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The triangular lattice with Ising magnetic moments is an archetypical
example of geometric frustration. In the case of dipolar-coupled out-
of-plane moments, the geometric frustration results in a disordered
classical spin-liquid state at higher temperatures while the system is
predicted to transition to an anti-ferromagnetic stripe ground state at
low temperatures. In this work we fabricate artificial triangular Ising
spin systems without and with uniaxial in-plane compression to tune
the nature and temperature of the correlations. We probe the energy
scale and nature of magnetic correlations by grazing-incidence
small-angle neutron scattering. In particular, we apply a newly-
developed empirical structure-factor model to describe the measured
short-range correlated spin-liquid state, and find good agreement with
theoretical predictions. We demonstrate that grazing-incidence neutron
scattering on our high-quality samples, in conjunction with detailed
modeling of the scattering using the Distorted Wave Born Approxi-
mation, can be used to experimentally quantify the spin-liquid-like
correlations in highly-frustrated artificial spin systems.

1 Introduction

Magnetically corrrelated nanosystems, such as self-assemblies
of magnetic nanoparticles'” or artificial spin systems,” are of great
interest due to their high potential for advanced applications such
as computation, nanomagnetic logic gates®” and magnonic
crystals.® Such systems consist of arrangements of single-domain
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New concepts

Our work advances the field of nanomagnetism with three important
concepts. First, we used electron-beam lithography to create a 2D single
crystal of macrospins that allowed us to observe strong and clean magnetic
signals while suppressing structural signals in grazing-incidence small-
angle neutron scattering experiments. This approach is applicable to any
two-dimensional or layered nanostructure and can thus be employed to
study many short-range correlated magnetic systems. Second, we used a
newly developed empirical structure factor model to simulate the short-
range correlated spin-liquid state of a triangular dipolar-coupled Ising-like
lattice with out-of-plane moments. This allowed integration into the
Distorted Wave Born Approximation (DWBA) for quantitative analysis of
the scattering results. In previous studies these correlations were only
described with Monte-Carlo simulated structure factors and the DWBA
model was restricted to domains of ordered super-spins. We expect that
other magnetic systems with short-range correlations can now be
approximated in this way. Finally, we could fit our model structure factor
specifically to theoretical predictions of the frustrated triangular lattice and
thus directly correlate theory with experiment. This can be used in future
temperature-dependent investigations of this fascinating system.

nanomagnets, where each nanomagnet can be considered to have
a macroscopic magnetic moment, which interact through
magnetostatic interactions. These interactions lead to complex
magnetic correlations of fundamental physical interest’** that
may not lead to long-range ordering. For experimental studies
of such systems with short-range correlations a non-local probe
is required that can further our understanding in the field.
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Since the early days, neutron scattering has been an excellent
technique to probe the magnetic order of many systems due to
the interaction between the intrinsic magnetic moment of the
neutrons and the unpaired electrons in the material.*™” Scattering
experiments with polarised neutrons furthermore allow the direct
probing of the magnetic structure, magnetic distribution and spin
dynamics. While small angle neutron scattering (SANS) is a suitable
technique for nanoscale investigations it is often not suitable for
thin structures on surfaces as the amount of material is too low to
produce the necessary signal. Specular neutron reflectometry, on
the other hand, provides a measure of a depth-dependent magne-
tisation profile, but does not give information about the in-plane
structural and magnetic correlations. Grazing-incidence small-angle
neutron scattering (GISANS) closes this gap, as the experimental
geometry gives a strong surface sensitivity and enhancement to the
measured signal from samples with small amounts of material, as
well as offering access to in-plane correlations.'®"® Therefore this
surface-sensitive technique is the method of choice for thin nano-
scale structures.*

In artificial spin systems, however, experiments have proven
to be difficult to conduct and analyse compared with various
nano-imaging techniques such as magnetic force microscopy”' or
X-ray photoemission electron microscopy.®*> One reason for this is
the need for large scattering volumes that are orders of magnitude
larger than the volumes needed for X-ray scattering.'>** In addition,
the magnetic scattering is much weaker than the nuclear signal, and
modeling requires the inclusion of dynamic effects.

In this work, we use GISANS to probe emerging correlations
in a nanoscale artificial spin system. These lithographically-designed
magnetic nanostructures are ideal for this experimental technique,
as it is possible to pattern large-area structures with a very high level
of structural perfection. Here, we choose to focus on a triangular
NiFe nanopillar array mimicking dipolar-coupled Ising macrospins,
which allows for a rich phase diagram, including ordered phases
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and a classical spin liquid regime.'" To analyse the magnetic
scattering data, we developed an empirical magnetic structure
factor to model the emergent correlations in the system. We
integrated the model into the open-source software BornAgain,
which provides simulations within the framework of the distorted
wave Born approximation (DWBA). In addition, we were able to fit
our model to temperature dependent Monte-Carlo simulations, in
order to determine the magnetic state of the system. As a result, we
conclude that at room-temperature the measured arrays were in a
weakly correlated paramagnetic phase. We emphasize that the
approach described here for the analysis of GISANS results can be
extended and applied to other magnetically correlated systems.

2 The dipolar-coupled
triangular-lattice Ising spin system

Artificial spin systems are two-dimensional defined lattices of
single-domain nanomagnets, which interact via magnetostatic
interactions.” Due to their pairwise coupling, which can be designed
at will with careful placement of the nanomagnets, emergent
properties can arise, including phase transitions to long-range
ordered phases as well as complex short-range correlations, which
can be described by spin-ice or spin-liquid models.>”*>**

In this work we chose to investigate dipolar-coupled out-of-
plane magnetic moments on the triangular lattice,>” a system
for which the theoretically predicted but not yet experimentally
verified magnetic ordering depends on the degree of geometrical
frustration.

The interaction between the nanomagnets at positions 7 and
J depends on their distance r; — r; as well as their moments
m; = ms;, where m denotes the net out-of-plane magnitude
(which is identical for each nanomagnet), and s; = +1 its Ising
spin degree of freedom. The dipolar Hamiltonian is given by

Rt

Fig. 1 Frustration in the antiferromagnetically coupled triangular out-of-plane lattice. (a) In the ground state, each triangle consists of one spin couple
ferromagnetically aligned to each other (bold line). The ground state of the symmetric lattice is six-fold degenerate. Uniaxial in-plane compression (0 <
< 1) leaving the lattice parameter a unchanged, results in reduction of the degeneracy and geometric frustration. As a result, the six-fold degeneracy of
the triangular plaquette ground state is lifted, and only the two configurations within the dashed box are the lowest-energy states. The increase in
disorder with higher temperature can be easily seen by the comparison of the magnetic correlations in different phases, here illustrated for the uniaxial
compressed lattice. (b) Spin-Liquid phase with different domains (highlighted in purple). (c) Paramagnetic phase with different stripe domains (highlighted
in purple). Higher temperatures result in the formation of high-energy defect triangles (highlighted in red).
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the following equation, and can be simplified with a pairwise
coupling strength j;:

o _ Ho mimy

w =32 Z Z Tisis; €]

w v~ j{

In the symmetric lattice the coupling between neighbouring
spins is equivalent and favors an anti-ferromagnetic arrangement.
Therefore, on a triangular spin plaquette, as shown in Fig. 1a, not
all pairwise interactions can be satisfied simultaneously, leading to
a six-fold degeneracy. For an extended lattice this results in a
macroscopic number of low-energy configurations.

Considering the longer-range interactions from the dipolar
coupling, however, a well-defined six-fold-degenerate stripe-
ordered ground state below a critical temperature Tc/fan ~ 0.2
is found (with Jyn = J»3 the coupling strength between neighboring
moments)."" At temperatures closely above T the quasi-
degenerate manifold of low-energy states is explored leading
to the formation of a stripe-domain superstructure (tri-state)
without invoking the formation of energy-costly defect triangles, as
illustrated in Fig. 1b. This results in spin-liquid-like correlations in
a system of classical Ising moments. At temperatures Tpn, X
0.75/nn @ crossover to weakly-correlated paramagnetic behavior
is predicted, which is characterized by the formation of high-
energy excitations, as shown in Fig. 1c.

Lowering the symmetry of the lattice through uniaxial in-
plane compression results in a reduction of the ground-state
degeneracy from six to two (see dashed box in Fig. 1a) and thus lifts
the frustration inherent to the system. Consequently, the critical
temperature for ground-state ordering increases, e.g Tc/l; =~ 0.75
for ¢ = 0.1, with J,; remaining unchanged by the lattice compression
0. As the nature of the phase transition changes the region of spin
liquid regime is further reduced, e.g: Tpm X Jun for 6 = 0.1."
Therefore, the lattice compression parameter ¢ can be used to tune
the frustration of the system, modifying dramatically the nature of
the phase transition and of the short-range correlations close to the
long-range ordered ground state.

The ability to design artificial spin systems at will via
nanofabrication techniques means that we can experimentally
explore large parts of the phase diagram of the dipolar-coupled
triangular-lattice Ising system. With the aim to demonstrate a
proof-of-principle of the characterization of the emergent short-
range spin-liquid-like correlations, here we designed two artificial
spin systems, one with no uniaxial in-plane compression, and
one with 10% distortion (i.e. J = 0.1).

3 Sample fabrication

We fabricated elongated NiFe nanomagnets with out-of-plane
shape anisotropy arranged on a triangular lattice with electron-
beam lithography and electrodeposition. To obtain meaningful
results from GISANS experiments, the samples are required to
have small lattice periods, spatial correlations over large distances,
and large patterned areas. To achieve this, we have pushed the
current limits of electron beam lithography and patterned porous
templates to give pore diameters of 35 nm, lattice constants below
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Fig. 2 Scanning electron microscopy images with top view of the sym-
metric (left) and 10% uniaxially compressed (right) triangular lattice with
nominal lattice constant of 60 nm. The direction of compression is
perpendicular to the scale bar. Orange lines highlight the lattice.

70 nm and a high structural coherence over a large area. The high
structural coherence for patterned areas of the order of cm? is far
beyond the structural domain sizes of um?® obtained from of
self-ordered porous anodic alumina templates with comparable
We then exploited the capability of electro-
deposition to deposit NiFe nanomagnets into the porous templates.
NiFe was chosen as magnetic material since it has a large moment
and a small magnetocrystalline anisotropy. Therefore the magnetic
shape anisotropy dominates and, as a result of the elongated shape,
a magnetic single-domain state is formed in each nanomagnet with

feature sizes.?®

a net moment (macrospin) aligned along its length. Each macrospin
interacts with its neighboring moments via magnetostatic inter-
actions, leading to antiferromagnetic correlations in the lattice.
Further details on the fabrication of the samples can be found
in ESI,T S1.

Here, we characterised three lattices: two symmetric tri-
angular lattices with a nominal lattice constant (shown in
Fig. 1) a = 60 nm and @ = 70 nm, and a uniaxial in-plane
compressed lattice with 6 = 10% and with a nominal lattice
constant of a = 60 nm. While demonstrating the high structural
quality of the samples with unpolarised GISANS on the 70 nm
lattice, we concentrated our further analysis on magnetic
correlations in the 60 nm lattices for the better comparison
of symmetric and compressed case (see Fig. 2). The diameter of
the nanomagnets of each sample is 0.53a with a height of
(150 & 10) nm, (120 £+ 10) nm and (150 £+ 10) nm for the
symmetric (a = 70 nm), symmetric (@ = 60 nm) and the uniaxial
compressed (a = 60 nm) array, respectively.

The samples have excellent structural ordering and filling
ratio, as observed in the scanning electron microscope (SEM)
images (see Fig. 2). We note that the structural coherence is
maintained over the entire patterned sample area, which exceeds
1 cm?, and thus can be considered as a two-dimensional single
crystal for the scattering experiment.

4 GISANS experiments

This work is based upon experiments performed at the MARIA
reflectometer®” operated by the Jiilich Centre for Neutron
Science (JCNS) at the Heinz Maier-Leibnitz Zentrum (MLZ), Garch-
ing, Germany. The experimental geometry is illustrated in Fig. 3.

This journal is © The Royal Society of Chemistry 2021
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q. q,

Fig. 3 Geometry of the experiment with the direction of the beam and
rotation angle ¢ of the sample. In this schematic, the sample rotation is ¢ =
90°, with the beam perpendicular to the constant lattice parameter a. The
direction of neutron polarisation is illustrated by the red arrow.

The collimated neutron beam impinges at a small glancing angle on
the sample’s surface, giving a specular peak and additional struc-
tural and magnetic signals coming from the lattice. Two different
instrument configurations were used, with the sample-detector
distance fixed to 1.91 m and the distance between sample and
collimation slits fixed to 4.5 m. Measurements with unpolarised
neutrons were carried out at a wavelength of 10 A and with
collimation slits of 20 x 20 mm?®, leading to a g, resolution full
width at half maximum (FWHM) of approximately 6 x 10> nm ™",
For polarisation analysis, we reduced the neutron wavelength to 7 A
and used collimation slits of size 14 x 20 mm?® While there is a
lower g, resolution of 8 x 10~> nm ', this provided a sensitivity to
the magnetic moment direction and a reduction of the specular
scattering background for the spin—flip channels. An acquisition
time of 1 h to 5 h was used for unpolarised experiments and to
measure each channel (uu, dd, ud, du) for polarisation analysis.

5 Model basis

Modeling of the GISANS experiment was performed using the
Distorted Wave Born Approximation (DWBA) implemented in
the BornAgain software®® version 1.17.0. The instrumental
resolution was taken into account using the experimental
geometry, including detector distance, beam size and diver-
gence as well as wavelength resolution. All simulation para-
meters have been taken from the measurement and no further
adjustment was performed during modeling.

For material parameters, the bulk Scattering Length Densities
(SLDs) as calculated from material density and elemental scattering
lengths have been used. Film thicknesses and the ratios between
the lattice parameter and cylinder radius were extracted from SEM
images. For the structural model we have used the BornAgain 2D
hexagonal lattice with a cylinder form factor.

6 Results and discussion

The GISANS measurements allow us to determine the structural
quality of the samples as well as the magnetic correlations
assigned to different phases that can vary from weakly-correlated to
strongly-correlated, and from short-range to long-range.

This journal is © The Royal Society of Chemistry 2021
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6.1 Structural order

The measurement of unpolarised GISANS on varying the sample
rotation angle ¢ in 0.1° steps allows the determination of the exact
lattice period and an estimation of the structural coherence length.
In contrast to most mesoscopic systems investigated with this
technique, our samples have a large structural coherence. We thus
expect very sharp Bragg peaks in the scattering plane that are only
visible within a very narrow range of ¢. In Fig. 4(a), the combined
data of several measurements with different angles of ¢ are shown.
In all measurements, one center peak is visible, corresponding to
the specular reflection, while the two Bragg peaks at g, ~
40.12 nm™ ' show up in a small set of measurements only.

The sharpness of the Bragg peaks means that they can be
easily suppressed through the choice of ¢. The scan data is
used to determine the structural quality of the system. The
resulting fitted intensity for both regions of interest (ROI) and
the specular peak indicated in Fig. 4a is shown in Fig. 4b.
Integration of the left and right Bragg peaks have been com-
bined in one dataset and refined simultaneously. The applied
DWBA model did not include any magnetic order and the only
free structural parameters were lattice periodicity and correla-
tion length. As a result, a lattice parameter a = (66.4 £+ 0.5) nm
and a correlation length of ¢ = (20"%}) pm were found.

6.2 Magnetic correlations

The regular- and compressed-lattice samples have superior
structural quality, as shown by SEM images (Fig. 2) and con-
firmed by an unpolarised GISANS scan for different sample
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Fig. 4 Sum of unpolarised GISANS measured at several sample rotations
¢ (a) with boxes indicating the integration region of interest used for the fit
of the rotation (b). A refinement using the structural DWBA model (solid
and dashed lines) gives values for the lattice parameter a and the structural
coherence length ¢&.
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orientations (Fig. 4). We used polarised neutrons in order to
validate the magnetic origin of the scattering signals and
exploited the higher yield of unpolarised neutrons for more
resolution and faster measurements. After the detailed structural
characterisation, we reduce the non-magnetic background from
the Bragg peaks as much as possible in order to measure the
magnetic correlations of our samples (@ = 60 nm) by orientating
the samples with ¢ = 0° and 90°. For both samples, the strongest
magnetic signal is observed for ¢ = 90° because of the larger
structured surface area in this direction and the influence of the
cylinder form factor. No non-spin—flip signal could be detected in
either orientation, confirming that the magnetic moments are
aligned out-of-plane and therefore perpendicular to the guide field.

The spin-flip measurements for the symmetric and 10%
distorted lattice can be found in Fig. 5. In both samples there is a
clear magnetic signal above background, far exceeding experi-
mental counting errors (light color area in Fig. 5b and d). The
intensity around g, = 0 is the non spin-flip specular peak passing
through the analyser due to the finite polarisation efficiency of
polariser and analyser of the order of x~99%. The magnetic
scattering is significantly weaker than the structural peaks and
much broader than the instrumental resolution.

On further inspection of the distorted lattice measurement
(Fig. 5¢ and d), we observe a broad peak around half the g, of
the structural Bragg peak as would be expected for a short-range
stripe order that is oriented along the ag-axis. The symmetric
sample (Fig. 5a and b) shows more structured scattering (i.e.
overlapping peaks) at different g, values that are not consistent
with this state. While not modeled separately, a dominant part

gy [nm™1]

-0.3 -0.2 -0.1 0.0 01 0.2 0.3

107>

model
T=2.04(8)

qz [nm~1]
o
N
1 [a.u.]

10-°

| [a.u.]

T T

T T
-0.3 -0.2 -0.1 0.0
gy [nm™1]

0.1

View Article Online

Communication

of this apparent structure is described by the tri-state peaks
explained below.

Both the presence of different correlation vectors in the
symmetric lattice and the width of the magnetic scattering in both
samples indicate the presence of magnetic correlations of limited
range due to significant magnetic disorder. This means that we are
observing magnetic configurations at effective temperatures well
above the transition temperature to the long-range stripe-ordered
ground state.

The observed short-range magnetic correlations are the result of
statistical averages in agreement with theory that predicts that the
magnetic structure factor evolves gradually in temperature from a
spin-liquid to a paramagnetic state with broad correlations.'* The
structure factors available in BornAgain either deal with disordered
particles, isotropic short-range order or long-range ordered lattices.
For the spin-liquid modeling of the statistical mixture of spin
clusters in the glassy and paramagnetic regime a different treatment
is needed.

6.3 Empirical magnetic structure factor

To the authors’ knowledge there is no analytic solution for the
structure factor of the dipolar coupled triangular lattice. There
are, however, well established Monte-Carlo techniques that
allow the determination of the spin-spin correlations (structure
factor) on a limited-sized lattice with finite temperature. We
have used the same modeling described in ref. 11 to calculate
the structure factors for various temperatures of the two
systems measured here. To be able to calculate the scattering
intensity via the DWBA, we have then developed an empirical
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Fig. 5 GISANS spin—flip measurement of symmetric (a and b) and 10% distorted (c and d) triangular lattice and model calculation with parameters from
the structure factor fitting (Fig. 6). The magnetic guide field was aligned in-plane and parallel to the y-direction. Measurements were performed with the
sample at ¢ = 90°. Red and orange horizontal lines in (a and c) denote the regions used to extract the background and Yoneda line intensity, respectively.
The effective temperature T/Jyy is determined by a fit of our model to temperature-dependent Monte-Carlo simulations. Bottom panels (b and d) show
the Yoneda lines after background subtraction with one standard deviation indicated by the light color area and the fitted model indicated as a line.
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function to approximate this structure factor and integrated it
into BornAgain as an interference function to be used in
our model.

The empirical structure factor consists of two components:

Stripe clusters. Lorentzian peaks corresponding to stripe
domains with limited correlation length. Stripes are aligned
in all three triangular lattice directions.

Tri-state. Peaks at ¢,; = (21/3,2n//3) associated with the
stripe-domain superstructure of the symmetric lattice.

The amount of tri-state spectral weight is #,,; between 0 and 1.
If #4i = 0, our structure factor model is equivalent to the
BornAgain implementation of a 2D lattice of antiferromagnetic
particles with stripe-order and three orientations. A single stripe
direction can be singled out with a scaling parameter for the
main direction #,3; = 1. Each peak uses 2D Lorentzian functions:

-1 qxz QVZ E
L(q,\’v q)ﬁ ’y,w yl) = (’nyy) : 1 + .Y 2 + F (2)
X y

with the peak width y = &1,

The peak shape for the tri-state is based on the Pseudo-Voigt
function PV, a linear combination of 2D Lorentz L and Gauss G
functions:

gl 4
G(‘]xv qy;0x; UJ’) = oXp <_§ (—Xz * —‘2 2

Oy gy

Pv(quqy;Uxaay;}'x;yyanpv) = HPVL(quQy;Vx;Vy) + (1 - "IPV)G(qx;qny'x;O'y)

(4)

To generate the three-fold peak symmetry, a mapping of g is
performed in polar coordinates with the origin at the peak
center. While the radius is kept constant, the polar angle is
multiplied by 3/2 to generate 3-fold symmetry from the existing
2-fold symmetry.

In the model implementation an arbitrary reciprocal space
vector is first scaled to the lattice size, translational symmetry is
imposed by mapping the vector to the first Brillouin zone (BZ)
and local point-symmetry around (m,m/v/3) is imposed by
mirroring half of the BZ around this point. In the resulting
region, only one tri-state peak and three stripe-state peaks need
to be calculated.

For the distorted lattice, the BZ is mapped on the symmetric
lattice to keep the correct peak location. In addition to the
possibility to have a dominant stripe direction using 1,3, it is
possible to use different correlation lengths for these direc-
tions. One can observe in the Monte-Carlo results that the tri-
state peaks tend to move closer to the dominant stripe-state
peaks for increased distortion, making the structure factor
more “rectangular”. To allow for this effect, another adjust-
ment to g, can be defined using the scaling parameter #rectity
that projects g, to values closer to m.

The resulting function was then fitted to the temperature-
dependent Monte-Carlo results. For temperatures above the
transition to the long-range stripe-ordered phase, the parameters
vary smoothly. Therefore, we have employed a global fit with
linear or quadratic spline behaviour of all parameters.

This journal is © The Royal Society of Chemistry 2021
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We therefore can use the effective temperature 7/],; (see
Fig. 1a) as a single fitting parameter to map the structure factor
obtained from Monte-Carlo simulations to a phenomenological
DWBA structure-factor model. The source code and a detailed
comparison of the empirical model to the Monte-Carlo simulation
are available via the Zenodo repository 10.5281/zenodo.4161444.

6.4 Magnetic modeling

While the structural long-range correlations of the sample are
ideal for measuring emergent short-range magnetic correla-
tions (as it allows the measurement of the Bragg peaks without
significant structural background scattering), this violates the
assumption of small in-plane scattering used in DWBA. This
can already be seen from the experiment (Fig. 4b), where the
specular reflection (green points) drops significantly for ¢ =~
+0.3° and the Bragg peak reaches approximately 30% of the
specular intensity. The model calculates intensities far above
the incident intensity, which is another hint that the DWBA
calculation does not yield physically accurate intensity values.

To circumvent this limitation for the analysis of the mag-
netic order we have therefore split the DWBA model into two
parts that are later combined into one intensity. First we have
performed the structural calculation as described in Section 6.1.
This yields the specular reflection and residual structural Bragg
peaks. For the magnetic part, the structural lattice is removed
and replaced with a homogeneous layer material using the
surface averaged SLD of the lattice. In this homogeneous
material, magnetic cylinders are embedded and the structure
factor model described above is applied to the particle system.
As the magnetic order will have a far shorter correlation length,
the scattering is small and DWBA can be used without issues.

Unpolarised measurements at ¢ = 0° and 90° have been used
and the Yoneda line (given by the orange boundaries in Fig. 5)
extracted. The background region at higher g, was subtracted
from the data before it was co-refined with the magnetic model
for the symmetric and 10% distorted lattice. Free parameters of
the fit are nuclear and magnetic intensity for each direction as
well as the normalised temperature 7/J,3 (see Fig. 1a).

The results of the fits are shown in Fig. 6. In the top row, the
pure§ structure factor used in the model for the full reciprocal unit
cell is displayed. In addition to the structure factor, the Yoneda
intensity is modulated by the cylinder form factor of the nano-
magnets, which results in a drop of intensity for higher g,. The
model can be directly compared to the theoretical predictions.™
Below, one can see the fit results (solid black line) for the two
sample orientations ¢ = 90° and ¢ = 0° -corresponding to
horizontal and vertical cuts in the structure factor, respectively.
For the ¢ = 0° orientation, the magnetic contributions are very
similar for both samples, with one relatively weak half order peak.
The location of the peaks differ due to the lattice compression
when viewed in this direction. Taking a look at the structure factor,
this is not surprising as the cut is perpendicular to the honeycomb

boundaries at (0, +./2n/ 3a), which are always relatively narrow

regardless of distortion and temperature. The outer peaks for this

Nanoscale Horiz., 2021, 6, 474-481 | 479


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nh00043h

Open Access Article. Published on 07 May 2021. Downloaded on 11/7/2025 4:31:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Horizons

qllall/al
2m -m 0 m

gllall/al
2n -2n -m 0 no2n

2n 2n
© V3 Vi @
u a
© 0 ©
— —
S o
V3 V3
c) $=90° = gy a - 6=0
— 1072
]
5,
1074 + M
My
d) ¢=0° = g, La
7 1072 q(0, 4
5,
104 —w ‘ |
il

1
0.0
ay [nm™1]

T
-0.1

Fig. 6 Result of fit of the magnetic model to the data collected from the
symmetric sample (6 = 0) and 10% distorted lattice sample (6 = 10%). The
pure in-plane structure factor of the model for the symmetric (a) and the
asymmetric (b) lattice is shown extending a bit outside the first Brillouin
zone. Below are the graphs for co-refined Yoneda lines from measure-
ments at (c) ¢ = 90° and (d) ¢ = 0° that predominantly probe the horizontal
and vertical line of the structure factor, respectively. The data for the two
samples shown in (c and d) are scaled for clarity. The intensity difference
for the two orientations is mainly caused by overlap of the beam footprint
with the structured area of the sample, which is larger for the ¢ = 90°
orientation. At ¢ = 0°, the g, direction is parallel to the lattice distortion and
the Bragg peak location for the distorted lattice moves to higher values.

orientation are just the structural reflections from the lattice

located at (O, :t\/m>.

The interesting differences can be observed at ¢ = 90° where
the distorted lattice displays a single broad peak and the sym-
metric system is more structured. Here the peaks directly resemble
the tri-state peaks and stripe domain correlation structure around
(2m, 0). The symmetric lattice has a dominating tri-state fraction
with a little intensity between the two peaks, while the distorted
lattice is dominated by the stripe domains that are aligned along
the uncompressed direction. While both structure factors show
spin-liquid-like correlations, the distinct appearance indicate that
the compression leads to a promotion of stripe-like correlations.

7 Conclusions

We have probed the magnetic correlations in an artificial triangular
Ising spin system with grazing-incidence small-angle neutron
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scattering. We have developed an empirical magnetic structure factor
in order to calculate scattering patterns including disordered mag-
netic moments, isotropic short-range order and long-range order in
the DWBA, and have integrated this into the open-source software
BornAgain. In addition, we were able to fit our model to
temperature-dependent Monte-Carlo simulations. We determined
that there is a very weakly correlated paramagnetic phase present
in the symmetric and compressed system. The compressed lattice
has a clear influence on the directionality of the structure factor
and, as predicted by theory, favours stripe-like correlations with
the propagation vector along the distorted direction.

In order to determine whether the spin system is dynamic or
static at room temperature, temperature-dependent measure-
ments are needed. A fully rotatable sample stage could be used
to give access to different parts of the structure factor in order to
obtain more details about the magnetic configuration. For our
system of out-of-plane Ising moments on a triangular lattice, this
provides a means to observe the fascinating spin-liquid phase and
stripe-ordered ground state quantitatively and in detail.

As demonstated in this work, our approach of simple, empirical
functions within a custom DWBA structure factor can be used
to model experimental GISANS data of numerous systems
with magnetic short-range correlations. The comparison with
theoretical predictions then allows the probing and verification
of the properties of intriguing magnetic phases, and other
systems with frustrated and competing interactions.
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