The Mechanism of Grain Growth at General Grain Boundaries in SrTiO;
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Abstract: In this work anisotropic motion of disconnections at general grain boundaries in
SrTiO; was detected in-situ at 1040°C and 1050°C using transmission electron microscopy.
The same anisotropic motion of ledges and terraces at the surfaces of SrTiO3 was detected in-
situ. These results corroborate previous ex-situ studies on disconnection motion in SrTiO3, and
experimentally confirm that anisotropic disconnection motion is the mechanism of grain

growth.
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Main Text:

Crystal growth was previously described to occur by step motion, where it was suggested that
during growth atoms move along terraces on the surface of a crystal, then along ledges (surface
steps) and finally reach kink sites, according to the terrace-ledge-kink (TLK) model, allowing
minimization of surface energy [ 1]. Ex-situ experiments confirmed that ledges and terraces are
detectable at surfaces [2-5]. Theoretical models of the atomistic mechanism of grain boundary
(GB) migration have been proposed. In one model GBs were characterized according to the
TLK model by Gleiter et al., suggesting that GB migration occurs via diffusion of atoms to the
GB plane, then atoms diffuse along the GB plane, attach to step sites, and finally diffuse along
the step into a kink site [6,7]. This model was partially confirmed by Gleiter using ex-situ
transmission electron microscopy (TEM). However, only the projections of the steps were
detected, and steps were not directly discerned. In addition, in-situ characterization confirming
the motion of steps was lacking. The concept of steps at GBs was extended to line defects
which can have both a step and a dislocation character, defined as disconnections by Hirth and
Pond, who postulated that disconnections play a key role in the atomistic mechanism of GB
migration [8-17]. This model was applied to a number of specific boundaries which were
mainly high symmetry coincidence GBs [10-18]. Recently the energy of disconnections was
simulated, demonstrating that certain low energy disconnections would be first to form and

migrate [19,20].

The projection of steps at general GBs and disconnections at high symmetry GBs were detected
using ex-situ [6-23] and in-situ TEM [24-34]. High symmetry GBs are often studied since their
atomistic structure can be resolved. However, such model experiments can be far from

representative when compared to general high-angle GBs found in polycrystalline systems. To
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date, three sets of in-situ experiments confirmed that steps are active during grain growth at
specific high-symmetry GBs in gold and during shear-coupled migration in aluminum and gold
[32-34]. While the observations available in the literature suggest that disconnection motion is
the mechanism by which general GBs migrate, this concept requires experimental
corroboration. Understanding the mechanism of GB motion is important for both fundamental
and applied issues related to microstructural evolution of materials associated with control of

the grain size of polycrystalline material systems to optimize their engineering properties.

Recently, general high-angle GBs in SrTiO3 were characterized ex-situ using aberration
corrected TEM [35-37]. Anisotropic disconnections were detected along all of the studied
boundaries. While the measured GB mobility in SrTiO3; was found to change significantly in a
specific temperature range [38-40], both the step and the dislocation components of the

disconnections were found to be of the same nature [35-37].

As such, in the present study, grain growth at general GBs in SrTiO3; was studied in-situ using
high resolution TEM (HRTEM), where anisotropic disconnection motion was detected. An
example of a special GB is demonstrated as well (Figure 1a,b). Thermodynamic and kinetic
aspects of disconnection motion are discussed, in light of the ex-situ results acquired for SrTiO;
in the past. In a similar manner, the free surfaces of SrTiO3 grains were studied in-situ, and
anisotropic motion of ledges and terraces was recorded and compared to in-situ and ex-situ

results acquired at general GBs in SrTiOs.

To do so, thin films of polycrystalline SrTiO3; were deposited on (001) surfaces of rock salt
NaCl single crystal substrates (99.9%, SPI- Chem, USA) by pulsed layer deposition (PLD,

MBE/ PLD-2100 deposition system, PVD Products Inc.) equipped with a KrF pulsed excimer
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laser beam (A=248 nm, COMPex PRO 102 Excimer Laser, Lambda Physik / Coherent), using
a single crystal of SrTiO; (KMT Corporation) target. The deposition conditions were as
follows; 60mTorr of O, the set point temperature was 500, 600 or 700°C, the distance between
target and substrate was 75mm, the laser fluency at the surface of the target was ~0.9 J/cm? and
the frequency of pulses was 3 Hz. The films were transferred to heating chips (DENSsolutions
“Through-Hole” reaching up to 1300°C) by dissolving the rock salt substrates in water (HPLC
Water Plus, Sigma- Aldrich) after deposition. The films were then heated in-situ (DH30-4M
double tilt DENSsolutions holder) in an aberration corrected TEM (FEI Titan 80-300 kV

S/TEM) (see Figure S1 acquired before heating).

Each interface (GB or surface) was characterized edge-on, where both characteristic planes
(GB and step planes in the case of GBs, and terrace and ledge planes in the case of surfaces)
were parallel to the incident electron beam direction. This way the disconnections and the
terraces and ledges can be discerned (rather than only their projection). In this work the edge-
on GB and step planes as well as the terraces and ledges are defined as parallel to
crystallographic planes in either of the delimiting grains (defined schematically in [35] for

GBs).

Figure 1a,b presents disconnections detected along an edge-on GB annealed in-situ at 1040°C
in vacuum, where the GB and step planes were parallel to (100) and (110) planes of both
delimiting grains, which were both oriented in or close to a [001] zone axis (ZA). This GB is a
near Y5 orientation [41-43]. During heating the boundary migrated as a result of
disconnections moving along the GB plane (Movie 1). Figure 1a,b indicates that within the 6.7
s that passed between the two images, the boundary and the disconnections changed their

position, indicating movement. Minor grain rotation of the grain on the right is noted, which



could be associated with motion of the dislocation component of the disconnections as a result
of GB migration, in addition to some minor tilting/ bending of the film. Disconnection motion
was not continuous, and stagnation occurred between sequential disconnection motion, which
is associated with the presence of an energy barrier for disconnection motion. For
corroboration, Figure 1c,d,e,f (Movie 1 and Movie 2) indicate disconnection motion along two
general GBs which are far from a high-symmetry orientation, heated in-situ to 1040°C. As
demonstrated in Figure 1¢,d (Movie 1) the GB and step planes were parallel to {001} and {110}
planes of the grain on the left (oriented close to a [001] ZA). Later (Figure S2), the grain on
the right tilted and rotated such that GB and step planes parallel to {110} planes were detected
along this grain (then oriented close to a [111] ZA and the GB and step planes on the grain on
the left keep their orientation). In the vicinity of the boundary presented in Figure 1c,d, above
or below the grain on the right, a grain is forming and moving along the surface of the grain on
the right. During the time presented in Figure lc,d this particle did not interact with the
boundary and thus did not affect it. The same anisotropy remained after interaction between
the GB and the particle (Figure S2 and Movie 1). In Figure le,f (Movie 2) the GB and step
planes were parallel to {001} and {110} planes along a grain oriented in the [001] ZA. The
same anisotropic motion of disconnections was detected between the grain on the upper right
part aligned close to the [001] ZA and the grain in the middle. The contrast indicated by the

dashed yellow lines in Figure 1 emanates from inclined steps as explained in [37].

Figure 2 (Movie 3) present HRTEM micrographs of SrTiO3 grains heated to 1040°C in-situ.
Disconnection motion is demonstrated at two general GBs (Figure 2a,b and Figure 2c,d). In
both cases the GB and step planes were parallel to {001} and {110} planes. Inclined steps were
detected as well, and were assumed to be of the same nature as the edge-on ones (given the

resulting artifacts). The boundary between the grain close to the [111] ZA and the grain close



to the [001] ZA on the bottom left (Figure 2d) also had disconnections along the same

crystallographic planes.

Figure 3 (Movie 4) demonstrate disconnection motion at a GB in SrTiO3 annealed in-situ to
1050°C in vacuum. A tilt angle of 12° exists between the grains in addition to a small twist
angle. The dislocations along the boundary do not fit the Read- Shockley theory describing low
angle GBs as an array of lattice dislocations [44], indicating that such a tilt angle falls within
the regime of high angle GBs for SrTiOs. The GB and step planes were parallel to {001} and
{110} planes of both delimiting grains, both oriented in the [001] ZA. Inclined GB and step
planes along the boundary may lead to contrast emanating from GB dislocations as if the
dislocations are delocalized from the GB plane [37]. This explains the contrast indicated by the
white arrow in Figure 3c. These inclined GB and step planes are assumed to be of the same

nature as the edge-on planes [37].

Figure S2, Figure S3 and Movie 5 present additional examples for anisotropic disconnection
motion at general GBs, in agreement with those discussed above. These figures and movies
indicate not only that disconnections are present at general GBs, but that they are active during
grain growth. As such, anisotropic disconnection motion is the mechanism by which general

GBs migrate in SrTiOs.

GB and step planes of the same nature were also detected at general GBs in SrTiO3 annealed
ex-situ, regardless of the experimental conditions [35,36,37]. In these samples GB and step
planes were mainly parallel to {001} and {110} planes, whereas a specific pair of planes was
detected depending on the orientation of the delimiting grains which were close to a low index

ZA once the boundary was edge-on. For example, GB and step planes were detected parallel
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to {001} and {110} planes along grains oriented in (or close to) a <001> ZA whereas they were
parallel to {110} planes along grains oriented close to a <111> ZA. It should be noted that
these specific crystallographic planes were found to be low energy planes in SrTiO3; annealed
under high oxygen partial pressures (comparable with the vacuum conditions used in this work,
see supplementary material) [45-47]. The agreement between in-situ results presented in this
manuscript and ex-situ results [35-37] confirms that disconnections at general GBs are similar
in nature to those at special GBs (Figure 1a,b), where the same crystallographic anisotropy of
disconnections was detected for both types of boundaries, and both migrate via anisotropic

motion of disconnections.

Applying the dislocation analysis presented in [36] on the boundaries presented in Figure 1,
Figure 2 and Figure 3 results in sums of the edge component of the dislocations being parallel
to {001} and {110} planes, as was demonstrated ex-situ [36]. This confirms that both the step
and the dislocation components of the disconnections characterized in-situ and ex-situ are in

agreement.

Moving ledges and terraces were also detected in-situ at surfaces. For example, Figure 4
(Movie 6) present HRTEM micrographs of SrTiO3 grains heated to 990°C in-situ, where the
grain shrunk until it disappeared by the motion of ledges. As demonstrated in Figure 4, the
ledges and terraces were parallel to {001} and {110} planes. While in the past ledges and
terraces were detected on SrTiO3, it was shown that they evolved mainly along TiOx layers that
developed on the surface of the SrTiO3z grains [5]. In the results presented here secondary
phases were not detected at the surface. We assume that the main driving force for shrinkage
is surface area reduction by evaporation (which may have been accelerated by electron

irradiation damage). It is also possible that ledges on the surface are active in surface



reconstruction [48-50].While ledges moved in a specific direction, in several cases and for
short instances, they also moved in the opposite direction (condensation instead of evaporation;
see Figure 4 and Figure S4). Ledge motion at surfaces was discontinuous, where stagnation
occurred between sequential ledge motion, presumably associated with an energy barrier for
ledge motion and formation of new ledges. The overall velocity of the ledges is thus dictated
mainly by the duration of stagnation between sequential ledge movements, since ledge
movement itself is rather fast. This indicates that the ledge motion process is strongly

dependent on thermodynamic factors.

Given the anisotropy of the surface and GB energy in SrTiO3 [45-47] we assume that the ledges
and terraces identified in edge-on condition are responsible for accommodating the
macroscopic shape of the particle and therefore may also be inclined to the electron beam
direction at certain regions of the surface. Examples for such inclined ledges and terraces are
marked by the dashed yellow lines in Figure 4a and the yellow dashed arrow in Figure 4c. A
region with varying width (as a function of time) is noted in the right corner of the grain
(marked by a dashed yellow arrow in Figure 4b), and is associated with artifacts resulting from
inclined ledges and terraces. The inclined ledges and terraces are assumed to be of the same
nature as the edge-on ledges and terraces (as noted in Figure 4a,c). Due to motion of these
inclined ledges and terraces in the thickness of the specimen, the relative thickness of the grains
changed in the vicinity of the edge-on ledges and terraces, resulting in changes in the contrast

in the HRTEM micrographs (see for example the dashed yellow lines in Figure 4a).

While in Figure 4 the ledges and terraces parallel to {100} and {110} planes were visible along
the surface of the grain aligned close to a [001] ZA, in a grain aligned close to the [111] ZA,

the ledges and terraces were parallel to {110} planes (see lower part of Figure 2c¢ and
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supplementary material). This was in agreement with the nature of the GB and step planes of
the disconnections detected in-situ and ex-situ at general GBs in SrTiOsz [35]. All additional
figures and movies (besides Figure S1) present additional examples for anisotropic ledge

motion at the surface of the grains.

The results presented here indicate the anisotropic nature and motion of disconnections at
general GBs, annealed in vacuum. The disconnection motion during in-situ experiments
confirms not only that disconnections are present at general GBs in SrTiOs3, but also that they
play an active role in grain growth. As such, it is concluded that anisotropic disconnection
motion is the mechanism by which general GBs migrate in SrTiOs. Motion of disconnections
exhibiting the same anisotropy was demonstrated at a near-coincidence (})) GB, indicating that
the migration mechanism for high and low symmetry GBs is the same. In addition, ledges and
terraces were shown to move at grain surfaces, indicating similar anisotropy to disconnections
detected at GBs. These results are in agreement with ex-situ results acquired from multiple

general GBs in SrTiO; confirming the same specific anisotropy.
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Figure Captions
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Figure 1: HRTEM micrographs of SrTiO3 heated to 1040°C in-situ. (b) was acquired 6.7s after
(a). (d) was acquired 26.4s after (c), and (f) was acquired 146s after (e). The yellow lines
indicate the position of the GB and step planes along an edge-on GB which is a near )5
orientation relationship (a,b) and two edge-on general high-angle GBs (c,d and e,f). The arrows
indicate the direction of the GB migration. The dashed yellow lines indicate inclined steps.

Cs=-2.9um.
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Figure 2: HRTEM micrographs of SrTiO; heated to 1040°C in-situ. (a)- (d) were acquired at
time differences of 15.8s, 26.4s and 37.3s. The yellow lines indicate the position of the GB and
step planes along two edge-on general high-angle GBs, as well as ledges and terraces along the
grains. The dashed yellow lines indicate inclined steps. At indicates the time difference between

a micrograph and the previous one. Cs=-2.9um.
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Figure 3: HRTEM micrographs of SrTiO3 heated to 1050°C in-situ. (b) was acquired 10s after

(a). (c) and (d) represent a suggested model for dislocations along the boundary (blue lines in
(c)) and GB and step planes (yellow lines in (d)) analyzed in the specific edge-on state
presented in (a). In this description ((¢) and (d)) inclined steps were omitted but their presence

can be inferred. Cs=-2.9um.
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Os

=
1040°C
At=32.4s

1040°C.
At=158.2s

Figure 4: HRTEM micrographs of SrTiO; heated to 1020°C and 1040°C in-situ. (a)- (d) were
acquired at time differences of 17.9s, 158.2s and 32.4s. The yellow lines indicate the position
of ledges and terraces along the edge-on surface of a grain oriented close to a [001] zone axis.
The dashed yellow lines and arrows indicate inclined ledges and terraces. The white arrows

indicate the directions of the motion of the ledges. Cs=-5.9um.
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