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Abstract
Modern functional oxides aremainly engineered by doping, essentially by tuning
the defect chemistry. Recent studies suggest that dislocations offer a new per-
spective for enhancing themechanical and physical properties of ceramic oxides.
This raises the question regarding the interaction between dislocations and point
defects in ceramics. Here, we report the impact of defect chemistry on the
mechanical response of single-crystal strontium titanate, a prototype perovskite
oxide. We demonstrate that electric field-induced stoichiometry polarization
alters the defect chemistry, primarily by tuning oxygen vacancies, resulting in
a distinct difference in the maximum shear stresses for dislocation nucleation,
as experimentally observed and corroborated by molecular dynamic simulation.
The impact of indenter tip size and geometry on the dislocation nucleation
behavior in samples with different point defect concentrations in ceramics is fur-
ther elucidated. Similar to the electromigration findings, acceptor-doped SrTiO3

facilitates dislocation nucleation due to the abundance of oxygen vacancies.
These findings shed new light on the interaction between dislocations and point
defects in oxides. They may pave the road for assessing the stability of the
next-generation functional ceramics engineered by dislocations.
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1 INTRODUCTION

Oxide perovskites are essential in electroceramic devices
with a wide range of applications, including capacitors,
actuators, and oxygen sensors.1,2 The movement of oxygen
ions (particularly at elevated temperatures3) underscores
their applicability as electrode material, for example, in
solid oxide fuel cell application.4,5 Recent technological
advancements in oxide electronics demand miniaturiza-
tion. As devices become smaller, the effective volume of
defects increases with respect to the active device area.
Certain components of these devices, for instance, ferro-
electric and dielectric, are commonly sandwiched between
electrodes as capacitors or, in some cases, as thin filmswith
lattice-mismatched interfaces, leading to the formation
of dislocations. Although ceramics are generally termed
as “brittle,” dislocations are almost unavoidable in bulk
ceramics processing as they are present even at elevated
temperatures (for instance, SrTiO3 up to 0.8 Tm6). These
dislocations are not entirely “unwanted” in functional
ceramics for electroceramic applications, as recent studies
have shown that dislocation engineeringmay hold promis-
ing potential to enhance the functional7–10 andmechanical
properties11,12 in functional ceramics. Particularly, dislo-
cations were found to form “conducting nanowires” in
some cases, which enhance the electrical conductivity
of conventionally insulating Al2O3, SrTiO3, and yttria-
stabilized zirconia.13–16 Inmany applications,miniaturized
devices experience gradual or instantaneous temperature
spikes, which could alter the defect chemistry (vacancy
formation2,17–19). Eventually, the point defects interactwith
the dislocations, which may further influence the dis-
location behavior (dislocation nucleation, multiplication,
and motion20). Hence, understanding the interactions
between point defects and dislocations is critical for the
next-generation functional oxides.
Various attempts have been made to understand the

interaction between point defects and dislocations in
ceramics, with an overview dating back almost 50 years.21
With renewed interest in dislocation studies in ceram-
ics, attempts to understand the impact of point defects on
dislocation-based plasticity and cracking via point defect
engineering, such as non-stoichiometry22,23 and thermal
treatment,24 have resurfaced by probing the impact of
point defects on dislocation mechanics through mechani-
cal deformation. For instance, Nakamura et al.23 examined
the effect of stoichiometry change (i.e., by changing the
Sr/Ti ratio in the starting powders for growing the sin-
gle crystals) on the plastic deformation of single-crystal
SrTiO3. A slightly higher degree of plasticity during uni-
axial bulk compression for non-stoichiometric SrTiO3
was observed, which was attributed to a lower overall
vacancy concentration.23 Subsequently, Fang et al.22 inves-

tigated the same samples used by Nakamura et al.23 via
nanoindentation, showing that non-stoichiometric SrTiO3
crystals exhibit easier dislocation nucleation, as indicated
by the lower nanoindentation pop-in stresses. However,
the dislocation motion in such samples was more difficult.
The proposed hypothesis was that a higher concentration
of oxygen vacancies may have resulted in a solute drag-like
effect.22,25 These works represent a preliminary experi-
mental attempt to probe the dislocation mechanics of
SrTiO3 with a pre-engineered point defect state. Addition-
ally, the interaction between dislocations and point defects
has been investigated through molecular dynamics (MD)
simulations of nanoindentation in the presence of vacan-
cies on single-crystal Fe.26 Njeim et al.26 observed that a
relatively lower load is required to nucleate dislocations
near vacancies during nanoindentation simulations.
However, it is still unclear, particularly in oxides, which

point defect species (cation and/or anion vacancies) con-
tribute to the observed dislocation behavior. There has
been a lack of direct experimental evidence on the dis-
location mechanisms for decoupling the impact of defect
species, especially anions (𝑉..

o) and cations (𝑉′′

Sr
) vacan-

cies present in SrTiO3. In this work, we aim to address
the following question: Can we isolate individual defect
species (i.e., generate a gradient in the concentration of
either cation or anion vacancies) in oxides using SrTiO3 as
amodel perovskite oxide? If possible, howwill the gradient
in the defect concentration impact the dislocation nucle-
ation in SrTiO3? To address these questions, we adopt the
approach of electric field-induced stoichiometry polariza-
tion, that is, the build-up of a defect concentration profile
(to create a gradient in the oxygen vacancy concentration,
while having a homogeneous concentration of the (𝑉′′

Sr
)),

which is commonly induced under an electric field with
partially or entirely charge carrier-blocking electrodes.27
The homogeneous distribution of (𝑉′′

Sr
) is ensured due to

sluggish mobility at temperatures below 1300 K.28 In what
follows, we will focus on (𝑉..

o) to identify the impact of
stoichiometry-polarization-induced vacancy migration on
dislocation nucleation.
For oxides such as SrTiO3, the stoichiometry polariza-

tion is generally associated with the electromigration of
oxygen vacancies and their accumulation at the cathode
(thus depletion at the anode), ensured by ionic-blocking
electrodes.29,30 Hence, ionic conduction is suppressed,
whereas electron–hole transport dominates the observed
conductivity during the electromigration of oxygen vacan-
cies. Aside from the conductivity, stoichiometry polariza-
tion is also accompanied by electrocoloration (i.e., changes
in optical appearances), which has been reported on
single-crystal undoped27,29,31 and Fe-doped SrTiO3.32 The
color fronts were observed to emerge from the electrodes
(at the edges of the crystal), propagating into the bulk
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F IGURE 1 (A) Schematic illustration of the electromigration experiment showing the migration of oxygen ions to the anode and
retained oxygen vacancies on the cathode (blue dashed circles). (B) Illustration of the SrTiO3 crystal after an electromigration experiment.
The red asterisk represents the position of nanoindenters near the cathode and anode regions. Visible optical changes (electrocoloration) due
to the migration of 𝑉..

o are also depicted. (C) A representative nanoindentation load-displacement plot illustrates the pop-in event (on-set of
plasticity) with a corresponding elastic Hertzian fit, as indicated by the blue dashed line.

under an applied DC field.29,32 The optical change is direct
evidence of the migration of oxygen vacancies, as the
charge state of cation elements changes to accommodate
for the polarized oxygen vacancy concentration.
In this work, we performed nanoindentation testing

coupled with electromigration experiment on a nominally
undoped single-crystal SrTiO3 sample to gain insight into
the influence of point defects on dislocation nucleation.
We relied on the impact of stoichiometry-polarization-
induced electromigration to generate an oxygen vacancy
concentration profile within a single sample. Addition-
ally, MD simulation was employed to corroborate the
experimental observations.

2 EXPERIMENTAL AND SIMULATION

2.1 Materials selection

The behavior of point defects in SrTiO3 has been exten-
sively studied, making SrTiO3 a prime candidate for
this investigation. A Verneuil-grown, nominally undoped
single-crystal SrTiO3 sample (Alineason Materials Tech-
nology, GmbH), with dimensions of 10 × 3 × 1 mm3, was
used for the electromigration and nanoindentation testing.

2.2 Electromigration for tuning the
oxygen vacancy concentrations

We first performed a stoichiometry-polarization-induced
electromigration test on the nominally undoped SrTiO3
sample to generate a concentration profile of oxygen
vacancy before nanoindentation testing. The electromi-
gration test was performed using a micro-contact setup
under an applied electric field as illustrated in Figure 1A.
Platinum (Pt) electrodes were sputtered on two opposite

ends of the same surface (dimensions 10 × 3 × 1 mm3)
using a shadow mask to create an electronic conductive
layer (Figure 1B). The electrodes were contacted with a DC
electric field of 85 V (Keithley Instruments) via tungsten
carbide (WC) tips (Figure 1A). The sample was heated up
to 350 ± 5◦C (623 ± 5 K) on a crucible (Linkam Scientific
Instruments, Tadham). At this temperature, charge carri-
ers, primarily oxygen vacancies, have enhancedmobility.33
A commercially available thermocouple was used to ascer-
tain the sample surface temperature. The DC electric field
was retained for ∼1 h.27

2.3 Nanoindentation experiment

After electromigration, nanoindentationwas carried out to
observe the impact of the𝑉..

o gradient on dislocation nucle-
ation. Nanoindentation was performed via the continuous
stiffness measurement (CSM) mode using a spherical
indenter tip (with an effective tip radius of 1.3 µm) and
a constant strain rate of 0.05 s−1 on a G200 nanoinden-
ter (KLA Instruments) in the load-controlled mode. The
spherical tip ensures a larger stressed volume (compared
to the Berkovich indenter tip) with a higher probabil-
ity of probing more point defects (𝑉..

o). A maximum tip
displacement of 200 nm into the sample was set for all
nanoindentation tests, with a harmonic displacement and
frequency target of 2 nm and 45 Hz, respectively. With the
variation in the𝑉..

𝑜 concentration ensured by electromigra-
tion, arrays of nanoindenters were placed just next to the
Pt electrodes as depicted using red asterisks in Figure 1B.
For statistical analysis, at least 36 indents were made for
each condition near the cathode and anode, respectively.
After nanoindentation, the samples were chemically

etched in 15 mL of 40% HNO3 with 16 drops of 65% HF
for 15 s to estimate the low pre-existing dislocation den-
sity. This chemical etching method also reveals the newly
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generated dislocations by nanoindentation compared to
the pre-existing dislocations (corresponding to the ran-
domly distributed etch pits).

2.4 Molecular dynamics simulation

MD simulations of the nanoindentation test on single-
crystal SrTiO3 with and without pre-inserted oxygen
vacancies were performed in displacement-controlled
mode. The initial system is constructed with Atomsk.34 A
cubic unit cell is duplicated 100 × 80 × 100 times to form a
supercell of 4 million atoms. Periodic boundary conditions
are applied alongX andZ, and a large vacuum region 200Å
thick is added along the Y direction to mimic a free (0 1 0)
surface. One sample is free of oxygen vacancies, while in
the other sample, 10 oxygen vacancies are randomly intro-
duced in the layer below the top surface. Simulations are
performed with LAMMPS35 using the interatomic poten-
tial by Pedone et al.36 Coulomb interactions are computed
with the particle-particle-particle-mesh (pppm) algorithm.
A uniform background charge is added to ensure the sim-
ulation is charge-neutral in the system containing oxygen
vacancies. This correction is commonly employed with
interatomic potentials and does not hinder the description
of vacancy formation and migration enthalpies.37 Per-
forming MD simulations at finite temperatures introduces
noise and uncertainty into the results. To remove thermal
effects and isolate the impact of vacancies on nucleation
events, we perform molecular statics (so-called 0 K sim-
ulations), where forces on atoms are minimized using
the conjugate-gradients algorithm. A spherical indenter of
radius R = 100 Å is placed above the free surface. Itera-
tively, the indenter is brought down by 0.2 Å, and then all
atoms are allowed to relax. Snapshots of the simulation are
then analyzed with OVITO.38 The dislocation extraction
algorithm (DXA) is applied to Sr and O atoms to identify
dislocation lines, whereas the centro-symmetry criterion
is applied to Sr and Ti atoms to identify atoms belong-
ing to a defective region (free surface, dislocation, stacking
fault) and to hide atoms in the perfect environment. This
allows for the simultaneous visualization of both partial
dislocation lines and the stacking faults between them.

3 RESULTS AND ANALYSES

3.1 Sample color change and defect
chemistry tuning

We performed a stoichiometry-polarization-induced elec-
tromigration experiment as described in Section 2.2 to gen-
erate a concentration profile of the oxygen vacancy on the

nominally undoped single-crystal SrTiO3. In Figure 2A,
the schematic shows the oxygen vacancy profile after
electromigration with high concentrations on the cath-
ode and lower concentrations on the anode, as discussed
in the literature27,39 (typical for nominally undoped and
acceptor-doped SrTiO3). The oxygen vacancy concentra-
tion is about three orders of magnitude higher near the
cathode compared to the anode.27,39 A saturation current
of ∼4.5 mA was attained at the end of the electromigration
experiment.
In Figure 2C,D, the changes in optical appearance

(electrocoloration)29 after electromigration were observed,
and the confluence point was indicated with red arrows.
The initially transparent sample exhibits a reddish-brown
color in the anode region and a light grey color in the
cathode region, further explicated with the intensity plot
in Figure 2E. Typically, for nominally undoped SrTiO3,
oxygen ions migrate towards the anode (as depicted in
Figure 1A). In turn, oxygen vacancies accumulate at the
cathode and deplete at the anode. The anode is termed the
“oxygen vacancy-depleted region (𝑉..

o depleted)” and the
cathode “oxygen vacancy-enriched region (𝑉..

o enriched).”
The change in optical appearance during electromigration
is attributed to the change in the electronic state of trace
impurity acceptor elements, such as Fe element (Fe4+ =
Fe3+ + ℎ.).27,39 Note that trace acceptor (Fe) impurities40
are readily present in commercially available undoped
SrTiO3.

3.2 Incipient plasticity altered by
electromigration

To observe the impact of oxygen vacancy concentration
gradient after electromigration on the dislocation plastic-
ity, nanoindentation was performed near the two elec-
trodes where the maximum difference in the 𝑉..

o vacancy
gradient is expected. Representative load-displacement (P–
h) curves after electromigration using a spherical tip are
presented in Figure 3A (for indents performed as indicated
in Figure 1B). The P–h responses before the pop-in event
are fully elastic irrespective of the position of the indent
on the electrodes (𝑉..

o enriched or 𝑉..
o depleted regions).

This was fitted using the Hertzian elastic contact theory,41

𝑃 =
4

3
𝐸𝑟
√
𝑅ℎ

3

2 , which overlaps with the elastic part of the
P–h for all tested samples, hinting at an identical elas-
tic response, regardless of oxygen vacancy concentration,
facilitated by electromigration. P and h are the load and
penetration depth at the pop-in event extracted from the
experimental data. R is the effective tip radius fitted from
the elastic portion of the load-displacement curves using
Hertzian elastic contact theory, which gives a satisfactory
result for small spherical indenter tips below a nominal

 15512916, 2025, 10, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.70015 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [21/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 13 OKAFOR et al.

F IGURE 2 (A) Illustration of the oxygen vacancy concentration profile [𝑉..
o] between the cathode and the anode. A decay profile

adapted from39 at pO2 = 1 bar. (B) The current vs. time plot during electromigration shows a current saturation of ∼4.5 mA with a compliance
current of 10 mA. Optical images (C) before and (D) after electromigration. The red arrowheads in (D) indicate the point of confluence of the
color fronts between the cathode and anode. (E) RGB (Red, Green, Blue) color plot extracted from (D) in the region indicated with a white
dashed line. A higher red intensity observed corresponds to the reddish-brown color on the anode region in (D). As expected, an abrupt
decrease in all intensities is observed at the electrodes.

F IGURE 3 (A) Load-displacement (P–h) after electromigration with overlap of the 𝑉..
o enriched (red) and 𝑉..

o depleted (black) plots and
(B) load-displacement (P–h) without electromigration (EM). (C) Comparison of the 𝜏max without electromigration (blue plot) with the 𝑉..

o

enriched and 𝑉..
o depleted conditions.
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F IGURE 4 Optical images after chemical etching on the electromigration sample (A) and (B) and without electromigration (C). Red
arrowheads highlight some of the dislocation etch-pits revealed by chemical etching. The more visible etch-pits in (C) are due to a double
chemical etching step (twice the etching time), resulting in larger dislocation etch-pits.

tip radius of ∼9 µm and at low loads, as suggested by Li
et al.42 The reduced modulus 𝐸𝑟 is calculated using

1

𝐸𝑟
=

(1−𝑣2𝑠 )

𝐸𝑠
+

(1−𝑣2
𝑖
)

𝐸𝑖
. 𝐸 and 𝑣 are Young’s modulus and Poisson’s

ratio, respectively. Subscripts 𝑖 and 𝑠 represent the indenter
and substrate, respectively. An 𝐸𝑟 value of 225 GPa was cal-
culated with 𝐸𝑖 = 1140 GPa and 𝑣𝑖 = 0.07 and 𝐸𝑠 = 264 GPa
and 𝑣𝑠 = 0.237 for SrTiO3.43
Although the elastic portion of the P–h plot overlaps,

the load at the pop-in event (corresponding to the onset
of dislocation plasticity44) correlates with oxygen vacancy
concentration as facilitated by electromigration. The aver-
age load at the pop-in event is∼3.5 and∼4.5 mN for the𝑉..

o

enriched or 𝑉..
o depleted regions, respectively. For statisti-

cal analysis, the cumulative probability distribution of the
maximum shear stress (𝜏max) after electromigration is plot-
ted in Figure 3C. The maximum shear stress at pop-in is

estimated using the relation 𝜏max = 0.31(
6𝐸2𝑟

𝜋3𝑅2
𝑃pop−in)

1

3 41

(𝐸𝑟, 𝑅, and 𝑃pop−in are the same as stated above). There
is a distinct decrease in the maximum shear stress (𝜏max)
in the 𝑉..

o enriched region compared to the 𝑉..
o depleted

region. However, the maximum shear stress distribution
is confined within a narrow range (∼6–9 GPa).
To exclude the influence of electromigration and further

validate the results in Figure 3A, we repeated the nanoin-
dentation on a different sample (from the same batch
to minimize variables) without electromigration experi-
ments. Figure 3B shows the P–h curve without performing
electromigration (without EM). A corresponding cumu-
lative probability of the 𝜏max (blue dots) is presented in
Figure 3C together with the 𝑉..

𝑜 enriched and 𝑉..
𝑜 depleted

conditions. The 𝜏max distribution without electromigra-
tion almost coincides with the 𝜏max in the “𝑉..

𝑜 enriched”
region when compared to the 𝜏max for the “𝑉..

𝑜 depleted”
region. Detailed discussions of the possible reason for the
difference in 𝜏max is presented in Section 4.1.

It is important to mention that we can rule out the pos-
sible impact of pre-existing dislocations for the observed
incipient plasticity of both samples, as depicted in Figure 4.
Considering that the estimated average distance between
two dislocations is given by 1√

𝜌
, where 𝜌 is the disloca-

tion density, for 𝜌≈1010 m−2 (estimated by counting the
dislocation etch-pits per unit area in Figure 4A–C), the
average distance between two dislocations is ∼10 µm. For
both samples, irrespective of the applied electric field, the
pre-existing dislocation density remained identical. Con-
sidering the effective tip radius of 1.3 µm and the stressed
volume underneath the indenter, heterogeneous disloca-
tion nucleation from pre-existing dislocations as possible
sources is largely unexpected.

3.3 Molecular dynamic simulation of
pristine and oxygen vacancy-rich SrTiO3

To capture the physical picture of the impact of oxygen
vacancies on dislocation nucleation, we performed MD
simulations on SrTiO3 with andwithout oxygen vacancies.
Figure 5 shows relevant snapshots from the MD simu-
lations of the nanoindentation process. In the pristine,
oxygen vacancy-free SrTiO3 sample, the indenter induces
elastic, reversible displacements until it penetrates 12.2 Å
below the (0 1 0) surface, corresponding to a load of
∼2.65 µN (Figure 5B). Then two dislocation half-loops
nucleate simultaneously just below the indenter, in two
{1 1 0} planes normal to one another. Identification with
DXA reveals that each loop is made of partial dislocations
with Burgers vectors 1/2 < 1 1 0 > separated by a stack-
ing fault, as expected from previous studies.45,46 As the
indenter continues to move, the loops expand below the
surface (Figure 5C). In contrast, in the oxygen vacancy-rich
sample (qualitatively mimicking the𝑉..

o enriched region in
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F IGURE 5 Molecular statics simulation of nanoindentation. Atoms in a perfect crystal environment are not displayed to allow
visualization of the defects. The top and bottom free surfaces are visible (black atoms), and blue curves indicate the positions of partial
1/2 < 1 1 0 > dislocations. (A) Schematic of the simulation setup, showing the surface of the sample (in black) and the spherical indenter. (B
and C) Snapshots of nanoindentation of pristine (defect-free) SrTiO3 single crystal. Two dislocation loops nucleate below the indenter and
propagate (blue curves). (D–F) Snapshots of nanoindentation of SrTiO3 single crystal where oxygen vacancies are initially present below the
indenter (red spots in D). A dislocation loop nucleates from the vacancy marked with an arrow in (D) and then propagates.

the experimental result), the initial systemcontains oxygen
vacancies near the free surface (red spots in Figure 5D). In
this case, dislocation nucleation occurs when the inden-
ter penetrates only 9.8 Å below the surface, much sooner
than in the pristine case. The corresponding load is also
smaller, with ∼2 µN. Analysis shows that a complete dis-
location loop nucleates from an oxygen vacancy (white
arrow in Figure 5D) and then expands and dissociates into
two 1/2 < 1 1 0 > partials (Figure 5E,F).
The corresponding load-displacement curves for the two

simulations are presented in Figure 6. The first pop-in
event (load drop) occurred at lower stresses in the simula-
tion cell with 𝑉..

o vacancies, analogous to the experimental
result. In the pristine sample, the pop-in event associ-
ated with dislocation nucleation occurs when the stress is
much higher. This result complements the nanoindenta-
tion pop-in results in Figure 3, confirming 𝑉..

o as the defect
species facilitating dislocation nucleation. In the subse-
quent load drop events, there is a reversal trend, where
the pristine state shows a lower stress compared to the
𝑉..
o enriched condition. This is not surprising as additional

pop-in events on the P–h curve during nanoindentation
could be attributed to the interaction of dislocations with
pre-existing defects (in this case, pinning of dislocations
by oxygen vacancies), and a sudden burst (load drop)
occurs when the dislocations are eventually freed. The
current authors have observed a similar phenomenon dur-

F IGURE 6 Loading curves obtained from molecular static
simulations with the pristine (black curve) and the
oxygen-vacancies-rich condition (red curve). Arrows indicate the
first pop-in events.

ing nanoindentation experiments on single-crystal SrTiO3,
with varying vacancy concentration,22 and attributed the
findings to a possible solute-drag-like effect.25 A detailed
simulation study on the impact of oxygen vacancies on
dislocation motion will be carried out in the near future.
Note: Certain discrepancies between the nucleation stress
required to nucleate dislocations during simulation and
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F IGURE 7 Schematic representation of the electromigration setup on a single-crystal SrTiO3 sample depicting a fully ionic (oxygen
vacancy exchange) blocking electrode condition (left) and a re-oxidation state superimposed on the stoichiometry-polarization-induced
electromigration condition (right). Note: A depth-dependent oxygen vacancy gradient is expected in the z-direction with respect to the applied
electric field.

experiment. These discrepancies could arise from the large
difference in tip radius as well as the rate dependence.

4 DISCUSSION

4.1 Influence of atmospheric oxygen on
the oxygen vacancy concentration

The degree of ionic transfer under an electric field depends
on the applied voltage,31 environmental conditions and
temperature,27,31 dopant concentration,31,47 and the trans-
fer rate at the substrate and electrode material interface.
Figure 7 schematically illustrates two possible scenarios
likely associated with the electromigration in the SrTiO3
sample. Note that we assume fully ionic-blocking elec-
trode conditions, that is, only electronic conductivity is
possible at the anode and cathode, assured by the elec-
tronically conducting platinum electrode. Figure 7 (left
side) shows oxidation and reduction of the sample at the
anode and cathode due to the migration of oxygen vacan-
cies. Still, there is no net oxidation/reduction (i.e., the
global concentration of oxygen vacancies in the sample
remains the same). In this case, the electrodes completely
block ionic transfer (only electron–hole conductivity is

possible), leading to concentration polarization of the oxy-
gen vacancies.29 Alternatively, there is an atmospheric
contribution leading to re-oxidation of the samples, pre-
dominantly at the cathode,27 where re-oxidation is ther-
modynamically more feasible due to deficient oxygen ion
concentration.
To identify which condition is associatedwith our exper-

imental result, we examined the color fronts on the sample
after electromigration. The observed dark color front,
extending from the anode towards the cathode (Figure 2D),
is partly attributed to re-oxidation due to atmospheric oxy-
gen. Alvarez et al.27 further elucidated this phenomenon
by comparing the electromigration test on two different
media: air and silicon oil.27 Tests performed with a sam-
ple submerged in silicon oil on Fe-doped (0.05wt%) SrTiO3
(to prevent atmospheric oxygen ingress) show a shortened
dark color front, which is interpreted as indicating a rela-
tively higher oxygen vacancy concentration in the cathode
region compared to tests performed in open air. Atmo-
spheric oxygen can readily enter through the surface in
the cathode region (deficient oxygen atoms), annihilating
the 𝑉..

o and restoring the Fe4+ state, which leads to an
extended dark-colored front for experiments performed in
air.27 Hence, the overall 𝑉..

o concentration is depleted due
to the recombination of atmospheric oxygen, as illustrated
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9 of 13 OKAFOR et al.

F IGURE 8 2D Schematic illustration depicting the dislocation nucleation with respect to the indenter tip radius. Spherical tip with an
effective tip radius of 1.3 µmwith oxygen vacancies within the stressed volume (left). Berkovich tip with an effective tip radius of 250 nm and a
relatively smaller stressed volume (right). No oxygen vacancy within the stressed volume is reflected in the maximum shear stress for
dislocation nucleation after electromigration. Note that the ionic radii are only schematic representations and not in scale with the actual
ionic radii, and the indentation contact area is also much smaller than the tip radius.

in Figure 7 (right). This re-oxidation at the cathode region
is not exclusive to the Fe-doped sample, as the nominally
undoped SrTiO3 is weakly acceptor-doped due to trace
acceptor (Fe) elements.40 Note that our tests were per-
formed in open air; therefore, similar to the re-oxidation
condition shown in Figure 7 (right). Hence, the overall
oxygen vacancy concentration in the sample after electro-
migration is depleted. That means an oxidation state is
superimposed on the stoichiometry-polarization-induced
electromigration. It is reflected in the 𝜏max in Figure 3. Ide-
ally, the blue plot (without electromigration) in Figure 3C
should lie between the 𝑉..

o depleted (black plot) and 𝑉..
o

enriched states. Still, due to surface re-oxidation, there is
likely no significant increase in the𝑉..

o concentration at the
cathode region, resulting in the overlap of the 𝑉..

o enriched
and pristine (without EM) states.

4.2 Varying tip radius and oxygen
vacancy on dislocation nucleation

Oxygen vacancies lead to a local lattice strain, causing a
change in the average lattice spacing, which scales with

the concentration of𝑉..
o present in the sample. At high con-

centrations, 𝑉..
o create soft spots in the lattice where lattice

bond density is lower, leading to reduced resistance for
dislocation nucleation, as reflected in the 𝜏max in the 𝑉..

o

enriched region in Figure 3C. A similar phenomenon has
been reported by the current authors on reduced SrTiO3

24

and by Jeon et al.48 on a hydrogenated medium entropy
alloy, where hydrogen charging (resulting in the formation
of vacancies) was observed to lower the activation energy
for the formation of new defects.
An alternative approach to probing the influence of

oxygen vacancy concentration on dislocation nucleation
would be to vary the indenter tip radius, thereby alter-
ing the stressed volume underneath the indenter upon
loading. Figure 8 depicts a schematic illustration of the
stressed volume for two different tip radii during nanoin-
dentation. For a given concentration of 𝑉..

o , the number
of probed 𝑉..

o within the stressed volume depends on the
indenter tip size/geometry. Considering only the existence
of point defects within the prospective stressed volume
before the onset of pop-in. Note there is an estimated low
pre-existing dislocation density of ∼1010 m−2 (Figure 4).
The population of point defects (𝑉..

o) can be estimated
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OKAFOR et al. 10 of 13

F IGURE 9 (A) Schematic illustration of the position of the indents after electromigration. Blue and red asterisks represent an array of
Berkovich and spherical indents, respectively. (B) Load-displacement plot after electromigration on the sample using a Berkovich tip with an
effective tip radius of 250 nm (same sample as in Figure 3A). (C) Cumulative probability of the max. shear stress at the pop-in event for the 𝑉..

o

enriched and 𝑉..
o depleted regions.

with respect to the stressed volume and point defect
(𝑉..

o) density using the equation 𝑛 = 𝜌𝑉. Where 𝑛 is the
number of 𝑉..

o present in the stressed volume, and 𝜌 is
the density of 𝑉..

o , and 𝑉 is the stressed volume, which
is defined by49 𝑉 =

2

3
𝜋 𝑟3 =

2

3
𝜋{𝑅

𝜋𝜏max

0.62𝐸𝑟

√
𝜏max

𝜏critical
}3, 𝑅 is

250 nm for the Berkovich tip, and other parameters are
as described above. The estimated stressed volume of
the sample is ∼134 and ∼32.7 µm3 for the spherical and
Berkovich nanoindenter tips, respectively. Taking the
upper and lower limits of 𝑉..

𝑜 as 107 and 104 µm−3 after
electromigration (adapted from numerical simulation of
time-dependent oxygen vacancy concentration),27,39 there
is a one-order-of-magnitude difference in the number of
𝑉..
o present in the probed volumes using the spherical and

Berkovich nanoindenter tips. Hence, the stress difference
for dislocation nucleation from 𝑉..

o is expected to be
more evident using a large spherical tip than a sharper
Berkovich indenter, as reflected in the 𝜏max for dislocation
nucleation after electromigration in Figure 3 (spherical
tip) and Figure 9 (Berkovich tip), as discussed based on
Figure 8.

The maximum shear stress required to nucleate a dis-
location using a Berkovich indenter is very close for the
𝑉..
o enriched and 𝑉..

o depleted regions. In contrast, ∼2 GPa
difference in the maximum shear stress is observed using
the spherical tip (Figure 3C). We note that both tests were
performed on the same sample, and the spherical indents
were performed ∼24 h after the Berkovich indents. This is
a direct consequence of the indenter size and the probed
stressed field near the oxygen vacancies on dislocation
nucleation.

4.3 Beyond electromigration: Doping
influence on dislocation nucleation

Although this study provides new insights into the impact
of oxygen vacancies on dislocation nucleation, several
other aspects remain open for further investigation,
particularly related to defect chemistry engineering.24
Doping is one of the most common methods for altering
the defect chemistry of oxides, with numerous existing
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11 of 13 OKAFOR et al.

F IGURE 10 Load-displacement plots of (A) nominally undoped, (B) Fe-doped (0.05 wt%), and (C) Nb-doped (0.05 wt%) without
electromigration. (D) Cumulative probability of the max. shear stress at the pop-in event for all three samples.

industrial applications. In Figure 10, we highlight the
impact of doping on the dislocation nucleation of SrTiO3
during nanoindentation. Analogous to the observation
during electromigration, the elastic response before the
pop-in event remains unchanged (as shown with the
Hertzian fit in Figure 10A–C), irrespective of the dopants,
hinting at an insignificant impact of low-concentration
doping (in both cases, 0.05 wt% for acceptor Fe-doping
and donor Nb-doping) on the elastic behavior. However,
the distinct difference in the pop-in load is highlighted in
Figure 10D, showing a higher 𝜏max required to nucleate
dislocations on the Nb-doped (0.05 wt%) sample, whereas
the 𝜏max overlaps for the nominally undoped and Fe-doped
(0.05 wt%) samples.
At ambient temperature and pressure, oxygen vacan-

cies are the dominating point defect species for both
nominally undoped and acceptor (Fe)-doped SrTiO3.33
In contrast, electrons and/or strontium vacancies dom-
inate for the donor (Nb)-doped SrTiO3, with a much

lower oxygen vacancy concentration.17 These results cor-
roborate our deduction regarding dislocation nucleation
facilitated by oxygen vacancies, considering the domi-
nating vacancies for the different doped samples. These
early insights on the impact of doping on the disloca-
tion plasticity of SrTiO3 (Figure 10) are intriguing and
require further in-depth investigations to consider, for
instance, other contributing factors such as the differ-
ent dopants for possible solid solution hardening, varying
doping concentrations, and deformation length scales
(stressed volume), as reflected in Section 4.2. These
aspects are the focus for further studies by the current
authors.

5 CONCLUSION

We designed a coupled electromigration–nanoindentation
experiment to directly assess the impact of varying point
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defect concentration on the dislocation nucleation during
nanoindentation of single-crystal SrTiO3. Stoichiometry-
polarization-induced electromigration ensured a spatially
distributed gradient in oxygen vacancies on the sample.
Nanoindentations with a spherical indenter tip showed
a reduction in the pop-in load for high oxygen vacancy
concentrations. The favorable dislocation nucleation in
the vicinity of oxygen vacancies is likely caused by the
local weakening of bonds near oxygen vacancies, as also
observed in MD simulations of nanoindentations in both
pristine and oxygen vacancy-enriched conditions. The
selection of the indenter tip size to probe the oxygen
vacancy effect on dislocation nucleation also requires
attention, as the size of the stress field and its interac-
tion with defect concentration depend on the tip size
and geometry. The larger the stressed volume, the higher
the probability of interacting with point defects. There-
fore, a more pronounced impact of oxygen vacancy was
observed for a tip radius of 1.3 µm compared to a
Berkovich tip with an effective tip radius of 250 nm.
Similar to the electromigration findings, acceptor dop-
ing (Fe-doping) exhibited a comparable trend regarding
the impact of oxygen vacancies on dislocation nucleation
in SrTiO3. The methodology established in the current
study can serve as a valuable tool for understanding the
mechanical behavior of functional ceramics under ser-
vice conditions, particularly when coupled with electric
fields, elevated temperatures, and varying oxygen partial
pressures.
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