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1 |  INTRODUCTION

Laser-induced crystallization is a novel method to fabricate 
single-crystal architectures within glass.1 Laser-heating 
is spatially selective and offers an opportunity to fabricate 
crystalline architectures in glass with amorphous-crystalline 
interfaces. An amorphous phase can be directly converted 
into a single crystal by a solid-solid phase transformation via 
space-selective laser heating of glass in which the sample does 
not melt during crystal fabrication, as demonstrated recently 
for chalcogenide glass systems.2 By only locally heating the 
glass to include nucleation, specific crystal geometries can be 
created in the bulk glass sample. Antimony trisulfide (Sb2S3) 
crystals are particularly attractive due to their piezoelectric 
and ferroelectric properties and transparency for the infrared 

wavelengths.3 Due to such properties, Sb2S3 has practical ap-
plications in energy storage, photovoltaics, and thermoelec-
tric and optoelectronic devices.4‒8

Prior work focused on crystallization of Sb–S–I glasses 
using a continuous wave (CW) laser to create single crystal 
architectures in glass (SCAG) at or near the surface. In these 
glass systems, we have created single crystal dots (0D), crys-
tal lines (1D), and 2D planar structures.9,10 Electron backscat-
ter diffraction (EBSD) mapping of 1D crystal lines indicates 
that these single crystal architectures grow in a straight line, 
while simultaneously rotating gradually about an axis that is 
parallel to glass surface and normal to growth direction. Ex 
situ experiments have been used to study the formation of 
these rotating lattice single (RLS) crystals,9,10 which are par-
ticularly interesting because only the lattice rotates while the 
crystal's macroscopic shape is maintained.10 Note that RLS 
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Abstract
Single-crystal architectures in glass, formed by a solid-solid transformation via laser 
heating, are novel solids with a rotating lattice. To understand the process of lattice 
formation that proceeds via crystal growth, we have observed in situ Sb2S3 crystal 
formation under X-ray irradiation with simultaneous Laue micro X-ray diffraction 
(μXRD) pattern collection. By translating the sample with respect to the beam, we 
form rotating lattice single (RLS) crystal lines with a consistently linear relationship 
between the rotation angle and distance from nucleation site. The lines begin with a 
seed crystal, followed by a transition region comprising of sub-grain or very simi-
larly oriented grains, followed by the presence of a rotating lattice single crystal of 
unrestricted length. The results demonstrate that the primary cause of lattice rotation 
within RLS crystals is the densification accompanying the glass → crystal transfor-
mation, rather than stresses produced from the difference in thermal expansion coef-
ficient of the two phases or paraelectric → ferroelectric transition during cooling to 
ambient temperature.
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crystal is comprised of a new type of lattice, which is derived 
from perfect single-crystal lattice by adding a rotational ele-
ment to translational symmetry. Controlling this rotating lat-
tice is key for exploiting these novel crystals in applications. 
The driving force and the stage when the lattice rotates are 
unknown at present. Specifically, it is unclear if the rotation 
occurs due to thermal expansion mismatch, the paraelectric 
to ferroelectric transition during cooling, or stresses gener-
ated as a result of crystallization itself. Crystal formation and 
growth are dynamic in nature, therefore real time measure-
ments are necessary to fully understand the processes that 
eventually control the rate of rotation and the corresponding 
properties of RLS crystals. This was the goal of work that we 
report in this paper.

To this end, we observe crystallization and growth in Sb–
S–I glass in real time by using a white synchrotron X-ray beam 
as a spatially selective heating source while simultaneously 
collecting time-resolved diffraction patterns. The measure-
ments are made while translating the sample, enabling us to 
observe the formation of a crystal with a rotation lattice simi-
lar to the ones produced with a CW laser.2,9 X-ray diffraction 
has previously been used to observe the nucleation and growth 
of crystals in solutions,11,12 within a melt,13 and in thin films,14 
Micro X-ray diffraction, μXRD, is commonly used to iden-
tify and characterize materials at a micron- and sub-micron 
scale to analyze spatial distribution of phases, structure, strain 
and stress, and/or plastic deformation inside the sample.15 
However, this is the first time that an X-ray source has been 
used to investigate the formation of crystals on the surface of 
bulk glass. These real time observations provide insight into 
the underlying mechanism responsible for enabling the rotat-
ing crystal lattice.

2 |  EXPERIMENTAL 
PROCEDURES

Single-crystal architecture in Sb–S–I glasses is most conveni-
ently fabricated with a CW laser. To create a similar crystal 
fabrication environment while simultaneously collecting lat-
tice characterization data, we used a white synchrotron X-ray 
beam. To eliminate complexity from compositional changes, 
long range diffusion etc, we focused on the congruent growth 
of Sb2S3 crystals on the surface of Sb2S3 glass. These experi-
ments were performed at beamline 12.3.2 of the Advanced 
Light Source at Lawrence Berkeley National Laboratory. A 
white X-ray beam (~5-24 keV) was focused to a 1 × 1 μm2 spot 
size (measured in transmission) using a pair of Kirkpatrick-
Baez mirrors. The sample is mounted at 45° to the X-ray beam 
and is controlled using high precision XYZ translation stages. 
Laue diffraction patterns were collected using a DECTRIS 
Pilatus 1M detector at a rate of 20-30 patterns per second to 
observe crystallization in real time. A schematic diagram of the 

experimental set up is shown in Figure 1. Quantitative informa-
tion was extracted from the Laue patterns using the in-house 
X-ray microdiffraction analysis software package XMAS.15

To fabricate single crystals using the X-ray beam, a low-
power diode laser was first used to focus the beam on the sur-
face of the sample. It calibrated the focus without exposing the 
sample to the X-ray beam to eliminate the possibility of dam-
aging the sample during the set up. The intensity of the X-ray 
beam was controlled by adjusting a pair of slits to cut off more 
or less of the impinging X-ray beam. Beam intensity was mea-
sured using an ion counter mounted between the optics cham-
ber and the sample. The intensities used for crystallization were 
between 3500 and 11 000 counts with the best results around 
8000 counts. We found that at <7800 counts, the heat load 
was often insufficient to cause crystallization, whereas >9000 
counts led to the undesirable formation of multiple grains. All 
crystals discussed in this paper were created at the optimal in-
tensity of 8000-8200 counts, which equates to a measured flux 
value of approximately 94.11 × 1022 photons/s/m2. To deter-
mine whether sample temperature affects nucleation and/or 
crystallization, an Anton-Paar DHS 900 heating stage was used 
to heat the samples up to 100°C, well below the Sb2S3 crystalli-
zation temperature of 190°C.16

In order to minimize oxidation, we proactively placed 
Kapton tape, which was transparent to the X-ray source, over 
the sample, and nitrogen was continuously flowed over the 
surface. To confirm that the X-ray beam crystallization did 
not produce oxidation effects as seen with traditional laser 
 crystallization, crystals were formed both in air and under a ni-
trogen filled environment. There were no differences in crystal 
diffraction patterns collected between the two environments, 

F I G U R E  1  Schematic diagram of experimental set up
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thus confirming that the X-ray beam did not produce oxidation 
effects during crystallization. This may be due to the CW laser 
producing a higher temperature on the surface of the sample 
compared to the X-ray beam.

3 |  RESULTS

Our first objective was to determine whether it is possible to 
fabricate crystals using the X-ray beam. To test this option, 
we exposed the crystal to an X-ray beam and measured dif-
fraction every 0.05 seconds over a total of 5 minutes, with 
t = 0 being the point when exposure first began. Since glass 
is amorphous, the appearance of a diffraction pattern would 
indicate crystallization in the sample. The high time resolu-
tion of the detector allowed us to observe changes within the 
crystal lattice during initial growth. Using the XMAS soft-
ware, each diffraction pattern was indexed to determine the 
single crystal orientation as a function of time.

We first created crystal dots that would serve as seed 
crystals for other crystal structures, such as lines and 2D 
architectures. After a seed crystal was created, the sample 
was re-exposed to the X-ray beam while simultaneously 
translating the sample stage relative to the X-ray beam to 
create a crystal line. Temperature of heating stage, trans-
lation velocity, and beam intensity were varied in order to 
determine optimal parameters for line crystallization (see 
Table 1). Exposure time in Table 1 refers to the total time 
the sample was exposed to the X-ray beam for crystalli-
zation. All experiments considered here were performed 
under an N2 environment under Kapton to avoid potential 
oxidation.

Figure 2 displays an indexed reflection pattern, where 93 
peaks were identified and indexed as one Sb2S3 crystal. The 
XMAS software calculates a variety of crystal parameters 
that define the orientation and characteristics of the crystal 
lattice. Indexation of the resulting Laue patterns shows that 
the crystal lattice rotates in the X-ray scanning direction for 
all samples, consistent with results from laser fabrication.9,10 
The rotation rates were calculated using the orientation of 
the crystal c-axis relative to the surface normal. In 15 of 19 
samples, we find that the rotation rate is linear with respect 
to translation distance. The four unsuccessful samples con-
tained three lines that failed to crystallize and therefore ei-
ther contained a low number of indexed frames, less than 30 
frames detecting over six indexed peaks, and one crystal line 
was crossed through previously existing crystal lines causing 
a polycrystalline line that contained a new starting orienta-
tion each time that the line passed through an existing crystal 
line. These crystals may have failed to grow as a single-crys-
tal line due to defects in the glass such as deep scratches or 
fluctuations in beam intensity. Initial analysis of the rotation 
rate calculated the average rotation of samples at 22°C, 70°C, 

and 80°C were 0.0289, 0.0336, and 0.0214°/µm, respectively. 
When analyzing the effects of the writing speed, 1, 2, and 
4 µm/s, we found mean rotation rates of 0.0181, 0.0272, and 
0.0430°/µm.

Let us focus, as an example, on a specific line, fastline8, to 
explore the crystallization process and whether its evolution 
with time is similar to the rotation that we observe in laser 
fabricated crystals.9,10 Fastline8 displays similar phenomena 
shown in each single crystal line, so it is very appropriate 
to further characterize the mechanisms of the rotating lattice 
formation. When observing the diffraction patterns, we can 
see that the entire crystal diffraction pattern rotates in the di-
rection that the stage is translated, to the right for fastline8 
(Video S1).

During initial growth of the crystal line, we observe a 
transition from the crystal dot seed to the start of the crystal 
line where there is a gap in the indexed patterns. As reported 
previously,16 there is transition region between the seed crys-
tal and the rest of the line that exhibits additional complex-
ity. This region is prone to the formation of defects that can 
cause higher angle boundaries during crystallization, leading 
to undesirable additional grain formation as the growth front 
extends from the crystal seed to begin to form the line.17 It 
occurs due to competition between growth of the existing 
crystal seed and nucleation of potential new crystal seeds.17 
If growth during this area is inhibited, the diffraction patterns 

T A B L E  1  Experimental parameters used for generating crystal 
lines

Sample
Exposure 
time (s)

Temperature 
(°C)

Translation 
velocity (μm/s)

Fastline 1 99.99 70 1

Fastline 2 99.99 70 1

Fastline 3 99.99 70 1

Fastline 4 50.01 70 2

Fastline 5 50.01 70 2

Fastline 6 50.01 70 2

Fastline 7 24.99 70 4

Fastline 8 24.99 70 4

Fastline 10 99.99 70 4

Fastline 11 99.99 80 1

Fastline 12 99.99 80 1

Fastline 13 99.99 80 1

Fastline 14 50.01 80 2

Fastline 15 50.01 80 2

Fastline 16 24.99 80 4

Fastline 17 63 22 4

Fastline 18 99.99 22 1

Fastline 19 50.01 22 2

Fastline 20 50.01 22 2
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would not be as strong, resulting in a low number of indexed 
Laue spots. Figure 3 shows the deviation angle as a function 
of distance from the center of the seed, and selected diffrac-
tion patterns throughout.

There is a linear relationship between the deviation angle 
and translation distance, as observed in all of our experiments. 
In Figure 3B representing the transition zone at 15 µm, the pat-
tern appears doubled, vs the patterns at 0.12 and 99.84 µm. The 
spots at 15 µm are more diffused and doubled when compared 
to the beginning and end of the line. We observe that a sec-
ond grain with almost the same orientation forms, at 7.2 µm, 
and becomes the dominant and singular grain for the rotation 
after some distance from the original seed, at 19.8 µm. In this 
transition zone, the crystallographic data was misfit by XMAS 
due to weak diffraction scattering or doubling of the lattice, 
signifying the presence of two sub-grains of approximately 

equal diffracting volume, as discussed above. We do not see 
any other grain orientations form throughout the translation of 
the sample, and the overall trend in rotation remains linear. To 
confirm that we have a singular grain beyond the transition 
region, we compared the number of peaks indexed as a sin-
gle crystal to the total number of peaks. At 99.84 µm, 98% of 
peaks were indexed as belonging to a single grain compared 
to the transition zone at 15 µm, where only 13% of peaks were 
identified as a single grain indicating that it is polycrystalline 
at this zone. It appears that sub-grains or a highly oriented 
polycrystalline structure forms during the “transition zone” 
between the seed and single crystal line; after this zone we 
observe throughout a rotating-lattice single crystal line. For 
this crystal line, we measure a constant rate of rotation in the 
growth direction, similar to that previously reported for ex situ 
laser formed rotating-lattice-single crystals,9,10 but now in real 

F I G U R E  3  A, Plot of the deviation 
angle vs distance from the crystal seed. 
The equation of the linear fit is shown 
within the graph. B, Laue patterns at 0.12, 
15, and 99.84 µm, which coincide with the 
green rectangles in (A)

F I G U R E  2  A, Laue pattern of crystal 
before indexation. B, Laue pattern with box 
indexation, each box represents an identified 
crystal reflection

(A) (B)
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time. The lattice rotates at 0.0687°/μm along the growth direc-
tion of the crystal line.

Reflection (−9, 6, 3) was tracked in detail as a function of 
time for the same crystal line, fastline8, to further understand 
the rotating lattice (Figure 4). The reflection's angle changes, 
which is consistent with a rotation of the lattice as described 
previously. We also observe a change in the shape of the re-
flection over time. At 0.12  µm, still in the crystal seed, the 
reflection appears smeared relative to an ideal 2D Gaussian 
profile. Within the transition zone, a second (−9, 6, 3) reflec-
tion appears, indicative of the presence of a second grain with 
a very low angle grain boundary. Here a competition appears 
to develop between the growth of the original grain and the 
nucleation of additional ones. In the case of fastline8, the sec-
ond reflection persists beyond the transition zone, whereas 
the original one disappears. It indicates that the second grain, 
whose initial orientation is very similar to that of the origi-
nal one, is the singular grain that continues to grow and rotate 
throughout the line. We see that as the sample is translated and 
the crystal line continues to grow, at 49.92 and 99.84 µm, only 
one reflection is present indicating a single-crystal grain.

To further quantify the observations, the intensity across 
the center of the Laue reflection is plotted at four different 
distances (Figure 4B). At 0.12 µm, there is one main peak 

with a shoulder, possibly the initiation of a second grain. 
This main peak and shoulder split, eventually becoming two 
peaks that are of similar intensity at 15.0 µm before merging 
again to a single peak of higher intensity. During this region, 
smaller crystal grains may be beginning to form but the in-
tensity of each of these peaks is marginally less than that of 
the “main peak.” It is also worth noting that after the Laue 
reflections merge into a single peak, the intensity of that peak 
increases as the crystal line is written. The full width at half 
the maximum decreases, indicating that the peak does narrow 
over time (Figure 4C).

In the full Laue diffraction pattern of fastline8 taken at 
12.48  seconds, that is, 49.92 µm from the seed, 113 peaks 
were correctly indexed as one Sb2S3 crystal (Figure 5). Closer 
inspection of selected individual diffraction peaks, such as 
(−12, 6, 15) and (−12, 6, 6), show that they have the same 
slightly smeared shape that we observed in ex-situ experi-
ments of our previously laser-crystallized samples.9,10

4 |  DISCUSSION

How crystal architectures form within an amorphous matrix 
is mostly unknown at present.18,19 Using in situ heating of 

F I G U R E  4  A, Selected reflection (−9, 6, 3) at different distances of the crystal line. B, Line profiles of each reflection plotted as 
pixel position vs intensity. C, Table including the full width half maximum of each Laue diffraction spot
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glass by X-ray beam, we observed the evolution of congru-
ent crystallization in Sb2S3 glass and tracked changes in ori-
entation in real time, providing an insight into the origin of 
recently discovered rotating-lattice-single crystals. We fabri-
cated lines starting from previously formed seed crystal dots. 
We observed a smooth rotation of the single-crystal lattice as 
the lines were forming, in agreement with previously reported 
ex situ observations.9 During this rotation, the diffraction pat-
tern indicates that the lattice rotates in the plane of the sample 
translation. Since the X-ray beam is the probe beam for dif-
fraction as well as the source for crystallization, the diffraction 
patterns are being recorded at the growth front of the crystal 
line. If the rotation occurred at a later time, it would not be 
observed during the in situ data collection. Thus, we can con-
clude that the rotation is occurring during growth at the growth 
front, rather than subsequently behind the growth front.

When crystals are plastically strained, their Laue diffrac-
tion spots display significant spreading.20 Plastic deformation 
introduces unpaired dislocations and small-angle tilt bound-
aries, in addition to residual elastic strain. When sufficiently 
mobile, the unpaired dislocations arrange to create tilt dislo-
cation walls.21,22 One major characteristic of these diffrac-
tion patterns is that the individual Laue spots are smeared 
and elliptical in nature rather than a Gaussian profile that is 
associated with a “perfect” single crystal. The smeared spots 
that we observe in our Laue patterns are similar to those of 
plastically deformed crystals. So they are likely from a sim-
ilar distribution of dislocations and uniform elastic bending 
strain, but their origin is not plastic deformation; they arise 
from accommodation of stresses from the densification of 
the sample during glass to crystal transformation and crystal 
growth.9,23 This introduction of random and well organized 
arrangement of dislocations is believed to be the source of 
lattice rotation of the RLS crystals.

The present results are consistent with previous results in 
that the rotation is likely due to the inclusion of dislocations 

to accommodate stresses.9 Furthermore, these in situ obser-
vations establish that these stresses arise primarily from the 
difference in density of the Sb2S3 glass and crystal phases, 
4.33 and 4.562 g/cm3, respectively. As proposed by Savytskii 
et al,9 the densification during devitrification on the surface 
produces asymmetric tensile stress on the crystal side of the 
interface, which will be the primary cause of systematic lat-
tice rotation. Since the measurements were made at about the 
temperature of crystal growth, stresses from the difference in 
thermal expansion coefficients of the crystal and glass phases 
will be negligible, and they cannot be the source of lattice 
rotation. Likewise, stresses from paraelectric to ferroelectric 
phase transition upon cooling are absent during in situ mea-
surements and cannot contribute to the lattice rotation ob-
served here.

Initial analysis of average rotation rates for the translation 
speed was discussed above. We observed that the rotation 
rate increased when the translation speed was increased. If 
the rotation occurs due to dislocations within the lattice, a 
slower translation speed could lead to relaxation of stresses in 
neighboring glass thereby letting the dislocations anneal out 
and result in a smaller observed rate of rotation. To further 
explore this phenomenon, future studies with a larger param-
eter space and sample size need to be performed to confirm 
these effects.

In every single-crystal line fabricated, there is a “transition 
zone” at the boundary between the initial seed and the rest of 
the line, where the diffraction patterns are diffused, and some 
reflections appear doubled and/or smeared. This “doubling” 
could be the result of either a secondary grain forming in this 
region, or dislocations forming in in the existing grain align-
ing to create that produce this doubled reflection. This region 
is poorly indexed for all lines. The transition zone is followed 
by the rest of the line, whose rotation rate is linear with respect 
to distance. Overall, the rotation stays consistently linear from 
the seed crystal to the end of the crystal line. The diffraction 

F I G U R E  5  A, Laue diffraction 
pattern from an X-ray fabricated Sb2S3 
single crystal. B, Selected reflection (−12, 
6, 15) extracted from the Laue pattern. C, 
Selected reflection (−12, 6, 6) extracted 
from the Laue pattern

(A) (B)

(C)
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peaks become sharper with increasing distance from the seed, 
although they remain elliptical in profile. This is the charac-
teristic of a curved crystal plane, and often occurs from dislo-
cations piling up to eventually cause a low-angle boundary.23 
These results support the model that lattice rotation in RLS 
crystal arises from the presence of unpaired dislocations and 
small-angle boundaries.

5 |  CONCLUSIONS

In this novel experiment, we observed the growth of rotating lat-
tice single Sb2S3 crystal lines in Sb2S3 glass in situ in real time 
using micro X-ray diffraction. We found that the lattice rotation 
occurs during growth and remains constant along most of the 
crystal line. The rotation rate increases with increasing crystal 
translation speed. The crystal lines contain a poorly single-crys-
talline region between the seed dot and the rest of the line but 
remain a single crystal beyond this region. The elliptical nature of 
the Laue diffraction spots confirm previous models that disloca-
tions are the underlying mechanism of these RLS crystals.9 These 
dislocations, and thus lattice rotation, are produced at the growth 
interface primarily in response to increase in density accompa-
nying the glass to crystal transformation. Finally, in situ μXRD 
has been proven to be a powerful tool to determine the nature of 
crystal growth when creating single crystal architectures in glass.
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