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Quantitative determination of vortex core dimensions in head-to-head
domain walls using off-axis electron holography
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In this paper, we present a complete three-dimensional characterization of vortex core spin
structures, which is important for future magnetic data storage based on vortex cores in disks and
in wires. Using electron holography to examine vortices in patterned Permalloy devices we have
quantitatively measured the in-plane and out-of-plane magnetization of a vortex core. Observed core
widths and integrated phase shifts agree well with those derived from micromagnetic simulations.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2829601 ]

Confined magnetic structures have become the recent fo-
cus of intense research since they exhibit fundamental physi-
cal effects and might also prove useful for applications..1 One
of the smallest confined magnetic structures is the singularity
in the center of a curled vortex spin configuration, which
points out of plane. This so-called “vortex core” has lateral
dimensions, which are determined by the interplay between
the exchange energy and the stray field energy.2 In materials
consisting of 3d metals, the core’s lateral dimensions are of
the order of a few nanometers.” Vortices in disk structures
have been widely studied using magnetic force microscopy
but, due to their small dimensions, only qualitative observa-
tions of vortex cores have been achieved.® The only quanti-
tative observations of vortex core dimensions come from
studies using spin-polarized scanning tunneling microscopy
(SP-STM) for single crystal Fe.>* This technique only works
for very smooth structures in ultrahigh vacuum and is not
well suited for studying ex situ patterned devices made of
polycrystalline materials such as NigyFe,, alloy (Permalloy).

Measurements of the vortex core dynamics in Permalloy
have recently revealed potentially useful magnetic behavior.
Due to its topology, a vortex core moves perpendicular to the
direction of the force acting on it.” Such a gyrotropic motion
then leads to a spiralling motion of the core after it has been
excited by a field pulse and a circular motion if a resonant ac
excitation is used.® The direction of the motion is given
purely by the out-of-plane component of the vortex core re-
gardless of whether the magnetization curls clockwise or
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counterclockwise around the core. Vortex core polarity has
also been proposed as the basis for information storage and
to reliably switch a vortex core’s polarity large fields are
necessary in static experiments. One particular exciting po-
larity switching technique has been recently reported, where
the vortex core in Permalloy structures is reversed with short
bursts of small fields.® An alternative polarity switching
mechanism uses the current-induced spin torque effect,
which has the additional advantage of not requiring field-
generating strip lines. In general spin polarized currents are
predicted to disglace domain walls and induce domain wall
transformations.” Recent experimental reports confirm these
predictions of domain  wall movement®™’ and
transformations.'" However, the details of this domain wall
behavior are still poorly understood. In thin film wires, the
two domain wall types that occur are transverse and vortex
walls and the latter contains a vortex core.'> To properly
explore this magnetic behavior, in particular the transforma-
tions to and from the vortex walls, an imaging technique is
required that provides an accurate determination of the vor-
tex’s spin structure and polarity. Off-axis electron hologra-
phy is a powerful method for studying the in-plane compo-
nent of magnetic structures. " Although the idea of tilting a
sample in the transmission electron microscope (TEM) to get
a three-dimensional induction distribution already existed,
no quantitative imaging of the out-of-plane spin structure of
a vortex domain wall has been reported. In this paper, we
present the results of electron holography observations of the
in-plane and out-of-plane components of a vortex core in a
polycrystalline Permalloy nanowire. We deduce the vortex
core width from the out-of-plane and in-plane magnetization
distribution and compare the results to both analytical and
numerical simulations.

The ferromagnetic samples used here are fabricated from
Permalloy by electron-beam lithography15 on a silicon ni-
tride membrane. The shape of the specimen is a wavy line
with lateral constrictions (notches), which pin the domain
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FIG. 1. (Color online) The layout of the Permalloy nanowire with the mag-
netization direction of the external field to induce the vortex domain wall
next to the notch is shown schematically in (a) and the resulting magneti-
zation configuration is presented schematically in (b). Electron holography
images of the projected magnetic components of a vortex domain wall in a
Permalloy wire (440 X 40 nm?) at different tilt angles are shown [(c) 30°, (d)
40°, (e) 50°, and (f) 60°] revealing the curled in-plane magnetization
components.

walls [Fig. 1(2)].'° In the region of interest, the sample is
40 £ 4 nm thick and the structure is around 440 nm wide.

In order to investigate the theoretical properties of mag-
netic vortices in Permalloy, we calculated micromagnetic
simulations of vortices within a 1000 X 1000 X 40 nm?* vol-
ume using the Landau-Liftshitz-Gilbert equations of
motion.'” Simulations used a finite grid of 2 or 5 nm cubes,
which are sufficiently fine to treat the gross geometry of
vortices within Permalloy.18 Each simulation includes a
75 nm thick layer of deactivated elements above and below
the modeled Permalloy layer to allow for the inclusion of
stray fields when calculating integrated phase images. Rela-
tively short time steps of 0.1 ps were used in all simulations
to ensure that the dynamical calculations avoid mathemati-
cally induced chaotic instabilities.

Off-axis electron holography provides the necessary
high spatial resolution (<10 nm) to image the magnetic
structure of vortices."? Using a Philips CM300 field emission
gun TEM, which accelerates the electrons with 300 kV,
specimens were magnetized at an angle of 30° with a mag-
netic field of about 2 T to create and pin the vortex domain
wall close to the notch [Figs. 1(a) and 1(b)], as detailed in
Ref. 16. A domain wall is situated adjacent to the constric-
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FIG. 2. (Color online) Schematic of the experimental procedure to extract
the vortex core. The phase images show the projection of the magnetization
within the sample at two equal but opposite tilts. During analysis these
images are subtracted from each other (respectively divided), leaving only
the projection of the out-of-plane component.
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FIG. 3. (Color online) The equiphase contour lines of the out-of-plane com-
ponent of a vortex in a notched permalloy nanowire are shown for different
tilt angles of the sample [(a) 30°, (b) 40°, (c) 50°, and (d) 60°].

tion and the vortex spin structure with a vortex core in the
center is visible [Figs. 1(b) and 1(c)]. In a standard electron
holography image, only the in-plane magnetization is im-
aged. To observe the out-of-plane component of the vortex
core, the sample is tilted around an axis from —60° to —30°
and from +30° to +60° in 5° steps [Fig. 1(c)-1(f)]. In prin-
ciple, it would be enough to acquire two holograms at one
positive and one negative tilt angle. However, the extra im-
ages are taken to ensure the signal is real and not a random
artifact. At each angle, a specimen hologram and a reference
hologram are acquired, while using a biprism voltage of
200 V. The corresponding complex images of the negative
and the positive tilting angles (e.g., —60° and +60°) are sub-
tracted, which allows the in-plane magnetic induction com-
ponents to cancel out, leaving behind twice the value of the
out-of-plane component (Fig. 2). During this procedure, the
vortex cores in the two images must be aligned on top of
each other with a high accuracy to obtain a measurable sig-
nal. If the images are misaligned, strong spurious signals are
created.

After subtracting each pair of images, the same out-of-
plane spin structure is visible in all of the images at the
position of the vortex core (Fig. 3). The flux lines indicate
the direction of the magnetization projection of the out-of-
plane vortex core on the tilted plane of the image. Together
with the known tilt direction, this yields the direction of the
vortex core. The core position can also be determined from
the in-plane induction map [Figs. 1(c)-1(f)]. The out-of-
plane component is more readily observed at higher tilt
angles because more of the core’s stray field is projected into
the plane of the image, as seen in Figs. 3(a)-3(d).

To determine the vortex core dimensions quantitatively,
profiles along the line across the vortex core [see Fig. 3(c)]in
the divided images (Fig. 3) are extracted. Those profiles are
plotted in Fig. 4(a) representing the magnetic phase shift
®D,,00(x)=[e/fB(x")tdx’, where B is the magnetic induction,

73

04f @ T _fe —1{ve

—~ Experimental / \ Micromagnetic ) Expanded width §0 ¢ B

2 Data / Simulation Data = o1 Simulation profile -2

g 02 / = 01t pata \ 058

= / N s 51

g 1 . A |E \\\\ 4045

= )/ ) / = op -

< 00 P-R ST 03%

S = / / @ B Peak to -

: 7 N e o

« / = /) g 5} of 02§

2 / 40° tilt S 407l | B 407N Trough: g

Z£-02 / S0° tilt ~ H = 0" ult \\ 1402+ 1.4nm{o. 1 (E;.
= \ e U ot 1p, o

= P 60° tilt 60° tilt £0'dlt L ——ood

04 b 02 X e et =

020 0 20 d0 40 20 30730 <150 -100 50 0 50 100 150 8

5

>

Position (nm) Position (nm) Position (nm)
FIG. 4. (Color online) (a) Profiles across the vortex core of the divided
phase images [40° from Fig. 3(b), 50° from Fig. 3(c), 60° from Fig. 3(d)] are
compared to (b) profiles extracted from phase images acquired from corre-
sponding micromagnetic simulations at tilt angles 40°, 50°, and 60°. (c)
Expanded (=150 um) simulated profiles. The out-of-plane component of
magnetization is plotted for the vortex core indicating that the peak-to-
trough distance of the phase images is a measure for the core width.
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t the sample thickness, and x a direction in the plane of the
sample.

Micromagnetic simulations were carried out for com-
parison with the experimental observations. Integrated phase
images were generated from simulations at tilts ranging from
30° to 60° and from —30° to —60° in 5° steps. The math-
ematical difference between positive and negative tilt pairs
(e.g., +60° and —60° tilts) was used to determine the mor-
phology of the vortex core. Profiles across selected resulting
phase difference images are shown in Fig. 4(b). Extended
profiles are shown in Fig. 4(c).

The experimental profiles are similar to the simulated
ones seen in Fig. 4. The most striking features of these pro-
files are the peaks and troughs. The amplitude of the profiles
increases systematically with tilt angle. In contrast, the peak-
to-trough width which corresponds to the vortex width in the
plane of the image, remains stable independent of the tilt
angle. From all the traces an experimental value of
42 %5 nm is found, which agrees well with the simulated
values of 40.2* 1.4 nm.

In addition to the vortex width, also the experimental
values of the phase shift for 40° and 50° tilt increasing from
0.1 to 0.2 rad agree with the values from micromagnetic
simulations. Quantitative difference between the simulation
and the experiment for higher tilt angles are likely to be due
to the imperfect tilt axis, misalignment, and artifacts during
the image processing, resulting from a thicker effective sub-
strate at a higher tilt angle.

A profile of the out-of-plane component of magnetiza-
tion of the vortex core is shown together with the phase
shifts [Fig. 4(c)]. The positions of the peaks and troughs of
the phase difference profiles intersect the vertical component
profile [vertical lines in Fig. 4(c)] at 10% of the maximum
value, indicating that the peak-to-trough width is a relatively
accurate indicator of vortex core width. As expected, the cen-
ter of the vortex shows the largest out-of-plane magnetiza-
tion. Small negative components of magnetization are
present on either side of the vortex, and are interpreted to be
symmetric reactions to the demagnetizing field generated by
the vortex core itself.?

Vortex core dimensions can also be extracted from mea-
surements of the in-plane induction. We have taken profiles
across the wire and the vortex core of the single images [see
line in Fig. 1(e)]. Measurements on the profiles are carried
out, as described in Ref. 13. The projected vortex core mag-
netization decreases like a cosine with increasing tilting
angle and its width at 0° tilt is extrapolated to be
54.8*+11.7 nm. The large errors obtained from measure-
ments are due to noise around the vortex core which has no
in-plane component. This shows that our direct measure-
ments of the out-of-plane component are much more accu-
rate and allow us to also determine the direction of the core.

In conclusion we have determined quantitatively the
complete in-plane and out-of-plane spin structure of a vortex
in a polycrystalline Permalloy nanostructure. The continuous
change in magnetization across the center of a vortex is simi-
lar to that across a Bloch wall and, consequently, the width
of these magnetic microstructures should also be of the same
order of magnitude. The domain wall width has been defined
in numerous ways in the literature.'” Domain wall width in
thin films are calculated by Hubert and Schiifer"® using W,
=2VA/K (proportional to exchange length) and it is this
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definition that we use here, where A is the exchange stiffness
constant (uerg/cm) and K is an anisotropy coefficient term,
which in the case of Permalloy is the anisotropy coefficient
of stray field energy density, Kd=M?/2M0. M is the satura-
tion magnetization (emu cm™) and u, is the permeability of
free space, which in cgs units has a value of unity. The width
of the vortex core observed in the holograms and the micro-
magnetic simulations is very similar to the expected width of
a Bloch wall in Permalloy thin film, which varies from
36 to 50 nm depending on different values of the exchange
constant A, which is not precisely known.*%
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