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ABSTRACT
It is well known that the presence of dislocations in solids determines their mechanical properties, such as hardness and plasticity. In the
prototype transition metal oxide SrTiO3, dislocations also influence the electronic properties, as they can serve as preferential sites of reduction
processes, e.g., supporting the evolution of metallic filaments upon thermal reduction. This indicates that there is a strong interaction between
the dislocations and oxygen vacancies formed upon reduction. The latter are locally-compensated by electrons. In order to investigate this
interaction, in this study, we analyze the influence of mechanical stress on an already-existing dislocation-based network of conducting
filaments in a single crystal. We demonstrate that plastic deformation at room temperature not only modifies the arrangement of dislocations
but also conductivity at the nanoscale. This indicates that there is a strong attraction between oxygen vacancies and dislocations, such that the
movement of metallic filaments and dislocations under mechanical stress is inseparably coupled.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0126378

I. INTRODUCTION

Transition metal oxides with perovskite structures will be key
materials in future energy-efficient electronics, as well as sensing
and energy conversion.1–6 Although they have been under scientific
investigation for more than six decades, the details of the relation-
ship between crystallographic structure and electronic properties are
still not fully understood. Meanwhile, the macroscopic properties
of perovskites, such as ionic and electronic conductivity in near-
equilibrium conditions, can be described by point defect chemistry
in good agreement with experimental results,7–9 it has been seen
that non-equilibrium behavior in the case of very slow matter trans-
port in bulk is far more complex. For instance, a transition between
insulating and metallic behavior can be induced by short-time non-
equilibrium reduction, resulting in a macroscopic conduction state
that is several orders of magnitude higher than the expectation
derived from defect chemistry.10 Evidence from experimental results
and theoretical simulations has been gathered indicating that this

surprising behavior is related to a non-equilibrium state due to the
influence of dislocations that are preferential reduction sites and so
can form conducting filaments within the insulating matrix of the
crystal.11 This indicates that oxygen vacancies are located close to
the dislocations and thus inducing a local valence change in the
transition metal, leading to metallicity.12

In this study, we focus on the relationship between oxygen
vacancies and structural dislocations and investigate the question of
whether vacancies are attracted by the dislocation core. We employ
SrTiO3 (STO) as a model material, as it crystallizes in the cubic per-
ovskite structure and is not ferroelectric at room temperature, such
that the movement of dislocations is not affected by the presence of
domain walls.

II. DISLOCATIONS IN PEROVSKITES
In ionic crystals with an ABO3 perovskite structure, different

types of dislocations can exist. Not only simple edge and screw
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dislocations but also partial dislocations are present, which are
related to the generation of stacking faults.13 These partial disloca-
tions can be generated by either a SrO–SrO or a TiO–TiO stacking
fault, which results in Sr- and Ti-rich dislocations, respectively.14

Dislocations in perovskite single crystals are induced in various
ways. One source of dislocations is the crystal growth itself, e.g., the
frequently used Verneuil method results in bulk dislocation densities
of 105–107 cm−2.15 Another source of dislocations to be consid-
ered is the cutting and polishing process to prepare samples from
the crystal boule. This process creates a high dislocation density
in the surface layer, which decays exponentially with depth.16,17 In
addition to these fairly unintentional dislocation sources, controlled
arrangements of dislocations can be introduced by indentation,
scratching, or the preparation of bicrystals.17–23 It has been found
that dislocations can segregate upon irradiation, thermal anneal-
ing, or the application of electric fields. Although the position of
the sessile dislocations is fixed, the glissile dislocations can move
to the crystal lattice by gliding or climbing as long as they do not
become pinned.24,25 The movement of an ensemble of dislocations
can result in the formation of complex structures.26 Dislocations,
which are statistically distributed, can undergo polygonization27 and
pile up, which can lead to the evolution of dislocation bundles with a
high local dislocation density surrounded by a nearly perfect crystal
matrix.28

The analysis of the behavior of dislocations under electrical and
thermal stress is important for understanding the reduction phe-
nomena. Dislocations are preferential reduction sites and become
enriched in oxygen vacancies upon annealing or electro-degradation
under reducing conditions.19,29 As the creation of positively-charged
oxygen vacancies is compensated by electrons in the conduction
band or localized on cations, reduced dislocations constitute fila-
ments with a high charge carrier concentration embedded in an
insulating matrix. As the dislocations are connected to each other
due to the invariance of the Burgers vector, a conducting net-
work of filaments evolves. It has been found that in this manner,
even a macroscopic filamentary insulator-to-metal transition can
be achieved. In this paper, we investigate how such a filamentary
network can be further manipulated. We focus on the question of
whether the metallic dislocation-based filaments can change their
positions with the application of mechanical stress. This raises the
question that if the oxygen vacancies are strongly bound to the dis-
locations, are they tagged along with the moving dislocation? To
answer this, we used a simple approach employing plastic deforma-
tion at room temperature.30,31 We create linear agglomerations of
dislocations by bending the crystal and subsequently turn these into
metallic filaments by means of thermal reduction. Then, we bent
the crystal again, this time in an orthogonal direction to the first
bending, and analyzed how the conductivity pattern changed.

III. METHODS
Verneuil-grown, epi-polished SrTiO3 single crystals oriented

in a (100) orientation (Shinkosha, Yokohama, Japan and CrysTec,
Berlin, Germany) were employed in this study. The capacity for
deformation was tested by applying mechanical stress by means of
an ultrasonic dismembrator.

The bending of the crystals was performed at room tempera-
ture by manually pressing them on a rod. The distribution of the

dislocations on the surface was made visible by etching the crystals
in buffered hydrofluoric acid and analyzing the surface with an opti-
cal microscope. A detailed description of the bending procedure and
an estimation of the mechanically-induced stress are presented in
the supplementary material.

The crystals were reduced under vacuum conditions (p
< 10−8 mbar) in a quartz tube surrounded by a tube furnace at
900 ○C. Local conductivity atomic force microscopy (LC-AFM) was
performed using Pt-coated Si tips in contact mode.

Density functional theory (DFT) calculations of defected
SrTiO3 were performed using the LDA+U model to describe
the localization of the defect states and improve the bandgap.32

We employed the full potential linearized augmented plane
wave method as implemented in the Fleur code (www.flapw.de).
All structures were relaxed until the forces were smaller than
50 meV/Å. To further illustrate these relaxations, we calculated
“local polarizations” in each unit cell of the chosen supercell based
on the distances of Sr and O atoms around the central Ti and their
formal charges.

IV. RESULTS AND DISCUSSION
In order to test how easily the STO crystals can be deformed,

they were exposed to ultrasonic stress. The morphology of the sur-
face was then analyzed using AFM before and after this procedure,
as presented in Fig. 1. It can be seen that the original surface was
atomically flat and only terraces with a step height in the range of
the lattice constant were present. After the application of mechanical
stress, distinct steps with height differences of more than 40 nm ori-
ented along the ⟨100⟩ axes of the crystal evolved. This indicates that
this slip system can be easily activated by mechanical stress at room
temperature and offers the opportunity to align and agglomerate
dislocations in a tailored manner.

FIG. 1. Surface of the STO crystals (a) before and (b) after applying mechanical
stress by an ultrasonic dismembrator mapped by AFM. The bottom figures display
profiles extracted along the dotted lines.
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FIG. 2. Etch pits analysis: (a) the pristine polished STO surface; and (b) the surface
after bending in two perpendicular ⟨100⟩ directions.

We exploited this effect by bending the crystal in order to
induce well-defined dislocation-rich areas. The crystal was first bent
in the [100] direction and then thermally-annealed and subsequently
bent in the [010] direction after being rotated by 90○. In order to
demonstrate that in this manner an ordering of dislocations was
induced, etch pit analyses were performed. Figure 2 compares the
distribution of the etch pits before and after the bending proce-
dure. It can be seen that the etch pits, which mark the exits of the
dislocations, were statistically distributed on the as-received sur-
face. After the bending in two orthogonal ⟨100⟩ directions, a regular
arrangement of the etch pits can be identified, proving that a poly-
gonization and redistribution of dislocations were achieved at room
temperature.

In the following, we focus on the electrical properties of the
dislocations. Figure 3 displays the topography and surface conduc-
tivity measured by means of LC–AFM following each preparation
step. After the first bending, the evolution of the slip bands resulted

FIG. 3. LC–AFM investigation of the SrTiO3 surface: (a) after the first bending along the [100] direction and slight thermal reduction and activation; (b) after heavy thermal
reduction; and (c) after the second bending perpendicular to the first. Note that the scanning direction of (a) and the right panel of (c) were rotated by ∼45○ with respect to
the crystal axes.
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in the appearance of distinct steps on the surface. In the example
shown in Fig. 3(a), the step had a height of about 50 nm. As the sur-
face did not show any measurable conductivity at room temperature,
LC–AFM measurements were performed at elevated temperatures
(145–330 ○C) under vacuum conditions. This led to a slight reduc-
tion and the thermal activation of electronic transport. The cor-
responding current map reveals that along the step edge, a cer-
tain conductivity could be measured, while the conductivity of the
remainder of the surface was below the detection limit. A magnified
depiction of such a conducting step at a slightly lower tempera-
ture illustrates that the conducting areas are arranged in a spot-like
structure [see Fig. 3(a), right]. This indicates that the dislocations
constitute preferential conduction sites.

Subsequently, the bent crystal was annealed under vacuum con-
ditions at 900 ○C. After this process, the conductivity pattern was
more pronounced; the alignment of the dislocation-based conduct-
ing spots along the slip bands can be clearly identified in Fig. 3(b).
Although there were relatively regular arrangements of the con-
ducting spots oriented along the slip band in the [100] direction,
the magnitude of the measured current reveals a distinct degree of
heterogeneity. There are some spots in which the current is orders
of magnitude higher than in others, indicating that in some parts,
a bundling of dislocations may occur, resulting in the presence of
highly conducting filaments. The overview current map on the right-
hand side of Fig. 3(b) reveals that the arrangement of conducting
spots follows the dislocation-rich slip band even on a macroscopic
scale.

In the final step, the crystal was bent again at room temper-
ature perpendicular to the first bending direction. After this, the
conductivity was measured, as shown in Fig. 3(c). The current pat-
tern reveals conducting spots oriented in both bending directions.
In order to emphasize that this effect is not induced by the scan-
ning procedure, the sample was turned by 45○ with respect to the
scanning direction. The resulting image on the right of Fig. 3(c)
reveals an alignment of the conducting spots in the ⟨100⟩ direction,
proving that this conductivity pattern has, indeed, been induced by
the bending procedure. As there was no additional thermal reduc-
tion following the second bending procedure, we can conclude that
the change in the conductivity pattern relates to the movement
of conducting dislocations at room temperature under the applied
mechanical stress. As a result, this implies that when a reduced
dislocation moves in a stress field, the oxygen vacancies, being
responsible for the local valence change in the Ti, which lead to
the metallic conductivity, must also move. Hence, there must be an
attractive interaction between dislocations and oxygen vacancies. In
order to support this assumption, DFT simulations were performed.
For the sake of simplicity, we simulated the dislocation as inner sur-
face in the crystal by removing a slab with a width of three unit cells
from the (6 × 5 × 1) supercell, as illustrated in Fig. 4. Then, extended
oxygen vacancies were created at the positions marked 1–8, with the
vacancy formation energy at 8 being considered bulk-like. As can be
seen from the lower panel, the vacancy formation energy drops sig-
nificantly near the dislocation. Some asymmetry can be seen between
the upper right and lower left edges of the dislocation, probably
relating to the different local environments at the inner surfaces and
the local polarization, as indicated by the blue arrows. Of course, not
all possible vacancy positions were considered, but from the large
energy differences (up to 0.7 eV), a strong interaction between the

FIG. 4. 6 × 5 unit cell of SrTiO3 with three unit cells in the center removed. Yellow,
gray, and red spheres indicate Sr, Ti, and O atoms, respectively. The blue arrows
represent the local polarization created around the defect, whereas the blue circles
indicate the positions of the extended O defects considered. Bottom: DFT calcula-
tions of the change in oxygen vacancy formation energy for the positions marked
in the top panel. The reference point is selected at position 8.

defect and inner surfaces can be deduced. Thus, a movement of this
inner surface will drag along the extended O defects.

In addition to this simple energetic criterion, there are also
further arguments supporting the assumption of an attractive inter-
action between vacancies and dislocations. Although STO is dielec-
tric at room temperature, the symmetry of the crystal lattice is
locally broken close to the dislocations. Hence, the ferroelectric and
flexoelectric effects become relevant,33 as we also previously demon-
strated using piezoelectric force microscopy.34 It has been shown
that the dislocation core constitutes a kind of dipole, and its inter-
action with the positively-charged oxygen vacancies could lead to a
synchronous motion of the vacancies with the dislocations.24,35 This
mechanism is supported by the DFT simulations discussed previ-
ously, which indicate an attractive interaction between dislocations
and vacancies. Furthermore, one could consider mechanical stress
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and assume that the sum of the mechanical energies of the ferroe-
lastic dislocation core and the mechanical energy of the individual
oxygen vacancies is minimal when the vacancy is located in the
dislocation core. Hence, the movement of the dislocations should
automatically lead to the joint co-displacement of the deformation
of the vacancies.

In summary, we have demonstrated that it is possible to manip-
ulate the surface conductivity of reduced STO via mechanical stress.
Metallic filaments, which were formed during thermal reduction
along the dislocations, change their position in conjunction with
the movement of the dislocations. Supported by ab initio simula-
tions, we conclude that there is an attractive interaction between the
dislocation core and oxygen vacancies. Hence, a movement of dislo-
cations with TiOx cores, which constitute metallic filaments, can be
induced by means of mechanical stress without breaking their gal-
vanic connection. It also has to be kept in mind that the thermal
reduction of STO can lead to the evolution of a variety of Ti-rich
suboxides close to the dislocation cores, such as Magnéli phases or
more complex structures such as Sr2Ti6O13 or Sr1Ti11O20, which
have been found during filament formation in resistive switch-
ing devices.28,36–38 Investigating how these secondary phases behave
under mechanical stress and influence the movement of filaments is
a challenging task for future research.

Our finding that dislocation-based conducting filaments can be
moved mechanically may be relevant to explain, e.g., the degrada-
tion processes of devices under mechanical stress and could also
open up opportunities for tailoring the electronic properties of oxide
materials by mechanical engineering. Aligning dislocations using
mechanical stress might help to realize the idea of Shockley, who
postulated back in 1983 that conducting dislocations in semicon-
ductors could hold technological promise as nano-transistors or
electrical tweezers.39

SUPPLEMENTARY MATERIAL

See the supplementary material for an estimation of the
mechanical stress induced by the manual bending method.
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