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Abstract
We conduct nanoindentation to investigate dislocation nucleation in SrTiO3

(STO) single crystals with surface orientations of (0 0 1), (0 1 1), and (1 1 1) with
loading/unloading rates of 25, 250, and 2500 μN/s. Results reveal that the critical
loads (Pc) at which “pop-in” event occurs depend strongly on surface orienta-
tions, but slightly related to loading rate. Based on Pc, the critical shear stress
that triggers dislocation nucleation was determined by extracting the maximum
resolved shear stress (τmax) along the slip systems of STOusing theHertzian solu-
tion. The dislocation activation shear stress (τa) was determined by averaging
τmax. The determined τa is 9.0–12.0 GPa, close to the shear strength (∼G/2π) of
STO, indicating that homogeneous dislocation nucleation dominates the pop-in
events. The consistency of the determined τa demonstrates that the frameworks
for nanoindentation pop-in analysis established for metals can be extended to
ceramics, whereas the influence of the limited slip systems should be taken
into consideration. Additionally, we estimated the activation volume and the
activation energy via the statistical model proposed by Schuh et al. The small val-
ues of the determined activation volume (0.6–9.8 Å3) and the activation energy
(0.13–0.70 eV) indicate that the dislocation nucleation possibly begins from a
single-atom migration and local point defects may participate in the dislocation
nucleation process. That is, heterogeneous nucleation may exist initially but the
homogeneous dislocation nucleation dominates the pop-in events.
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1 INTRODUCTION

Dislocations are line defects in crystalline solids. In
metals, dislocations can multiply and move easily under
stress with amplitude much smaller than their theoretical
strength, thus their existence has significant impact on the
mechanical properties of metals, for example, plasticity
and fracture toughness.1,2 In contract to metals, however,
the motion of dislocation in ceramics is rather difficult
due to the strong ionic and covalent bonds. Thus, at room
temperature,much larger shear stress is normally required
to drive dislocation motion in ceramics. Moreover, metals
usually have a very high preexisting dislocation density,
which is not the case for ceramics. These characteristics
generally render dislocations irrelevant for mechanical
properties of ceramics.3 Therefore, the research on dislo-
cation behavior in ceramics is far less advanced than that
on metallic materials. After intensive efforts conducted in
the 1960s and 1970s on revealing the dislocation geometry
configuration and the influence of dislocation on the
deformation behavior of ceramics, related investigations
on dislocation behavior in ceramics at room temperature
have basically stopped for a long time and only few works
were published until renewed attention arose within the
last 20 years, triggered by the work of Nakamura et al.4
They reported that Ti can diffuse along dislocations in plas-
tically deformed sapphire to form conducting nanowires,
and they proposed that dislocations in ceramics can be
used as a promising tool to tune the functional properties.
In fact, dislocations have long been known to signif-

icantly affect the functional properties of ceramics. As
early as in 1961, Harrison5 reported that dislocations could
enhance the transportation of anion in alkali halides.
Later, Döding and Labusch6 found that the electronic
conductivity of plastically deformed single crystalline
CdS increases due to the existence of dislocations.
Recently, inspired by the work of Nakamura et al., several
researchers started to intentionally engineer dislocations
into ceramics to tune the conductivity and other func-
tional properties. For instance, Bishara et al.7 reported
that dislocation could enhance the electrical conductivity
in rutile TiO2 accessed by room-temperature nanoinden-
tation. Hameed et al.8 found that in plastically deformed
strontium titanate, superconductivity and ferroelectric
quantum criticality were significantly enhanced. Szot
et al.9–11 reported that in single crystals of a prototypical
perovskite oxide SrTiO3 (henceforth referred as STO) with
naturally occurring dislocations, the materials provide
bistable switching of the conductance between nonmetal-
lic and metallic behaviors under an appropriate electric
field. Oshima et al.12 reported that the optical bandgap
of plastically deformed ZnS was distinctly decreased after
deformation,with reason arising from the smaller bandgap

at the dislocation core. Höfling et al.13 reported that the
polarization of barium titanate crystal can be controlled
by dislocations, due to the strong mechanical restoring
force yielded by the microstructure formed during plastic
deformation of the material, which reverts electric field-
induced domain wall displacement on the macroscopic
level and high pinning force on the local level. At present,
it is becoming clear that dislocations (1-dimensional) could
be developed as a new strategy to tune the functional prop-
erties of ceramics, with potentially more superior effect
to the previously used methods, such as elements doping
(0-dimensional), interface engineering (2-dimensional),
and the second phase doping (3-dimensional).
In order to develop ceramics with required function-

ality for applications by dislocation engineering,14 it is
important that dislocation networks must be introduced
into the materials first. Up to date, several technologies,
such as flash-sintering,15 protons irradiating,16 defect
chemistry engineering,17 and mechanical loading,18,19
have been reported. Among these approaches, mechanical
loading is thought to be most promising due to the fact
that the dislocation mesostructured as well as the density
could be well controlled (confined on the slip planes) if
the load is applied on ceramics in a controlled manner.20
As demonstrated by Johanning et al.,21 after uniaxial
deformation of a STO single crystal in [1 0 0] direction
with a pre-introduced notch, well-aligned dislocations
with directions along {1 1 0}〈0 1 1〉 could be introduced in
the materials.
In ceramics, the formation of dislocation networks was

also accomplished by dislocation nucleation, multiplica-
tion, and motion under mechanical load, akin to metals.14
However, unlike in metals, the density of dislocations in
initially fabricated ceramics is normally much lower, for
example, 1.8× 1010 m−2 for STO single crystal. As the preex-
isting dislocations play a very important role in the plastic
deformation behavior of ceramics, in order to introduce
the desired dislocation networks in them, the physical pro-
cesses of dislocation nucleation should be understood and
the parameters that control this process should be deter-
mined. However, investigations on this topic are rather
few, except a few publications on single-crystal STO,22
MgO,23 and TiO2

7 by nanoindentation. In some of these
analyses, the activation shear stress (τa) of ceramics was
calculated based on the theoretical framework established
from metals, for example, in the paper by Fang et al.,17

by the equation of 𝜏𝑎 = 0.31(
6𝐸2

𝑟

𝜋3𝑅2
𝑃𝑝𝑜𝑝−𝑖𝑛)1∕3. It is yet

unknownwhether the framework ofmetals can be directly
transferred to ceramic research, as the number of slip sys-
tems of ceramics is significantly smaller than that of met-
als. Additionally, there are often some point defects such
as oxygen vacancies and dopants in ceramic materials,
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which has been reported to have influence on the dislo-
cation nucleation and motion.17,22 Previously, dislocation
nucleation in ceramics studied by nanoindentation pop-
in tests were mostly referred to be homogenous based on
the calculated maximum shear stress.24 Here, we provide
quantitative analyses of the activation volume and the acti-
vation energy, which shed more lights on the dislocation
nucleation process in ceramics. Our investigations demon-
strate that to determine the dislocation mode, except the
activation shear stress, the activation volume and the
activation energy should also be determined and analyzed.
In this work, we conducted nanoindentation exper-

iments in STO single crystals with different surface
orientations of (0 0 1), (0 1 1), and (1 1 1) with loading and
unloading rates of 25, 250, and 2500 μN/s. The corre-
sponding dislocation τa was determined by extracting the
maximum resolved shear stress (τmax) in the direction
along the slip systems of STO using the stress field beneath
the indenter with Hertzian solution. We also estimated V
and ε via the statistical model proposed by Schuh et al. The
determined parameters of τa, V, and εwere used to discuss
the effect of crystallographic directions on the observed
orientation-dependent critical loads (Pc) at which the
“pop-in” event occurs, andmechanisms that possibly have
influence on the dislocation nucleation process.
Here, we choose STO crystal as the model material.

On one hand, it is a prototypical perovskite oxide with
cubic structure with six slip systems of 〈0 1 1〉{1 1 0} at
room temperature,25–29 and out of these six slip systems,
only two are independent, due to the fact that some of
the slip systems produce the same plastic strain. On the
other hand, the ionic transport ability of STO by oxygen
migration, which is the basis for their applications, such as
electronic devices,10,11 high-temperature electrochemical
cells,30 and oxygen sensors,31 have been reported can
be significantly influenced by dislocation, as oxygen
vacancies possess a highly anisotropic elastic dipole
tensor, which can provide a mechanism to shield local
internal strains induced by dislocations. Moreover, the
dislocation densities and distribution in STO can be easily
characterized via chemical etching technique.17,32,33

2 SAMPLE PREPARATION AND
EXPERIMENTAL PROCEDURES

2.1 Sample preparation

The STO single crystal, grown by the Verneuil technique,
was provided by HF-Kejing Co., Ltd., Hefei, China. Three
rectangular specimens, with a dimension of 5 × 5 × 1 mm3

and surface orientation (0 0 1), (0 1 1), and (1 1 1), were
used. For all the samples, their two opposite 5 × 5 mm2

surfaces were polished carefully by diamond paste, with
a roughness of 5 nm. As polishing will introduce disloca-
tions in STO, and the preexisting dislocation is supposed
to influence the nanoindentation behavior, we etched the
polished surfaces of specimens before nanoindentation
test to clarify the density of the preexisting dislocation
by an etchant (10 mL 65% HNO3 with few drops of 40%
HF).34,35 The dislocation density calculated from charac-
terization by scanning electron microscope (SEM) reveals
that (Figure 1A–C) the dislocation density on the etched
surface is about 1.8× 1010 m−2, with the dislocation spacing
of nearest neighbor of about 3 μm. It indicates the corre-
sponding statistical probability of 1% that the submicron
sized indentation tip would contact the pre-dislocations
in the indented area of 20 μm × 20 μm. Therefore, we can
reasonably deduce that influence of the preexisting dislo-
cations on the nanoindentation results can be excluded.36
The X-diffraction characterization by the SIEMENS
D5000 X-ray diffractometer equipped with Cu-Kα radia-
tion was carried out to assure the surfaces of specimens
to be tested in the exact orientations (Figure 1D), as
conducted by Wu et al.37 Furthermore, by using energy-
dispersive spectroscopy we characterized the elements of
the specimen and the results revealed that Ca, Ba, and Mg
existed in the materials with concentrations in regime of
30–200 at ppm.

2.2 Experimental procedures

Nanoindentation tests were conducted at room temper-
ature using the Hysitron Ti 950 TriboIndenter system
(Hysitron Inc., Minneapolis, MN, USA) with a diamond
Berkovich indenter. Before indentation experiments, the
Berkovich tip geometry and area function was calibrated
using fused quartz while the tip radius was fitted using
the Hertzian elastic contact.35 The determined tip radius
of the indenter is ∼200 nm. Considering the tip radius of
around 200 nm and the first pop-in events happened at
about 20 nm, before the pop-in events, the Berkovich tip
can be assumed as spherical, that is, the calibration process
used here is valid.35 Additionally, according to previous
investigations,38,39 the first pop-in events observed at depth
of ∼20 nm during nanoindentation can be assumed to be
dominated by dislocation nucleation and motion without
cracks. During testing, load-controlled mode was applied
with three loading rates of 25, 250, and 2500 μN/s to the
maximum load of 5 mN. For each specimen in a given
loading condition, a matrix of 7 × 8 grid nanoindentations
were performed with 20 μm interval apart from each other
(Figure 2A) to ensure that any overlap of plastic zones and
dislocation structure created by neighboring indentations
can be avoided.36
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F IGURE 1 (A–C) Scanning electron microscopy (SEM) images of etched pits on the surface of the sample give an averaged dislocation
density of about 1.8 × 1010 m−2. Inserts are illustration of the crystallographic structure of specimen. (D) X-ray diffractometer (XRD) spectrum
of STO specimens.

F IGURE 2 (A) Schematic diagram of nanoindentation experiments. (B) Representative nanoindentation load–displacement curve
measured on (0 1 1) surface of STO single crystal.

Figure 2B displays a typical load–displacement (P–h)
curve measured on the (0 1 1) STO single crystal with the
loading rate of 250 μN/s. When the applied load reach to
a critical value, the P–h curve exhibits a typical displace-
ment burst (indicated as pop-in), which is generally raised
from the dislocation nucleation and motion. Considering
the preexisting dislocation density in the pristine STO is
rather low (∼1.8 × 1010 m−2), the pop-in can be assumed
to occur in a dislocation-free region.2 On the other hand,
the pop-in events always happened shallower than 100 nm

promises spherical surface contacts at the depth probed in
the present study.40 Thus prior to pop-in event, the mea-
sured P–h curves can be well described by the Hertzian
elastic relation41:

𝑃 =
4

3
𝐸𝑟

√
𝑅ℎ3∕2 (1)

where h is the penetration displacement measured from
the sample surface down to the bottom of the contact, R is
the effective tip radius of 200 nm, and Er is the reduced
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F IGURE 3 Representative load–depth curves measured on (A) (0 0 1)-oriented surface; (B) (0 1 1)-oriented surface; and (C)
(1 1 1)-oriented surface with loading rates of 25, 250, and 2500 μN/s, respectively.

elastic modulus determined by the elastic deformation
occurring in both the specimen and the indenter, deduced
by

1

𝐸𝑟
=

1 − 𝑣𝑖
2

𝐸𝑖
+

1 − 𝑣𝑠
2

𝐸𝑠
(2)

with Ei = 1140 GPa and vi = 0.07 for the Young’s modulus
and the Poisson’s ratio of the diamond tip,Es and vs = 0.237
for the Young’s modulus and the Poisson’s ratio of STO.42
The Hertzian fitting curves are shown in Figure 2B in
red dotted line. The overlap of the measured and the pre-
dicted curves demonstrates that prior to the pop-in, the
interaction between the indenter and the sample is elastic.

2.3 Characterizations of dislocations
using SEM after chemical etching

Details of the generated dislocations and the correspond-
ing distributions in the tested specimens were character-
ized by SEM. All the samples were etched with the same
etchant (10 mL 65% HNO3 with few drops of 40% HF) for
20 s after the indentation to reveal the dislocation configu-
rations. Both the surface morphology and etch-pit features
around the nanoscale residual impressions of STO were
characterized by SEM (Zeiss Sigma 500, Germany) with an
acceleration voltage of 10 kV.17

3 RESULTS

3.1 Pop-in events under different
loading rates

Figure 3A–Cdisplays the representative load–depth curves
of the (0 0 1), (0 1 1), and (1 1 1) STO single crystals at dif-
ferent loading rates. We denote the pop-in load as Pc, the
corresponding burst depth as Δh, and the depth for the

onset of pop-in as hc, as depicted in Figure 3A. In all 504
nanoindentation points of the three crystallographic ori-
entations specimen, there are only 12 data points without
detectable pop-in events. From all the nanoindentation
curves, we identified that the critical loads (Pc) at which
the “pop-in” event occurs depend strongly on the crys-
tallographic orientations, but only slightly related to the
loading rates.
Detailed, statistical analysis of the distribution of Pc and

Δh for all valid nanoindentation results with pop-in events
is summarized in Figure 4A,B, respectively. On (0 0 1) sur-
face, the average values of Pc at loading rate of 25, 250, and
2500 μN/s are 161.50, 169.99, and 168.79 μN, respectively.
Correspondingly, the average values of Δh are 3.20, 3.46,
and 4.15 nm. On (0 1 1) surface, the average values of Pc at
the same loading rates as that of (0 0 1) surface are 276.48,
292.33, and 303.50 μN, with corresponding values Δh of
5.30, 5.81, and 6.88 nm. Amuch higher average pop-in load
on (1 1 1) surface is observed, with the average values of Pc
of 548.89, 567.51, 598.82 μN, and the corresponding values
of Δh are 11.01, 11.35, and 12.81 nm.
In Figure 4C, we plotted Pc versus Δh and observed

that the data points fall on almost straight line regardless
of the surface orientations. Such a phenomenon is simi-
lar to that of single crystalline aluminum and copper as
reported in literature,43 which can be explained by the
load-amplitude depended on motion of the dislocations
after nucleation. That is, under larger load, the dislocations
can move longer.
Figure 5 plots the relationship between the pairs of Pc

and hc1.5 of the total 492 nanoindentation points for each
specimen. The linear relationship verifies that for all the
measured load–depth curves, the deformation behavior of
STO was dominated by elastic behavior before the occur-
rence of pop-in event.41 According to 𝑃 =

4

3
𝐸𝑟

√
𝑅ℎ1.5, the

reduced modulus Er can be deduced by 𝐸𝑟 =
3𝛽

4
√

𝑅
. Here,

β represents the slope of the 𝑃𝑐 − ℎ1.5
𝑐 data, which can

be determined by fitting the experiment data in Figure 5.
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F IGURE 4 (A) The averaged pop-in load Pc, (B) the averaged burst depth Δh, and (C) the relationship between Pc and Δh on the (0 0 1),
(0 1 1), and (1 1 1) STO single crystals with different loading rates.

F IGURE 5 The statistics of Pc versus hc1.5 at pop-in measured on samples with different surface orientations: (A) (0 0 1), (B) (0 1 1), and
(C) (1 1 1) at different loading rates which follow a linear correlation upon Hertzian contact theory.

The obtained experiment data and the calculated Er were
summarized in Table 1. Noted that the obtained reduced
moduli Er (∼200 GPa) was slightly smaller than the val-
ues of 224 GPa compared with the values from Ref. [14]
reported previously, which was possibly caused by the
difference of the used materials.

3.2 SEM images of three different STO
crystals surface

As there is little dependence of pop-in load on the load-
ing rates, here, Figure 6 only presents the SEM images of
the dislocation etch-pits with a loading rate of 25 μN/s.

On (0 0 1) surface (Figure 6A), the dislocation pile-ups
are aligned in 〈1 0 0〉 and 〈0 1 1〉 directions and exhibit an
eight-armed intersecting quadratic feature with an angle
of about 45◦, which agrees with the results reported by
Yang et al.44 and Javaid et al.32 On (1 1 1) surface, around
the indentation imprint there are six arms along 〈1_ 1_ 2_〉

directions, possessing a threefold symmetry (Figure 6C). In
addition, the dislocation arms on the indented (1 1 1) sur-
face are longer than the other two surface orientations,
indicating an easier expansion of the plastic zone.
However, on (0 1 1) plane (Figure 6B), no visible dis-

location etch pits were observed, which may be due to
the fact that the surface itself is a slip plane.45 At room
temperature, plasticity of STO single crystals is accounted
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TABLE 1 Summary of the depth (hc) and load (Pc) for the first pop-in measured from different planes at different loading rates.

Indented
plane

Loading rate
(μN/s) Load Pc (μN) Depth hc (nm)

Burst depth
Δh (nm)

Reduced modulus
Er (GPa)

Fitting constant β
(μN/nm3/2)

(0 0 1) 25 161.50 ± 21.28 12.58 ± 1.31 3.20 ± 0.80 204.06 ± 11.78 3.56 ± 0.03
250 169.99 ± 26.02 12.74 ± 1.48 3.46 ± 0.85 211.01 ± 10.85 3.70 ± 0.03
2500 168.79 ± 20.91 12.55 ± 1.23 4.15 ± 1.38 216.30 ± 11.49 3.76 ± 0.03

(0 1 1) 25 276.48 ± 47.52 17.04 ± 2.29 5.30 ± 1.06 215.68 ± 10.71 3.87 ± 0.03
250 292.33 ± 63.72 17.39 ± 2.83 5.81 ± 1.37 219.77 ± 10.84 3.96 ± 0.03
2500 303.50 ± 65.96 17.76 ± 2.76 6.88 ± 1.39 225.07 ± 10.42 4.00 ± 0.03

(1 1 1) 25 548.89 ± 176.62 27.41 ± 6.02 11.01 ± 3.27 198.25 ± 5.11 3.74 ± 0.01
250 567.51 ± 224.25 27.39 ± 7.38 11.35 ± 4.06 205.32 ± 4.06 3.86 ± 0.01
2500 598.82 ± 231.97 28.37 ± 7.62 12.81 ± 4.22 207.13 ± 4.13 3.87 ± 0.02

Note: The fitting constant β, the reduced modulus (Er) are also listed for comparison.

F IGURE 6 Scanning electron microscopy (SEM) images of etched STO samples after indentation tests: (A) (0 0 1), (B) (0 1 1), and (C)
(1 1 1) with the same loading rate of 25 μN/s. (D–F) Schematic illustrations of the corresponding slip systems and dislocation structure.

for by {1 1 0}〈0 1 1〉 slip systems with six equivalent slip
planes.26,27,29 Two of the six slip planes are perpendicular
to the (0 0 1) plane (denoted as {1 1 0}90◦ in green square),
and the other four are inclined at 45◦ from the (0 0 1) plane
(denoted as {1 1 0}45◦ in red square). From the shape of
etch pits and the reported results of Javaid et al.,33 fur-
ther insight into the three-dimensional distribution of the
dislocations construction can be obtained. On the (0 0 1)-
indented surface, etch pits in the 〈011〉 and 〈001〉 directions
suggest that the dislocation pile-ups lie on {1 1 0}90◦ and
{1 1 0}45◦ , respectively. However, on (0 1 1) plane, the slip
plane should be (1_ 1 0), which is oriented to the indented

surface at 90◦ and the rest of four slip planes inclined at
60◦ to the indented surface. On (1 1 1) plane, both the slip
planes of {1 1 0}90◦ and {1 1 0}45◦ are perpendicular to the
(1 1 1) surface and intersect the indentation plane along
〈1 1 2〉 directions and 〈1 0 1〉 directions. There must be 12
arms of etch pits, 6 lie along 〈1_ 1_ 2_〉, and the other 6 lie
along 〈1_ 0 1〉. As revealed by the chemical etching tech-
nique and 3D dislocation structure analysis from Javaid
et al.33 on (0 0 1) surface of STO, the schematic represen-
tation of the dislocation half loops around the residual
impressions in STO with various crystal orientations is
shown in Figure 6D,E.
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4 DISCUSSIONS

4.1 Estimating the activation shear
stress

For STO crystal, the dislocation nucleation stress is intrin-
sic and thus independent of crystal orientation. Thus, in
STO, the resolved shear stress with direction along its slip
systems should be taken into account.46,47 In the follow-
ing, the “Easy-slip” model48 was adopted to quantify the
orientation dependence of the critical resolved shear stress
(τCRSS) for the specific slip systems of {1 1 0}〈0 1 1〉 in STO.
For dislocations gliding on {1 1 0}45◦ and {1 1 0}90◦ slip

planes, the stress field was generated by an elastic sphere–
plane contact, which was first established by Hertz.41 Due
to the assumed rotational symmetry of nanoindentation
and the internal symmetry properties of the cubic STO
lattice, the relevant inclined angles (Ф) between indented
plane and slipping planes are 45◦ and 90◦ for (0 0 1) ori-
entation, 60◦ and 90◦ for (0 1 1) orientation, and 90◦ for
(1 1 1) orientation, respectively, as schematically illustrated
in Figure 6D–F.
The nonzero components of stress tensor of theHertzian

stress field in cylindrical coordinates (r, φ, z) are σrr, σφφ,
σzz, and τrz. When the indenter is applied on the sam-
ple with Pc, τCRSS on the {1 1 0}〈0 1 1〉 slipping system are
determined according to the following equation49,50:

𝜏𝐶𝑅𝑆𝑆 = 𝑛𝑐
𝑟𝑣

𝑐
𝑟𝜎𝑟𝑟 + 𝑛𝑐

𝜑𝑣𝑐
𝜑𝜎𝜑𝜑 + 𝑛𝑐

𝑧𝑣𝑐
𝑧𝜎𝑧𝑧 + (𝑛𝑐

𝑟𝑣
𝑐
𝑧 + 𝑛𝑐

𝑧𝑣𝑐
𝑟) 𝜏𝑟𝑧

(3)

𝜏max = max{𝜏𝐶𝑅𝑆𝑆} = 𝑆𝑚𝑖𝑑𝑃𝑚 (4)

where nic and vic denote the i-th component of the
slip plane normal and slip direction of the slip system,
respectively; Pm the maximum contact pressure; Smid is
the so-called indentation Schmid-factor-ratio of the maxi-
mum resolved shear stress (τmax) to the maximum contact
pressure.50 The calculated contour plots of τCRSS/Pm for the
{1 1 0}〈0 1 1〉 slip system are indicated for different inclined
angles determined by crystal orientations in Figure 7. Con-
sidering the repetition of the inclined angles between slip
plane and crystallographic indented planes, here we only
present the contourmaps of the inclined angles of 45◦, 60◦,
and 90◦. It is clear that crystal orientation has a significant
influence on the localized τmax via Smid. The values of Smid
are 0.2938, 0.2926, and 0.2135 for Ф = 45◦, 60◦, and 90◦,
respectively. It is important to note that, whenФ= 45◦ and
60◦, τmax often locate at the point below the surface, at a
position located about 0.5r (r is the contact radius) along
the indent axis, which is consistent with the work reported
by Swain and Lawn.38,51 When Ф = 90◦, it is at a position
approximately 0.5r directly below the contact circle.

F IGURE 7 Contour plots of 𝜏𝐶𝑅𝑆𝑆∕𝑃𝑚 on the {1 1 0}〈0 1 1〉 slip
systems at the critical load of pop-in events calculated for different
crystallographic orientations in STO: (A) Ф = 45◦ for
(0 0 1)-indented plane; (B) Ф = 60◦ for (0 1 1)-indented plane; and
(C) Ф = 90◦ for (1 1 1)-indented plane. In both orientations, the
calculated plots correspond to that slip system of the {1 1 0}〈0 1 1〉 slip
systems at the inclined angles between slip plane and
crystallographic indented planes of STO crystal which inclined
angles between slip plane and crystallographic indented planes.

In Equation (3), the maximum contact pressure 𝑃𝑚 =

(
6𝐸2

𝑟 𝑃𝑐

𝜋3𝑅2
)1∕3, and the corresponding contact radius r is given

by41:

𝑟 =

(
4𝛾𝑃𝑐𝑅

3𝐸𝑆

)1∕3

(5)

where, R is the radius of the indenter, Es is the Young’s
modulus of the STO, and γ is a factor given by:

𝛾 =
9

16

[(
1 − 𝑣2

𝑖

)
+
(
1 − 𝑣2

𝑠

) 𝐸𝑠

𝐸𝑖

]
(6)
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F IGURE 8 The determined maximum resolved shear stress τmax from Pc obtained at the pop-in events (492 date points) on different
nanoindentation planes: (A) (0 0 1), (B) (0 1 1), and (C) (1 1 1), and the corresponding average values τa: (D) (0 0 1), (E) (0 1 1), and (F) (1 1 1),
respectively. All the values are roughly equivalent irrespective of orientation and fall into the range of theoretical strength (G/14–G/7).

In Figure 8, we plotted the determined maximum resolved
shear stress τmax and their average values τa. The phe-
nomenon that all the maximum shear stress is roughly
equivalent irrespective of orientation is consistent with
the results by Taeri et al.27 On (0 0 1) surface with load-
ing rates of 25, 250, and 2500 μN/s, the determined τa are
9.4 ± 0.4, 9.7 ± 0.5, and 9.9 ± 0.5 GPa, respectively; on
(0 1 1) surface, the determined τa are 11.5 ± 0.6, 11.9 ± 0.7,
and 12.2 ± 0.8 GPa; on (1 1 1) surface, the determined τa are
9.9 ± 1.1, 10.2 ± 1.4, and 10.4 ± 1.5 GPa. The consistency
of the determined τa demonstrates that the dislocation
gliding on the unitary slip system should account for the
approximate shear stress irrespective of the loading direc-
tion. Moreover, all the τa are in the range of 8.0–13.0 GPa,
close to the estimated theoretical strength (∼G/2π), with
𝐺 =

𝐸

2(1+𝑣)
being the shear modulus of the related orien-

tation (98.37, 103.99, and 94.45 GPa for (0 0 1), (0 1 1), and
(1 1 1), respectively).
Based on the critical resolved shear stress criteria, one

would favor dislocation initiation to occur at the point of
τmax. For (0 0 1)-indented surface, activation of dislocations
initiates at sites close to {1 1 0}45◦ planes below the center
of the contact, followed by the {1 1 0}90◦ planes. Interest-
ingly, the lengths of 〈0 1 1〉 dislocation pile-up exceed those
of 〈1 0 0〉 pile-up (Figure 6), which suggests that edge dis-
location gliding in the 〈0 1 1〉 pile-up is easier compared to

the screw dislocations in the 〈1 0 0〉 directions. The domi-
nating dislocation types in these different directions have
been suggested by Javaid et al.32 For (0 1 1)-indented sur-
face, τmax appears in the {1 1 0}90◦ planes, with 60◦ inclined
to the surface of the contact circle.

4.2 Estimating the dislocation
activation parameters from statistic
modeling

Here, we adopt the stress-biased nucleation model pro-
posed by Schuh et al.52,53 to characterize the time depen-
dent nucleation of dislocations and quantitatively compare
the nucleationmechanism on crystals with different orien-
tations. Due to the probabilistic nature of the atomic-level
events beneath the indenter, nucleation-based incipient
plasticity, which is also a thermally activated process, is
analyzed statistically. Values of the η, V, and ε of incipient
plasticity were extracted to allow for direct comparison in
different loading rates and crystal orientations.
Statistically, the probability of nucleation-based events

per unit volume can be described in the form38,53,54:

�̇� = 𝜂 ⋅ exp

(
−

𝜀 − 𝜎𝑉

𝑘𝑇

)
(7)
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where η is the attempt frequency; kT is the thermal energy
equal to Boltzmann’s constant kmultiplied by temperature
T; ε is the intrinsic nucleation energy barrier (activation
enthalpy); and σ is the stress over the activation volume V.
By integrating over the volume near the contact region

(Ω) beneath the indenter, the global rate (�̇�) at which
displacement bursts would occur can be found53:

�̇� = 𝜂 ⋅ exp
(

−
𝜀

𝑘𝑇

)
⋅ ∭

Ω

exp

(
𝜎𝑉

𝑘𝑇

)
𝑑Ω (8)

The change rate of cumulative fraction function, F(t)
is inversely correlated with the number of remaining
unyielded samples, and to the rate at which one of
those remaining samples displays the onset of plasticity
�̇�(𝑡) = [1 − F(t)]�̇�(𝑡). Then, the cumulative statistics that
we obtain from experimentation are easily connected to
the rate equation as37,52,53

𝐹(𝑡) = 1 − exp

(
−∫

𝑡

0

�̇�
(
𝑡′
)

𝑑𝑡′

)
(9)

where t is time, for a constant loading rate �̇�, we can obtain
𝑡 =𝑃c ∕�̇�, and the integral runs from the beginning of the
indentation to the current time under consideration.
Here we take the assumption that 𝜎 = 𝜏max =

𝑆𝑚𝑖𝑑(
6𝑃𝐸2

𝑟

𝜋3𝑅2
)1∕3 because the displacement burst corre-

sponds to the nucleation occurring primarily due to the
action of the shear stress, τ. and Ω ≈ 𝐾𝑟3 = 𝐾(

4𝛾𝑃𝑐𝑅

3𝐸𝑐

),
where K is proportionality constant which we take to be
∼π.53
Then the cumulative fraction function can be written as

𝐹 (𝑃) = 1 − exp

{
−

9𝐾𝑅𝜂

4𝐸𝑟�̇�𝛼6
exp

(
−

𝜀

𝑘𝑇

)[
120 + exp

(
𝑃

1∕3
𝑐 𝛼

)
⋅ (𝑃

5∕3
𝑐 𝛼5 − 5𝑃

4∕3
𝑐 𝛼4 + 20𝑃𝑐𝛼

3

−60𝑃
2∕3
𝑐 𝛼2 + 120𝑃

1∕3
𝑐 𝛼 − 120)

]}
(10)

Here the parameter α is a collection of time-independent
terms and is given by

𝛼 ≡ 𝑆𝑚𝑖𝑑

(
𝐸2

𝑟

𝜋2𝑅2

)1∕3
𝑉

𝑘𝑇
(11)

The statistically cumulative distribution for the first pop-
in load is graphically represented in Figure 9 (dotted
line). We treat all the three parameters of η, V, and ε
as adjustable and fit Equation (10) to the experimental
data. The solid green lines in Figure 9 are the fitting
results. These graphs demonstrate the proper sigmoidal
trend of the curves captured in our statistical interpretation

of incipient plasticity and the loading rate independence
in the cumulative distributions, with the coefficient of
determination R2 > 0.97.
The determined parameters of ε and V are listed in

Table 2, which all decrease with the increase of the aver-
aged Pc for different STO crystals. The largest activation
volume was obtained on (0 0 1)-oriented STO, with the
values of 8.2–9.8 Å3. The smallest values of 0.4–1.2 Å3 were
obtained on (1 1 1)-oriented STO. Intermediate values of
2.6–4.8 Å3 were evaluated in (0 1 1)-oriented STO. For ε,
the determined values are 0.51–0.70, 0.23–0.50, and 0.13–
0.29 eV for STO with surface orientation of (0 0 1), (0 1 1),
and (1 1 1), respectively. This means that as the increase of
the stress under the indenter (larger Pc means larger stress
field), the dislocation nucleation becomes easier.
In the frame of homogeneous dislocation nucleation,

the pop-in event involves a cooperative motion of atoms to
form a critical-sized dislocation loop, in which the motion
of multiatomic and the breaking of multiatomic bonds
involved. Hence, the activation energy would be on the
order of several eV.40,52 Considering that the lattice con-
stant (c) of STO is ∼3.905 Å and the corresponding atomic
volume is c3,54 and that the values of the determined
V are all smaller than the volume of one atomic, it can
be concluded that point-like substance was participated
in the dislocation nucleation process. This scenario is
similar to the arguments derived by Stich et al. on the
(0 0 1)-oriented STO,22 Dong et al. on the GaN single
crystals,55 Qiu et al. on KDP single crystal,56 and Ma et al.
on LiTaO3 single crystal.57 That is, the dislocation nucle-
ation is possibly determined by the quantity and mobility
of mobile dislocation sources.54,58 For instance, for STO

single crystal, the activation energies of oxygen vacancies
are 0.62–1.2 eV, and the activation energies of the other
intrinsic defects are larger than 1 eV.30 This means that
oxygen vacancy sites could work as one type of dislocation
source.
Note that the values of the determined τa are in the

range of ∼G/14 to ∼G/7, close to the theoretical strength
of STO. Consequently, similar to the arguments given
by,59 from the determined data of τa, ε, and V by nanoin-
dentation for STO, it can be deduced that during loading,
heterogeneous nucleation may exist initially, but the pop-
in events were dominated by homogeneous dislocation
nucleation.
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F IGURE 9 The cumulative distribution of Pc with different loading rate for three crystal orientations: (A) (0 0 1), (B) (0 1 1), and (C)
(1 1 1), which is of weak loading rate dependence. The experimental datasets (shown as points) are well captured by the statistics of thermal
activation through Equations (10), as illustrated by the solid green lines.

TABLE 2 The estimated activation energy (ε) and the activation volume (V) in single-crystal STO with different surface orientations and
different loading rates.

Indented
plane

Loading rate
(μN/s)

Activation
volume V (Å3) α

Activation energy
ε (eV) R2

(0 0 1) 25 9.8 430.4 0.6986 0.9827
250 8.3 372.5 0.5693 0.9961
2500 8.2 372.5 0.5086 0.9762

(0 1 1) 25 4.8 218.8 0.4967 0.9888
250 3 136.1 0.3114 0.9917
2500 2.6 121.4 0.231 0.9758

(1 1 1) 25 1.2 50.49 0.2906 0.9919
250 0.4 17.83 0.1691 0.987
2500 0.6 25.75 0.1289 0.9838

5 CONCLUSION

In this work, the dislocation nucleation process in single-
crystal STO was studied by nanoindentation pop-in tests
on (0 0 1), (0 1 1), and (1 1 1) surface orientations with var-
ious loading rates of 25, 250, and 2500 μN/s. The main
conclusions are summarized as follows:

1. There exist distinctive pop-in loads among differ-
ent crystal orientations for single-crystal STO but
the loading rate dependence for pop-in load is
negligible.

2. Based onHertz theory and the “Easy-slip” model, shear
strength in STO single crystal was calculated in the
range of 8.0–13.0 GPa, which is roughly consistent with
each other for all the three orientations and close to the
estimated theoretical strength (∼G/2π). Additionally,
the consistency of the determined τa from the three rep-
resentative crystallographic orientations demonstrates
that the frameworks established for nanoindentation

pop-in analysis in metals can be extended to ceramics,
whereas the influence of the slip systems of ceramics
should be taken into consideration.

3. Using a nucleation-based statistical framework, we
obtained quantitative controlling parameters of V (0.6–
9.8 Å3) and ε (0.13–0.70 eV), indicating that the dis-
location nucleation possibly begins from a point-like
substance and oxygen vacancy sites could work as one
type of dislocation nucleation source. From the deter-
mined data of τa, ε, and V by nanoindentation for STO,
it can be deduced that during loading, heterogeneous
nucleation may exist initially, but the pop-in events
were dominated by homogeneous dislocation nucle-
ation. That is, to determine the dislocation mode in
oxide ceramics, the V and ε should also be determined
and analyzed.
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