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main contribution lies in modelling the intensity distribution along these lines by
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elucidating their connection to second-order scattering events. This compre-
hensive approach advances our understanding of DMS phenomena, enabling
their use as probes for complex material behaviour, particularly under extreme
conditions.

1. Introduction

X-ray diffuse scattering (DS) in crystals arises from any
deviation from perfect periodicity, encompassing phenomena
such as atomic thermal vibrations, defects and local disorder
(Debye, 1913; Waller, 1923; Woo, 1931; Zachariasen, 1940;
Warren, 1990). Thermal DS contains information about lattice
dynamics and, historically, it was the first tool utilized for
experimental determination of phonon dispersion relations
(Olmer, 1948; Cole & Warren, 1952; Joynson, 1954; Jacobsen,
1955).

The advent of synchrotron radiation technology has not
only revitalized DS as a feasible probe for studying phonons
(Holt et al., 1999; Xu & Chiang, 2005; Mei et al., 2015) but also
transformed it into a powerful technique for investigating a
wide range of order/disorder-related phenomena (Welberry,
2010; Barabash et al., 2012; Kopecky et al., 2012; Roth et al.,
2021; Holm et al., 2021; Schmidt et al., 2022; Takada et al., 2022;
Weadock et al., 2023; Osborn, 2023; Guo et al., 2023; Britt &
Siwick, 2023; Subires et al, 2023; Zacharias et al., 2023).
Synchrotron X-rays of very high flux density, approaching
10" photons s™' mm ™2, have also revealed relatively un-
known second-order scattering processes between DS sources
and Bragg reflections. While the Bragg-DS channel produces
nebulous and poorly localized intensity distributions, the DS-
Bragg channel, where X-rays originating from DS undergo
subsequent Bragg diffraction, yields well defined intensity

® lines (Ramsteiner et al., 2009; Nisbet et al., 2015). The diffuse
OPEN @ ACCESS multiple scattering (DMS) lines, as they have been called, are
Published under a CC BY 4.0 licence similar in appearance to pseudo-Kossel lines (Tixier & Waché,
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1970; Morelhdao & Cardoso, 1991; Bortel et al., 2005) but are
produced without using divergent-beam X-ray generators or
any instrumental artefacts to provide divergent beams of
monochromatic X-rays. Conversely, DMS lines become visible
only with very narrow and highly parallel monochromatic
beams, arising primarily from DS sources within the crystal.

Increasingly accessible with advanced X-ray sources and
detectors, DMS lines offer unique insights into crystal defects,
strain fields and lattice dynamics, complementing traditional
diffraction techniques (Nisbet et al., 2021; Nisbet et al., 2023).
The growing interest in utilizing DMS lines stems from their
sensitivity to subtle crystallographic changes, coupled with the
ability to monitor these changes across many directions
simultaneously by analysing scattered X-rays within a single,
relatively small, solid angle. This capability makes DMS lines a
powerful probe in experiments with limited instrumental
degrees of freedom, such as those conducted under extreme
conditions. To exploit this potential fully, a comprehensive
approach for structure modelling based on DMS lines is
essential. While determining the geometric positions of these
lines from the projection of Bragg cones (BCs) is relatively
straightforward with existing software tools, like the klines
module in the PyDDT package (Penacchio et al., 2023),
modelling the intensity distribution along the lines is chal-
lenging. This work introduces a theoretical framework to
achieve this capability.

2. Theoretical framework

One approach for accomplishing this task is to exploit the
concept of BCs further, but distinguishing between two sets of
wavevectors that are related to a reciprocal-lattice vector Q
[O = (47/A) sin(F), where 0 is half the scattering angle and A is
the wavelength of the incident radiation]. In Fig. 1 these two
sets are depicted: the bright cone representing the set of
wavevectors kg, that fulfil the condition 2k, - Q = |Q|*, and the

Figure 1

Bright and dark BCs for diffraction vector Q. X-rays with wavevector kg
propagating along the dark cone are attenuated by diffraction as they are
scattered towards the bright cone with wavevector k, = Q + ky.

dark cone representing the set of wavevectors kg that fulfil
2kq - Q = —|Q*, where k;, = Q + ky.

Fig. 2 shows the Ewald construction in reciprocal space,
where dark cones have their apex at the centre of the Ewald
sphere. The dark cones represent possible directions of
wavevectors capable of undergoing Bragg diffraction,
meaning these wavevectors terminate on the sphere’s surface.
This also implies that the dark cones move as the direction of
the incident wavevector k changes. The intersection of the
dark cone with the surface of the Ewald sphere defines a ring
containing all physically possible elastic scattering vectors S =
kq — k capable of providing an intensity contribution to the
bright cone through diffraction vector Q. Bright cones have
their apex fixed at the origin of reciprocal space, as their
positions are independent of the incident beam direction. The
intensity along a DMS line — the projection of the bright cone
onto the detector area — is influenced by three key factors
besides the X-ray polarization:

(i) Proximity of the S-ring (the set of scattering vectors S) to
reciprocal-lattice nodes: closer proximity to a node results in
higher intensity at specific points along the line.

(ii) Intensity distribution around each node: the unique
intensity pattern surrounding each node creates peculiar
features in the line.

(iii) Amount of DS between nodes: DS contributes to the
overall visibility of the DMS line.

In the example of Fig. 2, the dark cone of reflection QO
intercepts the Ewald sphere close to the node of reflection H.
As the corresponding S-ring probes the node’s nearby inten-
sity, an enhancement in intensity can be seen over the DMS

Figure 2

Modified Ewald construction to describe second-order scattering events
giving rise to DMS lines. Bright cones have their apex at the reciprocal-
space origin, while dark cones have their apex at the centre of the Ewald
sphere, as shown for reflections Q and Q. When scattering vectors of first
order (S vectors) terminate at S-rings (dark cone-sphere intersections),
the resulting second-order scattering is directed along the bright cones.
For instance, the S-ring of reflection Q touches an intensity distribution
near the reciprocal node of reflection H (arrow 1), defining the wave-
vector kg = S + k that is re-scattered as k, = Q + ky along the Q bright
cone (arrow 2); the ky direction on the bright cone is indicated as a
dashed line.
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line of reflection Q. When the S-ring touches the node, there is
a vector S coinciding with the node’s reciprocal-lattice vector
H and, in this case, multiple diffraction (MD) dynamical
theory (Chang, 1984; Weckert & Hummer, 1997; Authier,
2008) is necessary for a proper description of the intensities of
the strongly coupled X-ray waves propagating inside the
crystal: one wave from the reflection H and another from the
reflection P = H + Q.

Aiming to treat DMS intensities that are visible away from
strong Bragg reflections, the second-order solution of the MD
(Shen et al., 2000; Morelhdo & Kycia, 2002; Shen et al., 2006)
provides a suitable approach for describing situations where
the wavefield D, of the P reflection, usually referred to as the
primary reflection, is much weaker than the wavefield D, from
the sequence of H and Q reflections, also known as the Umweg
wave (Stetsko ef al., 2000; Morelhdo & Avanci, 2001). When
the S vectors are away from any reciprocal-lattice node, the
wavefield inside the crystal, D = D; + D,, simplifies to

D =~ D, = R(H) F;Fy(k, x {k, x [ky x (kg x Dg)]})
= DyR(H) Fy,Fye. (1)

In standard MD treatments concerned with phase measure-
ments by the interference between the D, and D, wavefields
(Shen et al., 2006; Morelhdo et al., 2011; Amirkhanyan et al.,
2014; Morelhao et al., 2015; Morelhao et al., 2017; Valério et al.,
2020; Penacchio et al., 2023), the resonance term R(H)
determines the excitation of the Umweg wave as a function of
the H node distance to the surface of the Ewald sphere or,
equivalently, to the S-ring. Fy stands for the structure factor of
reflection X (= H or Q), and the directions ﬁd and ﬁb of the
wavevectors on the dark and bright cones, respectively, of the
O reflection provide the polarization factor € - €*, computed
with respect to the state of polarization of the incident wave
Do = D()é().

An expression for simulating the intensity distribution
along the DMS line of a given reflection Q follows directly
from equation (1) as

1o(8) = | Fo|'e - € Y| Fy['W(S — H), )

where the previous resonance term is replaced by a more
general function W(S — H) to take into account elastic scat-
tering that occurs away from exact Bragg conditions. Within
this simple approach, the same function W applies to all H
nodes and the DS intensities can be described as a discrete
superposition of contributions from each individual H node.
However, this approach can easily be extended to more
complex situations that require a particular W function for
each node to give a proper description of DS in the whole
reciprocal space accessible by a given S-ring.

To compute the relative widths of observable DMS lines,
the dynamic intrinsic width A, of the reflectivity curve in
specular scattering geometry is used as a reference (Authier,
2008; Als-Nielsen & McMorrow, 2011; Morelhdo, 2016).
In reciprocal space, it is accounted for as a variation in
the modulus Q of the diffraction vector, that is, Q2 (==

AR2)? ~ Q% + QA, where A = (47/A) cos g Ag and 6Oy is the
Bragg angle of reflection Q. This results in a selection criterion
for the full set of wavevectors on the bright BC, in which

87°r,
3 Vcell

2k, Q- 0] <50 = |

FQFE

®)
Here, r. = 2.818 x 107> A is the classical electron radius and
Veen is the unit-cell volume in A®. In practice, equation (3)
implies that the widths of DMS lines are proportional to the
structure factor modulus of the corresponding Q reflection, as
F§ refers to the —Q reflection and |FQF§|1/2 > |Fg|. Note
that the full set of wavevectors on the bright BC of reflection
QO match, exactly, the set of wavevectors on the dark BC of
reflection —Q. Consequently, when DS intensities from
primary sources are directly measurable, dark BCs can
become visible as shadows against such diffuse signals. In
other words, the intensity along a DMS line can appear, in
principle, as either positive or negative with respect to the
existing scattered intensity in the detector area.

Simulating the intensity of DMS lines requires modelling
the three-dimensional intensity distribution around each node.
Besides general DS sources such as point defects, stacking
faults, atomic thermal vibrations and many other types of
deviation from the average periodic structure (Holt et al.,
1999; Xu & Chiang, 2005; Mei et al., 2015; Roth et al., 2021;
Weadock et al., 2023; Osborn, 2023), crystal truncation is a
deviation from infinite periodicity and must be taken into
account as extended scattering sources close to the nodes, in
addition to DS sources. As a first approximation to identify
experimental conditions favourable to the visibility of DMS
lines, isotropic DS centred on each node and truncation rods
in crystal slabs of outward surface normal direction z are
modelled as follows.

sin(N u,)|” 1
W(ll) =Mm 2 + 1, 2 (4)
1+ (xNu) AN, | 1+ (N yu,)
in equation (2) is written in terms of the distance
(W — hya* + (k' — k)b* + (I' — I)c*
u=— 5)

(L")

from each node, that is, from each reflection H of indices hkl.
The non-integer indices of the scattering vectors S are
obtained as described in Appendix C or, in simpler terms, as
W =S-al2m k'=S-b2wand ! =S - ¢/27 through the unit-cell
edge vectors a, b and ¢, while (L*)> =a* - (b* x ¢*) is the
reciprocal unit-cell volume. The extent (L*)/(;tN) of isotropic
DS from the nodes is adjustable by the number N. 1, and 1,
weight the DS and crystal truncation rod (CTR) contributions
in the case of a thin slab with a thickness of N, unit cells of
mean edge 27/(L*). For slabs thicker than the beam coherence
length and/or X-ray penetration depth, the sinc-squared
function is replaceable by its enveloping Lorentzian function
1/[1 + (mN,u,)’] and N, becomes an effective number, as the
one in the last term regarding the effective in-plane slab
dimension N,, with u,, = [u — u,| and u, = (u - z) z. For nodes
that are anisotropic regarding in-plane X and y orthogonal
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directions, this last term gives way to other functions having,
for instance, N, i, and wN,u, as arguments where u, = u - X
and uy, =u-y.

3. Results and discussion

Fig. 3 shows simulated DMS lines in silicon, where the line
widths are proportional to |Fg| [equation (3)]. The incident
beam direction is fixed at a chosen azimuth (®,) and incidence
angle (w), ensuring that no allowed Bragg reflection is
directly excited by the incident X-rays. This creates a null
primary wavefield Dy, a necessary condition for simulating
DMS line intensities with equation (2) over wide solid angles.

In Fig. 3(a), the very smooth intensity variation of the DMS
lines along their entire length results from the presence of DS
intensities in all regions between reciprocal nodes. This is
demonstrated using an isotropic DS centred on each node with
a Lorentzian-like profile, that is, equation (4) with 1, = 0. In
Fig. 3(b) a different situation is demonstrated, where intensity
distributions in between reciprocal nodes are well pronounced
along one direction only, that is, equation (4) with 1, = 0 and
N, << N,,; the appearance of these nodes is shown in Fig. 3(b)
(left-hand inset). The anisotropy of the nodes creates a
dynamic pattern of line contrast enhancement, shifting with

08
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Figure 3

Simulation of bright DMS lines in Si(001) using equation (2). (a) Lines
with smooth contrast variation due to the presence of an isotropic
intensity distribution around each reciprocal node. Simulation para-
meters: n; = 1, 7, = 0 and N = 1000 in W(u) [equation (4)]. Line indexing
by klines (Penacchio et al., 2023). (b) Lines with abrupt contrast variation
due to an anisotropic intensity distribution around the reciprocal nodes.
Simulation parameters: n; = 0, 7, = 1, Ny, = 1000 and N, = 100 in W(u),
providing nodes elongated along the L reflection index (left inset,
isosurface at 3% of the maximum). General simulation parameters: 8 keV
o-polarized X-rays, incidence direction with ®, =0 and w, = 16.58° in the
chosen reference frame (right-hand inset). Images are shown from the
sample’s perspective (® values increasing from right to left) and with a
resolution of 0.04° (pixel size).

changes in the incident beam direction (see animated GIFs in
the supporting information).

Because the intensities at DMS line intersections come from
uncorrelated DS sources at different reciprocal-space loca-
tions, as implicit in the deduction of equation (2), only
intensity superposition is expected, without interference
effects. Observing DMS lines and their intersections on the
detector area requires a fixed incident beam; conversely,
modulating the reflectivity of individual reflections is achieved
by scanning the incident beam across the intersection of BCs
(Morelhdo & Cardoso, 1996; Hayashi et al., 1997; Avanci et al.,
1998; Avanci et al., 1999). For instance, the reflectivity of the
‘forbidden’ 002 reflection in silicon is observable only near BC
intersections, as demonstrated in Fig. 4 through n-beam
dynamical theory calculations for a thick crystal slab (Colella,
1974; Shen, 1993).

Observation of long DMS lines in perfect crystals is possible
due to DS from thermal vibrations (Holt er al., 1999), as in
materials of high thermal conductivity such as copper. X-ray
beams of high flux density are also necessary to observe DMS
lines, such as the one available on beamline 116 at the
Diamond Light Source: an in-vacuum undulator as the
beamline insertion device, photon flux (beam intensity) above
10'* photons s at 7.8 kev, energy resolution of a Si(111)
double-crystal monochromator, beam size of 35 (vertical) x
184 (horizontal) pm and divergence of 0.04 (vertical) x 0.11
(horizontal) mrad (Collins er al., 2010). Minimizing back-
ground noise in the detector area, such as that from air gaps in
the beam path, helps enhance the contrast of the lines.

Figs. 5(a)-5(d) and Fig. 7(a) show experimental DMS lines
in a Cu(311) single crystal obtained on either vertical or
horizontal scattering planes, o- or -polarization, respectively;
see Appendix A for the solid angles recorded on each scat-
tering geometry in comparison with DMS lines on a wide solid
angle. While most of the lines are easily simulated within the
isotropic DS model, there are a few intensity features
demanding more complex models than can be accomplished
by the DS or CTR models in equation (4), in particular the
well defined intensity spot on the 420 DMS line [Figs. 5(a)-
5(d)] that is observed to move along the [111] direction,

16.57

Figure 4

X-ray reflectivity of the ‘forbidden’ 002 reflection in silicon near the
intersection of the 002 and 111 BCs, as a function of the incident beam
direction (¥, and wy angles). Dynamical diffraction theory was applied
for X-rays of 8 keV in a 100 um thick Si(001) slab. (Inset) A 3D view of
the reflectivity line profiles (on a linear scale) along the 002 and 111 BCs.
Experimental data are reported elsewhere (Morelhdo er al, 2002;
Domagata et al., 2016).
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Figure 5
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(a)—(d) Experimental observations and (e)—-(h) simulations of DMS lines in a Cu(311) single crystal with high-flux synchrotron X-rays of 7.82 keV (A =
1.585486 A), o-polarization (vertical scattering plane). (i) Detector assembly with pixel array rotated by 35° and centred at 565 mm from the sample,
Diamond Light Source beamline 116 (Collins et al., 2010), Pilatus 100k detector (487 x 195 pixels of 0.172 mm). (j) Crystal reference frame. @, and w
(detector’s central pixel) are both equal to the Bragg angle 60,,,; with & = k = [ in the range from 2.17 to 2.23, as indicated in the top panels. ®, = —134.56°
and ® = @, + 180° in all cases. DMS line indices are shown in the bottom left-hand panel. Simulations are based on isotropic diffuse scattering to
illuminate the DMS lines plus mosaicity at reflection 202 to account for the behaviour of the intensity spot (red spot) on the 420 DMS line (more images

available in the supporting information).

exactly as expected for a CTR in 6/20 scans of symmetrical
reflections (specular reflection geometry).

However, the direction normal to the sample surface is the
[311] direction rather than [111], as depicted in Fig. 5(j), and
this intensity spot moves in the opposite sense to what was
predicted by our simulation when specifically accounting for
CTR effects (animated GIFs in the supporting information).

After each pixel of the detector area has been transformed,
e.g. in Fig. 5(e), onto hkl coordinates around the 420 S-ring,
the scattering vector responsible for the spot intensity ends at
coordinates like 4/ = —1.7988, k' = 0.2246 and I' = 2.1703 on the
S-ring, whose modulus squared is very close to 8. The
experimental data were then exactly simulated in Figs. 5(¢)-
5(h) by taking the source of spot intensity as located at the
intersection between the 420 S-ring and a sphere of radius /8,
as shown in Fig. 6(a). Perfect agreement between the experi-
mental and theoretical sets of ikl coordinates is demonstrated
in Fig. 6(b), where the former set was obtained from the
central pixel of the spot in each experimental image according
to (see also Appendix C)

pixel (m,n) > w, ® > k, > k; =k, — Q
—S=k,—k— WK,

while the latter set was calculated by the intersection of three
surfaces:

Q dark cone N Ewald sphere (= S-ring) N sphere of radius|H].

Q and H stand for diffraction vectors of reflections 420 and
202, respectively. The shape and relative intensity of the spot
were adjusted by adding to W(u) in equation (4) the term

(a) (b) -
23 o
22 ' [ ©

2194
Q
2.1 ! ®
] 8 ¢
a2 2474 ) 8,
19 4 ! [ ]
k (=]
2.15 1 ‘ @theory
1.8 ¥  mexperiment
1.7 2134 g 1.84

02 022 24 78

Figure 6

(a) Three surface intersection spots (arrow) between the 420 dark cone
and Ewald sphere (S-rings) and a spherical shell of radius +/8 (mesh
surface) standing for mosaicity around the 202 node. S-rings 1 to 7
correspond to changes in the incidence angle wy = 6,y with h = k =1
varying from 2.17 to 2.23 in steps of 0.01, &, = —134.56° and ¢ = P, +
180°. (b) Theoretical (red spheres) and experimental (blue cubes)
intersection spots of the S-rings with the shell of grain misorientation.
Projections of the interception points on the HK, HL and KL planes
(open circles and open rectangles in dark grey) are also shown.
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0
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Figure 7

(a) Experimental observation and (b) simulation of DMS lines in a
Cu(311) single crystal with high-flux synchrotron X-rays of 7.82 keV,
m-polarization (horizontal scattering plane). A dark cone is also visible in
the imaged area (white arrows). Detector area perpendicular and centred
at 850 mm from the sample, Diamond Light Source 116 (Collins et al.,
2010), Pilatus 2M detector (1679 x 1475 pixels of 0.172 mm). w, =
w (pixel mong) = 45°, corresponding to h = k = [ = 1.8618, &, = 216° and
d (pixel mgng) = ®o — 180° in the reference frame of Fig. 5(j). Pixel mgn,
is defined in Appendix A1l. Simulation based on a short-range DS model
plus mosaicity; see text for details.

1 ( b5 ) ©)
———exp|l —=> |,
B N Ay TP\ 202

where A = (|S| — |H|)/H| and 0y is the angle between the S
and H vectors, that is, A = v/h? + k? + 1?2 /</8 — 1. cosfs =
(' = W)[2(h” + K* + 1/2)]71/2, as copper is a cubic crystal. The
simulations in Figs. 5(e)-5(h) were obtained using n; =1, N =
4/m, 1, = 0, n3 = 40, a grain size N, = 242 Bragg planes (31 nm)
and a mosaic spread o = 3.2°. As the grain size is the only
parameter determining the spot shape along the DMS line, it is
the most accurate value with an uncertainty of about 20%. The
other parameter values are related to each other and are
therefore adjustable within wide ranges capable of generating
similar images. Gaussian mosaicity was assumed for simplicity,
but the actual sample mosaicity is far from Gaussian, as
discussed in Appendix B.

Fig. 7(a) shows the actual lengths of DMS lines tracked on a
wide-area detector in horizontal scattering geometry
(m-polarization). By adjusting the scattering angle to 20 =
wy+ w>~90° (x =0,204 =0 and ¢q >~ 90° in Appendix A),
X-ray photons from single scattering events are strongly
suppressed by polarization near the centre of the detection
area, enhancing the visibility of DMS lines. Most of the lines
are much shorter than expected within the long-range
isotropic DS model in equation (4). A short-range model,
obtained by exchanging 1/[1 + (Nu)?] for exp[—(nNu)2 1n(2)]
in equation (4), was used instead for better reproduction of
the length of the lines. According to the theoretical approach
in equation (2), the 400 line is expected to be 40% weaker
than the 331 line and 80% weaker than the 020 line when
considering only the nearest nodes of the respective dark
cones as |Fuol*|Fyp|* 2= 0.6]Fs31 | Fyy > 2= 0.2|Fooo | Faoo |
Simulation of this extra intensity of the 400 line was accom-
plished by adding mosaicity to the 222 node, as in equation (6).

220 222 224
®, (deg)

216 218
Figure 8

(a) Integrated detector intensity versus sample azimuthal angle @,
around [111]. Images at selected azimuths (arrows 2 and 3) are shown as
insets and in Fig. 7(a) (arrow 1). (b) A 2D representation of Bragg cones
versus incidence angles w, and @, Intersections with a fixed value of w, =
45° (dashed line) indicate azimuths where Bragg-DS channels are excited.

For the other nodes, mosaicity contributions appear further
away from the imaged area. n; =1, N=5/m,1n,=0,1n13=2,05 =
0 and N, = 11 were the parameter values used for the simu-
lation shown in Fig. 7(b). A random value between zero and
0.1 was added as statistical noise to all pixels, except for those
at the position of the 222 line (white arrow).

The 222 bright cone, devoid of intensity contributions from
DS sources, allows the 222 dark cone (white arrow) to become
visible as a shadow in areas detecting nebulous scattering from
Bragg-DS channels. In Fig. 8, Bragg reflections involved in
these channels are identified by plotting the total integrated
intensity across the entire detector area as a function of the
sample’s azimuth, in comparison to a 2D graphic representa-
tion of Bragg cones as a function of incidence angles wy and
®,. A stronger Bragg-DS channel, distinct from the one in
Fig. 7(a) (caused by the 202 Bragg reflection), is excited at a
slightly different azimuth, ®, = 218.4° (inset of Fig. 8).
Observation of these second-order scattering channels
provides further evidence of DS and/or mosaicity around
reciprocal-lattice nodes. Their images represent the inter-
section of the Ewald sphere associated with the Bragg-
diffracted beam and the distribution of intensity in reciprocal
space, analogous to the case of the incident X-ray beam’s
Ewald sphere. However, Bragg-DS channels exhibit a strong
dependence on azimuth, limiting their utility in 3D reciprocal-
space mapping applications.

4. Conclusions

In conclusion, this work has introduced a robust theoretical
framework for simulating X-ray diffuse multiple scattering
lines, filling a significant gap in existing methodologies and
providing a valuable tool for the detailed analysis of experi-
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mental data. The successful application to both silicon and
copper single crystals, accounting for isotropic diffuse scat-
tering and crystal truncation, demonstrates the broad applic-
ability of this approach. The inclusion of grain misorientation
effects highlights the potential of this framework to elucidate
complex microstructural features. This work opens a new
avenue for investigating diffuse scattering phenomena and
their relationship to material properties, with the promise of
furthering our understanding of crystal defects and their
influence on a material’s behaviour.

APPENDIX A
Reference frames for area detectors and single crystals

A1. Detector reference frame

The laboratory reference frame of the synchrotron
diffractometer is defined as follows (Penacchio et al., 2022):
the x axis is parallel to the incoming X-ray beam, pointing
downstream,; the y axis is horizontal and perpendicular to the x
axis; and the z axis is vertical, perpendicular to both the x and
y axes. This configuration forms a right-handed Cartesian
coordinate system in which the detector central pixel, of
indices mgny, is placed at

D= D[cos(29d) cos(gy), cos(26,) sin(gy), sin(29d)] X,

where D is the sample-to-detector distance and X = [X, y, i]T;
hereinafter the superscript T stands for a transposed matrix.
On the detector area, an array of N, rows and N, columns of
pixels of size p, the position of each pixel is given by

= [(m —my) p, —(n —ny) p, O] X ®)

with m =1, 2,...N, varying from left to right and n =1,
2,...N, varying from top to bottom, as shown in Fig. 9. When
accounting for possible tilts and rotations of the detector area,
its reference frame in terms of the laboratory frame becomes

U

N~

Yu

rmn

myTy fd

detector
area

-0

Figure 9

Laboratory reference frame X = [x, §, z]" with the incident wavevector
k = (27/1)x along the x axis. 264 and @, are the detector arm elevation
and azimuthal angle, respectively. The pixel of indices mn is the one hit
by the direct beam when 2604 = ¢4 = 0. Tilt angles 4,, §, and § are required
for a general orlentatlon of the pixel array, as in equatlon (9) where X4 =
MdX = [Xd yd* Zd]

X =R, R,(6,)R.(8,) R,(0) R (—90) R, (—264) R_(¢,) X
= M,X = [, §¢ 2] ©)

where R, R, and R, are right-handed rotation matrices. 8., §,
and &, tilt the pixel array around the central row (direction Xg),
central column (direction y,) and its normal direction
(direction z4), respectively. Substituting X4 = MyX in equa-
tion (8), the 3D coordinates of the pixels in the laboratory
frame are then computed as
Rmn = l‘mn + D=

mn

[R..R,.R.], X (10)

A2. Crystal reference frame

By choosing two non-collinear reciprocal vectors, such as A
and B, a Cartesian reference frame for the crystal is built as
follows,

_[AXB

A AxB A [A N
7)(_’
A xB| |A|

S22 9o 2] = MLX*,
(11)

where X* is any Cartesian system upon which the reciprocal
base vectors a*, b*, ¢* were defined. A reciprocal-lattice vector
such as

Q = ha* +kb* +Ic* = [h, k, [MX" = [0,. Q,, 0] X*

(12)
is projected in this new crystal reference frame as Q© =
[0., Or, QIMIX, = [Qy, Or, Q.]9%K.. As X, and X* are
Cartesian systems, M is a rotation matrix and MrTM, =1is
the identity matrix.

The orientation of the crystal in the laboratory frame is
based on three rotation angles: x as the rotation of the scat-
tering plane around the x axis, measured from the xy plane; w,
as the incidence angle for which Z (k, A) = 90° + wy; and g as
the angle of azimuthal rotation around vector A. As depicted

l%&@;@
E

—_

éyc\
X
c
(e) o Ve @
ZC zC
X c
N c
z
Yy
c
A z
Figure 10 .
Orientation of the crystal reference frame X [xc, Ve ic] = M.X with
respect to the laboratory frame X = [R, §,2]". (¢)~(d) Vertical scattering
plane (xz plane), x = 90°. (¢)-(h) Horizontal scattering plane (xy plane),
x = 0. (b) and (f) Setting X, pointing to the X-ray source. (c) and (g)

Counter-clockwise w, = 20° rotation around ¥.. (d) and (k) Clockwise
®, = 25° rotation around Z.
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in Fig. 10, we choose X, pointing to the X-ray source when wg =
@, = 0, implying the following rotation matrix to orient the
crystal in the laboratory frame:

X, = R.(—®y) R, () R,(180°) R,(x — 909 X = MX. (13)

In this frame, the incident wavevector
(2m/A)[1,0, 0] X is written as

k=(27/0) %=

k© = (27/M)[1, 0, 0] MIX,

=— (Zn/k)[cos(wo) cos(P,), cos(wy) sin(Py), Sin(a)ﬂ)](c)X
(14)

From equation (10), X-rays hitting the pixel array have
wavevectors

= Q2n/MR,,/|R,..| = [k k. k], X (15)

mn

that are projected as

K =k, k, k] MX,

= 27t/ M\)[cos(w) cos(P), cos(w) sin(D), sin(a))]%Xc,
(16)

providing the w and ® angles on which each pixel is seen in the
crystal frame. The entire solid angle monitored by an area
detector is then obtained as a function of nine degrees of
freedom (one translational and eight rotational): sample-to-
detector distance (D), sample rotation angles (x, @y and @),
detector arm rotation angles (264 and ¢4) and tilt angles of the
detector area (3, §, and 8,). This is summarized in a parameter
vector P = [D, x, wy, ®o, 204, @4, Oy, 8y, 8] used as input to a
computer program that provides matrices of w and ® angles
from a pixel array. As an example, Fig. 11 compares the solid
angles monitored by actual area detectors with the expected
DMS lines of a Cu crystal.

100k detector

10 20 30 40 50 60 70 80
D (deg)

Figure 11

Simulation of bright DMS lines in Cu. Isotropic DS model for 7.82 keV
X-rays, o-polarization (x = 90°). Incidence direction w, = 49.435° (Bragg
angle of reflection 222) and @, = 227.5° (multiple diffraction 222/202) in
the chosen crystal reference frame (inset), where A || [111] and B || [100]
in equation (11). Line contrast is on a logarithmic scale. Solid angles are
as observed by the arrays of the 100k (N, = 487, N, = 195) and 2M (N, =
1679, N, = 1475) detector pixels are indicated (white-outlined areas). For
the 100k detector, P = [565 mm, 90°, 56.683°,225.5°,113.365°, 0, 35°, 0, 0].
For the 2M detector, P = [850 mm, 0,45°, 220°, 0, 91°, 0, 0, 0].

APPENDIX B
Three-dimensional reciprocal-space map (3D-RSM)

A more general version of the simple recipe for generating
3D-RSMs (Penacchio ef al., 2022) is obtained by using the
reference systems described above. For a given detector pixel,
the diffraction vector

c ( )
Q() — _k© = [st Qy» 0, ] ¢ (17)
in the crystal’s Cartesian frame is readily projected, through
the change of reference X, = M, X* [equation (11)], into the
crystal’s reciprocal space as

Q.. =[0..0,.0.]"Mx" =[0,.0,,0.] X, (18

or in hkl coordinates

[h’ k’ l]mn: [Qx’ Qy’ Qz]mnMél’ (19)

given that I\/JIQI\\/JIé1 = I as defined in equation (12).

A 3D-RSM of the Cu(311) sample, shown in Fig. 12, reveals
pronounced mosaicity preferentially oriented along one in-
plane direction. This mosaicity primarily affects the intensities
below the half-width of the diffraction peak, being about 0.5°
at 30% of the log-transformed maximum intensity on its
preferential direction and much wider at lower intensities. Its
behaviour deviates significantly from a Gaussian mosaicity, in
which the expected relative separation between the 30% and
50% isosurfaces (logarithmic scale) is only 1.76. As shown in
Fig. 12(c), the observed separation between these isosurfaces
is substantially larger, ranging from approximately 2.5 to 11.
The surface finishing processes applied to the sample are the
likely cause, introducing defects in a thin layer beneath the
surface. The absence of crystal truncation rods, that is, an
enhanced intensity along the [311] surface normal direction, is
further evidence of poor surface crystalline quality.

Figure 12
A 3D-RSM around the Cu(311) reflection, acquired using 8.0436 keV
X-rays. The map is composed of 44 images with varying w, values,

collected using a 100k detector with parameter vector P = [565 mm, 90°,
wy, 80.727°, 89.965, 0, 35°, 0, 0]. Crystal frame, A || [311] and B || [100].
Isosurfaces on a logarithmic scale are shown at 50% (red), 35% (green)
and 30% (blue) of the log-transformed maximum intensity. (a) hkl
coordinates, 311 diffraction vector (red arrow) not to scale. (b) Side view
along the [011] in-plane direction. (¢) Top view along [311].
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APPENDIX C

Computational procedure

For simulating DMS lines, the following procedure has been
used. Within the set of wavevectors k() collected by the pixel
array [equation (16)], those satisfying the bright cone equation

(26, — @) - Q9] < TF| (20)

for the reciprocal-lattice vector Q' are used to compute the

corresponding wavevectors k(c) 4= k,(nczl » —Q on the dark
cone, as well as the scattering vectors S(c) = kc) — kO =

[SX, Sy, S ] X, of the S-ring. The intensity IQ(S) [equatlon
(2)] of the DMS line for reflection Q is then computed either
as a function of reciprocal-space coordinates,

[5..5,,5.], =[S, S, S.] M, 1)
or hkl coordinates,
WK =[S S,. 8], Mg, (22)

of the scattering vectors. See the supporting information for
details of how to adjust the line sharpness.
For the DMS line simulation in Fig. 11, we have used

8x’r, o -2
=0.001 A ,

=g

cell

where r, = 2.818 x 107° A, Vieen = 47.238 A3 and the scale
factor g = 64 for better visualization of the lines with the used
angular resolution of 0.02°. The exact function for intensity
simulation was

Iy K ) = L|Fol e - 6

[l
—h)’ + (K

e —R =

(23)

where the sum runs over all H reflections of integer hkl

indices, 7N = 100,
e=(2m/A)" (kgnb X {k(jnb X [k% (kinnb X 30)]])»

&, = cos(Y)m + sin(¥)a,

k@ x 7,
K x 7|

o —

and

= Q7/)) "6 x k©.

Acknowledgements

We acknowledge Diamond Light Source for time on beamline
116 under proposal MM34764. The Article Processing Charge
for the publication of this research was funded by the Coor-
denacdo de Aperfeicoamento de Pessoal de Nivel Superior —
Brasil (CAPES) (ROR identifier: 00xOma614).

Funding information

Acknowledgements are due to the Brazilian funding agency
FAPESP (grant Nos. 2023/10775-1, 2022/09531-8 and 2021/
01004-6).

References

Als-Nielsen, J. & McMorrow, D. (2011). Elements of modern X-ray
physics, 2nd ed. Chichester: John Wiley & Sons.

Amirkhanyan, Z. G., Remédios, C. M. R., Mascarenhas, Y. P &
Morelhao, S. L. (2014). J. Appl. Cryst. 47, 160-165.

Authier, A. (2008). Dynamical theory of X-ray diffraction. Oxford
University Press.

Avanci, L. H., Hayashi, M. A., Cardoso, L. P, Morelhio, S. L., Riesz,
F., Rakennus, K. & Hakkarainen, T. (1998). J. Cryst. Growth, 188,
220-224.

Barabash, R. I, Lee, G. E. & Turchi, P. E. (2012). Diffuse scattering
and the fundamental properties of materials. Momentum Press.

Bortel, G., Tegze, M. & Faigel, G. (2005). J. Appl. Cryst. 38, 780-786.

Britt, T. L. & Siwick, B. J. (2023). Phys. Rev. B, 107, 214306.

Chang, S.-L. (1984). Multiple diffraction of X-rays in crystals. Berlin,
Heidelberg: Springer.

Cole, H. & Warren, B. E. (1952). J. Appl. Phys. 23, 335-340.

Colella, R. (1974). Acta Cryst. A30, 413-423.

Collins, S. P, Bombardi, A., Marshall, A. R., Williams, J. H., Barlow,
G., Day, A. G., Pearson, M. R., Woolliscroft, R. J., Walton, R. D,,
Beutier, G., Nisbet, G., Garrett, R., Gentle, 1., Nugent, K. &
Wilkins, S. (2010). AIP Conf. Proc. 1234, 303-306.

Debye, P. (1913). Annal. Phys. 348, 49-92.

Domagata, J. Z., Morelhdo, S. L., Sarzynski, M., Mazdziarz, M.,
Dtuzewski, P. & Leszczynski, M. (2016). J. Appl. Cryst. 49, 798-805.

Guo, X., Ren, Y, Jin, Y. M. & Wang, Y. U. (2023). Shape Mem.
Superelast. 9, 280-292.

Hayashi, M. A., Morelhao, S. L., Avanci, L. H., Cardoso, L. P,, Sasaki,
J. M., Kretly, L. C. & Chang, S. L. (1997). Appl. Phys. Lett. T1,2614—
2616.

Holm, K. A. U, Roth, N., Zeuthen, C. M. & Iversen, B. B. (2021).
Phys. Rev. B, 103, 224302.

Holt, M., Wu, Z., Hong, H., Zschack, P,, Jemian, P, Tischler, J., Chen,
H. & Chiang, T.-C. (1999). Phys. Rev. Lett. 83, 3317-3319.

Jacobsen, E. H. (1955). Phys. Rev. 97, 654-659.

Joynson, R. E. (1954). Phys. Rev. 94, 851-855.

Kopecky, M., Fabry, J. & Kub, J. (2012). J. Appl. Cryst. 45, 393-397.

Mei, A. B., Hellman, O., Schlepiitz, C. M., Rockett, A., Chiang, T.-C.,
Hultman, L., Petrov, I. & Greene, J. E. (2015). Phys. Rev. B, 92,
174301.

Morelhao, S. L. (2016). Computer simulation tools for X-ray analysis.
Graduate texts in physics. Cham: Springer.

Morelhdo, S. L., Amirkhanyan, Z. G. & Remédios, C. M. R. (2015).
Acta Cryst. AT1, 291-296.

Morelhdo, S. L. & Avanci, L. H. (2001). Acta Cryst. A57, 192-196.

Morelhdo, S. L., Avanci, L. H., Hayashi, M. A. & Cardoso, L. P.
(1999). MRS Proc. 561, 87-92.

Morelhdo, S. L., Avanci, L. H., Quivy, A. A. & Abramof, E. (2002). J.
Appl. Cryst. 35, 69-74.

Morelhido, S. L. & Cardoso, L. (1991). J. Cryst. Growth, 110, 543-552.

Morelhio, S. L. & Cardoso, L. P. (1996). J. Appl. Cryst. 29, 446-456.

Morelhdo, S. L. & Kycia, S. (2002). Phys. Rev. Lett. 89, 015501.

Morelhao, S. L., Remédios, C. M. R., Calligaris, G. A. & Nisbet, G.
(2017). J. Appl. Cryst. 50, 689-700.

Morelhdo, S. L., Remédios, C. M. R., Freitas, R. O. & dos Santos,
A. O. (2011). J. Appl. Cryst. 44, 93-101.

Nisbet, A. G. A., Beutier, G., Fabrizi, F., Moser, B. & Collins, S. P.
(2015). Acta Cryst. AT1, 20-25.

Nisbet, A. G. A., Cain, M. G., Hase, T. & Finkel, P. (2023). J. Appl.
Cryst. 56, 1046-1050.

J. Appl. Cryst. (2025). 58, 859-868

867

Mauricio B. Estradiote et al. + Simulation of DMS lines


http://doi.org/10.1107/S1600576725003553
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB1
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB1
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB2
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB2
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB3
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB3
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB4
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB4
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB4
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB6
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB6
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB7
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB8
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB9
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB9
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB10
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB11
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB12
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB12
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB12
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB12
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB13
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB14
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB14
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB15
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB15
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB16
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB16
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB16
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB17
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB17
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB18
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB18
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB19
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB20
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB21
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB22
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB22
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB22
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB23
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB23
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB24
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB24
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB25
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB5
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB5
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB26
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB26
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB27
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB28
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB29
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB30
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB30
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB31
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB31
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB32
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB32
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB33
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB33

research papers

Nisbet, A. G. A., Fabrizi, F., Vecchini, S. C., Stewart, M., Cain, M. G.,
Hase, T., Finkel, P, Grover, S., Grau-Crespo, R. & Collins, S. P.
(2021). Phys. Rev. Mater. 5, 1.120601.

Olmer, P. (1948). Acta Cryst. 1, 57-63.

Osborn, R. (2023). Acta Cryst. BT9, 99-100.

Penacchio, R. E S., Estradiote, M. B., Morelhao, S. L., Fornari, C. 1.,
Kagerer, P, Dittmar, M., Miiller, S. & Reinert, F. (2022). arXiv,
2210.05427.

Penacchio, R. F. S., Estradiote, M. B., Remédios, C. M. R., Calligaris,
G. A, Torikachvili, M. S., Kycia, S. W. & Morelhdo, S. L. (2023). J.
Appl. Cryst. 56, 1574-1584.

Ramsteiner, I. B, Schops, A., Reichert, H., Dosch, H., Honkiméki, V.,
Zhong, Z. & Hastings, J. B. (2009). J. Appl. Cryst. 42, 392-400.

Roth, N, Beyer, J., Fischer, K. F. F, Xia, K., Zhu, T. & Iversen, B. B.
(2021). IUCrJ, 8, 695-702.

Schmidt, E. M., Thomas, S., Bulled, J. M., Minelli, A. & Goodwin,
A. L. (2022). Acta Cryst. BT8, 385-391.

Shen, Q. (1993). Acta Cryst. A49, 605-613.

Shen, Q., Elfimov, I. S., Fanwick, P, Tokura, Y., Kimura, T., Finkel-
stein, K., Colella, R. & Sawatzky, G. A. (2006). Phys. Rev. Lett. 96,
246405.

Shen, Q., Kycia, S. & Dobrianov, I. (2000). Acta Cryst. A56, 268-279.

Stetsko, Y. P, Juretschke, H. J., Huang, Y.-S., Chao, C.-H., Chen, C.-K.
& Chang, S.-L. (2000). Acta Cryst. A56, 394-400.

Subires, D., Korshunov, A., Said, A. H., Sanchez, L., Ortiz, B. R.,
Wilson, S. D., Bosak, A. & Blanco-Canosa, S. (2023). Nat. Commun.
14, 1015.

Takada, K., Yoshimi, K., Tsutsui, S., Kimura, K., Hayashi, K.,
Hamada, I., Yanagisawa, S., Kasuya, N., Watanabe, S., Takeya, J. &
Wakabayashi, Y. (2022). Phys. Rev. B, 105, 205205.

Tixier, R. & Waché, C. (1970). J. Appl. Cryst. 3, 466-485.

Valério, A., Penacchio, R. F. S., Estradiote, M. B., Cantarino , Marli,
R., Garcia, F. A., Morelhao, S. L., Rafter, N., Kycia, S. W., Calligaris,
G. & Remédios, C. M. R. (2020). MRS Commun. 10, 265-271.

Waller, 1. (1923). Z. Phys. 17, 398-408.

Warren, B. E. (1990). X-ray diffraction. Mineola: Dover Publications.

Weadock, N. J, Sterling, T. C., Vigil, J. A., Gold-Parker, A., Smith,
I. C., Ahammed, B., Krogstad, M. J., Ye, F., Voneshen, D., Gehring,
P. M., Rappe, A. M., Steinriick, H.-G., Ertekin, E., Karunadasa,
H. I, Reznik, D. & Toney, M. F. (2023). Joule, 7, 1051-1066.

Weckert, E. & Himmer, K. (1997). Acta Cryst. A53, 108-143.

Welberry, T. R. (2010). Diffuse X-ray scattering and models of
disorder. Oxford University Press.

Woo, Y. H. (1931). Phys. Rev. 38, 6-14.

Xu, R. & Chiang, T.-C. (2005). Z. Kristallogr. Cryst. Mater. 220, 1009—
1016.

Zacharias, M., Volonakis, G., Giustino, F. & Even, J. (2023). npj
Comput. Mater. 9, 153.

Zachariasen, W. H. (1940). Phys. Rev. 57, 597-602.

868  Mauricio B. Estradiote et al. + Simulation of DMS lines

J. Appl. Cryst. (2025). 58, 859-868


https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB34
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB34
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB34
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB35
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB36
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB37
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB37
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB37
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB38
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB38
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB38
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB39
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB39
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB40
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB40
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB41
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB41
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB42
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB43
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB43
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB43
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB44
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB45
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB45
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB46
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB46
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB46
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB47
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB47
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB47
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB48
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB49
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB49
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB49
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB50
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB51
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB52
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB52
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB52
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB52
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB53
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB54
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB54
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB55
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB56
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB56
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB57
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB57
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=jo5124&bbid=BB58

	Abstract
	1. Introduction
	2. Theoretical framework
	3. Results and discussion
	4. Conclusions
	APPENDIX A: Reference frames for area detectors and single crystals
	A1. Detector reference frame
	A2. Crystal reference frame

	APPENDIX B: Three-dimensional reciprocal-space map (3D-RSM)
	APPENDIX C: Computational procedure
	Acknowledgements
	Funding information
	References

