec-
tion of the antivortex into one of the marked regions corresponds to the reso-
nance frequency shift types from Fig. 4(a).

new equilibrium position of the antivortex for the given bias
field is of interest here. Using a realistic damping value, the
step-like increase of the field would result in an unrealistic
spin-wave generation. The cell size of the simulation mesh is
chosen to be 5 x 5 x 25 nm”.

The annihilation fields derived from these simulations
match the ones determined by the MR measurements, see
Fig. 5(a). Furthermore, the simulations give a deep insight in
the deflection behavior of the antivortex, as well as in the
annihilation process for different field directions. Figure 5(c)
shows the core deflection distance from its equilibrium posi-
tion for all fields with a minimal deflection of r,;, = 142 nm
and a maximal deflection of 7,5, =255 nm. A linear depend-
ence of the core deflection on the external field with a rate of
(14.6 £0.7) nm/mT can be found up to about 5mT,
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indicating the parabolic confining potential. For higher field
strengths, the core deflection rate increases up to the annihi-
lation of the antivortex. This increase shows that the confin-
ing potential becomes shallower once the antivortex is
pushed into the arms, which is contrary to the behavior of
isolated vortices. A vortex is confined in a closed microstruc-
ture like a disc or a square, resulting in a deviation from the
parabolic confining potential near the boundary of the struc-
ture. Thus, a vortex needs much stronger fields to be pushed
towards the boundaries of the structure.'®?*?® In the graph
showing the core position for all field strengths and angles,
see Fig. 5(b), another effect of the open junction can be seen.
For field strengths causing a linear deflection rate up to
5mT, the displacement of the core follows a certain angle.
This azimuth angle fy to the new equilibrium position of the
core, see Fig. 5(b), can be generally derived by
Po=n(® + 1 — Dy) =n(® + n — cm/2) taking a rotational
symmetric potential and the Zeeman energy into account.
Here, the antivortex with a winding number?’ of n=—1 and
the fixed orientation of ¢=—1 yields fjo=—0 —37/2. At
certain field strengths, the core deflection deviates from this
direction, mostly for the deflection into the arms. This can be
attributed to the depinning of the 90° domain walls from the
corners of the wire junction, see Fig. 6(d), and a deformation
of the walls. Moreover, for high field strengths the magnet-
ization within the arms whose magnetization points antipar-
allel to the external field starts to bend in a zigzag fashion,
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leading to the deflection of the core away from the center of
the arm. This behavior is not described by a simple rigid qua-
siparticle model of the antivortex, where the antivortex is
confined in a parabolic potential. An extension of the para-
bolic potential to describe the deviation of the potential
towards the boundaries of the structure has been done for
vortices in squares,>* but for antivortices this approach poses
several difficulties. For antivortices in ¢-shaped structures,
the potential is highly anisotropic, whereas for vortices in
squares only two different field angles, towards the edge of
the square or diagonally have to be considered.

Similar shifts of the resonance frequency of the antivor-
tex can be found for adjacent field angles and considering
the deflection angle of the antivortex core caused by the
external field reveals the influence of the ¢-shaped structure
onto the confining potential, see Fig. 5(d), even though the
wire junction in which the antivortex is confined is com-
pletely rectangular. Thus, a much more complex potential
confines the antivortex.

An analysis of the antivortex annihilation for each field
angle O reveals three different processes, as indicated in Fig.
5(b). In Fig. 6, two of these annihilation processes are exam-
plarily shown in the micromagnetic simulations for field
angles of ®=0° in Figs. 6(a)-6(c), and 90° in Figs.
6(d)-6(f). At an external field of ppHex, (0°) =11 mT, the
magnetization in the upper right curved wire folds, forming a
180° domain wall, see Fig. 6(a). From this wall, a vortex

AAAAAZAX NNNNAN2s>> s Ty T A AN
AAAA AT

AA A PN P AAA T AR
AR A A A
g o o
N0 A7 P p0.04 m,
__'Zv\ % % (,‘:’ﬂ/l-r-r\
A A A > AAAAAA 7w e D
(d) AraANN //:b ©) (f) FAAAAAA A 7w - 0
ALAAAN N = V"1 el AP PAAAAA AT 7T mr”” .
EREY ERRER RPN
Frrr AR 2 ) IR Y Y -0.04 m,
14444 0\8 4 1444448
IZERRE e 1 ~ 244444y i
L3 S O O N &4—“\\\\‘,‘. L e A IR NN N A S O ™~
AR AR R S O S S A e T RRRRNY ArAArANR /-«.\\\\\R\\x_
AR AR AR N AR DN ARA R RN W SN
SARNRRRY xR N ceeRNRXRRX D N I I & E NN
RRXRRX LA Y XX FewwRXXXKXRK \\\\\\\\4‘*'(%{*\2‘-\\\\\\\
X X XXX X®|Y < X XA AS A% /ps-&_\\kk\k\ -\\\\\\v/fﬁf}v\( o AL
NXRNX NN, pa EE SN v AR AR NXNKNNNRA A4 A D SARAA R
x\\xxxxgx 7 [EERE XX NAAAARE Nasa bt apa 12 annaag
R R [EREE ) TR R EENERY RN 4 [ TR R H.
A A A AN IRERE AAAAx FERRERS FararaArarnne-1/2 arphat ext
IERRREL L 1444y AArAAA EEEEEE AArnx AXXXXo  AAA AP,
SRR P> N IEEE: AAAA A SE AR AAAAAATIRINKNNANTE S 7274444
IRERREREY 24 4y FAAAAAA Nora A A AR AL ISERENEE AR B g p A f
SAAAALAE NAN>F>r A A ALY REREENE AXNTITAAAALSY AArAASR SRR C R
PEREEY NS> A A A A AAA A sy AAAAR JAAA A ONERE . VN4
R Nprrrraraaan NN o > v AR R A AAAAA 4
P~ Mot »~ peesss P~ i
FIG. 6. (a)—~(c) Sequence of the simulated annihilation process of the antivortex with an orientation of ¢ = —1 by a static external field of ppHex=11mT in

x-direction. (a) A 180° domain wall forms in a curved segment of the ¢-shaped structure. (b) A vortex nucleates from the domain wall. (c) The upper 90°
domain wall of the antivortex detaches from the corner of the wire junction forming another vortex. This vortex moves to the center of the junction and both
the vortex and the antivortex are annihilated. (d)—(f) Sequence of the annihilation of the antivortex at poH. = 14 mT in y-direction. (d) The upper and lower
90° domain walls are no longer pinned at the respective corner and start moving into the arms. (e) The antivortex moves to the right corner and is annihilated
there. Two edge defects are formed that move further into the wire. The numbers denote the winding number of the respective magnetization pattern.
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nucleates and a domain that no longer points antiparallel to
the external field is created, see Fig. 6(b). This tilts the mag-
netization in the upper right arm and destabilizes the upper
90° domain wall of the antivortex. It detaches from the cor-
ner of the junction and another vortex nucleates from the for-
mer domain wall. The new vortex moves towards the
antivortex and both are annihilated, see Fig. 6(c). This pro-
cess is labeled V., in Fig. 5(b) since the annihilation of the
antivortex starts with the creation of a vortex in a wire arm.
The second process, labeled Vpw, is similar, but a 90° do-
main wall of the antivortex detaches from the corner of the
junction via a vortex nucleation without a preceding vortex
nucleation in a curvature of the structure. The last process,
AV,,, is only observed for a bias field in y-direction. The
upper and lower domain walls of the antivortex depin from
the corners, but are still attached to the boundary of the struc-
ture, see Fig. 6(d). The domain walls and the antivortex start
moving to the right until the antivortex core reaches the right
corner of the wire junction, see Fig. 6(e). Here, the antivortex
is annihilated and two edge defects®’ form, which move fur-
ther along the inner boundary of the curved wire. Similarly,
edge defects are generated, when a vortex nucleates in the
other processes described above. The magnetic texture of
these edge defects can be described by half integer winding
numbers n= *1/2. When taking all magnetic defects that
are generated or annihilated during the annihilation of the
antivortex into account, it can be observed that the sum of
the winding number of the whole structure remains
ngum = — 1, the same as the initial antivortex, cf. Fig. 6. This
holds for all bias field angles up to the maximum field
strength of 15mT in the simulation. The different annihila-
tion processes exhibit no special symmetry that can be found
in the ¢-shaped structure, cf. Figs. 5(b) and 5(d), but give a
possible explanation of the anisotropy of the measured anni-
hilation fields. For most cases, the antivortex is not pushed to
the boundary of the wire junction and destroyed there, but its
magnetic texture is distorted by changes of the magnetization
far from the antivortex. The annihilation processes for the
real element may differ from the ones observed in the simu-
lations, however, a possible diversity in the annihilation
mechanism is revealed. Thus in the absorption and magneto-
resistance measurements, it cannot be distinguished, if the
annihilation field of the antivortex is measured, or a field at
which the magnetization at some point in the ¢-shaped struc-
ture is reversed by the external field as in the V., process.
The annihilation fields determined by MR measurements
and micromagnetic simulations for a static antivortex are in
good agreement, but the results from absorption spectroscopy,
where the antivortex is gyrating at the resonance frequency ex-
hibit much smaller fields, see Fig. 5(a). This discrepancy may
not be attributed to high gyration radii and an expulsion of the
antivortex from the decentered equilibrium position at a certain
bias field. An estimation of the gyration radius 7y, can be done
by results from transmission X-ray microscopy on antivortices
in elements with comparable dimensions.”” In these works,
maximal gyration radii of 95nm to 115nm measured at
140 MHz and 120 MHz, respectively, are measured before core
switching starts. Assuming a similar switching threshold for the
here presented structures and a linear dependence of the gyration
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radius on the excitation field Hyy, the radius 7y, can be estimated
to be about 10 nm, a tenth of the maximal radius. Core switching
is reached at poHp;=3.0mT, cf. Fig 3(a), and 0.3 mT are used
as the excitation field strength for the measurements of the bias
field dependence on the resonance frequency, cf. Fig. 4(a). The
displacement for the lowest annihilation field for the absorption
measurements with poH,, (180°) = 1.4 mT can be deduced from
the simulations, where the constant deflection rate yields a dis-
placement of the equilibrium position for this field of about
20nm. The maximal displacement for a gyrating antivortex at
this position can thus be estimated to be under 30 nm away from
the center of the wire junction, whereas it can be deflected up to
142 nm in the static case. Consequently, the reduced annihilation
fields for the deflection of an excited antivortex cannot be attrib-
uted to the gyration radius of the antivortex, but rather to a
reduction of the activation fields of the above described proc-
esses of domain wall depinning and vortex nucleation by the
high frequency field. A similar reduction of the switching field
of a nanoparticle by radio-frequency field pulses is described by
Thirion et al. in Ref. 28. However, the maximal gyration radius
of about 100 nm derived from the transmission X-ray micros-
copy results™® before core switching starts and the minimal
deflection distance of 142nm for the static case obtained by
micromagnetic simulations could explain the drastic decrease in
the absorption signal for increasing excitation fields in the core
switching regime, cf. Fig. 3(a). It supports the above mentioned
hypothesis of an antivortex destruction for strong excitation field
strength and high gyration radii.*’

Another comparison of the antivortex and the vortex can
be made concerning the critical velocity needed for core
switching. For vortices, a critical switching velocity
Verit = 277 e Was found to be 320m/s by analytical and
micromagnetic calculations® for vortices in discs or 250 m/s
for vortices in squares by absorption measurements.'*** The
squares have comparable dimensions as the wire width and
thickness of the structures used to stabilize the antivortex.
The vortices in these squares exhibit a resonance frequency
of 320 MHz and thus reach a gyration radius of about
124nm at the critical velocity. The microscopy results for
antivortices yield a much lower critical velocity of about
85 m/s at the comparable radii of 95 nm to 115 nm. The cause
of the low critical velocity needs to be investigated and if the
critical velocity is also applicable as a universal criterion for
the switching process of antivortices.

IV. CONCLUSIONS

The gyrotropic eigenmode of isolated antivortices has
been measured by high frequency absorption spectroscopy
for varying excitation field strengths in the linear, non-linear,
and core switching regimes. The behavior of isolated anti-
vortices is similar to one of the excited vortices. When com-
paring antivortices in our structures with vortices in squares
of similar dimensions, the gyrotropic mode of the antivortex
has a lower resonance frequency. To induce core switching,
the antivortex needs to be exposed to a much stronger excita-
tion field than the vortex.

Deviations of the confining harmonic potential of the
antivortex due to a static in-plane field have been
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demonstrated by the shift of the resonance frequency in the
absorption measurements.

To complement the anisotropy of the annihilation fields
found in the absorption spectroscopy, magneto-resistance
measurements as well as micromagnetic simulations have
been performed. While the annihilation fields determined
from the MR measurements and the micromagnetic simula-
tions without an excitation of the antivortex match quite
well, the annihilation fields drop about a half for the absorp-
tion spectroscopy, where the antivortex is excited. Moreover,
a much more distinct anisotropy of the annihilation can be
found for the excited state. It is demonstrated by means of
micromagnetic simulations that for some field angles, the
annihilation of the antivortex is caused by a rotation of the
magnetization within an arm of the structure far away from
the antivortex itself, thus destabilizing the antivortex.

These results show that a simple quasi particle descrip-
tion for the antivortex is no longer applicable for the case of
a strong excitation and a deflection of the equilibrium posi-
tion by a bias field exceeding about 5mT for our structures,
but the change of the whole magnetization of the ¢-shaped
structure has to be taken into account.

In order to find an expansion for the confining harmonic
potential of isolated antivortices, further investigations are
needed. A direct depiction of the magnetization by transmis-
sion X-ray microscopy can show the deformation of the cir-
cular trajectory of the excited antivortex depending on the
bias field and the annihilation process. The influence of the
¢@-shaped structure on the antivortex may also be investi-
gated by increasing the length of the straight wire junction
and the radius of the curved wire segments.
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