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The detection and manipulation of antiferromagnetic domains and topological antiferromagnetic textures are of
central interest to solid-state physics. A fundamental step is identifying tools to probe the mesoscopic texture of
an antiferromagnetic order parameter. In this work, we demonstrate that Bragg coherent diffractive imaging can
be extended to study the mesoscopic texture of an antiferromagnetic order parameter using resonant magnetic
x-ray scattering. We study the onset of the antiferromagnet transition in PrNiO;, focusing on a temperature
regime in which the antiferromagnetic domains are dilute in the beam spot and the coherent diffraction pattern
modulating the antiferromagnetic peak is greatly simplified. We demonstrate that it is possible to extract the
arrangements and sizes of these domains from single diffraction patterns and show that the approach could be
extended to a time-structured light source to study the motion of dilute domains or the motion of topological

defects in an antiferromagnetic spin texture.

INTRODUCTION

Over the past decades, a variety of experimental techniques have
emerged, making it possible to image antiferromagnetic textures
over mesoscopic length scales. While some of these techniques
probe antiferromagnetism directly, for example, by accessing an
antiferromagnetic Bragg condition in a diffraction experiment, the
wide majority probe antiferromagnetism indirectly, such as optical
birefringence (I, 2), or linear dichroic x-ray microscopies (3, 4),
which are sensitive to the spin-orbit coupling-mediated effect of
antiferromagnetism on the surrounding electronic and structural
environment. The need for a direct probe of antiferromagnetism
becomes particularly acute in materials with technologically relevant
couplings between lattice, spin, charge, and orbital degrees of free-
dom. For example, the rare-earth nickelates PrNiO3; and NdNiO;
exhibit a propensity toward a correlation-driven insulating ground
state, characterized by a bond order and a coupled noncollinear
antiferromagnetic order with twice the periodicity. In NdNiOs, both
linear dichroic x-ray photoemission electron microscopy and scan-
ning near-field optical microscopy (SNOM) have been successful in
imaging the metal-insulator transition (5, 6) but are less sensitive to
the noncollinear antiferromagnetism of the Ni spins. While certain
anomalous features in the nano-infrared response probed by SNOM
were interpreted as arising from the presence of antiferromagnetic
antiphase domain boundaries, the first direct identification of the
antiferromagnetic domain morphology in this material was reported
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using resonant magnetic Bragg scattering applied in a scanning
mode (7).

Antiferromagnetic imaging techniques can be further broken
down into scanning-type and single-shot (single-geometry) experi-
ments. Scanning techniques to study antiferromagnetism are the
most common and have been implemented for both direct and
indirect probes. These include both resonant and nonresonant
scanning magnetic diffraction (7, 8), spin-polarized scanning
tunneling microscopy (9), magneto-optical Kerr effect microscopy,
magnetic force microscopy (10), spatially resolved second harmonic
generation (11), magnetic linear dichroic scanning transmission
x-ray microscopy (STXM) (12), and others (13-15). While scanning
techniques are numerous and produce relatively simple-to-interpret
images, they are inherently slow and therefore often cannot be
extended to capture dynamically evolving systems. Some notable
exceptions exist, for example, stroboscopic time-resolved STXM
(16) and stroboscopic resonant magnetic dichroic ptychography (17),
which have been used to capture spatially resolved magnetization
dynamics.

To image the dynamics and collective excitations associated with
antiferromagnetic textures, it would be desirable to identify a
nonscanning imaging modality with direct sensitivity to antiferro-
magnetism. Recently, resonant x-ray Bragg diffraction phase con-
trast microscopy (XBPM) (18) was used to resolve images of antiphase
domain boundaries, directly visible on the tails of the specular (001)
magnetic Bragg reflection in the collinear antiferromagnet Fe;Mo30Os.
This result represents an important step forward for coherent
x-ray-based imaging of antiferromagnetic domain structures, al-
though it remains to be seen with what generality XBPM can be
applied. Here, we continue on a related path by demonstrating that
a special case of the Bragg coherent diffractive imaging (BCDI) (19)
technique can be applied to study the mesoscopic features of a
two-dimensional antiferromagnetic texture, using resonant x-rays
to achieve sensitivity to antiferromagnetic Bragg scattering. From a
single-shot geometry, we extract a two-dimensional image of the
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sizes and relative positions of the first domains formed in the anti-
ferromagnetic transition of a [001]-oriented PrNiOjs thin film. The
particular success of our approach hinges on the dilute character of
the domain configurations in the nucleation regime, as well as the
inherent two-dimensionality imposed by the thin film geometry.
The dilute finite-sized domains provide a natural support (finite
extent of the probed object) and simultaneously ensure oversampling
of the coherent speckle pattern in the far field. Provided that the
necessary sampling requirements (20) are fulfilled, the BCDI mo-
dality we demonstrate should be extendable not only to domain and
domain wall imaging in other antiferromagnets but also to the
imaging of topological defects in antiferromagnetic spin textures.
In a broader context, the combination of resonant x-ray scattering
and BCDI may be extended to a wider range of domain structure
types associated with charge and orbital orders, whose x-ray scattering
cross sections can also be strongly enhanced on resonance.

RESULTS

The correlated antiferromagnetic ground state observed in the
rare-earth nickelates is of interest both fundamentally and for tech-
nological application. In the past years, the noncollinear antiferro-
magnetism observed in LaNiOs, PrNiOs, and NdNiO; has been
studied extensively both in thin films (6, 7, 21-23) and in multilayer
heterostructures (24-27). Here, we investigate the antiferromagnetic
transition in a 40-nm PrNiQO; thin film using coherent x-rays tuned
to the 2p — 3d electronic transition of the Ni ions. This electronic
resonance is referred to as the Ni L3 resonance, and it can be ex-
ploited to embed valuable information in the x-ray scattering cross
section about the valence 3d electronic states and, for example,
the antiferromagnetism that they host. Transverse and longitudinal
x-ray beam coherence lengths on the order of micrometers enable
sensitivity to mesoscopic real-space structures with comparable
length scales. Figure 1A shows a schematic of the resonant coherent
x-ray diffraction (RCXD) experimental setup. The orientation of
the sample and the position of the detector are chosen with respect
to the incidence beam such that the antiferromagnetic Bragg peak at
momentum transfer qapm = (i ;i i) . is recorded on the detector.
The temperature dependence of this diffraction intensity is plotted
in Fig. 1B and compared with the DC electrical resistance of the
film. As expected in this system, both signals are hysteretic, indica-
tive of the first-order nature of this phase transition.

The unexpected feature of our data is observed for temperatures
near the critical temperature of the antiferromagnet (highlighted in
Fig. 1B). In this temperature regime, the antiferromagnetic diffrac-
tion peak is modulated by a small-q superstructure. This is in
contrast to the typical speckle pattern (28) that is observed at lower
temperatures, where the insulating antiferromagnetic phase is well
established. In Fig. 1B, examples of the magnetic Bragg peak at various
temperatures are used to demonstrate the evolution of the diffrac-
tion pattern through one full cooling and warming cycle.

Because of the coherence of the x-ray beam, interference between
x-rays scattered at mesoscopic distances from one another (up to
micrometers) is capable of producing a modulation of the Bragg
peak intensity in reciprocal space. These modulations encode infor-
mation about the relative sizes, positions, shapes, and phases of the
domains from which the x-rays are scattered. In the limit of many
domains distributed across the entire beam spot, the resulting modu-
lations are complex, and the speckle size is inversely related to the
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size of the beam (29). Such a typical speckle pattern is observed
on the low-temperature antiferromagnetic Bragg peak in Fig. 1B.
However, in the limit of very few scatterers occupying only a
portion of the beam spot, well-defined oscillations of the Bragg
peak intensity are observed in reciprocal space and can be directly
interpreted in terms of the real-space distances between domains or
domain boundaries. This is the same regime that gives rise to the
small-q modulations associated with the finite size of a nanocrystal
in a nonresonant BCDI experiment, e.g., the fringes on the (111)
Bragg peak of a gold nanocrystal reported by Robinson et al. (19).
Related effects have also been demonstrated in nonresonant BCDI
from a periodic array of GeSi nanostructures (30). In contrast to
these examples, in which mesoscopic structural features were investi-
gated, our study represents the first observation of a small-q modu-
lation of an antiferromagnetic Bragg peak associated with the
mesoscopic domain arrangement of the antiferromagnetic order. In
our experiment, the small-q superstructure observed near the criti-
cal temperature is interpreted in terms of interference between the
very first few domains to undergo the antiferromagnetic transition.
The appearance of bubbles of antiferromagnetically ordered spins
on the background of a disorderd spin lattice is consistent with the
bulk bimodal nature of the metal-insulator transition observed in
the closely related material NdNiOs3 (6).

In an RCXD experiment, although the phase of the incident light
is well defined, the phases of the scattered x-rays are lost at the
detector, where the collected intensities correspond to the absolute
value squared of the spatial Fourier transform of the electronic
states selected in the resonant process. This is known as the so-called
phase problem, which implies that the real-space arrangement of
the scatterers cannot be directly retrieved by applying an inverse
Fourier transform to the recorded diffraction pattern without some
additional information about the phase of the scattered x-rays
(or preexisting information about the real-space arrangement of
the scatterers). The phase problem can be overcome using either
holography approaches, which make use of a reference beam with
known phase to determine the phase of the scattered light (31), or
ptychographic (32) and coherent diffractive imaging methods (33),
which are based on iterative reconstruction algorithms (34, 35). For
the purpose of our proof of principle, we focus explicitly on the limit
of very few scatterers, which we will refer to as the “dilute” coherent
scattering regime. Working in the dilute regime, the small-q modu-
lations of the antiferromagnetic Bragg peak can be interpreted by
eye and modeled by trial and error based on knowledge of the
system. Because of the heightened likelihood of a unique solution to
the phase problem in two dimensions (36, 37), one can be reasonably
confident that the model that reproduces the observed diffraction
pattern is correct, thereby circumventing the need for a complex
phase retrieval algorithm.

To model the small-q modulations of the antiferromagnetic Bragg
peak, we take the absolute value squared of the Fourier transform of
small numbers of staggered antiferromagnetic domains, whose
spatial arrangement is chosen to reflect the symmetries of the modu-
lation patterns. By translating the beam across the sample, we were
able to identify the observed coherent diffaction patterns as location
specific, disappearing when the beam is translated by approximately
one beam width. On the basis of this observation, we exclude
repeating structures with the same symmetry as the determined
domain arrangements. A domain configuration with the minimum
number of domains needed to reproduce the observed modulation
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Fig. 1. Experimental setup and thermal evolution of antiferromagnetic RCXD patterns. (A) Experimental setup, where a partially coherent beam of synchrotron
radiation is produced by an elliptical undulator and monochromated. Immediately before reaching the sample, the beam passes through a 10-um pinhole. The scattering
geometry probes the pseudocubic (}‘J—t}‘) . reciprocal space position, corresponding to the first-order antiferromagnetic Bragg peak of the Ni spin spiral in the perovskite
nickelate PrNiOs. (B) Data from a PrNiO; trﬂn film. The central plot compares the normalized temperature-dependent antiferromagnetic scattering intensity with the van
der Pauw resistance measured ex situ on the same film. The surrounding charge-coupled device images demonstrate the evolution of the antiferromagnetic Bragg peak
as a function of temperature across the first-order antiferromagnetic/metal-insulator transition. The white arrows are shown once for the small-format images and once
for the large-format images and can be interpreted as scale bars with a magnitude of 0.001 A°~'. The directions indicated correspond to (1 00) (momentum transfer
parallel to the sample surface) and (0 — 0.47 0.88), which has the largest projection onto (0 0 1) (momentum transfer in the film growth direction). In the temperature
region near the critical temperature, pronounced small-q modulations are observed on top of the magnetic Bragg peak. The scale of each color bar has been chosen
individually to maximize the visibility of the speckle and small-q modulation patterns. The total (integrated) intensity of each peak is indicated with a light blue circle in
the central plot.

pattern is consistent with the approximate space filling of the or-  first-order phase transition with some degree of spatial inhomogeneity
dered phase, which is small at the onset of the transition. Guiding the  is expected to exhibit a dilute set of nucleation sites in some tem-
modeling process in this way quickly produces a simple real-space  perature regime near the ordering temperature. In the current sys-
image of the relative positions and sizes of the first antiferromagnetic ~ tem, cycling of the temperature through the phase transition reveals
domains formed in the illuminated region of the film. Note that this  that the first antiferromagnetic domains formed in the nucleation
level of analysis does not capture the detailed shape of the domains, regime reappear at the same locations (see the Supplementary
which are given an ellipsoidal profile to reproduce the observed Materials), thereby indicating that the seeding centers are likely
peak elongation (see Materials and Methods). In general, any pinned to structural features that are immobile for temperatures up
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to the maximum cycling temperature of 300 K. The substrate may
play an important role in determining this spatial inhomogeneity,
for example, via inhomogeneous strain fields, structural domain
patterns, or step edges of the substrate’s terraced surface, all of
which may locally suppress or seed the metal-insulator transition
and accompanying antiferromagnetism.

The results of our modeling process are demonstrated for two
diffraction patterns in Fig. 2. The Fourier transforms of the model
domain configurations agree well with the measured diffraction
patterns, even without the application of a numerical fitting algo-
rithm to optimize the fits. The additional background intensity and
reduced speckle contrast observed in the experimental data may
arise in part from short-range antiferromagnetic fluctuations, which
are not captured in our model. We emphasize that although the
solution to the real-space domain arrangement remains ambiguous
with respect to the trivial operation translation, phase shift, and
inversion conjugation, the two-dimensional nature of the probed
domain arrangement allows us to exclude more complex alternate
solutions (36, 37). While inversion of our coherent scattering data
using an iterative phase retrieval algorithm was beyond the scope of
this study, our results imply that the numerical inversion of such
resonant coherent antiferromagnetic diffraction data is possible in
the dilute limit and will likely be capable of both resolving finer
domain morphology features and extracting information from the
complex speckle diffraction patterns observed at low temperatures,
provided that the necessary sampling conditions are observed (20).

21/Aq,
~4.7 ym

In the following outlook section, we consider hypothetical
dynamically driven magnetic textures and argue that time-resolved
RCXD, in the dilute scattering limit, presents a powerful opportunity
to study the motion of antiferromagnetic domains or topological
defects in an antiferromagnetic spin texture. Figure 3 (A to E)
depicts a series of hypothetical dilute antiferromagnetic domain
configurations in real space. Figure 3A corresponds to a single
circular domain, whereas Fig. 3 (B to D) depicts snapshots of one
domain passing in between two other domains of equal size and
then disappearing in Fig. 3E. The diffraction patterns in the vicinity
of the first-order antiferromagnetic Bragg peak originating from
each of the real-space domain arrangements shown in Fig. 3 (A to E)
are simulated in Fig. 3 (F to J), respectively. The number and rela-
tive positions of the probed domains are clearly reflected in the
symmetries of the small-q modulations of the antiferromagnetic
Bragg peak intensity.

Next, we extend the concept of dilute magnetic textures to
encompass the notion of a dilute set of topological defects on an
antiferromagnetic lattice, such as antiferromagnetic knife edge
dislocations observed in the skyrmion nucleation regime of helical
antiferromagnets (38), or theoretically predicted antiferromagnetic
vortices and skyrmions (39, 40). Figure 3 (P to T) demonstrates the
sensitivity of the simulated RCXD cross section around a first-order
antiferromagnetic Bragg peak to the presence and relative arrange-
ments of a dilute set of antiferromagnetic vortices depicted in real
space in Fig. 3 (K to O). The diffraction patterns in Fig. 3 (P to T)
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Fig. 2. Modeling of experimental RCXD patterns. (A) Model configuration in real space of three antiferromagnetic domains within the beam spot. The scale bars correspond
to 2 um along the [100] direction (long bar) and along the [010] direction (short bar). (B) Absolute value squared of the Fourier transform of the model shown in (A). Scale
bars are the same as in (C). (C) Experimentally observed reciprocal space map of the antiferromagnetic Bragg peak at momentum transfer qaem = (%}‘}‘) o in the
pseudocubic setting of PrNiOs. After projecting the detector image onto the H-K plane, the lengths of the arrows labeled H and K correspond to 0.001 A", respectively,
along the (100) and (010) directions. (D) Comparison of cuts taken from (B) and (C) along the indicated red line. A constant has been subtracted from the experimental
curves such that the intensity at the detector edge is zero. (E to H) Same as (A) to (D) but for a different experimentally observed diffraction pattern (G) and the corresponding
model and simulation in (E) and (F).
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Fig. 3. Simulation of RCXD from mobile antiferromagnetic domain arrangements and antiferromagnetic topological spin textures. (A) Single antiferromagnetic domain
in two dimensions. (B to D) Three equally sized antiferromagnetic domains, one moving with respect to the other stationary two. (E) Two equally sized antiferromagnetic domains.
(F to J) Absolute value squared of the Fourier transforms of the model domain configurations in (A) to (E). (K) Uniform antiferromagnetism in two dimensions. (L to O) Antiferro-
magnetic vortices with topological winding number w = 1. The centers of the vortices are indicated by a shaded disc. (P to T) Absolute value squared of the Fourier transforms of
the spin x component for the antiferromagnetic spin textures shown in (K) to (O). The number of angular nodes corresponds to twice the sum of the winding numbers of all
vortices in the beam spot. Scale bars correspond to 20 lattice units (l.u.) and 0.1 reciprocal lattice units (r.l.u.) in the real and Fourier space images respectively.

correspond to a resonant magnetic scattering polarization channel
that selects the spin x component. In Fig. 3 (K and P), the trivial case
of a homogeneously ordered antiferromagnetic lattice is considered,
whereas Fig. 3 (L, M, Q, and R) illustrates the motion of one anti-
ferromagnetic vortex past two stationary vortices. Removing vortices
from the beam spot, Fig. 3 (N and S) corresponds to just a pair of
antiferromagnetic vortices, and Fig. 3 (O and T) corresponds to a
single vortex. For the purposes of this demonstration, we considered
equal antiferromagnetic vortices, each corresponding to a topological
defect of winding number w = 1, with the spins winding in the plane
of the lattice. Similar scattering signatures are expected to arise in
the presence of antiferromagnetic skyrmions (39, 40), where the
antiferromagnetic spin orientations wind in three dimensions. Note
that in our results, the number of angular nodes in the simulated
antiferromagnetic Bragg intensity corresponds to twice the number
of w = 1 vortices present in the beam spot or, more generally, the net
topological charge of the spin texture contained within the beam
spot. This indicates an important quantitative sensitivity of the RCXD
cross section to the mesoscopic winding of the antiferromagnetic
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order parameter, reminiscent of the results of Zhang et al. (41) in
the skyrmion material Cu,OSeOs, or the resonant x-ray scattering
method for determining the topological invariant of nondegenerate
band crossings in Weyl semimetals proposed by Kourtis (42).

DISCUSSION

Here, we have shown that the RCXD signal at an antiferromagnetic
Bragg condition can be analyzed in the sense of a BCDI experiment
to extract information about the mesoscopic texture of an antiferro-
magnetic order parameter. Furthermore, we have demonstrated the
particular utility of working in the dilute scattering regime, which,
when combined with a quasi-two-dimensional sample geometry,
can facilitate the direct interpretation of single-shot RCXD diffrac-
tion patterns in terms of real-space domain arrangements. These
results naturally raise the question as to which specific systems
could benefit from this experimental approach. Of all first-order
antiferromagnets, the described technique will be limited to those
that have accessible antiferromagnetic reflections at the relevant
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resonant photon energies. For example, magnetocaloric materials
in the family Gds(SiyGe;_)4 have been synthesized in thin-film
form (43) and are known to exhibit a first-order antiferromagnetic-
ferromagnetic transition as a function of temperature and magnetic
field. The antiferromagnetism on the Gd sites can be probed by
resonant magnetic x-ray scattering (44) and is known to coexist in a
spatially separated manner with competing ferromagnetic domains
in the vicinity of the transition (45). An equilibrium RCXD study
of the Gd antiferromagnetism as the antiferromagnetic phase is
approached with field or temperature may be capable of imaging
this phase coexistence in the antiferromagnetic nucleation regime.
If s0, the dynamic melting and reforming of dilute domain configu-
rations may be studied in a pump-probe experiment, using an
optical excitation to transiently heat the electronic system above
the Neel temperature. We expect that a similar pump-probe analy-
sis of the domain melting and reforming will also be applicable
to the first-order antiferromagnetic phase transition observed
in the PrNiO; film studied here, as well as the related compound
NdNiOs.

Another candidate family of systems for RCXD studies are the
magnetic honeycomb iridates, which exhibit strongly spin-anisotropic
exchange interactions and may be capable of supporting a quantum
spin liquid ground state. A recent resonant magnetic x-ray scatter-
ing study of B-Li,IrO3; demonstrated a field-induced crossover from
an incommensurate antiferromagnetic state to a so-called field-
induced zig-zag state (46) at 2.8 T. An equilibrium RCXD study in
the onset region of the noncollinear antiferromagnetism will help to
determine whether these competing magnetic states coexist locally
or are spatially segregated in the crossover regime, a question that
is currently under debate. Similarly, an RCXD investigation of the
pressure-induced hidden order to large-moment antiferromagnetic
transition in the heavy-fermion superconductor URu,Si, would
help to identify the possible existence and nature of phase co-
existence below the critical pressure. Even at ambient pressure,
dilute patches of antiferromagnetism within the hidden order phase
may give rise to a small-q modulation of the antiferromagnetic
Bragg peak, which has previously been studied by conventional
resonant magnetic x-ray scattering (47). Although image recon-
struction from the resulting coherent diffraction patterns may be
complicated in the absence of a quasi-two-dimensional sample
support, the mere information that spatial phase separation of the
two orders occurs would have important implications for theories
describing the unconventional superconductivity, which arises out
of the hidden order phase (48).

Last, we consider the potential of RCXD to probe the mesoscopic
arrangement of polarization domains in the multiferroic rare-earth
manganites. In the materials TbMnO3 and DyMnOj3, inversion and
time-reversal symmetry are broken simultaneously by the coupled
cycloidal antiferromagnetic ordering of spins on the Mn and rare-
earth sublattices, thereby leading to a ferroelectric polarization in
the direction perpendicular to both the propagation vector of the
cycloidal order and the direction defining the plane of the cycloid.
In DyMnOs3, Schierle et al. (49) have demonstrated that the polariza-
tion and, thus, helicity of the cycloidal order can be locally con-
trolled by beam-induced charging at low temperatures and then
probed by circular dichroic resonant magnetic x-ray diffraction at
the antiferromagnetic wave vector. This technique allows arbitrary
domain textures to be written onto the sample and then read out
either by means of scanning resonant magnetic x-ray diffraction
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with circularly polarized x-rays or, as we suggest, using RCXD with
circularly polarized x-rays. Furthermore, the ability to drive multi-
ferroic domain wall motion with applied electric fields (50) suggests
the possibility to extract the dynamical motion of such domains from
a series of single shot RCXD patterns using a time-structured x-ray beam.
The ability to write, translate, and detect antiferromagnetic domains
is the premise for a variety of conceivable antiferromagnetic-based
information technologies.

Here, we have demonstrated that RCXD is ideally suited to the
study of microscopically heterogeneous quantum phase transitions,
which naturally give rise to dilute scattering in the nucleation
regime. Future experiments will extend this technique to the time
domain, as well as through the application of iterative phase retrieval
algorithms to study more complex systems. Although we have
investigated the special case of decoupled antiferromagnetic islands
in a PrNiO; film, we predict related results when performing RCXD
from a variety of other antiferromagnets in the nucleation regime,
from synthetically patterned dilute antiferromagnetic domain
textures, as well as from topologically nontrivial antiferromagnetic
spin textures. Accordingly, this technique is of particular relevance
to the field of antiferromagnetic spintronics (51, 52), which relies
on the manipulation and detection of antiferromagnetic domain
walls or particle-like magnetic textures such as antiferromagnetic
droplet solitons (53) or antiferromagnetic vortices and skyrmions
(39, 40). Even more distant magnetic systems, such as moiré
magnets (54), arrays of magnetically coupled nanostructures (55-57),
or arrays of coupled spin Hall nano-oscillators for neuromorphic
computing (58), may also be possible to study in a resonant BCDI
modality. Last, because of the high sensitivity of the resonant x-ray
scattering cross section not only to magnetic but also to charge and
orbital degrees of freedom (59), resonant BCDI experiments can, in
principle, be used to image the equilibrium and dynamical proper-
ties of a wide variety of domain types.

MATERIALS AND METHODS

A 40-nm thin film of PrNiO; was grown by pulsed laser deposition
from a stoichiometric target using a KrF excimer laser with a 2-Hz
pulse rate and a 1.6-] cm "> energy density. The film was deposited
on a (001)-oriented [LaAlO3](3[Sr,AlTaOg]o7 (LSAT) substrate in
a 0.5-mbar oxygen atmosphere at 730°C. The film was then annealed
after growth in a 1-bar oxygen atmosphere at 690°C for 30 min. We
note that although the LSAT substrate is known to undergo a struc-
tural transition near 150 K (60), this transition does not lead to a dif-
fraction peak at the Q-vector corresponding to (i i i) in pseudocubic
reciprocal lattice units of the PrNiOj; film.

DC electrical resistivity measurements were performed in the
four-point van der Pauw geometry using a Quantum Design Physical
Properties Measurement System. Growth and characterization of
the film were performed at the Max Planck Institute for Solid State
Research in Stuttgart.

The RCXD experiments were performed at the coherent x-ray
scattering beamline of the NSLS-II synchrotron light source at
Brookhaven National Laboratory, which provides the coherent
high photon flux necessary to observe antiferromagnetic domains
with submicrometer length scales. Immediately before reaching the
sample, a 10-um laser ablate pinhole aperature selects the most
coherent portion of the beam and defines the probe size. The longi-
tudinal coherence length was approximately 1.25 um, that is, about
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one order of magnitude longer than the soft x-ray path length
through our thin film. The measurements were performed using
n-polarized incident photons, with an energy bandwidth of ~0.5 eV
centered at the Ni L; resonance (~853.4 eV). To access the first-
order antiferromagnetic Bragg peak of the Ni spin spiral, the sample
was mounted on a x, = 55° wedge so as to bring the pseudocubic (pc)
[111] direction into the vertical scattering plane. The qapm = (311) .
momentum transfer was then reached by going to the approxima{’e
scattering angles 8 = 55° and 20 = 110°. The scattered photons were
detected using a fast charge-coupled device camera, which discrimi-
nates neither the polarization nor the energy of the scattered
photons. The reported intensities thus correspond to an integration
over both the © and ¢ outgoing polarization channels, as well as
over both elastic and inelastic scattering processes.

In a resonant x-ray scattering measurement of the first-order

antiferomagnetic Bragg peak, the scattered intensity is given by (61)

I(q) = [T D(r;) e" Y™ Fi(ho) (e x €'+ ;)| > (1)

where q is the momentum transfer, 7; is the position of the magnetic
moment Mmj, €(€) is the polarization of the incoming (outgoing)
photon, and F;(iw) captures the photon energy dependence of the
scattering tensor element selected by € and €’. The function D(r;)
takes on values between 0 and 1 and is introduced to describe the
antiferromagnetic domain configuration. D(r;) = 0 corresponds to a
disordered spin, and D(r;) = 1 corresponds to an antiferromagnetically
ordered spin. The sum runs over all spin lattice sites i inside the
(coherent) beam spot. Because of the coherence of the beam,
scattering from all domains within the beam spot produces mutual
interference, which gives rise to a small-q modulated power spec-
trum in the dilute limit.

To model the observed small-q modulations of the antiferomag-
netic Bragg peak intensity, we have taken the two-dimensional
discrete Fourier transform of a distribution of Gaussian enveloped
ordered regions

—(r-r))

Dir)=e = )

each representing one domain with width &; and center rj, such that
the total domain configuration D in Eq. 1 is given by D(r) = };D;.
Domain distributions that produce satisfactory fits to the data were
determined by trial and error, guided by the symmetry of the
small-q modulation and the fringe separation, and using r;and §; as
free parameters.

Experimentally, the antiferromagnetic Bragg peak envelope is
observed to be extended in one direction. This elongation may arise
from a combination of effects including the finite size of the anti-
ferromagnetic domains along the film growth direction, as well as a
possible intrinsic anisotropy in the antiferromagnetic correlation
length in the nucleation regime. Since the peak elongation is indica-
tive of an asymmetry in the shapes of the individual domains, rather
than containing information about the mesoscopic arrangement of
these domains with respect to one another, determining its precise
origin falls outside the scope of this study. To capture the peak
elongation in our simulations, we have separated the domain width
& into two widths 54” and &j, parallel and perpendicular to the axis of
the elongation, where the ratio <";f/ é}“ is fixed for all domains. In the
coordinate system defined by the elongation direction, the corre-
sponding expression for the elongated domain profiles is given by
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2) 2%

ol oen?
Dj=e _( ) 3)
To model the antiferromagnetic vortices depicted in Fig. 3 (K to O),
we assign each lattice site with a complex number, whose real
and imaginary parts represent the x and y components of its spin
orientation

Y In
my = ER (Hn e L arctan x—x,,) (4)
my — 3(Hnelwnarctan;vi—i:) (5)

where (x,,,,) and o, are the position and winding number of the nth
vortex. The product is taken over all vortices in the coherent beam
spot. The simulated diffraction patterns shown in Fig. 3 (P to T)
correspond to the Fourier transform of m,.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn6882

View/request a protocol for this paper from Bio-protocol.
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