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I. Research Progress

The current 3-year proposal (plus 1-year no-cost extension) was the first DOE funding
for this project, though we had been operating on other funds previously. The stated
objectives of the project were:

* Develop protocols to measure field-driven intermittency in magnetic films —
Barkhausen cascades — with coherent soft x-rays, and relate these to loss of
magnetic domain memory and field-driven changes in local domain symmetry;

* Search for unusual phases and domain intermittency near the thermally-driven
spin-reorientation transition in thin magnetic heterostructures;

* Probe local symmetries and domain structures in complex manganites and
nickelates in both space and time;

* Further develop methodologies to accomplish diffractive imaging in a Bragg or
low angle reflection geometry.

We have made progress on the first and second, and fourth of these, though success in the
third and fourth has been limited. We have gotten involved in two new and rapidly
developing areas of research in magnetism, skyrmions and spin ice structures, and these
will be described briefly below. Skyrmions form a major focus of our renewal proposal,
though spin ice structures do not since it lies a little outside our primary area of interest.

L.a Intermittency and hidden symmetries

An important achievement has been observation of intermittent Barkhausen events using
coherent scattering, as indicated in Fig. 1 (reproduced from the renewal proposal main
text so this three-year report is complete). These cascades occur when a small region of
the domain pattern encounters a barrier to reversal that is abruptly overcome as the field
is varied, leading to a magnetization avalanche. We observed and characterized these by
calculating a ‘two-field’ correlation function, in analogy with several studies of
intermittent cascades in soft and hard systems using hard x-ray coherent scattering using
two-time correlation functions.
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Fig. 1: Normalized two-field correlation functions, <I(H,)I(H,)>/<I(H,)><I(H,)>, for a CoPd multilayer magnetic film
at three different scattering wave vectors. The squarish structures along the diagonal correspond to Barkhausen
cascades, often not clearly resolved from one another. We are seeking other correlation functions that will better

distinguish individual events.



Are these cascades are related to the hidden rotational symmetries present in Fig. 2? This
would be a major step toward developing a microscopic understanding on intermittency.
We are also investigating the relationship between these Barkhausen events and
microscopic domain memory that we have studied for many years.

Correlation (a.u)

B o oo oL () A=0 7/2 T

Fig. 2: ‘Hidden’ rotational symmetries in magnetic domains appear in the rotational autocorrelation functions (b) of
speckle patterns (a). We have shown that these are due to finite sampling of the domain structure, but this does not
mean they are unrelated to Barkhausen cascades like those in Fig. A.Il.1, which also pertain to a local region.
Establishing the relationship between these two kinds of correlation functions is a major focus of our renewal proposal.

We have done two other analyses to understand these symmetries. First we have
analyzed a large field-of-view magnetic force microscope (MFM) image of a similar
domain pattern and searched statistically for hidden symmetries. These were found in the
rotational correlation function of the Patterson function (the Cartesian auto correlation of
the image). We have shown mathematically the relationship between these real and
Fourier space images, and a paper is in preparation to describe these results. The second
analysis approach is to calculate three-angle rotational correlation functions of speckle
patterns. These 2-D maps shown dramatic arrays of symmetries that have so far eluded
understanding. They also show intermittency, and we think this might be a fruitful
approach to related local (accidental) symmetries to Barkhausen events.

Fig. 3: Wave-vector-resolved two-field correlation
functions of soft x-ray speckle patterns collected
in transmission from an Au/Co/Au heterostructure
thin film. The overlapping square structures
along the H, = H, diagonal indicate abrupt
decorrelation at certain field values caused by
Barkhausen cascades




We have searched for magnetization intermittency in a spin-reorientation system
consisting of Au/Co/Au heterostructures. In this case the magnetization is switched from
perpendicular to parallel to the film plane bay varying the temperature, not the applied
field. We have calculated two-time correlation functions and have found good evidence
for such intermittency (Fig. 3), which would then be associated with domain ripening.
Again, the square-ish structures along the diagonal in this figure strongly suggest
thermally-driven intermittency. We are keen to do more such experiments, but the time
scales are quite long and we will wait until the COSMIC end station, which will have
much better stability, to pursue these measurements.

We have done a similar analysis to search for thermally-driven intermittency in
Pry6CagsMnOj; near the orbital-ordering transition. So far we have been unsuccessful,
but this transition involves largely static orbital domains in the presence of small
fluctuations, which means the intermittency (if it exists) will be very subtle. Again,
higher stability and signal on COSMIC and on the NSLS-II CSX beamline will greatly
help these measurements.

As part of the experiments on PrysCag sMnOj3, we have applied our approach to do
coherent diffraction imaging in a Bragg reflection geometry. This has turned out to be a
very difficult and ultimately unsuccessful experiment. We are presently trying other
modalities to achieve such experiments.
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Fig. 4: Scattering off the Skyrmion lattice in Cu,0SeOs. a) Diffraction patter near the (100) crystal Bragg

peak. 5 of 6 satellite peaks from the hexagonal skyrmion phase are readily apparent. (b)-(e) Evolution of a
single split satellite peak as a function of photon energy near the Cu L; edge. The two split peaks resonate

at different energies.

L.b Coherent soft x-ray scattering results from skyrmion phases

Skyrmions, swirling topological spin defects, have generated enormous interest recently.
Aside from their fundamental physics interest, these magnetic objects are stable and
loosely coupled to the lattice, and so have been proposed for an array of ultralow power
spintronic applications. They were first studied by neutron scattering and Lorentz TEM,
but the results in Fig. 4 are the first observation using soft x-rays. As a function of field
and temperature, we found an unusual rotational splitting of the skyrmion satellite peaks
that indicates the existence of two skyrmion phases rotated with respect to each other.
Perhaps more importantly, we can now use the momentum and spatial resolution and
temporal sensitivity of coherent soft x-ray beams to probe skyrmions in an entirely new



way. This provide the second major focus of our renewal proposal. The results in Fig. 4
are submitted for publication.
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Fig. 5: Speckle patterns collected in resonance with the Fe
L-edge in transmission through an Fe:Gd multilayer film.
The 6-fold skyrmion phase (right panel) is observed over a
narrow range of temperature and applied field close to
magnetic saturation. At lower temperature (left panel) a
phase with approximately aligned magnetic stripes is
observed. This roughly mirrors the helical phases
observed near the skyrmion phase in other systems

We are already searching for other skyrmion and possibly skyrmion-like phases, and we
might have found one on Fe:Gd multilayers, as indicated in Fig. 5. The phase diagram of
the observed hexagonal phase is skyrmion-like, with helical or conical phases at lower
and higher temperature, and the skyrmion phases exists at non-zero field. We are
actively trying to understand this system by applying other probes and further mapping
the phase diagram. We are particularly excited about this thin film system since it will be
easier to drive the phase with electrical current.

-
- e

e e e > on on > > on - o

e e an o E> o wn T e = ow

i ]
[} ]
L] §
] ]
] !
] )
L] ]
] !

@ e o» en e o> e W e = -

o) o oy o o & o «
- e
- o
@) G o &) o e & @
o) o ey @ e e e o
) Gy & ) Gy @ o S
) e owm o @ @y e
- ew o e aw & w» &
oD @ ey o) ey @ ) o

Fig. 6: left: SEM micrograph of a square array of permalloy islands — an artificial spin ice with a
highly degenerate ground state magnetization. middle and right: diffraction patterns of the spin
ice lattice, collected at the Fe L; resonance to achieve magnetic contrast, at remanence (middle)
and partly magnetized (right). The Bragg spots on the right develop ring-like structures that are
highly suggestive that we have produced beams having orbital angular momentum with a phase
singularity in the middle.

IL.c Recent coherent soft x-ray scattering results from artificial spin ice structures

Another class of magnetic systems of significant current interest around the world is
artificial spin ices. These are lithographically-prepared lattices of magnetic nano-islands
in which the ground state is frustrated — like the intrinsic proton disorder in water ice
(Fig. 6). Spin ices also have excitations that exhibit some characteristics of magnetic
monopoles connected by Dirac strings. We have found an unusual and so far not
completely understood effect. When the spin ice is partly magnetized, meaning that the
pseudo-monopoles are partly separated by Dirac strings, we observe that the Bragg peaks
evolve into circular doughnuts. The effect happens only when the incident beam is tuned



to resonance with the Fe L3 edge, and the sample is partially magnetized. This shows that
the effect is magnetic in origin. The size of the donut and intensity profiles have the
functional form and correct size to be composed of photons that have one unit of orbital
angular momentum (OAM). We have good evidence that this is indeed what we have
observed, and we are developing a robust model. Beams with non-zero OAM are very
much a hot topic at present, though not in magnetism and certainly not in spin ice
structures. We are also pursuing XPCS studies on these structures as a function of applied
magnetic field. We see that the decay rates depend on the applied field and a dynamic
Monte Carlo simulation performed by our collaborators (Patrik Henelius, Royal Institute
of Technology, Sweden ) indicates that the fluctuations appear due to motion of
monopole-like excitation in the sample.
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