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Abstract

Imaging nanoscale magnetic structures and their fast dgmam scientifically
interesting and technologically of highest relevance. The cotndonaf circularly

polarized soft X-ray photons which provide a strong X-ray magnetalar dichroism

effect at characteristic X-ray absorption edges, with a hagolution soft X-ray
microscope utilizing Fresnel zone plate optics allows to studg umique way the
stochastical behavior in the magnetization reversal process of thin fithtee ultrafast
dynamics of magnetic vortices and domain walls in confined felgosta structures.
Future sources of fsec short and high intense soft X-ray photon puldehdgromise

of magnetic imaging down to fundamental magnetic length and time scales.
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The magnetic properties of matter are one of the most vibrserneh areas [1],[2], not
only, because the phenomenon of magnetism itself is scienyifidy attractive, it
also has immense implications to modern magnetic storage andr seesgice
technologies. Nanomagnetism investigates magnetism approaching futalame
magnetic length scales which are given by material Bpgecoperties such as exchange
lengths or anisotropy constants being in the few nm regime for commonatsateri

To minimize the competing magnetic interactions, e.g. exchangarasotropy, in a
ferromagnetic systems, the ground state is often not the sloglain state, where all
spins are aligned parallel, but breaks up into multiple magneticaidsnj3]. The
transition region between domains is referred to as domain wall).(In confined
geometries, e.g. micron sized disk structures, the spin configufatiis a magnetic
vortex (MV) [4],[5], with a singularity occurring at the cent the MV core, which
overcomes shape anisotropy and points perpendicular to the disk planezeéghefs
domain walls and vortex cores are proportional to magnetic exchange lengths.
With a typical bit size of only a few tens of nm in high densiggnetic storage media
of 1Tb/in2 and the capability to artificially fabricate nanoscalagnetic structures
either top-down or bottom-up, e.g. by state-of-the-art lithograpkechiniques [6], an
abundance of analytical tools to characterize the magnetic belwdtioese structures
has been developed. Imaging methods are very attractive, siycgitbedetailed and
direct insight into the mechanisms involved.

There are several interaction mechanisms to control and manigthgaspin structure
on a nanoscale. For example, reversal of the magnetic momentse cachieved by
applying an external magnetic field pointing in opposite directiothodigh discovered
in the 1820’s Oersted switching is still used in magnetic storbgéhe realm of
spintronics, where in addition to the charge also the electron smrplsited, the
torque created by a spin polarized current on the spins can be usedetserthe
magnetization[7]-[9]. In the future the torque created by agwhohto the spins (opto-
magnetics) is considered as the fastest way to switch the spins [10]-[11].

The functionality of a spin system is determined by its dyodehavior and therefore



the spin dynamics of nanoscale magnetic structures down to fentEnime scales,
which are again determined by inherent magnetic interactionsebaived significant
scientific interest recently [12]-[19].

Powerful imaging techniques have been developed utilizing various prbhbesgame
but a few, there are optical Kerr microscopies, electron nuopiss, e.g. SEMPA
(SEM with polarization analysis) [20],[21], Lorentz TEM [22],[23pin polarized
LEEM [24],[25] or spin polarized STM [26],[27] as well as scannipgpbe
microscopies, such as Magnetic Force microscopy (MFM) or Magresonant force
microscopy (MRFM) [28]-[30].

The counterpart to Kerr effect in the X-ray regime is ¥+m@agnetic circular dichroism
(XMCD) [31], which describes the difference in X-ray absorptionciacular polarized
photons depending on the relative orientation between helicity and madjoetiaf the
sample. XMCD serves as large and element specific magmeticast mechanism for
several magnetic X-ray microscopies. Photoemission electrorosoapy (X-PEEM)
[32] detects the secondary electrons generated in the X-raypéba process, while
Fresnel zone plates [33] provide high spatial resolution optics fdr bca&nning
(STXM) [34]and full field transmission X-ray microscopy for gmetic imaging
(MTXM) [35]. State-of-the-art zone plates have demonstrated @rbtan 12 nm
spatial resolution [36]. While X-PEEM is surface sensitive, BITxnd MTXM give
access to the bulk and particularly to buried layers. Extgpashmeters such as
magnetic fields or RF current pulses can be applied easilggdtive data acquisition
process which enables studies of nucleation, swiching or DW motion upon spi
injection [37].

Recently, MTXM has addressed the fundamental scientific questitm \akether the
magnetic behavior on the nanoscale exhibits a deterministiccodlama nanogranular
thin magnetic films [38], DW depinning in nanowires [39] and in M\Watures. A
stochastic component has been identified in all those systems, whilth e traced
back to thermal fluctuations in the nanogranular system, geomedridamultiplicity

effects for the DW depinning in the nanowires and a Dzyaloshinskyy&aoupling



effect for the switching of magnetic vortex cores.

X-rays pulses from synchrotron sources have an inherent timeéus¢rweaith less than
100 ps length at typically MHz frequencies. This matches g&rfenagnetization
dynamics such as precession and relaxation time of MVs and DWrmBlue to the
low intensity per photon pulse af3jeneration sources, stroboscopic pump-probe
schemes are used, which requires the dynamic processes toybeepaiatable [40].
Fine details of MV motion [41], switching of a MV core by aagle pulse [42],
dynamics of a constricted DW [43], but also quantitative measutsnt the spin
polarization of currents [44] have been reported. The excellent agméewith
micromagnetic simulations [45] indicates that a description ioyomagnetic theory is
still valid at these length scales. While this is good newpdtential applications of e.qg.
MV cores [46], there is increased interest to explore the inea# regime of
magnetization dynamics on the nanoscale [47].

Although the spatial resolution with X-ray microscopies is ctoskindamental length
scales, the fundamental fsec time scale is still far alnaie few psec regime, which is
accessible already today e.g. with slicing sources, altielargely reduced photon
intensities, first spectroscopic XMCD experiments have showevbkition of orbital
moments as function of time [48], which helps to understand magnetmtrapies. On
the fsec time scale, one expects to explore the very origgrabfange interaction. This
will be the realm at X-ray FELs which are planned or havdestaoperation very
recently. HHG lab sources could serve as an alternative. Todagrin@jready capable
to address fsec dynamics at M edges in transition matakying the transient regime
between delocalized bands and localized atomic levels [49].

At these high brilliant and highly coherent fsec sources, lenstesging techniques
using XMCD [50],[51] hold great promise as a reciprocal spa@naltive to lens-
based techniques for single shot and fsec magnetic X-ray imaging.
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Figure Captions

Fig. 1. Images of various magnetic nanostructures obtainednétnetic soft X-ray
transmission microscopy.

(a) Magnetic domains of a nanogranular 50 nm thin §{&erig)s/Pt;3 alloy film
exhibiting a pronounced perpendicular magnetic anisotropy during nodeatid
reversal process []. Spatial resolution better than 15nm.

(b) Study of the field driven depinning process of a magnetic D\W 450nm wide
notched permalloy (ReNigg) nanowire []. Spatial resolution better than 25nm.

(c) Circulating in-plane MV structure (chirality) of a 3ag&ay of permalloy disks with
a diameter of 850nm. Spatial resolution better than 25nm.

(d) In perpendicular geometry the images show directly the MV ¢padarity) in a 2x2
array of permalloy disks with a diameter of 850nm. Spatial resolution bedre25nm.
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