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Abstract: The simultaneous measurement of two Bragg reflections by Bragg coherent X-ray diffraction
is demonstrated on a twinned Au crystal, which was prepared by the solid-state dewetting of a
30 nm thin gold film on a sapphire substrate. The crystal was oriented on a goniometer so that
two lattice planes fulfill the Bragg condition at the same time. The Au 111 and Au 200 Bragg peaks
were measured simultaneously by scanning the energy of the incident X-ray beam and recording the
diffraction patterns with two two-dimensional detectors. While the former Bragg reflection is not
sensitive to the twin boundary, which is oriented parallel to the crystal–substrate interface, the latter
reflection is only sensitive to one part of the crystal. The volume ratio between the two parts of the
twinned crystal is about 1:9, which is also confirmed by Laue microdiffraction of the same crystal.
The parallel measurement of multiple Bragg reflections is essential for future in situ and operando
studies, which are so far limited to either a single Bragg reflection or several in series, to facilitate the
precise monitoring of both the strain field and defects during the application of external stimuli.

Keywords: Bragg coherent X-ray diffraction imaging (BCDI); Au crystal; twin boundary

1. Introduction

In the last two decades, coherent X-ray diffraction imaging (CDI), which facilitates
the three-dimensional mapping of nanostructured samples, has experienced tremendous
progress. This lensless imaging technique retrieves the sample scattering function from
coherent X-ray diffraction data using computational inversion algorithms to determine the
phase of the scattered wave, which is not directly measured by a detector [1–3]. In the Bragg
condition, the retrieved phase is directly related to the displacement field within the studied
object. However, one single Bragg peak only provides access to the deformation along
one single q-vector, thus severely limiting the information of the actual three-dimensional
strain field of an object. In order to measure the deformation along several crystallographic
directions and eventually obtain the complete strain tensor of a nanostructure, at least
three independent Bragg peaks must be measured. The Bragg coherent diffraction imaging
(BCDI) of six independent Bragg peaks on a single defect-free ZnO nanorod was demon-
strated, rendering a spatial resolution of 40 nm [4]. The reconstruction of GaN nanowires
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containing inversion domain boundaries was demonstrated recently by measuring five
independent Bragg peaks of the same nanorod, rendering a precision of 1 pm in the dis-
placement field and a spatial resolution of 10 nm [5]. In addition, Hofmann et al. reported
3D lattice distortions and the defect structure in ion-implanted nano-crystals inferred from
the measurement of three independent Bragg reflections [6]. While the measurement of
several Bragg peaks does not pose major problems for ex-situ BCDI experiments, in situ
BCDI experiments are so far restricted to single Bragg reflections and, thus, are strongly
limited regarding the displacement field and the detection and identification of defects due
to the G·b criterion, i.e., that dislocations with the Burger’s vector b being perpendicular to
the scattering vector G (G·b = 0) are actually invisible.

In the case of reversible deformations, it is possible to measure several Bragg peaks
consecutively in consecutive cycles of external stimuli, as demonstrated during hydrogen
peroxide decomposition on Pt nanoparticles [7]. However, for imaging irreversible changes
such as plasticity and the nucleation and evolution of defects and dislocation networks,
consecutive measurements image different deformation states of the structure under study.
Therefore, the standard BCDI approach of measuring a single Bragg reflection at a time is
not able to give a full picture of the strain and defect evolution in functional materials.

In the present work, we present the simultaneous measurement of two independent
Bragg peaks on a twinned Au crystal by multi-Bragg coherent X-ray diffraction imaging
using two detectors. The nanostructure is oriented using the HKL mode of the synchrotron
beamline operation software SPEC [8] so that two independent lattice planes are in the
Bragg condition for the same incident angle and the same incident X-ray wavelength. In
this manner, the symmetric Au 111 Bragg peak that is not sensitive to the twin boundary
and the Au 200 Bragg reflection that is sensitive only to one twin grain are measured at the
same time. Instead of rocking the sample, the energy of the incident X-ray beam is scanned
to avoid any vibrations, as recently demonstrated by Cha et al. [9] and Lauraux et al. [10].
This multi-wavelength multi-Bragg peak approach allows for future in situ and operando
experiments on functional materials exposed to external stimuli.

2. Materials and Methods

Nominally defect-free Au crystals were prepared on a c-oriented sapphire substrate
by the solid-state dewetting of a gold thin film with an initial thickness of 30 nm. Prior to
annealing, this thin film was lithographically patterned with 2 µm holes and a 50 µm pitch,
eventually resulting in individual gold crystals with lateral sizes of ~500 nm and a height
of ~300 nm, which are located in the center of a square with a side length of 50 µm. About
one third of these gold crystals contain a twin boundary parallel to the crystal–substrate
interface, as inferred from Laue microdiffraction.

Laue microdiffraction was performed at the BM32 beamline at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble (France). The incident polychromatic X-ray
beam with an energy bandwidth of 5–25 keV was focused down to 500 nm (H) × 500 nm (V)
on the sample surface using a pair of Kirkpatrick–Baez (KB) mirrors. The sample surface
was inclined by 40◦ with respect to the incident X-ray beam and the diffracted X-rays were
recorded by a PhotonicScience sCMOS detector with a pixel size of 70 µm × 70 µm, which
was installed at 90◦ in a (calibrated) distance of 77 mm from the sample position. The Au
crystals were located by two-dimensional X-ray fluorescence (XRF) mapping of the Au LIII
fluorescence yield using a Ketek SDD energy-resolved point detector. Laue microdiffraction
patterns were recorded at the position with the maximum Au LIII fluorescence yield and
were indexed using the LaueTools software [11]. A background microdiffraction pattern
was recorded at a distance of few micrometers from the Au crystal on the bare substrate
and then subtracted from the Laue microdiffraction pattern obtained at the position of the
crystal, thus removing the sapphire substrate Laue spots and improving the visibility of
the Au Laue peaks.

The Bragg coherent X-ray diffraction experiment was performed at the ID01 beamline
at the ESRF. The incident 9 keV X-ray beam was focused using a pair of KB mirrors.
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The coherent part of the incident X-ray beam was selected by closing slits located in
front of the KB mirrors to a size of 60 µm (H) × 200 µm (V). The focal spot size of this
coherent X-ray beam amounted to 175 nm (V) × 360 nm (H). By closing the coherence slits
further to 50 µm (H) × 30 µm (V), thus reducing the numerical aperture of the focusing
optics, the focal spot size was increased to 590 nm (H) × 580 nm (V), matching the lateral
dimensions of the Au crystals. The focal profile of the beam was characterized using a 2D
ptychography [12] approach on a test pattern featuring a 40 µm-diameter tungsten Siemens
star placed close to the focal position of the KB mirrors [13]. The tungsten structure and
the complex-valued wavefront were retrieved simultaneously using the ptychography
reconstruction code of the PyNX package [14].

Employing the HKL mode of the SPEC-software used for operating the high-precision
diffractometer at the ID01 beamline, the twinned Au crystals are oriented so that the
Au 111, as well as the Au 200, lattice plane fulfills the Bragg condition at the same angle of
incidence of 18.32◦ and at the same energy of 9 keV of the incident X-ray beam. The Au 111
Bragg reflection was recorded by an Eiger 2M detector with a pixel size of 75 µm × 75 µm
mounted on the diffractometer arm at a distance of 1.32 m from the sample position, while
the Au 200 Bragg reflection was monitored by a MAXIPIX detector with a pixel size of
55 µm × 55 µm installed on a separate mounting at a distance of 1.37 m. The experimental
setup is illustrated in the photo and the schematics in Figure 1a–c. As indicated in the
schematic side and top views of the experimental setup, the reciprocal space qx direction is
along [011], qy along [211], and qz along [111].

Three-dimensional reciprocal space maps of the Au 111 and Au 200 Bragg peaks were
recorded simultaneously by scanning the energy of the incident X-ray beam by +/−250 eV
in steps of 2 eV [10,15]. To keep the incident intensity constant, the undulator gaps
were adjusted every 5 energy steps (corresponding to 10 eV). The fact that the diffraction
signal is probed along qz during energy scans limits the information within the qx–qy-
plane. Therefore, the 2θ angle of the detector monitoring the Au 111 Bragg peak was
varied simultaneously by −/+1.0◦ in steps of 8 millidegrees, thus eventually probing the
reciprocal space in the same manner as during rocking scans.
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Figure 1. (a) Photograph, (b) schematic side view, and (c) schematic top view of the experimental setup at the ID01 beamline
at ESRF using two 2D detectors simultaneously. ω, γ, and 2θ correspond to the incident angle (similar for the two reflections),
and the in-plane and out-of-plane scattering angles.

3. Results

A scanning XRF map of the Au LIII fluorescence yield is presented in the inset of
Figure 2, showing a part of the square pattern with a single Au crystal in its center (which is
located here at the right edge of the XRF map) highlighted by a circle. At the position of the
Au crystal, a Laue microdiffraction pattern was recorded. Laue microdiffraction patterns
recorded at the Au crystal position and a few micrometers away on the bare substrate
are presented in Figure S1 in the Supplementary Material. The background-subtracted
Laue microdiffraction pattern for this Au crystal is shown in Figure 2. The indexation
process shows the presence of a twin boundary parallel to the crystal-substrate interface,
i.e., parallel to (111). As demonstrated by the indexed pattern shown in Figure S2 in the
Supplementary Material, the diffraction spots can be fitted well assuming a ∑3 relation
between the two parts of the crystal (here, ∑ is a reciprocal density of coincident sites of the
two misoriented lattices). While the central Au 222 Laue spot is identical for both crystal
parts, the zone axes are rotated by 180◦ with respect to each other. The 180◦ rotation of
the zone axes for the two crystal parts comprises the angle of 120◦ between two zone axes
for a face-centered cubic crystal and the ∑3 relation between the two parts of the crystal
inducing an additional rotation of 60◦. As the lattice planes are rotated by 60◦ and, thus,
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diffract to different χ (azimuthal) and 2θ (scattering) angles, the energy of the diffracted
X-rays is different in order to fulfil the Bragg condition.
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Figure 2. Background-subtracted Laue microdiffraction pattern of an Au crystal. The inset shows
an X-ray fluorescence map of the Au LIII fluorescence yield. The selected Au crystal is marked by
a circle.

The intensity profile of the diffraction peaks as a function of the energy of the diffracted
X-rays can be fitted well by a polynomial function (as shown in Figure S3 in the Supplemen-
tary Material). The integrated intensity of the intensity–energy profile provides access to
the volume of the diffracting crystal. Thus, comparing the integrated intensity for the two
sub-crystals of a twinned crystal allows the determination of the volume ratio of the two
sub-crystals. However, it should be noted that for small Miller indices, multiple energies
of the diffracted X-rays are possible due to the fact that the diffraction peaks of the same
family (e.g., {111} lattice planes) are located on the same position on the detector for Laue
diffraction. Therefore, these diffraction spots are discarded in the calculation of the volume
ratio of the two sub-crystals. The volume ratio for the twinned Au crystal presented in
Figure 2 amounts to 1:11.

Figure 3 presents the sequences of two-dimensional coherent X-ray diffraction patterns
that were recorded in the vicinity of the Au 111 and Au 200 Bragg peaks using an Eiger 2M
and a MAXIPIX detector, respectively, while scanning the energy of the incident X-ray beam.
This scan was performed from smaller toward higher X-ray energies, thus scanning the
detectors in reciprocal space from smaller to larger q-values. Both detectors show slices of
the facet streaks of the Au crystal at the beginning and toward the end of the measurement.
However, they do not cut through the center of the respective Bragg reflection at the



Crystals 2021, 11, 312 6 of 10

same energy but with an offset of <30 eV. This discrepancy in alignment is not of major
importance as long as the scan range in energy is sufficiently large to cover the complete
three-dimensional reciprocal space information of the Bragg peaks.
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of the incident X-ray beam.

The three-dimensional reciprocal space maps of the Au 111 and Au 200 Bragg peaks
are shown in Figure 4a. Both three-dimensional Bragg reflections have the same shape
with the same streaks originating from the side facets. The Bragg electron density and the
phase were reconstructed from the 3D Bragg coherent diffraction patterns (BCDPs) using
the PyNX software. The multi-wavelength BCDI data were pre-interpolated onto a matrix
of uniformly spaced qx, qy, qz, before the phase retrieval process. The effect of pre- and
post-interpolation of the raw data can be found in [10]. An isosurface representation of the
three-dimensional shapes of the crystals reconstructed from the Au 111 and Au 200 Bragg
peaks are presented in Figure 4b. Both crystals have similar shapes. However, the thickness
of the crystal reconstructed from the Au 111 Bragg peak is 370 nm, whereas the crystal
reconstructed from the Au 200 Bragg reflection measures only 330 nm. While the Au 111
Bragg peak is not sensitive to the twin boundary parallel to the substrate interface, and thus
represents the diffraction signal of the entire crystal, the Au 200 reflection corresponds to the
upper part of the twinned crystal, thus explaining the difference in the thickness. Therefore,
the second part of the twinned crystal measures 40 nm in height. These thicknesses are in
very good agreement with reconstructions obtained from classical rocking scans performed
separately at each reflection, being sensitive to the complete crystal and to one of the two
variants: Au 111, Au 200, and Au 002 (as demonstrated below). Hence, the thickness
proportion of the two parts of the twinned crystal amounts to 1:9. This ratio is comparable
to the volume ratio determined by Laue microdiffraction. As the crystals are not cubic but
have a Winterbottom shape with inclined facets, the volume ratio differs from the thickness
proportion of the two crystal parts.

The vertical cross-sections through the reconstructed crystals are shown in Figure 4c
displaying the displacement along the respective q-vector. The displacement field is
different for the Au 111 and for the Au 200, indicating that the displacement field fluctuation
is larger for the component along the 111 direction.

For comparison, Bragg coherent X-ray diffraction images of the Au 111, Au 200, as
well as Au 002 (corresponding to the second variant of the twinned Au crystal) reflections
were recorded individually by ordinary rocking scans using solely the MAXIPIX detector
installed on the detector arm of the diffractometer. Here, the crystal was rotated by 60◦

around φ in order to align either the upper or the lower variant in the Bragg condition. The
iso-surfaces of the three-dimensional reciprocal space maps of the three abovementioned
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Bragg reflections are presented in Figure 5. The size fringes of the vertical CTR for the
upper part of the twinned crystal (Au 200) are similar to those of the entire crystal (Au 111),
while the size fringes for the second part of the crystal have a significantly lower periodicity,
indicating a significantly smaller thickness of this second part of the crystal compared to
the first one. The directions of the other streaks, as well as the distance between the size
fringes, are the same for the larger part of the crystal and the crystal in its whole. The
shapes of these crystals are thus very similar, showing the same side facets and having
the same lateral extension. For the smaller crystal part, however, the streaks from the side
facets of the crystal are not visible, probably due to the very small diffractive volume of
this variant.
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The Bragg electron density displayed in Figure 6 was reconstructed from the Bragg
coherent X-ray diffraction patterns presented in Figure 5 using the PyNX code. The two
parts of the crystal have thicknesses of 330 and 40 nm, which agrees very well with the
total thickness of the entire reconstructed crystal of 370 nm. The thicknesses for the whole
crystal and the upper variant are in excellent agreement with the results obtained by the
multiwavelength multi-Bragg peak CDI presented above.
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patterns shown in Figure 5. The left-hand side shows the reconstruction of the entire crystal reconstructed from the Au
111 Bragg reflection, while the right-hand side shows the two variants reconstructed from the Au 200 and Au 002 Bragg
reflections.

4. Discussion

Here, the voxel sizes of the reconstructions from the multiwavelength multi-Bragg
peak CDI amount to 14 × 11 × 15 and 55 × 13 × 13 nm3 for the Au 111 and Au 200
reflections, respectively. The increased voxel size in one direction for the Au 200 Bragg
reflection originates from the fact that the volume probed in reciprocal space is smaller
along qx, a coordinate of the scattering vector along the beam direction. This limitation is
due to the rigid and fixed mounting of the second detector. Larger distances in reciprocal
space can be probed when installing the detector on motorized stages.

The reconstructions of the entire crystal and the upper variant obtained from mul-
tiwavelength multi-reflection BCDI were found to be in excellent agreement with recon-
structions obtained from separate rocking scans of the three independent Bragg peaks Au
111, Au 200, and Au 002, employing a single detector. The HKL mode of the operation
software allows for the alignment of the crystal with three independent lattice planes
fulfilling the Bragg condition, so that three Bragg peaks could be monitored simultaneously
when installing three detectors. This would eventually allow for the probing of the entire
crystal and the two variants of the twinned crystal. Here, the proof-of-concept was demon-
strated on two independent Bragg reflections, enabling the recovery of two independent
components of the displacement vector in one of the two variants of the twinned crystal.

The volume ratio for the twinned Au particle determined in the present work indicates
that the distance of the twin boundary from the substrate corresponds approximately to
the initial film thickness prior to dewetting (30 nm). In this respect, it is worth mentioning
that Amram et al. observed the formation of twin boundaries parallel to the substrate,
and at the distance from the substrate corresponding to the original film thickness, during
the intermediate stages of the solid-state dewetting of Au(Fe) thin films deposited on
sapphire [16]. It was proposed that while the energy penalty associated with such twin
boundaries is relatively low, they may strongly facilitate dewetting kinetics by reducing
the energy barrier for shape-changing surface diffusion.

In addition, the fact that about one-third of the studied particles contained a twin
boundary may explain the high scatter of the compressive strength of such particles
observed in several experimental studies [17,18]. Indeed, both the experimental data [19]
and atomistic computer simulations [20] indicate that twin boundaries in otherwise defect-
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free metallic nanostructures assist in the heterogeneous nucleation of dislocations and
reduce the mechanical strength.

5. Conclusions

In conclusion, the simultaneous Bragg coherent X-ray diffraction imaging of two
Bragg reflections was applied to a twinned Au crystal. While one of the Bragg peaks, the
Au 111, was not sensitive to the twin boundary oriented parallel to the crystal–substrate
interface, the other Bragg reflection (Au 200) was only sensitive to one of the two variants
that represented the top part of the crystal. The reconstructed Bragg electron density
is in very good agreement with reconstructions obtained from classical rocking scans
performed at each of the Bragg reflections independently. This multiple-Bragg peak BCDI
technique brings significant advantages for in situ and operando experiments probing the
strain field in different q directions simultaneously while the sample is exposed to external
stimuli. By contrast, the consecutive measurement of single Bragg peaks, as it has been
done until now, may probe different crystal states in the case of irreversible phenomena
like plasticity, fatigue, or fracture. The presented multi-Bragg peak BCDI can be further
improved by mounting the detectors on motorized stages, allowing the probing of a larger
volume in reciprocal space and, thus, improving the real-space resolution. In addition, the
installation of three detectors and the simultaneous measurement of three independent
Bragg reflections like the Au 220 situated at about 42◦ in 2θ for an incident angle of 18.32◦

at 9 keV as in the present work would eventually provide access to the full strain tensor.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
352/11/3/312/s1, Figure S1: Laue microdiffraction pattern (a) of the twinned gold crystal on a
sapphire substrate, (b) a few micrometers away from the Au crystal on the bare substrate, and (c)
after subtraction of the substrate background pattern. Figure S2: Indexed Laue microdiffraction
patterns of one Au crystal assuming that the two parts of the crystal have a 3 relation. Figure S3:
Intensity spectrum of the incident polychromatic X-ray beam superimposed with the intensity of the
indexed Laue spots for the two variants of the twinned gold crystal and the energy of the respective
diffracted X-rays.
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