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ABSTRACT: The interest in metal halide perovskites has grown :
as impressive results have been shown in solar cells, light emitting 3 0 © C >
devices, and scintillators, but this class of materials have a
complex crystal structure that is only partially understood. In
particular, the dynamics of the nanoscale ferroelastic domains in
metal halide perovskites remains difficult to study. An ideal in situ
imaging method for ferroelastic domains requires a challenging
combination of high spatial resolution and long penetration
depth. Here, we demonstrate in situ temperature-dependent
imaging of ferroelastic domains in a single nanowire of metal
halide perovskite, CsPbBr;. Scanning X-ray diffraction with a 60
nm beam was used to retrieve local structural properties for
temperatures up to 140 °C. We observed a single Bragg peak at
room temperature, but at 80 °C, four new Bragg peaks appeared, originating in different real-space domains. The domains
were arranged in periodic stripes in the center and with a hatched pattern close to the edges. Reciprocal space mapping at 80
°C was used to quantify the local strain and lattice tilts, revealing the ferroelastic nature of the domains. The domains display a
partial stability to further temperature changes. Our results show the dynamics of nanoscale ferroelastic domain formation
within a single-crystal perovskite nanostructure, which is important both for the fundamental understanding of these materials
and for the development of perovskite-based devices.
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uring the past few years, metal halide perovskites tures.”'® The high photoluminescence quantum yield,"*
(MHPs) have attracted the attention of the scientific together with the ability to tune the emission wavelength by
community owing to their potential4 applications in varying their length and width, has attracted ample interest for
. . . 1—
photovoltaic and optoelectronic devices. Many recent CsPbBr; nanowires.'”'® However, although there are many
works have revealed the unique optical properties of these studies on the growth and the optical and electronic properties
materials, and the development of devices based on MHPs has of CsPbBry,”"'*'77! several basic questions regarding its
o S—9 AN .
been swift.””~ MHPs exhibit several crystal phases with modest structural properties are still open.

tragsit}gn temperatures, which can be siggiﬁcantly affect‘ed.by There is currently an intense debate on whether MHPs can
stral-n‘. Amqng t.he MHPs, (;;PbBr3 exhibits good. radla-tlon present ferroelectricity22 or just ferroelastici'fy.23 Many non-
stability, making it very promising for optoelectronic devices, MHP perovskites, such as BaTiO, and PbTiO;, are well-known

) : 11 o
including Xjray detectors. BUI,k CsPbBry crystallizes in an prototypical ferroelectrics;** others like SrTiO; (STO) can be
orthorhombic structure (Pbnm with a = 8.20 A, b = 8.25 A, and

¢ = 1174 A, and also commonly presented in the Pnma
notation with a = 8.25 A, b = 11.74 A, and ¢ = 8.20 A) at room Received:  September 3, 2020
temperature (RT) and presents two structural phase Acce_}’ted: October 12, 2020
transitions, one to tetragonal (P4/mbm with a = b = 826 A Published: October 19, 2020
and ¢ = 5.89 A) at 88 °C and another one to cubic (Pm3m with
a=0b=c=2556A) at 130 °C."*"* These phase-transition
temperatures can be shifted by strain, especially in nanostruc-
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Figure 1. (a) Schematic representation of the experimental setup. The nanowire was rotated to the Bragg angle 0, and the X-ray detector was
positioned at 26. The scattering vector components q,, g,, and g as well as lattice tilts & (rotation around qy) and f§ (rotation around gq,) are
defined in the inset. The main component of the scattering vector, q,, is aligned with the nanowire axis. (b) X-ray detector frames showing
the summed diffraction intensity along the nanowire with fixed @ at 30, 50, 70, and 80 °C, stacked from the top to bottom, respectively. At 80
°C, new diffraction peaks appear. (c) Real-space maps showing the local intensity of the Bragg peak at a single angle for different
temperatures. A real-space map was acquired at each 10 °C step, of which we show a few here and the rest in the Supporting Information.
The nanowire was heated from RT until 80 °C, when its crystalline structure underwent a significant change, forming a transversal stripe-like
pattern. (d) A more detailed plot of the nanowire segments marked in (c) for each corresponding temperature. The step (pixel) size in (c)

and (d) is 50 nm.

pushed toward a ferroelectric state,”> while most perovskites
occurring in the Pbnm/Pnma space group do not present
ferroelectr1c1ty Recent literature, however, reports ferroelec-
tricity in MHP thin films retrieved by scanning probe
microscopy (SPM) methods such as piezoelectric force
microscopy (PFM),”>*” suggesting a polarization of the Pb
atoms inside the unit cells. In ferroelastic materials, stress leads
to the formation of domains with different crystal orienta-
tion.”® It has been demonstrated that ferroelasticity can be a
key to induce domain formation in different structures,
including epitaxial tetragonal phase perovskites.””*" If two
interfacing domains have different lattice spacings, the domains
will generally tilt due to the lattice mismatch at the domain
walls.”* 3% Likewise, ferroelastic domains could be formed in
CsPbBr; single crystals induced by phase transitions.”
Ferroelectric materials additionally exhibit electric polarization,
which could affect the performance of MHP solar cells.”*~’
Studying ferroelectricity and ferroelasticity in MHPs is
therefore important, both for applications and for a
fundamental understanding of these materials.

MHPs have mainly been studied with optical techniques.
For instance, phase transitions were indirectly inferred from
microphotoluminescence (PL) with a modest spatial reso-
lution,”*"**~*° while transmission electron microscopy
(TEM) and SPM are atomic resolution methods commonly
used to study ferroelectricity and ferroelasticity.""** However,
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the latter two methods with such high spatial resolution and
small fields of view have severe limitations. TEM requires
invasive sample preparation, which also makes in situ studies of
phase transitions challenging, and SPM can only probe the
sample surface. In contrast, X-ray diffraction (XRD) can probe
deep into samples that have been exposed to minimal
preparation prior to the investigation, owing to the long
absorption length of X-rays. Such characteristics make XRD
ideal for studies of in situ processes, including temperature
changes.”> XRD is also very sensitive to lattice tilt and can be
used to measure domain tilts with extremely high preci-
sion.”***~*" Traditionally, the real-space resolution of XRD
has been poor, but the recent development in X-ray optics has
made it possible to focus X-rays down to the nanoscale.”**’
Scanning XRD using a nanofocused beam has enabled studies
of single nanocrystals and nanoscale dev1cesgO 5% as well as
static imaging of ferroelectric domains.> However, dynamic in
situ studies of ferroelastic or ferroelectric domains, which have
a typical size of about 100 nm,”””* require a very small and
bright X-ray focus. Here, we use the NanoMAX beamline,**
situated at the first diffraction-limited storage ring MAX IV, to
study the dynamics of ferroelastic domains in CsPbBr;
nanowires during temperature variations, and demonstrate
how scanning nano-XRD with a 60 nm beam size can be used
for high-resolution in situ imaging of nanoscale ferroelastic
domains within a single MHP nanowire.

https://dx.doi.org/10.1021/acsnano.0c07426
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Figure 2. (a) The sum of the diffraction frames acquired by the X-ray detector for all real-space positions along the nanowire at 80 °C is
depicted in the left panel, where g, represents the main component of the scattering vector, Q. Peak 1 was observed at RT and is still
present, while peaks 2, 3A, and 3B were observed at temperatures starting at 80 °C. The right panel shows a plane of the reciprocal space
that slices the high temperature peaks (2, 3A, and 3B but not 1) for a specific q,, evidencing that peak 2 is actually a dual peak appearing at
two different tilts as well as the symmetry of the four new peaks. (b) Rocking curve for peaks 1 and 2, again evidencing how peak 2 is split
around peak 1. The maxima positions marked on the rocking curve correspond to the marks on peaks 2A and 2B in (a). (c) Map of the
integrated intensity along the nanowire for the total diffracted intensity (upper panel) as well as each individual peak. The map
corresponding to peak 2 is associated with the sum of the diffracted intensity for peaks 2A and 2B. (d) Magnified plot of the areas marked in
(c) for each corresponding peak. The pixel size in (c) and (d) is 50 nm.

RESULTS AND DISCUSSION

Nano-XRD of CsPbBr; Nanowires. CsPbBr; nanowires
were grown on a fused silica glass substrate by thermal
evaporation at elevated temperatures of >360 °C, analogous to
previous reports.'”>">> Note that, for the experiment
described here, nanowires were deposited on an amorphous
substrate instead of a single-crystal sapphire'” or mica.”*>> We
applied the scanning X-ray diffraction technique to study the
crystalline structure of a single nanowire, 18 um long, 2 um
wide and 450 nm thick, aligned parallel to the substrate
surface. Without further preparation, the sample was mounted
onto a heating stage and aligned in the X-ray focus. A
schematic representation of the experimental setup can be seen
in Figure la. A two-dimensional X-ray detector was positioned
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near the 26 Bragg condition (17.158°) to collect the diffraction
signal of the (004) reflection of the CsPbBr; orthorhombic
(Pbnm) phase. By scanning the sample in the nanofocused
beam, we obtained spatially resolved maps of the nanowire.
Furthermore, with multiple projections acquired at slightly
different @ values around the Bragg condition, i.e.,, in a rocking
curve, we could evaluate the three-dimensional reciprocal
space, allowing for the reconstruction of the strain field and
lattice tilt maps with high resolution.’”*® The definition of the
reciprocal space coordinates and the lattice tilts can be seen in
the inset of Figure la. The nanowire’s long axis was set along
the z-axis, so g, became the main scattering vector component.
The a and f tilts are defined as the lattice rotations around g,
and q,, respectively.

https://dx.doi.org/10.1021/acsnano.0c07426
ACS Nano 2020, 14, 15973—-15982
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Figure 3. (a) Strain field and (b) & and (c) f maps of the nanowire for peaks 1 (upper panel), 2 (upper middle panel), 3A (bottom middle
panel), and 3B (bottom panel). Insets show, with more details, the selected area for each corresponding map.

Temperature-Dependent Projection Maps. First, real-
space maps were acquired at a fixed angle of incidence,
corresponding to the maximum of the rocking curve, for a set
of different temperatures, ranging from 30 to 80 °C. Each pixel
in the maps represent the local intensity magnitude of the
orthorhombic (004) Bragg peak. We tracked the nanowire
while increasing the temperature until 80 °C, collecting a real-
space map for every 10 °C step. The high flux of the nanofocus
allowed a counting time of 10 ms per point, giving a total
measurement time of approximately 10 min per image. From
this data, we show selected temperatures in Figure 1, and the
full set in Figure S2.

At RT, we observe a single Bragg peak and an intensity map
with domains without any obvious order, as depicted in the
upper panels of Figure 1b,c, respectively. The square shape of
the peak in Figure 1b comes from the divergence of the
Kirkpatrick-Baez (KB) mirror nanofocus. The intensity
variations in the real-space maps, which are normalized, are
an effect of local lattice tilts, and bright regions indicate that
the crystal is better aligned at the Bragg condition for the given
0. In Figure S1, we present a full RT scanning XRD analysis of
another nanowire. The nanowire shows intensity variations in
the single projections, but all areas diffract at some angle; the
total intensity is quite homogeneous. This result shows that the
nanowires are crystalline with a single Bragg peak, but there are
domains with slightly different orientations. The domains have
a width on the order of a few hundred nanometers and remain
nearly unchanged as the temperature increased up to 70 °C, as
shown in the middle panels of Figure 1b,c.

At 80 °C, however, we observed a dramatic change: Three
new diffraction peaks, nonexistent at low temperatures, clearly
appear on the detector, as depicted in the bottom panel of
Figure 1b. The new peaks, which will be named peaks 2, 3A,
and 3B, in contrast with peak 1 that was already visible at RT,
appear at a higher scattering angle 26, ie., smaller lattice
spacing, as shown in the left panel of Figure 2a.
Simultaneously, an ordered real-space domain pattern
appeared. The center of the nanowire showed a striped
pattern orthogonal to the long axis. In the region of about 300
nm into the nanowire, from both edges, the domains were
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oriented 45° relative to the edges. Such features can be seen in
the bottom panel of Figure 1c. In Figure 1d, one can see part of
the real-space projection maps selected in Figure lc for each
corresponding temperature in more detail.

Full Diffraction Analysis at 80 °C. With the temperature
fixed at 80 °C, the nanowire was mapped for a set of & angles
around the Bragg condition, generating rocking curves that
allowed for the reconstruction of the three-dimensional
reciprocal space associated with different real-space positions.
For each Bragg peak and for each real-space position, we can
separately analyze the Bragg peak intensity (Figure 2).
Furthermore, we can calculate the center of mass of the
Bragg peak, from which the lattice strain and the two lattice
tilts @ and f can be determined (Figure 3). The integrated
intensity maps are shown in Figure 2c for the sum of the
diffraction peaks (upper panel). One can also see, in the
subsequent panels of the same figure, the integrated and
normalized diffracted intensity for peaks 1, 2, 3A, and 3B,
separately.

From the full diffraction analysis, we find that peak 2 is in
fact a double peak, which will be named 2A and 2B, with two
different Bragg conditions, i.e., two separate maxima values for
0 in the rocking curve. The rocking curves, i.e., the integrated
intensity of all real-space positions as a function of 6, of peaks 1
and 2 are shown in Figure 2b. Peaks 2A and 2B have the same
20 and lattice spacing but different lattice tilts. A different
projection view of the reciprocal space, showing the g, by g,
plane that slices the center of peaks 2A, 2B, 3A, and 3B but
excludes peak 1, is depicted in the right panel of Figure 2a,
revealing the symmetry of the four high temperature peaks.
The measured angular distance for the center of mass of peaks
3A and 3B is 0.21(9)°, while peaks 2A and 2B are 0.64(5)°
apart. Note that both splits are centered around peak 1.

The intensity maps integrated for all 8, depicted in Figure
2¢, clearly show that the different Bragg peaks originate from
different domains in the nanowire. The small area of the
nanowire marked in Figure 2c¢ is shown in more detail for the
integrated intensity map corresponding to each peak in Figure
2d. The stripe-like pattern observed in the single projection
map at 80 °C is associated with peaks 2A and 2B, and the

https://dx.doi.org/10.1021/acsnano.0c07426
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hatched domains along the edges, with 45° rotation, are
responsible for peaks 3A and 3B. When the diffraction coming
from peaks 1 and 2 are isolated, a deep look into the
corresponding integrated intensity maps reveals that such
stripes consist of intercalated and complementary domains
from those peaks. The peak 2 striped domains are about 250
nm thick and form a superlattice with an average center to
center distance of 500 nm. Although peak 1 diffraction is still
visible all over the nanowire, its low-intensity regions match
the high-intensity regions of peak 2. Additionally, peaks 3A and
3B, which are associated with the edge domains, are also
complementary and present an opposite orientation of their
respective domains, as one can see in Figure 2c. Note that
domains corresponding to peaks 3A and 3B can be found on
both long edges but not the short ones.

Strain Maps. The full three-dimensional reciprocal space
reconstruction, as a function of the real-space position, also
allowed us to retrieve the spatially resolved strain field and
lattice tilt maps along the nanowire. Figure 3a exhibits the
distribution of the absolute strain field associated with peaks 1,
2, 3A, and 3B, stacked from top to bottom, respectively. The
absolute strain values were calculated relative to the theoretical
CsPbBr; orthorhombic phase bulk lattice parameters at 80 °C:
a=2824A b=2829A, and c = 11.80 A."*> An overall base
tensile strain on the order of 0.5% is observed along the whole
nanowire. It is expected for the nanostructure to exhibit some
residual stress from the high temperature growth process.””>*
The bulk CsPbBr; linear thermal expansion coefficient is found
to be in the order of 1.2 X 107* K™*'? in contrast with the
SiO,, which is reported to be around 5.5 X 1077 K" in the
literature.’® That could lead, from the 360 °C growth
temperature, to a maximum strain in the order of €y, =
39%.% Stripe-like domains are, again, visible for peaks 1 and 2
maps. A careful observation of the peak 2 strain field map
shows internal strain gradients within the stripes, always in the
same direction. Peaks 3A and 3B strain maps, although
containing smaller domains only along the edges of the
nanowire, follow the same overall strain gradient tendency seen
for peak 2.

Lattice Tilts. Scanning nanofocused XRD is also very
sensitive to local lattice tilts. In our measurement geometry, the
tilt around the optical axis, &, leads to a split directly on the
detector, which can be seen in Figure 2a for peaks 3A and 3B.
The tilt around the rotation axis, 3, gives a Bragg peak on the
same position on the detector plane but at different 6, as seen
in Figure 2a for peaks 2A and 2B. The a tilt maps of peaks 1
and 2, depicted in Figure 3b, show only small fluctuations on
the order of 0.2°. In contrast, the  map for peak 2, shown in
Figure 3¢, exhibits different striped domains with distinct
tilts. Alternating maximum and minimum values, which range
from —0.47° to +0.53°, indicate lattice undulations around gq,,
i.e.,, perpendicular to the substrate. Thus, each striped domain
in the peak 2 map corresponds to either peak 2A or 2B. This
effect is responsible for the appearance of two maxima on the
peak 2 rocking curve, as plotted in Figure 2b, and also leads to
the peak splitting seen by the g, by g, slice of the reciprocal
space, depicted in the right panel of Figure 2a. There is no
obvious pattern in the order of the 2A and 2B domains along
the nanowire axis, and we observe an approximately equal
number of domains of the two types. Conversely, the tilt maps
for peaks 3A and 3B show that these domains have similar
tilt but present opposite a tilt, which leads to the peak splitting
along q,, seen in Figure 2a. The lattice tilt maps for the 3A and

3B domains are shown in the bottom panels of Figure 3b,c.
Their colormap ranges were set to be the same for better
comparison, and although they present « tilts ranging from
—0.26° to 0.34°, the average difference between the two maps
is about 0.22°, in agreement with Figure 2a.

To summarize, Figure 4 shows a schematic representation of
nanowire domains at 80 °C. The gray background box

Beam view:

Cross-sectional view: H 2B

Figure 4. Nanowire sketch, showing the in-line X-ray beam
perspective as well as an orthogonal cross-sectional view. Blue,
light orange, dark orange, light yellow, and dark yellow colors
correspond to peaks 1, 2A, 2B, 3A, and 3B, respectively, while the
gray color was used to represent the SiO, substrate. 3A and 3B
domain sizes as well as the representation of their plane
inclinations with rotation around g, are exaggerated for better
visualization. Different domains associated with peaks 2A and 2B
present plane inclinations with rotation around g,, and thin lines
indicate the lattice tilts (not to scale).

represents the SiO, substrate, while blue, light orange, dark
orange, light yellow, and dark yellow colors are used to depict
1, 2A, 2B, 3A, and 3B domains, respectively. For better
visualization, the lattice tilts of domains corresponding to peaks
2A, 2B, 3A, and 3B as well as the domain sizes of peaks 3A and
3B are exaggerated.

Stability of Domains. In order to investigate the stability
and reversibility of the observed crystalline changes, we
continued to ramp the temperature. First, the temperature
was gradually decreased back to RT. The nanowire was
tracked, and real-space map projections were, again, acquired
every 10 °C as well as at 25 °C, repeating temperature steps
used during heating. Some projection maps for temperatures
ranging from 80 to 25 °C (RT) can be seen in Figure Sa as
well as the sum of the diffraction frames acquired along the
nanowire for each corresponding temperature (results from all
measured temperatures can be found in Figure SS). It was
notable that the high temperature diffraction peaks observed at
80 °C did not abruptly vanish at 70 °C, indicating hysteresis in
the process. Peak 2, associated with the vertical stripe-like
pattern, did not immediately disappear, as one could expect,
but gradually vanished during the cooling cycle. In fact, part of
the peak 2 intensity was still visible at 50 °C, gradually
overlapping with peak 1. Peaks 3A and 3B, originating from the
hatched pattern along the nanowire edges as well as part of the
striped pattern on the real-space maps, remained until 25 °C,
although they were weaker than at 80 °C. This result
demonstrates a partial preservation of the high temperature
crystalline organization.

Next, we increased the temperature of the nanowire directly
to 80 °C and then in steps to 140 °C, again performing a real-
space map acquisition for every 10 °C step (results from all
measured temperatures can be found in Figure S6). One can
see in Figure Sb real-space map projections and the
corresponding detector images for different temperatures: 80,
100, 120, and 140 °C. Note that the measurement at 80 °C is a
repeat after the cycling to RT. For higher temperatures, the
domain shapes changed, becoming generally smaller and less
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Figure S. (a) Sum of the diffraction frames collected along the nanowire as well as part of the real-space map projections for temperatures
below 80 °C acquired in the cooling process, showing that the nanowire partially preserves the structure created at 80 °C. The nanowire was
mapped for every 10 °C step as well as at 25 °C (RT). (b) Diffraction frames and part of the real-space map projections acquired at higher
temperatures, evidencing the extinction of the stripe-like pattern. The nanowire was, again, mapped after each 10 °C step, and the ones
corresponding to 80, 100, 120, and 140 °C are shown. Note that the 80 °C map shown here was acquired after the low-temperature cycling.
The real-space maps shown in (a) and (b) do not correspond to the same region. (c) Peaks 1 and 2 Agq, plot for temperatures ranging from

80 to 140 °C.

ordered, while all peaks gradually merged into a single Bragg
peak. Figure Sc plots the Ag, split between peaks 1 and 2 at
temperatures ranging from 80 to 140 °C. A clear systematic
decrease in the peak splitting indicates the possibility of a
gradual second phase transition, which has been reported in
different scenarios for CsPbBr; nanocrystals.'>®" After this
process, we also cooled the nanowire down again to repeat the
diffraction mappings at 75 °C and RT, obtaining results similar
to the previous cooling cycle. The real-space maps and
diffraction frames for these temperatures can be found in
Figure S7. Bulk CsPbBr; changes its crystal structure from

tetragonal to cubic at 130 °C. Our observations indeed
indicate that the whole nanowire might present the same
crystalline structure at high temperatures, and the center of the
mass of the summed diffraction frames at 140 °C is in
agreement with the cubic (002) reflection. The observed
domains here would then correspond to different local lattice
tilts, similar to the initial RT state and the reference nanowire
depicted in Figure S1. However, note that we have neither a
full rocking curve nor measurements from multiple reflections
at high temperature, which prevents firm conclusions.
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Local Crystal Structure. An important question is which
crystal phases and reflections are associated with the different
domains. To determine the possible reflections associated with
each peak, it is important to notice that the scattering vector is
parallel with the nanowire axis, so all crystal planes that we
observe must be nearly orthogonal to this axis. On average, the
difference in the length of the scattering vectors measured for
peak 1, when compared with peaks 2 and 3, is AQ = 0.0179
A™!, which corresponds to a relative difference in lattice
spacing of about 0.9%. One possible interpretation is that the
nanowire undergoes a phase transition at 80 °C from
orthorhombic to tetragonal. In this case, the domain pattern
is due to striped intercalating tetragonal domains with different
unit cell orientations, one with its c-axis oriented along the
nanowire (peak 1) and the second one with the c-axis parallel
to the domain walls*” (peaks 2 and 3). This is similar to the
striped a/c/a domains observed in tetragonal non-MHP
perovskites.””*" It is known from the literature that the
tetragonal bulk CsPbBr; lattice constants at 80 °C are
approximately a = b = 826 A and ¢ = 5.89 A" Such a
hypothesis would mean that the larger domains, associated
with peak 1, correspond to tetragonal (002) and have the c-axis
along the nanowire axis. In contrast, the shorter domains then
have the c-axis orthogonal to the nanowire axis, forming the
four possible tetragonal (220)-type reflections corresponding
to the peaks 2A, 2B, 3A, and 3B. A theoretical split of AQ =
0.0154 A™' is expected for these reflections, which is 14%
lower than what, on average, we observe for peaks 1 and 2. A
second hypothesis is that the part of the nanowire associated
with peak 1 preserves its RT crystalline structure and that this
is the orthorhombic (004) reflection, while peaks 2A, 2B, 3A,
and 3B again correspond to the four possible tetragonal (220)-
type reflections with different tilts with respect to the domain
walls. In this case, the theoretical AQ = 0.0189 A™" is only 6%
higher than what we observe.'”"* We also made measurements
at 20 = 8.579°, corresponding to half of the initial measured
Bragg angle (Figure S3). At this condition, two Bragg peaks
were still visible, which is consistent with both hypotheses.
Phase coexistence has been recently reported on MAPDI,
nanowires studied by temperature-dependent PL> and
TEM,°" and as described in the Supporting Information
Section 4, such a mixed crystal structure would only require
small changes in the rotation of the perovskite octahedrons.
Similarities on the overall atomic position indicate that low
energy is expected for the transitions associated with both
discussed scenarios.

Ferroelastic Domain Tilts. In order to understand the
observed presence of tilts in peaks 2 and 3, we have to consider
the lattice mismatch. Although the atomic arrangements are
similar, the unit cell lengths at the domain walls are not exactly
the same. Lattice mismatched domain walls can induce
ferroelasticity, which in turn can lead to tilted domains.”” To
calculate the expected tilts, the distance (appr> + brer’)"? =
1168 A or (aopr” + bort?)V? = 11.69 A for peak 1
representing the tetragonal (002) and orthorhombic (004)
reflections, respectively, will be matched with the larger 2cppp =
11.78 A. For an infinite, unstrained layer in the simplest model,
this would lead to a tilt of @ = 1 — [(argr® + brer?) %/ 2crgr]
= 0.48° for the first scenario and @ = 1 — [(aopr” + borr?)%/
2crer] = 0.44° for the second case, relative to the reference.
Although the measured tilts are on the same order of
magnitude, our results are more complicated. On average,
the 2A and 2B peaks are tilted +0.32°, while the 3A and 3B

peaks present +0.11° tilts. It is important to keep in mind that
the nanowire is not infinitely thick, as assumed for the
theoretical model, and this will reduce the tilt.*® Also, the
strain can affect the mismatch at the interface, and we know
that the nanowire is tensile strained in the z-direction. We do
not know the strain in the x- and y-directions, but it is
reasonable to assume that they are different, leading to
different amounts of tilt for peaks 2 and 3.

CONCLUSIONS

We have presented high-resolution in situ imaging of the
complex dynamics of ferroelastic domains in a single CsPbBr;
crystal during temperature variation. Studies of MHP phase
transition peculiarities and ferroelastic domain dynamics are
essential to understand their structural properties, which in
turn affect their electrical and optical properties. These insights
could only be achieved with a method that has both nanoscale
spatial resolution and allows for in situ measurements of
complete samples. A dramatic change in the crystalline
structure was observed at 80 °C, close to the orthorhombic
to tetragonal transition temperature for bulk CsPbBr;, with the
appearance of four new Bragg peaks that we assign to
tetragonal (220)-type reflections. The combination of high
resolution and large field of view also revealed a highly
organized pattern, with domains presenting an ordered stripe-
like domain pattern in the center and a hatched pattern near
the edges. Clearly, the surface at the edge affects the domain
formation, an effect that would be more significant in smaller
nanostructures than the nanowire presented here. We find that
the tetragonal peaks show lattice tilts consistent with
terroelastic domains, with plane inclinations being responsible
for the appearance of four tetragonal (220)-type reflections.
Furthermore, we find that the domains formed at 80 °C are
partially stable to further cycling to lower and higher
temperatures. Future experiments could investigate the effects
of controlled mechanical stress on the local crystal structure.’

Methodologically, our results demonstrate how scanning
XRD with a nanofocused beam can be used for in situ studies
of ferroelastic domain dynamics. The high coherent flux of the
first diffraction limited storage ring MAX IV allows fast
measurements with high resolution in real-space, strain, and
lattice tilt. The long absorption length of X-rays makes it
possible to perform in situ nanofocused scanning XRD in air of
a minimally prepared sample and would also allow
investigations of complete devices or samples in a controlled
environment. The method presented here should be applicable
to a wide range of materials, including non-MHP ferroelectric
and ferroelastic materials.

METHODS

CsPbBr; Horizontal Nanowire Synthesis. The noncatalyzed
growth was carried out in a three-zone horizontal-tube furnace. The
quartz tube reactor was purged with a N, (99.999%, Gordon Gas) and
H, (99.99995%, Parker Dominic Hunter H,-generator) 7:1 mixture
and maintained at 300 mbar with a constant 400 sccm flow of the N,/
H, mixture during the growth process. For the growth process, 150—
180 um thick, UV-grade, fused silica glass (Laser Optex Inc.)
substrates were used. CsBr and PbBr, powders (both purchased from
Sigma-Aldrich) were mixed in a 1:2 molar ratio and heated at 390 °C
for 20 min in the same N,/H, atmosphere to generate the precursor.
During the growth process the precursor was held at 550 °C in the
first heating zone of the furnace, while the silica glass samples were
placed downstream in the second heating zone and held at 360 °C.
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After a 15 min growth period, the furnace was moved away, and the
source and sample could be rapidly cooled to room temperature.

Temperature-Dependent Nanofocused Scanning X-ray
Diffraction. The X-ray diffraction experiment was performed upon
transmission geometry using a nanofocused beam at the NanoMAX
beamline at MAX IV Laboratory in Lund, Sweden. The beam was
focused to 64 X 61 nm* (vertical X horizontal) spot size using a set of
KB mirrors. The energy of the beam was fixed at 14.087 keV
(wavelength 0.8801 A), during the nanodiffraction experiments with
an incident flux of 10° photons/second. The Bragg angle position was
calibrated using a Si foil. The sample was mounted inside a heating
chamber, built by Leiden Probe Microscopy, specially designed for
synchrotron experiments, which allowed for temperature variation.
The heater controller was integrated to the beamline control system,
so it was possible to change the sample temperature without the need
to enter the hutch. The chamber was attached to a fast xyz scanning
piezoelectric stage with a lateral stroke of 100 ym and a resolution of
10 nm. Gold markers on the sample allowed for the first alignment of
the coarse motors using an in-line microscope. The diffracted beam
was recorded using a Merlin photon-counting detector with 515 X
515 pixels of 55 pm? pixel size positioned at 400 mm away from the
sample. A Pilatus 100K detector, collecting the transmitted beam, was
used to verify the alignment of the nanowire during the scanning
diffraction measurements. Real-space misalignments of the nanowire
were later compensated during data analysis. A realignment of the
piezoelectric motor position was also necessary after each temperature
step, since we could note a shift due to thermal expansion of about 2—
3 pm for every 10 °C variation. Simultaneously combining high-speed
continuous motion of the xyz scanning piezoelectric stage and high
frequency data acquisition, we were able to obtain two-dimensional
diffraction maps and then reconstruct real-space maps of the sample
for different Bragg angles.

Data Availability. All data sets generated and analyzed during the
current study are available from the corresponding author on
reasonable request.

Code Availability. All custom codes used during the current
study are available from the corresponding author on reasonable
request.
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