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ABSTRACT

High-resolution transmission electron microscopy is often used to characterize

grain boundaries, but it is usually limited to special high symmetry boundaries

with a high density of coincident sites. For these ‘special’ boundaries, both

crystals can be brought into a low-index zone-axis with the boundary plane

parallel to the incident electron beam. In this case the atomistic structure of the

boundary can be solved, which is not possible for other, more general grain

boundaries. In the present study, general grain boundaries in SrTiO3 were ana-

lyzed using aberration-corrected transmission electron microscopy and scan-

ning transmission electron microscopy. These boundaries included at least one

type of disconnection (i.e., defects that can have a step and/or a dislocation

component). Since the dislocation component of disconnections along general

grain boundaries cannot be fully resolved using the methods currently avail-

able, a plane matching approach was used to compare disconnections at dif-

ferent boundaries. Using this approach, the dislocation component of the

disconnections was partially characterized and was found to have an edge

component mainly parallel to {100} and {110}, close to normal to the macroscopic

grain boundary plane. The step component of the disconnections was found to

be aligned mainly parallel to the same crystallographic planes ({100} and {110}).
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Introduction

Grain boundary migration is a well-known phe-

nomenon and a fundamental process in microstruc-

tural evolution. One of the models that was

suggested to describe the mechanism of grain

boundary motion is the terrace-ledge-kink (TLK)

model [1, 2]. According to this model, the process of

grain boundary migration occurs through diffusion

of atoms from the grain boundary plane (analogous

to a surface terrace), then to a step site, and finally to

a kink site. The concept of steps at grain boundaries

has been evaluated, and ‘disconnections’ were

defined which are defects at grain boundaries which

can have a step and/or a dislocation character [3].

Pond et al. postulated that disconnections play a key

role in the atomistic mechanism of grain boundary

migration [3–10]. For a recent review of the theory of

disconnection kinetics, see [11].

Recently, steps were found at general grain

boundaries in SrTiO3 [12] and were correlated with

the mechanism of grain growth following the TLK

and disconnection models [1–10]. It was shown that

the steps consistently appeared along grain bound-

aries in samples annealed under both high and low

oxygen partial pressures [12]. In samples annealed

under a relatively high oxygen partial pressure, the

step and grain boundary planes were mainly parallel

to {100} and {110} planes, regardless of the annealing

temperature, the cooling rate, or the orientation of the

grains creating the boundary. Accordingly, the step

free energy is anisotropic. Since these steps do not

start and end at atomic positions which coincide in

both grains, these steps also include a dislocation

component, creating disconnections [5, 6, 9, 13, 14].

According to the disconnection model, a step sep-

arates two identical segments of a boundary plane

which are energetically degenerate (have the same

energy), where in a demi step the equivalent

boundary planes (which are energetically degener-

ate) are separated by a point symmetry operation.

Whenever a step separates distinct boundary planes,

it is defined as an imperfect defect, labeled as a par-

tial step [3]. In addition, a disconnection is defined as

perfect when separating regions of the grain bound-

ary plane which are energetically degenerate and is

defined as partial when separating regions of the

boundary plane which are not energetically degen-

erate [6]. In addition to disconnections, secondary

grain boundary dislocations were defined in the past

[13, 14] as dislocations which could be smaller than a

lattice dislocation.

In the present work, the structure of disconnections

at general grain boundaries in SrTiO3 which was

annealed under a relatively high partial pressure of

oxygen (pure oxygen or air) was characterized.

Aberration-corrected transmission electron micro-

scopy (TEM) was used to discern the dislocation

component of the disconnections. General grain

boundaries were studied in the form of either poly-

crystalline SrTiO3 or boundaries between a single

crystal of SrTiO3 of a predefined orientation diffu-

sion-bonded to polycrystalline SrTiO3. The bound-

aries were characterized using the available

methodologies for defining the Burgers vectors of the

defects, and the limitations of these methods restric-

ted full characterization of the dislocations (see sup-

plementary material). Since available methodologies

can’t be used to characterize dislocations at general

grain boundaries, a plane matching approach was

used in this work to partially characterize the dislo-

cation component of the disconnections in each of the

studied boundaries. It should be noted that SrTiO3

was selected due to its rather simple perovskite

structure. However, the methods used here could be

applied to grain boundaries in other materials as

well.

The kinetics of grain boundary motion of SrTiO3

annealed under a relatively high partial pressure of

oxygen was studied by Rheinheimer et al. A signifi-

cant decrease in the grain boundary mobility was

found with increasing temperatures between 1350 �C
and 1425 �C [15, 16]. Since the physical origin of this

counterintuitive behavior is not yet known, the pre-

sent work focused on samples annealed in this tem-

perature range to reveal a possible correlation

between the grain boundary defect structure and the

decrease in the grain boundary mobility.

Experimental methods

SrTiO3 samples

Stoichiometric polycrystalline SrTiO3 powder was

prepared by a mixed oxide/carbonate route using

SrCO3 (99.95%, Sigma-Aldrich Chemie GmbH, Tauf-

kirchen, Germany) and TiO2 (99.995%, Sigma-

Aldrich). Powder was pressed uniaxially and
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isostatically (400 MPa) to form cylindrical green

bodies (14 mm diameter, 6 mm height). The green

bodies were sintered at 1425 �C for 1 h in oxygen (as

sintering is significantly faster than grain growth at

this temperature) to a relative density of 99.5 ± 0.2%

and a mean grain size of *1 lm. Further details of

sample preparation methods are published elsewhere

[17].

Two different types of samples were used: stan-

dard polycrystalline bulk samples and diffusion-

bonded samples as used in the seeded polycrystal

technique [16]. The polycrystalline matrix needed for

diffusion-bonded samples was cut into disks and

polished (diamond slurry, 0,25 lm). The SrTiO3 sin-

gle crystals (impurity content: \10 ppm Si, \2 ppm

Ba, \1 ppm Ca, SurfaceNet GmbH, Rheine, Ger-

many) were chemically–mechanically polished and

placed between two polished polycrystalline disks.

The samples were heated to 1430 �C for 20 min in air

with a load of 1 MPa to bond the single crystals to the

polycrystals. Two surface orientations of the single

crystals were used, i.e., {100} and {110}. This method

was described in detail elsewhere [16].

For all growth experiments, tubular furnaces were

used (Gero GmbH, Neuhausen, Germany) at tem-

peratures between 1350 �C and 1550 �C. Either pure

oxygen or air was used as atmospheres at ambient

pressure. The heating rate was 20 K/min.

Two different cooling methods were used to

maintain conservation of the high-temperature

boundary structure for subsequent TEM observa-

tions. Samples were either removed from the hot

zone of the furnace (referred to as gas quenching in

the following) or quenched in water. For gas

quenching an initial cooling rate of *200 K/min was

measured by an uncovered thermocouple located

close to the sample. Water quenching was done

without changing the atmosphere and resulted in

cooling to below 100 �C within 3 s due to the small

sample volume (5 9 5 9 3 mm3). A detailed over-

view of the samples used in the present study is lis-

ted in Table 1.

Characterization methods

The bulk samples were characterized using an aber-

ration-corrected TEM (FEI Titan 80–300 keV S/TEM)

operated at 300 keV and an FEI Titan 50-300 PICO

(Figs. 1 and 2 in the present manuscript and Figs. S1

and S2 in the supplementary material) operated at

200 keV [18]. TEM samples were prepared using the

following methods:

(a) The conventional approach based on diamond

slicing, mechanical thinning, mechanical dim-

pling, and ion milling with Ar at 2-5 kV, for

polycrystalline samples.

(b) The lift-out technique using a dual-beam

focused ion beam (FIB; FEI Strata 400 s) for

selecting and preparing TEM samples from

specific boundaries between the single crystal

and a grain from the polycrystalline side of

diffusion-bonded samples [19].

Each boundary was tilted to reach the ‘‘edge-on’’

condition, in which the electron beam is parallel to

the grain boundary and step planes (defined in [12]).

Each of the studied boundaries was randomly

selected.

One conventionally prepared TEM specimen (from

a polycrystalline bulk sample that was sintered at

1425 �C for 1 h in oxygen, annealed at 1350 �C for

10 h in oxygen and furnace-cooled), was re-annealed

in air at 900 �C for 2 h, as a TEM specimen.

Results

General grain boundaries in SrTiO3 were character-

ized using high-resolution TEM (HRTEM) and high-

angle annular dark field scanning TEM (HAADF

STEM). When orienting these boundaries to the edge-

on condition, disconnections composed of nanomet-

ric steps and dislocations were detected along the

boundaries. The steps were of the same nature as

previously reported [12], parallel mainly to {110} and

{100} planes.

Case set 1: One general grain boundary
for which the atomistic structure can be
determined

Dislocations were characterized in a boundary from a

sample in which a (100) single crystal of SrTiO3 was

diffusion-bonded to polycrystalline SrTiO3. The

sample was annealed at 1425 �C for 10 h in oxygen

and water-quenched. A HAADF STEM micrograph

of a boundary between the single crystal and a grain

from one of the polycrystalline parts of the sample is

presented in Fig. 1. While the boundary is edge-on

and the grain on the right side of the micrograph
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(which is the single crystal) is in the [001] zone-axis,

the grain on the left side slightly deviates from the

[01�1] zone-axis. This deviation from the [01�1] zone-

axis is identified by the slightly distorted unit cell of

this grain. While the conditions normally required to

determine the atomistic structure of a grain boundary

are not met, the slight deviation from a low-index

zone-axis for the grain on the left is assumed to be

minor in the following, and the data are used to

develop an atomistic model.

To find the atom positions in the STEM micrograph

in Fig. 1a, simulations were performed using QSTEM

(see supplementary material) [20]. The simulations

were prepared using a convergence angle of 29.9m-

rad, a source size of 0.07 nm, accelerating voltage of

200 kV, Cs=1 mm, and a detector with inner and

Table 1 An overview of the

samples used in the present

study

Sample type Annealing temperature (�C) Cooling method

Polycrystalline 1350
Furnace-cooled

1550

1350
Gas-quenched

Water-quenched

Diffusion-bonded 1425
Water-quenched

1350

Figure 1 a HAADF STEM micrograph of an edge-on grain

boundary. The grain on the left is close to a [01�1] zone-axis, and

the right grain is in the [001] zone-axis. The micrograph was

filtered to remove noise (average background subtraction). The

arrows indicate examples for distortions originating from the

HAADF STEM data acquisition. The insets present QSTEM

simulations of the image in both grains. b The HAADF STEM

micrograph in (a) with the atomistic model. Nanometer length-

scale steps are visible along the boundary (marked in yellow). In

the atomistic solution green circles represent Sr, red circles

represent O, and blue circles represent Ti.
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outer collection angles of 80–200 mrad. In Fig. 1a

simulations of both delimiting grains with a thickness

of about 30 nm are presented in the insets (as detailed

in the supplementary material). Based on the simu-

lations presented in the insets in each of the grains,

heavy atoms appear with bright contrast in the image

and oxygen atoms are not detected. Based on the

simulation, the atoms positions are presented in

Fig. 1b.

While the macroscopic grain boundary plane can

be defined based on the experimental data in Fig. 1,

the main points of interest in this work are the

microscopic degrees of freedom, which define the

crystallographic planes parallel to the steps and flat

grain boundary plane segments. From close inspec-

tion of the lattice structure of both grains at the

boundary region in Fig. 1a, the steps and grain

boundary planes can be defined using the terminat-

ing crystallographic planes of each delimiting grains

(yellow lines in Fig. 1b). However, this leaves a

region at the core of the boundary which has a

symmetry different from each of the delimiting

crystals (between the yellow lines marked in both

grains), indicating the diffuse nature of the grain

boundary core [21]. In this study, disconnections are

associated with the mechanism of grain boundary

motion, so we focus on the nature of the steps and the

grain boundary dislocations associated with them.

In addition to sample drift and charging, the

misorientation of the left grain in Fig. 1a from a low-

index zone-axis adds additional error in determina-

tion of the atomic column positions. As a result, there

is an intrinsic uncertainty in defining the positions of

columns of atoms. This error was estimated by

overlaying the ideal unit cell on the micrograph,

illustrating regions of deviation which are marked in

Fig. 1b, in addition to the arrows marked in Fig. 1a

demonstrating examples of distortions in the

acquired data. Since the overall deviations are small

(*0.5Å), changes in atomic column positions due to

strain, reconstruction or relaxation cannot be sepa-

rated from the STEM distortions. Thus, small changes

in the atom positions are ignored (as in Figs. S1 and

S2).

It should be noted that the boundary plane in Fig. 1

appears dark in the HAADF STEM micrograph. This

was also noted in other boundaries characterized

using STEM, in which electron energy loss spec-

troscopy (EELS) thickness maps confirmed that this

effect is not caused by a change in the thickness of the

sample. This dark appearance of the boundary can be

attributed to kinematic and dynamic scattering

resulting from de-channeling of the electron beam

due to the difference in structure of the boundary

compared to the bulk grains. In addition, diffuse

scattering, such as thermal diffuse scattering [22] and

Huang scattering [23], will also result in dark

appearance of the boundary. Huang scattering arises

from local shifts in some atom positions. While

Huang scattering originally refers to shifts in posi-

tions in the vicinity of solute atoms, grain boundaries

have weaker bonding than the bulk, resulting in

different phonon modes [23]. In addition, the ato-

mistic structure at the core of dislocations is modified

from the bulk structure, potentially contributing to

diffuse scattering in the vicinity of the boundary

planes, indicating the potential presence of grain

boundary dislocations in the boundary shown in

Fig. 1. As will be shown below, dislocations are

present along the boundary contributing to the dark

contrast in HAADF mode [24]. The dark appearance

of the boundary may also occur due to strain along

Figure 2 Dislocation analysis of the boundary presented in

Fig. 1. Lines along dense planes which lie within a small as

possible angle from the boundary plane normal were drawn to

account for the projection of the close-to-normal edge component

of the dislocations along the boundary.
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the boundary, in part contributed from dislocations

(which are characterized below and in the supple-

mentary material). Chemical analysis of the bound-

ary indicates that the boundary is slightly non-

stoichiometric (the details of which will be published

separately). The non-stoichiometry of the boundary

may also contribute to its dark appearance, since

slight changes in the atomistic structure at the

boundary area will occur due to changes in stoi-

chiometry, adding to Huang scattering, in addition to

changes in the density (and thus of the Z number

which strongly affect the contrast in HAADF STEM

micrographs) and to the de-channeling of the electron

beam. Dark contrast in HAADF micrographs and in

dark field STEM of the boundary region was also

noted in other studies on SrTiO3 [25–28].

It should be considered that some signal is appar-

ent in the regions between the disconnections in the

darker region along the boundary (between the yel-

low lines along both grains in Fig. 1b), which should

be free of atoms according to the simplistic atomistic

solution. This contrast is attributed to steps along the

thickness of the TEM sample (defined as ‘‘inclined

steps’’), which shift the position of the grain bound-

ary plane between the two grains along the TEM

sample thickness [29]. Thus, the position of the step

and grain boundary planes changes along the pro-

jected thickness of the sample as discussed in [29]. In

addition, chemical analysis of the boundary indicates

that the boundary is slightly non-stoichiometric, and

the contrast in these regions could be due to chemical

excess. An additional option could be that these

regions are occupied by dislocation cores which are

expected to appear along the boundary. Dislocation

cores along grain boundaries in SrTiO3 were previ-

ously shown to deviate from the stoichiometric

composition, contributing to a detectable signal in the

dark regions of the micrograph [30].

Types of grain boundary disconnections

Two types of disconnections were detected along the

boundary shown in Fig. 1. One type includes both a

dislocation and a step component and can be found

whenever a step is present along the boundary in one

of the grains. This type of disconnection also has a

dislocation component since these steps do not start

and end at atomic positions which coincide in both

grains. This type of disconnection can be composed

of either a step from the grain on the left and a grain

boundary plane from the grain on the right (for

which s, the step vector, is 0. An example is marked

as A in Fig. 1b), a grain boundary plane from the

grain on the left and a step from the grain on the right

(an example is marked as B in Fig. 1), or steps from

both grains with varying translations between the

two (an example is marked as C in Fig. 1b). The

second type of disconnection includes only a dislo-

cation component, which are in effect grain boundary

dislocations resulting from the orientation mismatch

between the two grains. Both types of disconnections

are not uniform along the boundary due to the low

symmetry of the boundary and perhaps due to the

transitory morphology of the boundary due to its

motion.

It should be noted that in Fig. 1 the steps on the

grain on the left are partial steps and those on the

grain on the right are (full) steps (rather than demi

steps). The disconnections are both partial and per-

fect disconnections. In this case, when a disconnec-

tion is composed of a step from the grain on the right

and a grain boundary plane from the grain on the left

(defined as B in Fig. 1b), a perfect disconnection is

formed. This is the result of a step which separates

two regions of the grain boundary plane of the grain

on the right, which are energetically degenerate. It

should be noted that the definition of a perfect dis-

connection takes into account the sum of the surface

energies when considering the grain boundary

energy and ignores the interactions between atoms

along the grain boundary. In Fig. 1, the positions of

the atoms along the boundary with respect to both

delimiting grains are different when considering two

sections of the boundary divided by a step from the

grain on the right. This results in different interac-

tions between the atoms across the boundary at the

two sides of the step and a modification of the grain

boundary energy. As such, the grain boundary

energies on both sides of the step will be slightly

different, defining a local driving force for step

motion. Only when ignoring the interactions between

atoms, the sections of the grain boundary created

from both sides of the step are degenerated. When

considering a disconnection which is composed of a

step from the grain on the left and a grain boundary

plane from the grain on the right (defined as A in

Fig. 1b), or disconnections which are composed of

steps from both grains with varying distances (de-

fined as C in Fig. 1b), partial disconnections are

formed as the interfacial states separated by the steps
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are not degenerated. The grain boundary dislocations

are also a type of partial disconnections. The sup-

plementary material demonstrates that the available

methods for characterizing the dislocation compo-

nent of disconnections at general grain boundaries

fail in the case of general grain boundaries, as the

boundary demonstrated in Fig. 1.

Case set 2: General grain boundaries
where the atomistic structure cannot be
determined

While a model for the atomistic structure of the

specific general grain boundary presented in Fig. 1b

could be determined from the experimental data, this

is not the case for most general high-angle grain

boundaries. For most general high-angle grain

boundaries, where the grain boundary and step

planes are aligned to edge-on condition, at least one

grain is not in a low-index zone-axis. As such, the

atomistic structure of the boundary cannot be deter-

mined from established electron microscopy tech-

niques, and the dislocation character of the

disconnections cannot be found. In addition, since the

density of the dislocations along general high-angle

boundaries is high (as demonstrated for the bound-

ary in case set 1 in the supplementary material),

individual dislocations often can’t be resolved. Thus,

to characterize the dislocation component of the dis-

connections, a geometric approach was used where

the edge component of a dislocation which is close to

normal to the boundary was related to the appear-

ance of extra planes in one of the grains.

In this approach, high-density planes in one grain,

which are oriented at a small as possible angle from

the boundary plane normal, were correlated with

high-density planes oriented at a small as possible

angle from the boundary plane normal in the second

grain. Extra crystallographic planes in one of the

grains, which have no matching planes in the other

grain, can be determined. By using this method, we

assume that dislocations have a component projected

along dense planes, as was previously reported to

occur in SrTiO3 [31–33]. It should be noted that in

such a manner only the projection of the edge com-

ponent of the dislocations which is close to normal to

the boundary is characterized (and a screw compo-

nent is expected as discussed in the supplementary

material for the boundary in case set 1).

Along the boundaries, varying displacements

between planes of atoms from the grains defining the

boundary are visible (see, for example, light blue

lines in Fig. 2). These displacements can be treated as

a set of grain boundary dislocations (a type of dis-

connections which only have a dislocation character)

accommodating the second type of disconnections

(which have both a step and a dislocation character),

and the mismatch between the grains, as discussed in

Case Set 1 and the supplementary material. Since we

cannot separate one dislocation from another due to

their high density and since the atomistic solution of

the boundary is not available in most cases, all of

these displacements were summed and expressed

here by the number of extra planes along a micro-

scopic grain boundary plane segment (between steps)

in one of the grains.

Since a TEM micrograph is a 2-D projection of a

3-D object, the edge component of the dislocation

component of the disconnections yields a projection

of the dislocations in the system, where the position

of the dislocation along the thickness of the TEM

specimen is not fully discerned. In addition, ‘‘inclined

steps’’, or disconnections which are not edge-on and

are located along the electron beam direction in the

TEM specimen, also contribute to ambiguity in

analysis of the dislocation nature [29]. Thus, it is not

possible to accurately determine whether these are

pure edge dislocations or whether they have a screw

component. We assume that in general grain

boundaries the dislocation component of the dis-

connections has both edge and screw components.

However, based on the result presented here (as will

be described below for Figs. 2, 3, 4, 5, and 6), the

dislocations will necessarily have a component in

dense directions (such as\100[ and\110[) close to

normal to the boundary. Thus, the resulting extra

planes describe the 2-D projection of the sum of the

edge component of the dislocations close to normal to

the boundary between two such extra planes. The

direction which is close to normal to the boundary

was selected for simplicity. At the same time, a

direction which is close to parallel to the boundary

can be selected. However, this direction is harder to

track due to the low symmetry exhibited in general

boundaries.

Due to the inability to solve the full atomistic

structure of the boundaries in the general case, bright

spots in TEM micrographs were assumed to define

atomic columns. This assumption was made since all
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micrographs were acquired close to negative Cs

conditions which results in bright contrast associated

with atomic column positions [34].

As an example, the above-mentioned approach

was applied to the boundary presented in Fig. 1, as

depicted in Fig. 2. Every plane of atoms from the left

grain was defined as correlated with a plane of atoms

from the right grain (both are marked in light blue).

Every two or three planes of atoms there is an extra

plane on the right grain, which is the projection of the

sum of the edge components of dislocations which

are close to normal to the boundary. It should be

noted that in the single crystal which is oriented in

Figure 3 HRTEM micrograph of an edge-on general grain

boundary. The upper grain is close to a [001] zone-axis.

Nanometer length-scale steps are visible along the boundary

(marked in yellow). The lower grain is close to a [331] zone-axis.

In the upper grain (010) could have been used for the analysis.

(100) planes were used to simplify the presentation. Both (100)

and (010) will give the same result. Extra planes are marked along

the boundary in red. The micrograph was acquired using a Cs of

- 5.69 lm and Wiener-filtered to remove noise (reproduced with

permission from [12]).

Figure 4 HRTEM micrograph of an edge-on grain boundary. The

lower grain is oriented close to a [211] zone-axis. Nanometer

length-scale steps are visible along the boundary (marked in

yellow). Extra planes are marked along the boundary in red. The

micrograph was acquired using a Cs=- 6.8 lm and Wiener-

filtered to remove noise (reproduced with permission from [12]).

Figure 5 HRTEM micrograph of an edge-on grain boundary. The

lower grain is close to a [111] zone-axis. Nanometer length-scale

steps are visible along the boundary. Extra planes are marked

along the boundary in red. The micrograph was acquired using a

Cs=- 7.0 lm and Wiener-filtered to remove noise (reproduced

with permission from [12]).

Figure 6 HRTEM micrograph of an edge-on grain boundary. The

lower grain is close to a [110] zone-axis. The upper grain is close

to a [210] zone-axis. Nanometer length-scale steps are visible

along the boundary. Extra planes are marked along the boundary

in red. The micrograph was acquired using a Cs=- 7.0 lm and

Wiener-filtered to remove noise. In the atomistic solutions green

represents Sr, red O, and blue Ti (reproduced with permission

from [12]).
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the [001] zone-axis, the (200) planes were used (rather

than only (100) planes) as both (100) and (200) planes

are high-density planes.

A second sample that was characterized was a

polycrystalline sample that was annealed at 1350 �C
for 10 h in oxygen and furnace-cooled. A HRTEM

micrograph of an edge-on grain boundary from this

sample is presented in Fig. 3. When correlating

planes of atoms from the upper grain with planes of

atoms from the lower grain (marked in light blue),

there are one or two extra planes in the upper grain

(marked in red) every second plane. As explained

above, in the upper grain which is oriented close to

the [001] zone-axis, (200) planes were used. There-

fore, along the boundary, one or two extra planes are

visible along each grain boundary plane segment.

The dislocations in Fig. 3 appear as extra (200)

planes in the upper grain, which is oriented close to a

low-angle zone-axis ([001]), yielding either extra Sr-O

planes or TiO-O planes. The extra planes which

account for the dislocations originate from (1�10)

planes in the lower grain. The full structure of the

boundary could not be derived from the experimen-

tal data, due to the deviation from a low-index zone-

axis in both grains, which results in multiple ato-

mistic solutions with poor fitting between the

experimental micrograph and simulations.

Another polycrystalline sample, annealed at

1350 �C for 10 h in oxygen, and quenched in gas at a

cooling rate of *200 �C/min, contained one extra

plane along each grain boundary plane segment

(Fig. 4). The close-to-normal edge component of the

dislocations was characterized as extra (01�1) planes in

the grain which was oriented close to a [211] zone-

axis, originating from (110) planes in the grain which

is far from a low-index zone-axis (Fig. 4).

A sample similar to that shown in Fig. 4 was fur-

ther annealed at 1350 �C in air and quenched in

water. Barely any extra planes along each grain

boundary plane segment are visible (Fig. 5). The

close-to-normal edge component of the dislocations is

characterized as extra (�110) planes of the grain which

is close to a [111] zone-axis, originating from (211)

planes in the grain which is not oriented close to a

low-index zone-axis.

A second boundary from this sample is presented

in Fig. 6. In this case, extra planes are present along

each grain boundary plane segment. The edge com-

ponent of the dislocations which is close to normal to

the boundary is characterized as extra planes parallel

to (001) planes of the grain which is oriented farther

away from a low-index zone-axis ([210]), originating

from (1�10) planes of the grain which is closer to a

low-index zone-axis ([110]).

Since both grains are not in a low-index zone-axis,

the full atomistic structure of the boundary cannot be

determined. Two HRTEM simulations are presented

in the insets in Fig. 6. The one on the left presents a

simulation of SrTiO3 in the [110] zone-axis with a

thickness of 8.98 nm and an objective lens focus of

- 21 nm (Cs=- 7.0 lm as in the experimental

micrograph). In this solution the SrO columns are not

represented by the brightest spots in the micrograph.

The inset on the right presents the same simulation

with a thickness of 9.77 nm and focus of 18 nm. In

this solution the SrO columns are represented by the

brightest spots in the micrograph. Both of these

simulations and others present good fitting with the

experimental micrograph. Due to the tilt of the lower

grain from the [110] zone-axis, multiple solutions

between simulated images and the experimental

micrograph were found. Since they offer different

atomistic solutions, a single solution for the atomistic

structure of the boundary could not be found.

Discussion

Eighteen general grain boundaries in total were

characterized as described above to account for dis-

locations along the boundaries from all the samples

that are listed in Table 1, as well as a TEM sample

from polycrystalline SrTiO3 which was annealed at

900 �C in air. In samples annealed under a relatively

high oxygen partial pressure at different tempera-

tures and cooled at different cooling rates (furnace-

cooled, gas-quenched, and water-quenched), two

types of disconnections were detected. While we can

divide these disconnections by the existence or lack

of existence of a step component, these two types of

disconnections can appear in practice in the form of a

variety of different disconnections. One can find

disconnections without a step component (grain

boundary dislocations), disconnections composed of

a step in one grain and a grain boundary plane on the

other grain or steps in both grains with varying shifts

between them. As such, a variety of possible dislo-

cation components of disconnections are expected.
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Dislocations at grain boundaries and their
relation to the mechanism of grain boundary
motion

Recently, the mechanism of grain boundary motion

was correlated to the presence of disconnections at

general grain boundaries in SrTiO3 [12]. The motion

of the macroscopic grain boundary plane is thus

facilitated by the motion of the disconnections along

the boundary. While the results presented here (and

in [12]) were acquired ex situ, in situ experiments

confirming these findings were done and will be

published separately. The movement of these dis-

connections requires motion of both the steps and the

dislocation components. The motion of the step

character requires mass transport, where the motion

of the dislocation component can be by climb and

glide.

Since the characterization of the disconnections in

this work was conducted by TEM, i.e., by 2-D pro-

jections of the bulk material, the direction of dislo-

cation glide was not discernible. We consider that the

active sites during the motion of the disconnections

are kink sites. The motion of a step is visible in the

TEM by its movement along the grain boundary

plane, which requires the motion of a kink perpen-

dicular to it. Once a kink has moved along a certain

length of a step, the step in this region will move

perpendicular to the motion of the kink, along the

grain boundary plane.

Hirth and Pond conducted a detailed analysis to

account for the motion of the disconnections along

grain boundaries [3]. They defined the overlap step

height as the overlapping distance between the steps

in each grain, each multiplied by a unit vector normal

to the grain boundary plane pointing to one of the

grains (the k grain, as defined in the supplementary

material, where both are expressed in the coordinate

system of the k grain), and the normal component of

the Burgers vector (normal to the grain boundary

plane) as the difference between these expressions.

They proposed that the overlap step height, the

normal component of the Burgers vector, the densi-

ties of the atoms in the two grains, and the length of

the disconnection in the relevant direction (in the

grain boundary plane perpendicular to the motion

direction) are related to the amount of material

transferred (by substitutional atoms) from one grain

to the other once the disconnection moves along the

grain boundary plane. Artificially, the flux of material

related to the motion of the dislocation component is

defined by the normal component of the dislocation

associated with the growth of one of the grains

without transfer of material, where the motion of the

step is related to material transfer between the grains,

and depends on the overlap step height and on the

densities of the two grains. In practice, the dislocation

and the step characters move together. Motion by

glide will occur when the number of atoms of each

species that diffuse when the disconnection moves is

zero (where the Burgers vector shouldn’t necessarily

be parallel to the grain boundary plane), otherwise

long-range diffusion must occur, and motion by

climb is required. Lateral motion by glide is thus

possible if material is exchanged between corre-

sponding cells with the same number of atoms, even

though the Burgers vector can have a component

normal to the grain boundary plane [3, 6–9].

The results presented here cannot address the

question of the mechanisms involved in the motion of

the dislocation component of the disconnections as it

cannot be fully characterized in general grain

boundaries and since we do not know the growth

directions of each boundary. As such, we cannot

correlate the topological characteristics of a boundary

with its motion direction. Even in the boundary

presented in Fig. 1, in which the growth direction is

known, we cannot distinguish between glide and

climb, since we expect that the motion of the dis-

connections will be feasible in both directions where

motion in one direction will be preferred (diffusional

like motion), and we do not know the kinetic state of

the boundary during quenching.

Methodologies for characterization
of the dislocation component
of disconnections

A variety of methodologies for the characterization of

dislocations in grain boundaries exist in the litera-

ture. However, these methods are lacking for the case

of general grain boundaries, which make up the

majority of the population in most materials. Out of

the characterized boundaries in the present study,

only one case where the structure of the boundary

could be determined was encountered. The common

approaches for the characterization of dislocations at

grain boundaries were applied to this boundary (see

supplementary material), but resulted in the inability

to describe single dislocations along the boundary. In
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the general case, the structure of the boundary cannot

be determined, and thus, these methodologies cannot

be applied at all. As such, the ability to compare

between different grain boundaries was made pos-

sible by partial characterization of the projection of

the edge component of the dislocations close to nor-

mal to the boundary. While this type of characteri-

zation is only partial, it is applicable to all general

grain boundaries. This method fails only when there

is no lattice pattern at all in one of the grains. This can

occur in materials with complicated unit cells, or

when one of the grains is far from a low-index zone-

axis.

In addition to the methods described in the sup-

plementary material for the characterization of the

Burgers vector of the dislocation component of dis-

connections, general grain boundaries can be com-

pared to incoherent phase boundaries due to their

low symmetry. Sutton et al. [35] described incoherent

phase boundaries according to lattice misfit, as hav-

ing a spacing between dislocations which are of the

order of the dislocation core width [35]. Howe et al.

further divided incoherent phase boundaries into

three types according to their orientation relationship

and the orientation of the habit plane [36]. Applying

this terminology to grain boundaries, the boundaries

presented in Figs. 3 and 4 fit to the category of an

incoherent phase boundary with an irrational (high

index) orientation relationship and no rational con-

jugate habit planes. This type of boundary is char-

acterized as having mismatch between most or all of

the atomic planes across the boundary. As such, the

boundary has no periodic repetition of a structural

unit, and there is overlap between cores of disloca-

tions. In such a boundary, steps are expected to be

unnecessary for energy minimization and migration.

The boundaries in Figs. 3 and 4 include disconnec-

tions with step terms which are not expected to

appear according to the classification by Howe et al.

[36].

The boundaries presented in Figs. 1, 5, and 6 fit the

category of incoherent phase boundaries with an

irrational orientation relationship and rational habit

planes only in one phase (grain). This type of

boundary is characterized by the possibility of some

periodic structural repetition at the boundary with

large strain resulting in continuous (small) disloca-

tions. This type of interface may have a lower energy

than the type mentioned before, mainly due to the

reduction in energy correlated with the low-index

interface plane. In all of the studied boundaries no

periodic structural repetition was noted. In addition,

it was not possible to treat the dislocation component

of the disconnections as canceling coherency strain

due to the lack of repetition of the structure along the

boundary, even within short length scales. For

example, one might consider the vectors required to

connect two matching planes of atoms from both

grains using the plane matching approach. These

vary along the boundary, such that no similar vectors

can be defined.

This approach for describing phase boundaries

supports the results presented here, which indicate a

low symmetry and a high dislocation density. A high

dislocation density is associated with an incoherent

phase boundary, and the dislocations can’t be dis-

cerned by conventional characterization methods and

are not taken into account by existing geometrical

theories. This is due to the existence of small ele-

mentary Burgers vectors, which may overlap, as

predicted by Howe et al. for low symmetry phase

boundaries.

The anisotropic nature of the dislocation
component of the disconnections

While the edge component of the dislocations close to

normal to the boundary plane may lay parallel to and

originate from many different crystallographic

planes, it was found to be aligned mainly parallel to

and originate mainly from {100}- and {110}-type

planes. The edge component of dislocations which is

close to normal to the boundary was parallel to {100}

and {110} planes in grains which were oriented close

to different zone axes (\100[,\210[,\111[,\211[)

and in samples annealed both at 1425 �C and

1350 �C. The planes from the other grain, from which

the edge component of the dislocations originated,

were mainly {100} and {110} (out of {211}, {100}, {110}).

When characterizing the extra planes along a grain

boundary plane, the dislocation line is characterized.

Since from the micrographs it appears that the dis-

location component of the disconnections has at least

an edge component, the overall Burgers vector will

have a component along the \100[ and \110[
directions.

The step character of the disconnections found

along grain boundaries in SrTiO3 annealed under a

relatively high oxygen partial pressure at the same

temperatures was found to be mainly parallel to
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{100}- and {110}-type planes [12]. This was found

regardless of the annealing temperature, cooling rate,

and orientation of the delimiting grains, as summa-

rized in Table 2 based on the work detailed in [12].

As can be seen in Table 2, out of the 42 grain

boundary and step planes mentioned in the

table only two were not {001} or {110} planes. At the

same time, the dislocations analyzed here showed

preference toward the same crystallographic planes

({110} and {100} planes) as summarized in Table 3,

regardless of changes in the annealing temperature,

which indicates its anisotropic nature. The preference

of the edge component of the dislocations, which is

close to normal to the boundary, to be aligned mainly

parallel to and to originate mainly from {100}- and

{110}-type planes, was less pronounced than the

occurrence of the grain boundary and step planes

mainly parallel to the {110} and {100} planes. As such,

there were more exceptions to this preference in the

dislocation analysis rather than in the step term

analysis (Tables 3 and 2 accordingly). Extra planes

were also found parallel to other planes as well (e.g.,

{211} and {111} planes). Thus, the edge component of

the dislocations, which is close to normal to the

boundary, was found to be anisotropic, however less

anisotropic than the step character of the

disconnections.

The density of the dislocations between steps

(meaning along grain boundary plane segments) may

also vary. Either very few, several, or many extra

planes along segments of the grain boundary plane

were noted. The density of the steps is strongly cor-

related with the curvature of the boundary. In a

general boundary, the steps also have a dislocation

component, and thus the dislocation density is also

assumed to be related to the curvature of the

boundary. The orientation of the grains creating the

boundary will also affect the dislocation density,

since a larger orientation mismatch between the

grains will result in more disconnections. Finally, the

orientation of the macroscopic grain boundary plane

also affects the density of the dislocations. When a

macroscopic grain boundary plane is not flat and

oriented parallel to a low-index plane, it will evolve

into steps and microscopic grain boundary planes

which tend to be parallel to low-index planes. In the

general case, the steps include a dislocation compo-

nent. Thus, certain orientations of the macroscopic

grain boundary plane will evolve into many discon-

nections, whereas other will include fewer

disconnections.

The existence of the anisotropic edge dislocation

component (which is close to normal to the bound-

ary) of disconnections mainly parallel to {001} and

{110} planes is correlated with the types of step and

grain boundary planes in such boundaries. These

were found to be aligned mainly parallel to the same

crystallographic planes [12]. The macroscopic grain

Table 2 A summary of the work done to characterize the step component of disconnections at general grain boundaries in SrTiO3 annealed

under high oxygen partial pressure [12]

Orientation of one of the
delimiting grains

Orientation of grain
boundary and step
planes

deziretcarahcforebmuNnoitamrofnignissecorP
boundaries

�100� {100} and {110} Annealing temperatures: 1350, 1425, 1550 °C
Cooling rate: furnace-cooled and water-quenched

11

�110� {100} and {110} Annealing temperatures: 900, 1350, 1425 °C
Cooling rate: furnace-cooled, gas-quenched and water-
quenched

6

�111� {101} and {110} Annealing temperatures: 1350 °C
Cooling rate: furnace-cooled and water-quenched

2

�210� {100} and {112} Annealing temperatures: 1350 °C
Cooling rate: furnace-cooled

1

�211� {110} and {111} Annealing temperatures: 1350 °C
Cooling rate: gas-quenched

1

The table is sorted according to the orientation of one of the delimiting grains which is close to a low-index zone-axis. Grain boundary and

step planes which are not parallel to {001} or {110} planes are marked in red
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boundary plane was found to be aligned parallel to

{001}-type planes, within a range of a few degrees,

more than to other planes at different temperatures

(1300 �C, 1350 �C, 1400 �C, 1425 �C) using EBSD

[37–39]. The macroscopic grain boundary plane was

also found to be stepped and thus composed of steps

and grain boundary planes which were mainly par-

allel to {001} and {110} planes [12]. Due to the per-

ovskite structure of SrTiO3, mainly {001} and {110}

planes will be normal to the grain boundary and step

planes. The curvature of the macroscopic grain

boundary plane can be defined by the density of

steps. Thus, while the macroscopic grain boundary

plane can have a certain orientation, which is affected

by the density of the steps, it can be tilted from low-

index planes by a few degrees due to the existence of

steps, where the step and grain boundary planes

remain parallel mainly to {001} and {110} planes. This

was noted by large regions of high values of multi-

plications of random distribution next to {001} planes

in the stereographic projections of the grain boundary

plane distributions [37, 38]. Thus, while the macro-

scopic grain boundary plane has a certain orientation,

it is composed of grain boundary and step planes

mainly parallel to {001} and {110} planes, and as a

result is likely to have {001} or {110} planes close to

being normal to it. As such mainly {001} and {110}

planes will be taken into account in the dislocation

analysis described in this work (describing projection

of the edge component of the dislocations close to

normal to the boundary). Given that the density of

the steps defines the deviation of the macroscopic

grain boundary plane from the orientation of the

microscopic grain boundary plane segments, varia-

tions in the amount of steps can increase this devia-

tion, increasing the probability of planes other than

{001} and {110} being close to normal to the macro-

scopic grain boundary plane. This will result in

planes other than {001} and {110} being used for the

dislocation component analysis, accounting for the

dislocation component being less anisotropic than the

step component, as was shown in this work.

Table 3 A summary of the results in this work which are related to the orientation of the edge component of the dislocations close to normal

to the boundary at general grain boundaries in SrTiO3 annealed under high oxygen partial pressure

Edge component close to normal to the
boundary parallel to

forebmuNnoitamrofnignissecorPmorfgnitanigirO
characterized
boundaries

{200} planes in a grain close to a
�001� zone-axis

5241,0531:serutarepmetgnilaennA}011{ °C
Cooling rate: furnace-cooled, water-quenched

4

{200} planes in a grain close to a
�012� zone-axis

{110} planes in a grain close
to a�110� zone-axis

Annealing temperatures: 1350 °C
Cooling rate: water-quenched

1

{110} planes in a grain close to a
�001� zone-axis

{211} Annealing temperatures: 1350 °C
Cooling rate: furnace-cooled

1

{110} planes in a grain close to a
�111� zone-axis

{211} Annealing temperatures: 1350 °C
Cooling rate: water-quenched

1

esolcniarganisenalp}001{}011{
to a�013� zone-axis

Annealing temperatures: 1350 °C
Cooling rate: gas-quenched

1

{110} planes in a grain close to a
�112� zone-axis

0531:serutarepmetgnilaennA}011{ °C
Cooling rate: gas-quenched

2

{111} planes in a grain close to a
�211� zone-axis

0531:serutarepmetgnilaennA}004{ °C
Cooling rate: furnace-cooled

1

{111} {110} planes in a grain close
to a�001� zone-axis

Annealing temperatures: 1550 °C
Cooling rate: furnace-cooled

1

}112{}112{ and {210} Annealing temperatures: 1350 °C
Cooling rate: furnace-cooled

2

{310} or {300} {110} planes in a grain close
to a�001� zone-axis

Annealing temperatures: 900, 1350 °C
Cooling rate: furnace-cooled, water-quenched

2

The analysis was done based on the plane matching approach. The table is sorted according to the orientation of the extra planes which

account for the edge component of the dislocations close to normal to the boundary at the studied boundaries. Extra planes and planes to

which they were correlated that are not parallel to {001} or {110} are marked in red
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Dislocations and kinetics

The low symmetry of the boundaries and the

dependency of the dislocations on the curvature of

the boundary, the orientation of the grains creating

the boundary and the orientation of the macroscopic

grain boundary plane does not allow us to detect a

typical dislocation behavior as a function of anneal-

ing temperature, orientation of the grains or the

length of the grain boundary plane segments. For

example, extra planes parallel to {200} planes in a

grain oriented in or close to the \100[ zone-axis

originating from {110} planes were noted in a poly-

crystalline sample annealed at 1350 �C and furnace-

cooled (Fig. 3), and in diffusion-bonded samples

annealed at 1425 �C with either a\110[single crystal

(noted twice) or a \001[ single crystal (Fig. 2). The

orientation of the other grain in all of these cases

varied. This indicates that the dislocation nature has

no clear correlation with the change in grain bound-

ary mobility in SrTiO3 annealed under a relatively

high oxygen partial pressure that was measured

elsewhere [15, 16]. This means that similar possibili-

ties for the orientation and density of the edge com-

ponent of the dislocations which is close to normal to

the boundary are available before and after the

change in mobility.

Even though a similar nature of the edge disloca-

tion component of the disconnections with a step

term was noted, different quantities of several vari-

ations of the edge dislocation component can occur at

different temperatures, accounting for the change in

mobility. Quantifying different types of dislocations

requires analysis of many boundaries and is beyond

the scope of this work. At the same time, the steps

and dislocations act similarly regardless of the

annealing temperature and show a clear preference

toward {100} and {110} planes. A similar anisotropic

behavior of dislocations parallel the {100} and {110}

planes was also noted in the literature [31–33, 40].

The change in mobility is suggested to be associated

with changes in the chemistry of the boundaries,

which will be the topic of a separate publication.

Summary and conclusions

When characterizing the Burgers vector of the dislo-

cation component of the disconnections (as demon-

strated in the supplementary material), existing

methods used to describe high symmetry boundaries

fail to fully characterize the dislocations at general

grain boundaries. The proximity of the dislocations

and the variety of different types of disconnections

prevented the characterization of single disconnec-

tions, even if the structure of the boundary can be

determined (for a grain boundary where both

boundary delimiting crystals are in a low-index zone-

axis and the boundary plane is parallel to the incident

electron beam). In addition, it was shown that grain

boundary dislocations appear along the boundary

plane. All types of disconnections were found to be

non-uniformly distributed along the boundaries. The

inability to fully characterize the structure of general

grain boundaries in addition to the lack of knowledge

about the kinetic state of the boundaries during

quenching resulted in the inability to define the

mechanism of motion of the dislocations (climb or

glide).

The density of the dislocations between steps (ex-

pressed by the number of extra planes along a grain

boundary plane segment between steps in the plane

matching approach) may also vary. Either very few,

several, or many extra planes along a grain boundary

plane were noted. The dislocation density is assumed

to be related to the curvature of the boundary, the

orientation of the grains creating the boundary, and

the orientation of the macroscopic grain boundary

plane. As such, the density of the dislocations results

from the microstructure and doesn’t necessarily

divide between different types of disconnections.

Using a plane matching approach, the anisotropic

nature of the edge component (close to normal to the

boundary) of the dislocation character of grain

boundary disconnections in SrTiO3 was detected. The

disconnections were found to have a dislocation

component in all of the studied boundaries, of which

the edge component close to normal to the boundary

was aligned mainly parallel to {001} and {110} planes.

This anisotropic behavior was found to be less ani-

sotropic compared to the step component of these

disconnections.

The dislocation nature had no clear correlation

with the change in grain boundary mobility in SrTiO3

annealed under a relatively high oxygen partial

pressure. Similar possibilities for the orientation and

density of the edge component of the dislocations

close to normal to the boundary were noted before

and after the change in mobility.
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