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Abstract

Cores of magnetic vortices in micron-sized NiFe disk structures, with thicknesses between 150 and
50 nm, were imaged and analysed by high resolution magnetic soft X-ray microscopy. A decrease of
the vortex core radius was observed, from ~ 38 to 18 nm with decreasing disk thickness. By comparing
with full 3D micromagnetic simulations showing the well-known barrel structure, we obtained excellent
agreement taking into account instrumental broadening and a small perpendicular anisotropy. The proven
magnetic spatial resolution of better than 25 nm was sufficient to identify a negative dip close to the vor-
tex core, originating from stray fields of the core. Magnetic vortex structures can serve as test objects for

evaluating sensitivity and spatial resolution of advanced magnetic microscopy techniques.
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Magnetic vortex structures occur in soft ferromagnetic films and patterned elements, such as
thin disks of the NiggFeq alloy, as a result of the balance between exchange and dipolar ener-
gies. They are characterized by a curling magnetization in the plane of the disk with a vortex
core in the center, where the magnetization points perpendicular to that plane. Two binary prop-
erties are commonly used to describe the vortex structure: the chirality, i.e. the counter-clockwise
or clockwise curling of the in-plane magnetization, and the polarity, i.e. the up or down direc-
tion of the vortex cores magnetization. The static [1-6] and dynamic [7—13] properties of these
objects have recently attracted an increased scientific interest both for fundamental and applied
reasons. For example, magnetic vortex structures were suggested as potential future high-density
and non-volatile recording systems [14—17], since the size of the vortex core is proportional to the
magnetic exchange length A, which can extend into the sub-10 nm regime [18], and the magnetic
core represents a very stable spin configuration, in fact protected by topology. However, to fur-
ther advance through experimental investigations the physical understanding of magnetic vortex
structures, particularly the fast dynamics of the vortex core, advanced analytical microscopic tools
with high spatial and temporal resolution are required. The first experimental images of magnetic
vortex cores have been obtained by magnetic force microscopy (MFM) [1] and, shortly after, the
static internal structure of the vortex has been studied at almost atomic spatial resolution by spin-
polarized scanning tunneling microscopy (SP-STM) [2]. In addition, the ultrafast dynamics of the
vortex structure has been investigated by time-resolved Kerr microscopy [19], revealing the rich
spectrum of excitations and eigenmodes of the vortex [20, 21]. Soft X-ray microscopies which
utilize circularly polarized X-rays to detect magnetic circular dichroism (XMCD), providing an
element-specific magnetic contrast [22], have recently proved to be of great advantage to the study
of the cores of magnetic vortices [23] and their dynamics, due to the simultaneously achievable
combination of high spatial [24-26] and temporal resolution. Further, in order to assess the reso-
lution of a magnetic microscopy technique, reliable magnetic test objects with a small, adjustable
and known size are indispensable. In this letter, we quantitatively evaluate for the first time the use
of a vortex core as such a test object, by systematically comparing images obtained with state-of
the art X-ray optics to 3D micromagnetic simulations.

The experiments have been performed at the full field soft X-ray microscope XM-1 located at
beamline 6.1.2 at the Advanced Light Source (Berkeley CA), where Fresnel zone plates provide a
better than 25 nm spatial resolution. Since XMCD probes the projection of the magnetic moments

onto the photon propagation direction (z-direction), in perpendicular geometry the )/, component



of the vortex core magnetization is directly imaged [23]. It shows up as dark or white contrast
in the center of the disk, depending on whether the vortex core points in or out of the disk plane.
Since the X-ray source at this instrument is a bending magnet, left and right polarization can be
obtained by blocking the upper or lower half of the cone of the emitted X-rays. To suppress
non-magnetic background contributions and enhance magnetic contrast, two images each with an
illumination time of a few seconds were recorded with left and right polarization and then divided

by each other.

FIG. 1: Magnetic transmission soft X-ray microscopy images of permalloy disks with 500 nm radius and
film thickness 150 nm (a), 100 nm (b) and 50 nm (c). The magnetic vortex cores can be identified by
the black/white spots in the center, where the z-component of the magnetization of the black vortex cores
points into the paper plane and out for the white cores. Detailed views of some vortex cores, one for each

thickness, are shown in (d)-(f).

Samples were arrays of few permalloy (NigoFesg, hereafter NiFe) disks, with a constant radius
of 500 nm and varying thicknesses between 150 and 50 nm. The structures were defined by e-beam
lithography and subsequent e-beam evaporation of NiFe onto 100 nm thick Si3sN,; membranes,
to allow for sufficient X-ray transmission. The vortex core profiles were computed through 3D
micromagnetic simulations using the public OOMMEF code [27]. The mesh size was 4 x 4 X

a nm?® (with a close to 4 and adjusted with respect to the sample thickness), which is below the



micromagnetic exchange length A in order to describe the core structure precisely [28], and with
a 3D meshing so as to describe the vortex core structure along the sample thickness. From these
3D structures, radially averaged )M, profiles were evaluated, both at the surface of the disks, at a
mid-thickness plane and with thickness averaging.

The magnetic soft X-ray transmission microscopy (MTXM) images of an array of five dots with
500 nm radius and thicknesses 50, 100 and 150 nm, are shown in Fig. 1(a)-(c), respectively. While
the in-plane curling magnetization does not show up in this perpendicular imaging geometry, the
dark and white spots in the center of the dots, which represent the vortex cores, are clearly visible.
Fig. 1(d)-(f) is a zoom into the center of some disks, i.e. the vortex core is displayed only. To
analyze the M, profile of the vortex, radially averaged intensity scans around the center of some
individual dots are displayed in Fig. 2(a), (c) (white cores) and 2(b), (d) (black cores). Each radius
step of 1 nm in the intensity scans is displayed by a single black dot. These profiles show a decrease
of the vortex core radius W (measured by the half-width at half-maximum size, HWHM) from
~ 38 to 18 nm with decreasing disk thickness from 150 to 50 nm. Interestingly, with increasing
thickness a dip develops around the vortex core and the core intensity increases. The statistics
on the five-dot groups in Fig. 1 also reveal some scatter in core intensity and dip amplitude. Dot
to dot variations may be ascribed to illumination non-uniformities. The observed decrease of the
signal/noise ratio for smaller sample thickness is a measure of the sensitivity of the technique.

Micromagnetic calculations were performed using the commonly assumed parameters for
NiFe: spontaneous magnetization M, = 800 kA/m and exchange constant A = 13 pJ/m, so
that the exchange length reads A = \/m = 5.7 nm here. Whereas at zero thickness
the analytical profile [29] is recovered, with W' = 1.13A, as the thickness increases the profiles
adopt the barrel” shape described by Hubert [18], with a quasi-linearly increasing width at sam-
ple mid-plane and a slightly reduced width at the surfaces. The HWHM values for the vortex core
sizes W derived from that model are plotted in Fig. 3. Since only one characteristic length (ex-
change length A) is involved in this problem, Fig. 3 also shows the reduced values for the thickness
h/A and W/A. As the transmitted signal in TXM averages the magnetization along the sample
thickness, which is complementary to surface sensitive techniques such as scanning tunneling mi-
croscopy (STM), we use in the further discussion the HWHM of the thickness averaged intensity
profiles.

These calculated profiles are superposed to the experimental data in Fig. 2 by the solid lines.

In a first series of calculations (Fig. 2 (a),(b)), the NiFe was assumed to be perfectly soft, with
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FIG. 2: Radially averaged intensity profiles for individual white (a), (c) and black (b), (d) cores (radius
step 0.2 pixel ~ 1 nm), for the three sample thicknesses. The solid lines (red: 150 nm, blue: 100 nm,
green: 50 nm, colors online only) show the computed profiles for the thickness-averaged perpendicular
magnetization, with a perpendicular anisotropy constant K = 0 kJ/m? (a), (b) and K = 10 kJ/m? (c),(d),

and no instrumental broadening.

no perpendicular anisotropy. Here, the dip of opposite sign around the vortex core is extremely
weak, independent of the thickness. The physical origin of this ring of opposite perpendicular
magnetization quantifies the response of the sample to the stray field from the core moment. In
addition, it is found that the calculated core profile is narrower than in the experiments. In a
second step, we included perpendicular anisotropy of K = 10 kJ/m? (corresponding to a moderate
anisotropy field pogHyx = 250 G) [30] and we observed that the dip in the calculation becomes
more pronounced with increasing sample thickness. The existence of a perpendicular anisotropy
in NiFe films has been proposed in order to interpret the appearance of so-called weak stripes
at large thickness [31]. It is due to a non-zero magnetostriction combined with residual growth-
induced film stress. Adding this perpendicular anisotropy also leads to calculated core profiles
that are in much better agreement with the X-ray experiments (see Fig. 2 (¢), (d)), at least for the
thicker films: for the two profiles at 150 nm thickness shown in Fig. 2, the regression coefficients

computed on the 200 nm central disk are 0.85 (a) and 0.86 (b) without anisotropy, and increase to



hlA

0 5 10 15 20 25
40 T b T r T T T T T 7
——middle _-" 16
__ 30} —average g
£ ----surface < 15
S 14 <
20 Ny
= s 3
s | ==
T 10t 12
— 11
0 1 1 1 0

0 20 40 60 80 100 120 140 160
thickness h (nm)

FIG. 3: HWHM values of the vortex core width W as a function of sample thickness h, evaluated by
micromagnetic calculations using the radial profiles of the perpendicular magnetization component at the
sample surface, mid-plane and for a thickness average. The perpendicular anisotropy is X = 0 kJ/m?
and a negligible instrumental broadening is assumed (0 = 1 nm). The labels on the right and top axis
give dimensions normalized to the exchange length A, which are the only relevant parameters for a zero

anisotropy material when the disk diameter is much larger than the disk thickness.

0.93 (c) and 0.95 (d) with perpendicular anisotropy.

In order to be more systematic, a comparison of experimental and calculated core sizes is
plotted in Fig. 4. The error bars in the experimental data are due to uncertainties in the thickness
and to the noise level in the images. We note that the slope of core size vs. thickness is not the
same for experiments and K = 0 calculations. In this respect, we remark that changing the
micromagnetic parameters will affect in a similar proportion the two axes (in first approximation),
therefore not mending this slope difference. One also observes that the perpendicular anisotropy
increases the variation of core size with thickness. However, in order to account for the relatively
larger core size at low thickness, it is necessary to introduce an instrumental broadening, that
expresses the spatial resolution of the microscope. As can be seen in Fig. 4, a very good agreement

is obtained with a Gaussian broadening having a standard deviation ¢ = 10 nm, corresponding
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FIG. 4: Comparison of vortex core sizes as a function of sample thickness for various K-values and instru-
mental broadening. Dots show the experimental values with error bars (5% in thickness from preparation
uncertainties, and from the 95% confidence level of the core profile fits). Lines show the micromagnetic cal-
culations based on the thickness-averaged profiles. The cases with perpendicular anisotropy K = 0 kJ/m?
(full lines) and K = 10 kJ/m? (dashed lines) are compared with, for each, a negligible instrumental broad-

ening (o = 1 nm) and the apparent value (¢ = 10 nm).

to an instrumental gaussian FWHM of 23.2 nm, which is in full agreement with the nominal
performance of the optics used in this experiment.

To conclude, we have for the first time performed a careful analysis of soft X-ray microscopy
images of magnetic vortex cores in permalloy disks. Full 3D micromagnetic simulations have well
reproduced the experimental data. Thus, vortex cores are suitable objects for quantifying the per-
formance of advanced magnetic microscopy techniques. However, this requires a good knowledge
of the sample parameters, including the perpendicular anisotropy. The decreasing core size with
decreasing sample thickness challenges both the spatial resolution and the sensitivity of magnetic
microscopy techniques, but this is the area of interest in terms of scientific and technological ap-
plications. Next generation X-ray microscopies are indeed foreseeing Fresnel zone plate optics

with a spatial resolution well below 10 nm [32].
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