X rays peer inside a magnet

Submicron spin textures in bulk magnetic materials have
been stubbornly hard to detect.
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the first signs of intrinsic ferromag-

netism in few-layer two-dimensional
materials. (See PHYSICS TODAY, July 2017,
page 16.) The discovery was hardly in-
evitable. Phase transitions, including the
transition to long-range magnetic order,
behave differently when the number of
dimensions is reduced. Until just a few
months ago, it wasn’t clear that ferro-
magnetic order could exist in an isolated
2D system.

In a different respect, though, mag-
netism is widely viewed as a fundamen-
tally 2D phenomenon. Magnetic spin
textures—walls separating domains of
uniform magnetization, skyrmions, vor-
tices, and other inhomogeneous configu-
rations—are almost always studied in
thin magnetic films where the magneti-
zation varies in only two dimensions and
is mostly uniform over the film thickness.
The films are tens of nanometers thick,
an order of magnitude thicker than the
2D materials where the reduced dimen-

Earlier this year two groups observed

FIGURE 1. A SLICE OF A MAGNETIC
MICROPILLAR imaged with hard x rays. In-
plane magnetization is shown by the white
streamlines, and out-of-plane magnetization
is represented by the colored shading.
(Adapted from ref. 2.)

sionality disrupts the magnetism itself.

In a bulk material, there’s more room
for the magnetization to form potentially
useful structures that vary in all three di-
mensions.' But the study of 3D magnetic
textures is still in its infancy. One of the
things holding back progress is the need
for better techniques for measuring
magnetism in 3D. Nondestructive imag-
ing of bulk magnetic materials has
heretofore been limited to neutron dif-
fraction. Despite some successes (see, for
example, PHYSICS TODAY, April 2009,
page 12), that method'’s resolution, at tens
of microns, is far too poor to see most
structures of interest.

Now Claire Donnelly, Laura Heyder-
man (both at ETH Ziirich and the Paul
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SEARCH & DISCOVERY

Scherrer Institute in Switzerland),
and their colleagues have devel-
oped an x-ray tomographic tech-
nique that gives a much finer
view of 3D magnetization struc-
tures.? Using hard x rays from
the ¢SAXS beamline at the Swiss
Light Source, they collected dif-
fraction patterns from a cylindri-
cal gadolinium—cobalt micropillar
at more than a thousand orienta-
tions, then computationally recon-
structed the internal magnetiza-
tion field.

Their resolution, 100 nm, isn’t
yet fine enough to see many pre-
dicted features, but with the help of
ajudicious choice of magnetic ma-
terial, the researchers uncovered a
complex arrangement of swirling
vortices and antivortices. A slice
of their reconstruction is shown in
figure 1. And as synchrotrons ad-
vance and hard x-ray sources get brighter,
the resolution will surely improve.

What's inside?

The simplest configuration a magnet can
take, whether in a thin film or in bulk, is
the single-domain state, with all the
magnetic moments pointing in the same
direction. Other simple magnetic states
include the vortex, in which the mo-
ments rotate through 27 along a closed
path around the vortex core. Away from
the vortex core, the magnetic moments
are locally aligned, but near the core, the
rapidly changing magnetization is ener-
getically disfavored. The vortex can thus
lower its energy by having the magneti-
zation pop out of the plane —either up or
down—in a few-nanometer region sur-
rounding the core.

In two dimensions, vortices and other
magnetic structures can be imaged with
magnetic force microscopy —like atomic
force microscopy but with a magnetic
tip—and related techniques. Researchers
have studied how vortices interact and
can be manipulated, how to reverse a
vortex core’s magnetization, how spin
textures in a small thin-film magnet are
influenced by the magnet’s size and
shape, and more. (See the article by Chia-
Ling Chien, Frank Zhu, and Jimmy Zhu,
PHYsICS TODAY, June 2007, page 40.)

Increasing the thickness widens the
realm of possibilities. In particular, at the
intersection of a line-like vortex core and
a planar domain wall, the magnetization
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100 nm

FIGURE 2. DETAILS OF TWO BLOCH
POINTS, characterized by rapidly changing
magnetization in all three dimensions, with
the experimentally measured magnetization
fields shown on the left and the underlying
nanoscale topology shown on the right. The
upper panels show a circulating Bloch point,

the intersection of a vortex and a domain wall.

In the lower panels, the vortex is replaced by
an antivortex. (Adapted from ref. 2.)

is changing rapidly in all three dimen-
sions. The point of intersection, called a
Bloch point, is a singularity: With no
more dimensions to escape to, the mag-
netization has no choice but to go to zero.
In the few-nanometer region around the
Bloch point, the magnetization can no
longer be treated as a smoothly varying
quantity in a continuous material; indi-
vidual atomic magnetic moments must
be considered.?

At least, that’s what the theory pre-
dicts. Bloch points’ nanoscale structure
has yet to be directly observed. There’s
unambiguous experimental evidence
that the singularities exist, but it’s based
on using surface magnetization mea-
surements to infer that there must be a
Bloch point inside somewhere.* Observ-
ing them directly requires a way to make
high-resolution 3D magnetization mea-
surements. Magnetic force microscopy
and similar techniques can’t probe below
the surface. And slicing open a bulk ob-
ject to image its insides —an effective tech-
nique in so many fields—is an unwork-

able option for studying magnet-
ism: Cutting into a magnet changes
its magnetization pattern.

Imaging with soft x rays—
photons with energy less than
1.6 keV —is an appealing possibil-
ity. Resonantly tuned soft x rays
can excite electrons into the or-
bitals that hold an element’s mag-
netic electrons. For transition met-
als, the excitation is from the 2p to
3d orbitals; for rare earths, it’s
from 3d to 4f. The x-ray absorption
signal, then, directly probes the
valence electrons responsible for
magnetization and thus the local
magnetic moment.

Unfortunately, though, soft
x rays penetrate no more than
200 nm into a magnetic material.
And the nextlogical step—switch-
ing to higher-energy, hard x rays,
which penetrate deeper—intro-
duces a new complication. Ideally, one
would like to find a hard x-ray atomic
resonance that involves the magnetic or-
bitals: 1s to 3d in a transition metal, for
example, or 2p to 4fin a rare earth. Those
transitions, however, are spectroscopi-
cally forbidden. Hard x-ray imaging
must use the 1s to 4p and 2p to 5d transi-
tions instead.

Happily, the 4p and 5d orbitals hy-
bridize slightly with the magnetic ones,
so hard x-ray resonances still contain in-
formation about magnetization; it’s just
weaker and more difficult to extract from
a measured signal. To get their 3D im-
ages, Donnelly, Heyderman, and col-
leagues had to pull out all the stops—and
invent new ones—both experimentally
and computationally.

Nanotomography

The experimental technique, developed
with coauthor Manuel Guizar-Sicairos
and other collaborators at the Swiss
Light Source, is a combination of pty-
chography and x-ray magnetic circular
dichroism (XMCD). In ptychography, in-
stead of collecting a single diffraction
pattern with a static beam, one scans the
beam back and forth across the sample.
Diffraction data from the multitude of
overlapping illumination spots make it
possible to deduce the sample’s position-
dependent effect on both the intensity
and the phase of the beam. In XMCD, the
process is repeated with both right- and
left-circularly polarized x rays, which



have opposite responses to the magneti-
zation. Taking the difference between the
two polarizations thus isolates a 2D pro-
jection of the magnetic signal.®

Reconstructing the 3D field requires
rotating the sample about an axis and col-
lecting data from hundreds of directions.
Techniques are well established for such
tomographic reconstructions of 3D struc-
tures from a collection of 2D projections.

But a problem remained. X-ray ab-
sorption probes only the magnetization
component that’s parallel to the x-ray
beam. So even with sample rotation, the
component parallel to the rotation axis
is invisible. To measure all components,
the researchers rotated the sample about
two axes. Tomographic reconstruction of
a vector field from that kind of data set
was uncharted territory. They had to de-
velop an entirely new set of reconstruc-
tion algorithms.

The resolution of their reconstruction
was limited by the noisiness of the data
they could get with the available beam
time. All told, measurements on the
GdCo, micropillar, with a volume of just
351 um?, took 52 hours. That included
some 540 diffraction patterns at each of
1024 orientations (512 per rotation axis);
each component diffraction pattern,
then, had to be measured in a fraction of
a second.

The resulting 100 nm resolution is too
coarse to see the magnetic details of most
materials. But GdCo, is special. One
characteristic size scale of magnetization
structures —such as domain walls—is set
by the ratio between the exchange con-
stant (the strength of the interaction
among nearby spins) and the magnetic
anisotropy (the magnetization’s prefer-
ence to lie along a particular axis). Be-
cause GdCo,’s anisotropy is unusually
low, its magnetic textures are large, so
a lot can be seen even at 100 nm resolu-
tion. Still, the researchers are eagerly
looking forward to synchrotron improve-
ments that will refine their resolution
further, perhaps by a factor of five in just
a few years.

Coauthor Sebastian Gliga of the Uni-
versity of Glasgow in Scotland was cru-
cial to interpreting the results and com-
paring them to micromagnetic theory. He
identified a domain wall that extended
most of the length of the pillar; in figure 1,
it separates the orange region in the upper
left from the purple region in the middle.
The wall itself was not a perfectly thin

plane but was a few hundred nanome-
ters thick, as expected for GdCo, with its
weak anisotropy.

At two locations in the sample, the
domain wall intersected a vortex, giving
the researchers their first direct view of
the long-sought Bloch points, as shown
in figure 2. Note that the two singulari-
ties are topologically distinct. The “circu-
lating” Bloch point configuration shown
in the upper panels has been investigated
theoretically to predict its nanoscale
structure. But the so-called anti-Bloch
point in the lower panels has not.

Better performance

New magnetic technologies are emerg-
ing all the time, and they don’t all require
complicated magnetization states. Head-
phones, for example, weren't always small
enough to fit in your ears; they were
shrunk to that size only after the devel-
opment of powerful neodymium-alloy
magnets. For applications like that, the
single-domain state is desired, but there’s
no direct way to verify that a bulk mag-
net is in even that simple state. “The mi-
croscopic magnetization structure is im-
portant to the magnet’s performance,”
says Donnelly, “but it could only be de-
duced through measurements of bulk
properties and surface structure. Now we
can see it directly.”

If magnets get even smaller and
stronger—or perhaps, to make magnets
smaller and stronger—the relationship
between magnetic structure and mate-
rial structure will likely come to the fore.
Domain-wall pinning is already a known
phenomenon: A moving magnetic do-
main wall gets stuck on crystal defects or
other features. Studying that and similar
effects in more detail, in the bulk, and at
the submicron scale could lead not only
to new magnetic technologies but to op-
timized performance and reliability for
the ones we have.

Johanna Miller
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