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Abstract Dislocations are linear lattice defects in a

crystalline solid. Since the unusual atomistic environment

of the dislocation may greatly influence various material

properties, control of the composition would offer more

opportunities to obtain unique one-dimensional structures.

In the present study, we have characterized the structure of

dislocations in a low-angle tilt grain boundary of strontium

titanate (SrTiO3). High-spatial resolution elemental map-

ping by electron energy loss spectroscopy combined with

scanning transmission electron microscopy has enabled

visualization of the enrichment of titanium (Ti) and the

depletion of strontium (Sr) near the dislocation cores. The

Ti enrichment and the Sr depletion have been observed at

all of the dislocations, and the grain boundary is considered

to be Ti excess. The extra Ti ions are located on the

positions different from the normal perovskite lattice,

suggesting that the local structure is largely reconstructed.

It has been proposed that tensile strain at the dislocations

may be a cause of the Ti enrichment.

Introduction

Dislocations are linear lattice defects in a crystalline solid.

Atomic arrangement at the core differs considerably from

that in the bulk, and there is a high strain field around a

dislocation. It is expected that the unusual atomistic envi-

ronments around the dislocation may greatly influence

various material properties, and several attempts to func-

tionalize dislocations themselves have been reported [1–3].

With more sophisticated ways to control dislocation struc-

ture and composition, we will have more opportunities to

create unique one-dimensional structures. In many cases,

dislocations are generated during mechanical deformation

and crystal growth. However, it is usually difficult to control

dislocation characters (i.e., the Burgers vector and the dis-

location line direction). An alternative method to obtain

dislocations is a fabrication of a low-angle grain boundary

(GB) in a bicrystal [3–10], which offers two benefits. One is

that dislocations with desirable characters can be fabricated

by controlling the GB plane and the orientation relationship

of adjacent crystals. The other is that a periodic array of

dislocations at desired intervals can be obtained.

SrTiO3 (STO) is a prototype perovskite oxide, whose

properties have been extensively studied. Dislocations in

STO are believed to play a critical role in its mechanical

deformation that exhibits unusual temperature dependence

[11, 12]. It has also been demonstrated that application of

an electrical bias switches electrical conductivity along

STO dislocations from a non-metallic to a metallic state

[2]. As a result of their impact on material properties, the
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atomistic structures of the dislocations have been inten-

sively investigated in previous studies, and the dislocations

were obtained by using bicrystals in most cases [4–8].

Some of the reports suggest that the local chemical com-

position at the dislocation widely varies. Although most of

these suggestions have been based on transmission electron

microscopy (TEM) or scanning TEM (STEM) image

contrast, visualization of elemental distribution around

dislocations would provide better access to an under-

standing of this issue. Recent success in the atomic scale

visualization of elemental distribution offers a greater

potential for achieving this with the use of electron energy

loss spectroscopy (EELS) combined with STEM [13]. In

the present study, we report atomic scale imaging and

spectroscopic analysis of a periodic dislocation array in a

low-angle tilt GB of STO with the use of STEM imaging

and STEM EELS.

Experimental procedures

STO bicrystal with a [001]/(110) 5� tilt GB (Fig. 1a, b) was

fabricated by thermal diffusion bonding of two STO single

crystals. First, 2.5� off (110) surfaces of the single crystals

(Furuuchi Chem. Co.) were polished to a mirror-like state.

Then, the surface was cleaned with ethanol and propanol

for removing contaminants. Subsequently, one crystal was

set on the other so that the bicrystal possess 5� tilt GB.

Under the uniaxial load of *0.2 MPa, the two crystals

were heat-treated at 700 �C for 20 h at the heating and

cooling rate of 20 �C/h in air for bonding. Post annealing

was carried out to obtain larger bonded area. Heat treat-

ments were performed at 1000 �C for 80 h in total and

subsequently at 700 �C for 14 h.

Thin foils for STEM observations were prepared by a

conventional method that includes mechanical polishing

and argon-ion beam milling. The ion-beam milling was

carried out using PIPSTM (Model 682, Gatan Inc.) with the

acceleration voltage of 3.5 kV until a hole was made.

Finally, low-voltage milling was carried out with the

acceleration voltage of 0.5 kV for reducing the thickness of

the irradiation damaged layers.

STEM observations were performed using an aberra-

tion-corrected STEM (ARM-200CF, JEOL Ltd.). Probe-

forming aperture semiangle was 24 mrad for STEM

imaging. Detection angle range for annular dark-field

(ADF) images was 90–370 mrad or 40–90 mrad. Energy

dispersive X-ray spectroscopy (EDS) and EELS were

performed using JED-2200 system (JEOL Ltd.) and Enfina

spectrometer (Gatan Inc.), both are attached to JEM-2100F

microscope (JEOL Ltd.). Probe-forming aperture semian-

gle was *22 mrad and diameter of the electron probe was

*0.1 nm for EDS and EELS. Collection angle, energy

dispersion, and exposure time for EELS were *30 mrad,

0.5 eV/channel, and 0.2 s/pixel, respectively.

Atomic column positions in STEM image were analyzed

by Gaussian peak fitting. The peak fitting was carried out

using our home-made software. For the fitting, two-

dimensional Gaussian function with the form of

Z ¼ Z0 þ A � exp � 1

2

x� xc

w

� �2

� 1

2

y� yc

w

� �2
� �

ð1Þ

was used, where Z, Z0, A, w are total, background, peak

intensities, and the peak width, and (xc, yc) is the peak

position. The variables [Z, Z0, A, w, and (xc, yc)] are opti-

mized by the least squares method so that the squared

difference between the original and the fitted intensities is

iteratively converged to a minimum value. It was demon-

strated that a similar procedure successfully works for

analysis of STEM images [14].

Results and discussion

In the simplest model, it is expected that periodic array of

a[110] edge dislocations forms along the [001]/(110) 5� tilt

Fig. 1 a STO bicrystal with

[001]/(110) 5� tilt GB.

b Dislocation array expected for

the bicrystal. An array of

a/2[110] edge dislocations with

*3 nm interval is expected.

The inversed ‘‘T’’ shape, dark

dotted lines, and hatches

respectively show the

dislocations, dislocation lines

and the stacking faults
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GB in a STO bicrystal, where the separation distance is

estimated to be 6.3 nm by the Frank’s formula [15]. In the

actual case, a[110] edge dislocation is climb dissociated

into two a/2[110] partial dislocations and a stacking fault

where the spacing between the partials is *3 nm [4]

(Fig. 1b).

STEM imaging has confirmed that the periodic array of

dislocations is formed in the bicrystal (Fig. 2a). Disloca-

tions are observed as darker areas and pair-wise contrast

observed in ADF STEM image are due to the climb dis-

sociation of a dislocation as described below. Spacing of

the dislocation pairs is about 6.3 ± 0.3 nm, which is con-

sistent with the expected value. From the enlarged view, it

is found that dislocations are actually dissociated into two

partial dislocations (Fig. 2b). The Burgers vectors are

a/2[110], where a is the lattice constant of STO

(0.3905 nm [16]). We have observed 78 dislocations in the

bicrystal. Most of them are categorized into a few major

types in terms of relative locations of the partials and size

of dark regions (Fig. 2c). Approximately 53 % of dislo-

cations are categorized as A type, where two partials align

in the same vertical plane, and a dark region is narrow.

Another 19 % also has a narrow dark region, where one

partial dislocation slightly shifts perpendicularly to the GB

with respect to the other. Dislocations of this type are

categorized as A0 type. Another 13 % of dislocations have

larger areas of dark regions particularly in the lower part,

which has been categorized as B type.

The dislocation structure is further investigated in the

atomic scale (Fig. 3a–c). In the ADF STEM images of STO

crystal observed with [001] electron incident direction,

Sr (Z = 38) and Ti–O (Z = 22 and 8) columns are

observed as the brightest and second brightest spots, while

O columns are not visible. This is because the ADF image

exhibits atomic-number (Z) dependent image contrast: The

image contrast is higher for the heavier element. As men-

tioned above, there are darker regions near the partials. In

these areas, a number of extra bright spots are recognized

(Fig. 3d–f). These extra spots are located on unusual

positions for a STO crystal lattice. Among the three types

of dislocations, the A type has the smallest number of the

extra spots. There are a few more extra spots in the A0 type.

On the other hand, the dark area spreads more widely in the

B type. In this case, clear distinction of partial dislocations

and the stacking fault is difficult. The extra spots would

correspond to cations: Sr and/or Ti ions.

In order to understand the origin of the extra spots, the

elemental distribution around the dislocations was mapped

out by EELS. The two-dimensional maps (Fig. 4) reveal

that Ti is enriched and Sr is depleted, while O amount is

Fig. 2 Dislocation structure in the STO GB. a Low-magnification, and b, c high-magnification ADF STEM images. Dotted squares indicate

Burgers circuits in b. Dislocations of three types, A, A0, and B are shown in c
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relatively unchanged near the dislocations. This tendency is

common for the A (Fig. 4a–d), the A0 (Fig. 4e–h), and the

B (Fig. 4i–l) types. In the present study, we have measured

EELS maps for about ten dislocations, and all of them

exhibit Ti enrichment and Sr depletion. This indicates that

the GB in the bicrystal is Ti rich. On the other hand, the

Ti-enriched regions are located near the partials in the A

and the A0 types, whereas it spreads out in the B type. Since

Fig. 3 Magnified ADF STEM images of the dislocations. a, d The A

type, b, e the A0 type, and c, f the B type dislocations. Open circles in

the right-hand side figures indicate the location of extra bright

contrast. The dotted square indicates the Burgers circuit in f

Fig. 4 EELS maps around the dislocations. a–d The A type, e–h the

A0 type, and i–l the B type dislocations. Simultaneously recorded

ADF STEM images, Ti–L23 map, Sr–M45 map, and O–K map are

shown from the top to the bottom
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the locations of the Ti-enriched regions correspond with

those of extra spots in the STEM images, the origin of the

extra spots would be the Ti ion. For further verifying the

chemical composition at the Ti-enriched region, EDS

spectra were measured. Here, the upper partial in the A

type dislocation was chosen as a typical case. The spectra

were measured from a *0.5 nm 9 0.5 nm squared area

near the partial dislocation (Fig. 5a) and in the bulk. In the

bulk spectrum, the Sr–L line has the highest intensity,

while the Ti–K line has the highest intensity in the area of

the dislocation core (Fig. 5b). The Ti/O ratio is much

higher and the Sr/O ratio is much lower near dislocation

than in the bulk (Fig. 5c), confirming that Ti is enriched

and Sr is depleted near dislocation.

We have identified strain around the dislocations by

measuring the distance between some specific columns

(Fig. 6a–c), where the column positions are determined by

Gaussian peak fitting. First of all, the inter-column dis-

tances were measured at the bulk a few nm from the dis-

location. This made it possible to measure the inter-column

distances both for a dislocation and in the bulk from the

same image, which would help to reduce artifacts. Here,

Dbulk is defined as

Dbulk ¼
D1�1

0 þ D2�2
0 þ D3�3

0 þ D4�4
0 þ D5�5

0

5
; ð2Þ

where D1–10, D2–20, D3–30, D4–40, and D5–50 are the inter-

column distances between columns 1 and 10, 2 and 20, 3 and

30, 4 and 40, and 5 and 50, respectively. Nominal strain

perpendicular to the GB (e110) is defined as the ratio of the

inter-column distances near dislocation to that in the bulk.

In case of the columns a and A near the dislocations in

Fig. 6a–c, for example,

e110ð%Þ ¼
Da�A � Dbulk � 4

Dbulk � 4
� 100; ð3Þ

where Da–A is the inter-column distance between a and

A. The values of e110 for the three types of dislocation cases

are displayed in Fig. 6d–f. There is high tensile strain near

the dislocations, suggesting that it is a cause of the Ti

enrichment and the Sr depletion. Although we have not

found any clear relation between the strain values and the

size of Ti-enriched region, the highest strain is identified

around the largest Ti-enriched area in the B type dislocation.

The exact atomistic structure at the Ti-enriched regions

remains unclear. Here, we discuss a possible scenario based

on these two points; (i) Ti is enriched and Sr is depleted

near the dislocations; (ii) It is highly expanded in the dis-

location region. (i) The Ti enrichment and the Sr depletion

remind of Ti-richer Sr–Ti–O compounds such as Sr2Ti6O13

[17] and SrTi11O20 [18]. On the other hand, (ii) high tensile

strain allows one to imagine that the dislocation region is

under less positive or negative pressure compared to the

bulk. In the field of high pressure experiments, there is an

interesting tendency known as so-called pressure-coordi-

nation rule [19]. In the case of some perovskite and the

Fig. 5 EDS measurements near

the dislocation and in the bulk.

a An area of interest for the

dislocation area. The dotted

square indicate the

0.5 9 0.5 nm2 boxed area

scanned during the

measurement. b EDS spectra

taken from near the dislocation

and in the bulk. c Integrated

intensity ratio near the

dislocation (Idis) to that in the

bulk (Ibulk). The measurements

were carried out three times,

and the respective cases are

shown. The intensities are

integrated over the range of

0.48–0.60 keV, 1.42–1.97 keV,

and 4.35–4.66 keV for O–K,

Sr–L, and Ti–K lines,

respectively
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related compounds [20, 21], ilmenite crystal structure that

is stable under lower pressure transforms into perovskite

under higher pressure. Upon the transformation, edge-

sharing connection of TiO6 octahedra in ilmenite changes

into corner sharing in perovskite. As a result, the density of

Ti atoms is locally higher in the low pressure phase

(ilmenite) than in the high pressure phase (perovskite).

Sr2Ti6O13 possesses a different crystal structure from

Fig. 6 Strain analysis with

Gaussian peak fitting. ADF

STEM images of a the A type,

b the A0 type, and c the B type

dislocations. Cation columns

indicated by circles (a–k, A–K,

1–5, and 10–50) are used for the

fitting. Nominal strain estimated

for d the A type, e the A0 type,

f the B type cases
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perovskite, with TiO6 octahedra in Sr2Ti6O13 connected in

an edge-sharing manner (Fig. 7a). When the crystal struc-

ture of Sr2Ti6O13 is projected along [010], the arrangement

of Ti in the TiO6 octahedra looks similar to that observed at

the Ti-enriched regions in the dislocations of Fig. 7b–d.

Thus, we suggest that edge-sharing TiO6 octahedra may

form a structure in the Ti-enriched regions.

It should be mentioned that some previous studies have

suggested Ti enrichment at STO dislocation [6, 7, 23]. For

example, Buban et al. [6] proposed a Ti-rich extended core

model where Ti–O columns substitute Sr columns and shift by

a/2 [010] to form ‘‘nanocolumns of TiOx’’ in a[100] edge dis-

location. Klie et al. [7] reported that Ti/O ratio increases by

18 % at the dislocation core, and Jia et al. [23] reported on an

a[001] dislocation with the local atom ratio for Sr:Ti:O of about

0.5:1.0:2.3. These dislocations have different character from

that in the present study, implying that the Ti enrichment may

be a common phenomenon that occurs in STO dislocation.

Finally, we discuss how the GB in the bicrystal becomes

Ti rich. One potential cause is the surface composition

right before bonding. We think that the surface prior to the

bonding is stoichiometric, since it was obtained by mec-

hano-chemical polishing. Similar discussion was also

reported elsewhere [24]. However, discussion may be

complicated because surface structure may change during

the heat treatment for bonding [25]. If the crystals are

bonded without altering the surface composition, the GB

would be kept stoichiometric. Otherwise, the GB may

become nonstoichiometric. In addition, heat treatment

condition would also affect the GB chemical composition.

The present bicrystals were fabricated at relatively low

temperature in the air, which is under more oxidized con-

dition [26] as compared with other bicrystal studies. It is

reported that [001] high-angle tilt GB of STO becomes Ti

richer under oxidizing conditions [27], and similar phe-

nomena would be expected in the low-angle tilt GB case.

Fig. 7 A structural model at the Ti-enriched region. a Crystal

structure of Sr2Ti6O13 projected along [010]. The structure is

visualized using VESTA [22]. ADF STEM images of b the A type,

c the A0 type, and d the B type dislocations. White circles and yellow

lines indicate Ti-including columns and their connections (Color

figure online)
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Summary

SrTiO3 bicrystal with [001]/(110) 5� tilt GB was fabricated,

and the dislocation structure and composition have been

characterized at the atomic scale. STEM-EELS measure-

ment has allowed us to determine that most of the dislo-

cations have Ti-enriched and Sr-depleted regions, with the

GB in the crystals being Ti enriched. The extra Ti ions are

located at positions unusual for the perovskite crystal,

which cannot be understood by a simple structural model.

There is a high tensile strain near the dislocations, which

would be a cause of the Ti enrichment. We suggest that

edge-shared TiO6 octahedra may form in the Ti-enriched

regions.
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