Viewing spin structureswith soft x-ray microscopy
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The spin of the electron and it’s associated magnetic moment marks the basic unit for magnetic properties of
1,2

matter . Magnetism, in particular ferromagnetism and antiferromagnetism is described by a collective order of
these spins, where the interaction between individual spins reflects a competition between exchange, anisotropy and
dipolar energy terms. As a result the energetically favored ground state of a ferromagnetic system is a rather
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complex spin configuration, the magnetic domain structure . Magnetism is one of the eldest scientific phenomena,
yet it is one of the most powerful and versatile utilized physical effects in modern technologies, such as in magnetic
storage and sensor devices. To achieve highest storage density, the relevant length scales, such as the bit size in
disk drives is now approaching the nanoscale and as such further developments have to deal with nanoscience

phenomena4 9. Advanced characterization tools are required to fully understand the underlying physical principles.
Magnetic microscopes using polarized soft X-rays offer a close-up view into magnetism with unique features, these
include elemental sensitivity due to X-ray magnetic dichroism effects as contrast mechanism, high spatial resolution
provided by state-of-the-art X-ray optics and fast time resolution limited by the inherent time structure of current X-
ray sources, which will be overcome with the introduction of ultrafast and high brilliant X-ray sources.

The primary goal of magnetic microscopies is to image the static domain structure, i.e. the spin
configuration in thermal equilibrium viewed at highest spatial resolution. A large variety of magnetic
imaging techniques has been developed which are available to study magnetic systems. They can be
classified to the probes they use. There are optical microscopes using the magneto- optical Kerr effect
(MOKE), where a contrast is generated by the rotation of the polarization vector of the incoming light by a
magnetic moment; there are electron microscopes, such as the Lorentz transmission electron microscope
(TEM), which utilizes the Lorentz force diverting the electrons as they propagate through the magnetic
specimenlo’“, or the Scanning Electron Microscope with subsequent Polarization Analysis of the electrons

(SEMPA)D. There are also several scanning probe microscopes, such as the Magnetic Force Microscope
(MFM), which senses the interaction of the stray field emanating from the sample onto its magnetic tip or
the Spin Polarized Scanning Tunneling Microscope (SP-STM), which detects the tunneling current between
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the atomic tip and the sample’s surface =~ . Among magnetic microscopy techniques the SP-STM leads in
spatial resolution as it has so far achieved almost atomic resolution. Whereas Kerr microscopy is diffraction
limited in its spatial resolution, by using ultrafast laser systems, it can study ultrafast spin dynamics down to

fsec time scales' . Studies of ultrafast spin dynamics have gained significant interest in the recent past,
since ultimately the temporal evolution of spin structures provides insight into the basic mechanism of the
magnetic interactions and also determines the functionalities of magnetic devices.

There are several ways to control magnetization on a nanoscale. The traditional mechanism is to apply an
external magnetic field, which goes back to the more than 150 year old experiments by Oersted, but is still the

technique of choice to write for example information in a magnetic hard drive . However, this mechanism runs
into inherent limitations when the characteristic feature sizes approach the nanoscale. The long ranging dipolar
field has a strong impact to neighboring cells, leading to significant cross-talk problems in devices. Further, the
writing speed, i.e. the reversal of the magnetic moment as the external field is pointing in opposite direction to
the moment is relatively slow, since the torque exerted on the moment is small and relies on thermal
fluctuations of the magnetic moment to initiate the reversal process. Finally, there is the problem of the
superparamagnetic 1imit18, which requires on one hand high anisotropy media to compensate the counteracting
spontaneous (Boltzmann) driven reversal, which on the other hand requires strong magnetic fields acting on
short length scales, which is technologically very challenging to realize.

In addition to the charge of the electron the concept of spintronics considers also its spin as a new degree of
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freedom . This opens new avenues to manipulate spins on the nanoscale . By injecting a pin polarized current

into a ferromagnet, a torque is exerted onto a non-uniform spin configuration in the system, which can reverse
.32 . 33 . . 3436 ..

the magnetization , move a domain wall ™ or excite the dynamics of a vortex core” . This spin torque effect

scales in a more favorable way than the Oersted field since its efficiency increases with decreasing length scale.



Another exciting possibility is to manipulate ferromagnetism by electric fields only. This is the thrust of
multiferroic materials, which combine ferroelectric and ferromagnetic properties37_40. Whereas this is
scientifically a very fascinating area on its own, multiferroic research is also driven by the fact, that high magnetic
fields on short length scales are technically much more challenging to realize and to control than electric fields of
similar strengths.

Advanced materials play an ever increasing role in modern magnetism and therefore the design and
synthesis of novel magnetic materials with tailored properties has received significant interest recently.
Systems with high spin polarization are needed for an efficient spin torque effect and Heusler alloys
show great potential41_46. Multiferroic hetero-structures are designed with state- of-the-art molecular
beam Epitaxy techniques since in nature there is only a very limited number of compounds which
exhibit a coexistence of ferromagnetic and ferroelectric order.

Whereas spin torque devices would still require an electron current, there is increased interest in
exploring concepts of electronics, which are complete free of charge. If one could use pure spin currents
without moving charges, this would lead to new perspectives in electronics, since it would remedy effects

such as Joule heating or the need to generate magnetic fields'

Both research and technology of nanoscale magnetism has come a long way and fundamental length
scales such as magnetic exchange lengths, which are determined by material specific exchange and
anisotropy constants are within reach both from the synthesis, analytics and technological point of

view' . In contrast, current typical magnetization reversal times in the devices are still in the tens of psec
regime. This is orders of magnitude away from fundamental time scales in magnetism. They are in the
tens of fsec , which relates to the strength of exchange interaction. Nowadays such time scales are
experimentally accessible with ultrafast optical laser systems and recent experiments have verified that it
is possible to switch a spin configuration with a single fsec polarized laser pulseSG. This inverse Faraday
effect has launched the field of opto-magnetism which offers the opportunity to explore the ultimate
speed in reversing magnetic moments. Although the experimental data are convincing and provide
important input to the development of theoretical models, a fundamental understanding of the processes
involved is still largely missingﬂ_59

Progress in nanomagnetism research depends on the interaction and advancements of three different
areas. State-of-the-art synthesis of materials exhibiting novel magnetic functionality has to be
accompanied by both cutting edge analytical tools and theoretical modeling.

The availability of circularly polarized soft X-rays and the capability to utilize magnetic dichroism effects” has
launched a wealth of powerful spectroscopic and microscopic tools”. Various microscopy techniques have evolved,
which allow to image with elemental specificity, high spatial and temporal resolution spin structures and their fast
dynamics in a multitude of nanoscale magnetic system, such as thin films, hetero-structures, alloys or
nanostructures. X-ray magnetic circular dichroism (X-MCD) is the effect, that the absorption of circularly
polarized X-rays having a photon energy close to species specific inner core binding energies depends strongly on
the relative orientation between the photon helicity and the projection of the magnetic moments onto the photon
propagation direction. X-MCD can be seen as the X-ray counterpart to the optical Kerr effect. It can yield values
up to tens of percent and provides the inherent element- specificity and strong magnetic contrast for magnetic X-
ray imaging techniques.

The first X-ray microscopy results utilized a X-ray photoemission electron microscope (X-PEEM)62. It detects the
secondary photoelectrons generated in the X-ray absorption process and images them through an electron
microscopy optics onto a 2-dimensional detector. The limited escape depth of photoelectrons makes this technique

suited to study surfaces. Complementary to X-PEEM are X-ray microscopies which use X-rayimaging optics63’64.
Since the refractive index of X-rays is close to unity, conventional lenses do not work, however, Fresnel zone plates
(FZP), which are circular gratings with a radially increasing line density, allow for focusing X-rays. They can be
fabricated by state-of-the-art lithography techniques and their performance can be designed by choosinga few
parameters, such as the outermost zone width Ar, the number of zones N and the wavelength they are working at,
which determines e.g. the achievable focal length and spatial resolution.

There are two types, a scanning transmission X-ray microscope (STXM) and a full field imaging transmission
X-ray microscope (TXM). The optical setup of the full field soft X-ray microscope beamline XM-1 located at the
Advanced Light Source in Berkeley CA is shown in Fig. 1%, 1Its optical design is similar to a conventional optical
microscope. A bending magnet in the synchrotron provides the X-rays, which are elliptically polarized above and
below the orbital plane. A condenser zone plate (CZP) and a small pinhole close to the sample providesa hollow



cone illumination of a small band of X-rays. After transmitting the sample, a second FZP, the micro zone plate
(MZP) generates the high resolution image, which is recorded by a 2dimensional charge-coupled device (CCD)
detector. The first magnetic X-ray microscopy image with a zone plate based TXM was published in 1996 using
X-MCD as strong magnetic contrast"’. Since both TXM and STXM' ' detect the X-rays transmitted through the
sample, they are sensitive to the bulk properties, which complements the X-PEEM technique. However, as pure
photon techniques they can record images of spin structures while external magnetic fields are applied, which is
very difficult for electron based microscopies.

Advances in X-ray optics

The most recent advances in Fresnel zone plate fabrication can be seen in Fig. 268, where test patterns of dense
Si/Mo lines and spaces could be imaged with XM-1 down to better than 12nm spatial resolution. This was
possible by developing a new nanofabrication process for the zone plate. It is based on a double patterning
technique

(see sketch in Fig. 268). The challenge in preparing high resolution and

Condenser
zone plate
Plane
mirror

At<70ps pa—
magnetic
ALS Bending field

Magnet Ar<12nm

Pinhole

Mutual Indexing System : C
with kinematic mounts Sample Micro
stage zone 5
, N plate
; Soft x-ray
: sensitive
J cCcD

5 Visible light
= microscope

Fig. 1 X-ray optical set-up of the full field X-ray microscope XM-1 at the Advanced Light Source InBerkeley CA. Acondenser zone plate and a pinholeprovide a
hollowcone illumination of the X-ray flashes (duration <70ps) emitted fromabendingmagnet onto the sample. The micro zone plate, i.e. the X-ray objective lens
(spatial resolution <12nm) projects amagnified imagefromthetransmitted X-rays onto the CCD detector. Reproduced with permission from6s,




Fig. 2 Top: Schematics of the overlay techniqueto fabricate high resolution X-ray optics. Bottom: X-ray microscopy images of Mo/S test patterns
obtained witha 12 nm micro zone gl ate at 707eV photon energy. The patterns havehalf-periods of (a) 20 nm, (b) 15 nm, (c) 12 nm, and (d) 10 nm.
Reproduced with permission from©s,

high efficient zone plates is to generate a dense circular line pattern with a sufficiently high aspect ratio.
Instead of performing the process in a single step, a new process splits the task into two subtask each
generating a subpattern with a not-so-dense line pattern. After the first sub pattern is generated, in a second
step the second half of the zone plate is fabricated by placing the remaining lines at their accurate positions.
This requires a high placement accuracy for the e-beam lithography, which can be achieved using
sophisticated optimization algorithms.

In the following some recent examples with magnetic soft X-ray microscopy are presented, which demonstrate
the achievements and capabilities of this analytical tool to study challenging problems in nanomagnetism. Of
particular interest are spin structures of nanoscale dimension.

Stochastic behavior on the nanoscale

The basic question whether magnetic processes behave deterministically on a nanoscale is both

scientifically interesting, but in view of current developments towards storage media with higher density

also of paramount technological interest.

The field driven reversal of magnetic materials is known to occur via a series of discrete and sudden jumps in the
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magnetization, which are the Barkhausen avalanches . Studies have revealed a power-law scaling behavior of the
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Barkhausen avalanchesm’ﬂ, which connects them to a wide variety of physical phenomena, such as metal-insulator
transitions, earthquakes, vortices in superconductors or charge density waves . The scaling exponent is a
characteristic parameter, which is also studied theoretically. Fig. 37 shows the results of an X-ray microscopy
study at better than 15nm spatial resolution of the Barkhausen avalanche process and its scaling behavior in a
CoCrPt nanogranular thin film with a pronounced perpendicular magnetic anisotropy. Such systems are discussed as
perpendicular magnetic recording media. The average grain size of the system studied was determined to be around
20nm77, therefore the X-ray microscopy results provide information at the fundamental grain level. The jump of
domain size at each field step throughout the full hysteresis loop was measured and analyzed. Power law scaling
behavior with a constant exponent close to unity was found at all field steps but close to coercivity, where a
sudden jump of the exponent to 1.5 was observed. This indicates that a proximity effect has a large impact to the
Barkhausen avalanches in these systems76.

Magnetic domain walls, which separate two domains of opposite magnezation direction are discussed as
basic units in novel concepts for magnetic storage, such as the racetrack memory78, where domain walls are
pushed along magnetic nanowires by injecting short electronic pylses. And even novel concepts for magnetic
logic elements are considered which are based on magnetic domain walls .

A recent X-ray microscopy study focused on exploring the reliability of domain wall motion in magnetic
nanowires- . Small notches were fabricated by lithography into ferromagnetic nanowires which act as a
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pinning site for the domain walls. The propagation was observed as the external field was increased. Fig. 4
shows a sample of images of the various geometries of the wires and the fields which were applied. This
study clearly revealed a strong stochastical component in the depinning and pinning process. It turned out

that it depends strongly on the geometry of the wire and the notches and therefore a proper choice of the
wire geometry allows to control the non-deterministic character of this process.

Current driven domain walls

. L . . . . . . . . 81-83
In view of the application of domain walls, their dynamics particular when driven by spin torque is of paramount interest

. 84 . . . . . . . .
In Fig. 5a a schematic of an infinity shaped permalloy (a NiFe alloy) element is shown which was fabricated to obtain time
resolved X-ray microscopy images of a domain wall trapped between the open holes of the element. From the electric contact pads above and

below the element, short electronic pulses were injected to excite the domain wall dynamics. Fig. 5b84 shows the static spin configuration with the
domain wallin the center of the infinity shape.
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Fig. 3 Top: M-TXM images recorded at 15nm spatial resolution of the domainevolutionof ain(Cog g3Crg 17)g7Pty3 alloy filmasfunction of applied magneticfield.
Bottom: Distributions of the Barkhausen avalanche size taken at field steps along the hysteresisloop. The insetimages aresuperimposed domain configurations
taken at the initial andfinal fields of each step. The scaling exponent is closeto 1 apart fromcoercivity, whereit jumpsto 1.5 asaresult of proximity. Reproduced
with permission from?76.

A stroboscopic pump-probe scheme is used for time resolved X-ray microscopy, where the X-ray probe pulses are delayed relative to the electrical pump
pulses®4. Fig 5S¢ shows the analysis of the observed domain wall dynamics. After the pump pulse the domain wallis deflected and oscillates around the static

position (y=0nm) for several

(a)
Fig. 4 Threerepresentative image sequencesof magnetic domain-wall evolution along the hysteresis cyclefor wirewidths of w= 150 nm (a), 250 nm (b), and
450 nm (c). The magneticfield of thDWdomain wall evolution patternisindicated. Reproduced with permission frome0.
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Fig. 5 (a) Schemeof the infinity structure anditsmagnetization (arrows). The Au contact padsaremarked asyellowareas. (b) Differential x-ray imageshowing the
static magnetic configuration with the domainwall in the center. (c) Time evolution of the vertical deflection of t DWdomain wall. The gray curve depictsthe
current pulse. The dotted red curve isafit to the free oscillation. The insetimages show differential x-ray images of the deflection of the domainwall at 200, 1800,
and 2600 psdelay time. The horizontal white structure at 1800 psindicates that the domainwall has moved upwards, while the corresponing black horizontal
structure at 2400ps reflectsthat the domainwall has moved down, but with less amplitude. Reproduced with permission fromg4,

periods which extends up to several nanoseconds. The insets in Fig. 5c are typical experimental difference images, where a bright

contrast represents a positive deflection. These results could be fully explained within an analytical model, which had to take into

account higher than harmonic orders in the pinning potential.
Cell trapping with domain walls

So far, magnetic domain walls have been considered as nanoscale non-uniform magnetic spin structures. However, they also
can act as a localized sources of strong magnetic fields. Assuch they can be considered as trapping sites for beads. which in
turn could attach to cells. This would open now the possibility to control through the manipulation of the domain wall by a
magnetic field a cell, e.g. it could be used as a nanoscale cell trapping device. Once can envision to move the cell by either
magnetic fields and current pulses. To this end a recent soft X-ray microscopy study was performed to image the manipulation
of domain walls in certain ferromagnetic structures. Of particular interest is the switch configuration,which can be easily
altered by applying magnetic field. Fig. 6 shows first results of the X-ray microscopy study of the domain structure occurring
for this mechanism. The forces can easily be obtained from analytical formula and simulations agree well with experimental

.85
observations .

Vortex dynamics

Magnetic vortex structures occur in confined elements. They consists of a circulating in plane magnetization, with a vortex core
in the center, where the magnetization as a result of competing exchange and dipolar fields points perpendicular to the plane of
the disk. Vortex structure are the energetic ground state in small disks of permalloy and particular its vortex core is considered

o . . .86
for storage applications because of its stable spin configuration .

. . . ) . . . . 87 .
Magnetic vortex cores have been imaged with a variety of microscopy techniques, including MFM ', which was able to
detect the direction of the stray field generated in the vortex core and also SP-STM, which has studied the static vortex core
with unprecedent
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. . 88,89 _. . .
spatial resolution . Fig. 7a shows the magnetic vortex cores in
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Fig. 6 Left: X-ray microscopy of the domain configuration for the ON/OFF switch settings. Center: Micromagnetic simulations of the domain configuration. Right:
Calculate magnetic forcefor the ON/OFF switch settings. Reproduced with permission fromss,

500nm radius permalloy disk structure, as obtained from state-of-the- art full field X-ray microscopy, and a 3-dimensional
representation derived from the X-ray microscopy images is shown in Fig. 7b.
Again, the dynamics of magnetic vortex structures has gained significant interest. Vortex dynamics, if excited by spin current pulses, can be used to
determine the polarizationof the currents, which in fact quantifies the strength of the spin torque effect. The results of a recent time resolved X-ray
microscopy studies are shown in Fig. 890.

In the upper half of Fig. 8 one sees the experimental stroboscopic pump-probe setup, which was used to measure the gyration
radius of the vortex core as a function of resonant excitation frequency. Utilizing the Thiele equation which includes spin transfer
terms, it was possible to derive unambiguously the polarization of the currents in permalloy

Fig. 7 Left: Magnetic X-ray microscopy imageof the Magnetic vortexcores in permalloy disk structures with aradius of 500nmand thickness 150nm. Right: Three
dimensional representation of X-ray imageof avortexcorein the disk structures


jjones
Typewritten Text


to be 0.67 (see lower part of Fig 8). The results from other techniques to obtain this quantity scattered largely and were often
hampered by interface effects or could only indirectly derived”".

Future directions

Progress in X-ray microscopies, particular the (S)TXM instruments benefit tremendously from advances in X-ray optics and the
L 91 o

less than 10nm regime is around the corner . The possibility of

replication of high quality condenser zone plate is currently being explored in a similar framework as master copies e.g. for bit

. 92:94

patterned media .
A complementary, but conceptual different approach than using state-of-the-art X-ray optics is pursued in the realm of lensless
imaging techniques. The basic idea here is to collect a diffractive or holographic pattern from the specimen under investigation and

calculate by sophisticated retrieval algorithms the nanoscale structures in real spacegs. Notable achievements to image e.g. magnetic
spin structures have been reported recently%m.
X-ray imaging of spin dynamics on the ultrafast fsec magnetic time scale is waiting for the appropriate high brilliant and
ultrafast X-ray sources, which could be either X-ray free electron lasers98,99 or even
lab experiments based on high harmonic generation sources100,101,

Both the real and the reciprocal imaging techniques need to explore their potential to obtain a close-up snapshot look of spin
structures at their fundamental magnetic length and time scales.
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