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 A B S T R A C T

Oxides have long been regarded as intrinsically brittle due to their strong, directional ionic or covalent 
bonds, in stark contrast to the ductile behavior of metals, where delocalized electron sharing enables plasticity 
through facile dislocation glide. Here, we focus on prototypical oxide single crystals, specifically SrTiO3, MgO, 
and SrO, to uncover the fundamental physical mechanisms governing their plasticity at the atomic scale. 
Through an integrated approach combining ab initio calculations, large-scale molecular dynamics simulations, 
and experimental nanoindentation, we identify a universal structural criterion enabling room-temperature 
oxide plasticity: the presence of alternating positively and negatively charged atomic layers along specific 
slip directions, specifically the (11̄0)[110] orientation in perovskite and rocksalt oxides. This charge-alternating 
configuration enables a ‘‘bonding relay’’ mechanism, in which sequential bond breaking and reformation across 
the slip plane accompanied by interlayer persistent bonds mimics multi-centered interactions in metals, thereby 
facilitating dislocation motion without catastrophic failure. Our findings reveal a previously unrecognized 
pathway to achieving metal-like plasticity in oxides and establish a structural design principle for engineering 
flexible and mechanically resilient oxide materials.
1. Introduction

Metals exhibit good plasticity due to the multi-centered interac-
tions between metal cations and delocalized electrons [1]. The balance 
between repulsive forces among positively charged cations and the 
electrostatic attraction with the surrounding electron cloud results in 
moderately strong yet flexible bonds. During deformation, these multi-
centered interactions enable rapid reorganization of metallic bonds, 
preserving bonding integrity as atoms glide past one another [2]. 
Consequently, metal cations can slide without disrupting the overall 
structure, as illustrated in Fig.  1a, which facilitates efficient atomic 
slippage and underpins the ductile nature of metals. In contrast, oxides 
are typically brittle due to their strong directional ionic or covalent 
bonds [3]. These bonds resist atomic glide across crystal planes, making 
dislocation motion more difficult and requiring significantly higher 
Peierls stresses than in metals [4–6]. Even when atomic planes attempt 
to glide, the limited adaptability of the bonding network hinders rapid 
reconfiguration, often leading to lattice mismatch and structural failure. 
Consequently, oxides are prone to crack formation under mechanical 
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stress. Given the wide range of functional properties exhibited by oxide 
materials in devices such as sensors [7], memory devices [8], and 
electronics [9], developing ductile oxides with enhanced mechanical 
resilience could not only extend device lifespans but also unlock trans-
formative applications in fields like flexible electronics and wearable 
sensors.

In recent years, single-crystal inorganic semiconductors such as 
Ag2S, ZnS, and Mg3Bi2 have been reported to exhibit metal-like plas-
ticity, attributed to the presence of atomically easy glide planes [10–
12]. Intriguingly, prototypical oxides such as SrTiO3 and MgO have 
exhibited signatures of plastic-like deformation in their single-crystal 
forms [13–24]. These studies have significantly advanced our under-
standing of dislocation-mediated plasticity. Klomp et al. provided in-
sights into dislocation behavior in SrTiO3 through simulation method-
ologies, revealing fundamental aspects of dislocation dynamics in this 
material system [18]. Hirel et al. conducted comprehensive investiga-
tions of generalized stacking fault energies and dislocation properties in 
SrTiO3 [19–21], establishing benchmarks for computational studies in 
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Fig. 1.  Oxide plasticity via the bonding relay mechanism. (a) Schematic illustration of lattice slip in metals, where delocalized electrons allows for easy atomic 
glide. (b) Schematic of lattice slip in oxides with specific crystallographic orientations that enable the bonding relay mechanism. (c) Shear stress–strain curves 
and (d) slip energy barriers for SrTiO3 and MgO along the (11̄0)[110] orientation, obtained from DFT calculations. (e) Atomic structure of binary oxides (MgO, 
CaO, and SrO) and (f) ternary perovskite oxides (SrTiO3, CaTiO3, and PbTiO3) along the (11̄0)[110] slip direction, highlighting alternating charged layers. (g) 
Comparison of maximum shear stress (𝜎∗) and maximum slip energy barrier (𝛾∗) for selected oxides (11̄0)[110] crystallographic orientation (SrTiO3, PbTiO3, 
CaTiO3, MgO, CaO, and SrO) and face-centered cubic metals along the (111)[11̄0] crystallographic orientation (Al, Cu, Ni, and Ag).
Fig. 2.  Plastic deformation via dislocation motion in (11̄0)[110] SrTiO3. Atomic geometry of the Ti–O sublattice in SrTiO3 for three crystallographic orientations: 
(a) (11̄0)[110], (b) (11̄0)[001], and (c) (001)[100]. Large and small spheres represent Ti and O atoms, respectively. (d) Shear stress–strain curves and (e) slip 
energy barriers obtained from DFT calculations for each orientation. (f–h) Snapshots of atomic configurations during shear deformation along the [110] direction 
for the (11̄0) slip plane at increasing displacement values u. (i) Evolution of –ICOHP values for persist, broken, and relay Ti–O bonds during sliding. Oxygen 
atoms involved in key Ti–O interactions are highlighted in (f–h). (j) Sum of –ICHOP value for all three bond types, showing the overall conservation of bond 
strength throughout the bonding relay process.
this field. In addition, the extensive experimental work by P. Cordier, 
P. Carrez, and J. Amodeo et al. [22–24] has provided crucial valida-
tion of dislocation behavior in MgO, offering detailed characterization 
of dislocation structures and their responses to various mechanical 
stimuli under different conditions. However, the underlying atomistic 
mechanisms remain elusive. Whether a universal design principle ex-
ists that enables traditionally brittle oxides to accommodate strain 
via dislocation activity and motion remains an open and compelling 
question.

In this work, we demonstrate through a combination of exper-
imental and theoretical methods that oxides can exhibit plasticity 
along specific crystallographic orientations that enable a ‘‘bonding 
relay’’ mechanism. As illustrated in Fig.  1b, this mechanism relies on 
the presence of alternating positively and negatively charged atomic 
2 
layers, which facilitate sequential bond breaking and reformation dur-
ing shear deformation. During lattice sliding, cations dynamically ad-
just their coordination with neighboring anions, allowing bonds to 
break and reform in a relay-like fashion. Throughout this process, each 
cation remains bonded to surrounding anions via at least one persistent 
bond, while the breaking of existing bonds is compensated by the 
simultaneous formation of new ones, referred to as relay bonds. This 
multi-centered interaction, reminiscent of metallic bonding, ensures 
continuous charge compensation across the sliding interface, effectively 
redistributing stress and maintaining structural integrity even under 
large shear strains. For representative oxides like MgO, SrTiO3, SrO, 
and even the complex oxide solid solution Sr𝑥Pb1−𝑥TiO3, we identify 
the (11̄0)[110] crystallographic orientation as exhibiting the necessary 
structural prerequisites for bonding relay. Our large-scale molecular dy-
namics (MD) simulations, corroborated by experimental observations, 
confirm the presence of orientation-dependent (anisotropic) plasticity 
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Fig. 3. Dislocation motion mechanism in (11̄0)[110] SrTiO3 and MgO. (a–d) Microstructural evolution of bulk SrTiO3 under (11̄0)[110] shear deformation from 
MD simulations. Time-resolved snapshots of a single pre-introduced dislocation in (e–h) SrTiO3 and (i–l) MgO during shear deformation along the (11̄0)[110] slip 
direction. The burgers vector of the paired partial dislocations in (a) to (d) are 𝑏⃗ = − 𝑎

2
[110] (Burgers vector points to the left) and 𝑏⃗ = 𝑎

2
[110] (Burgers vector 

points to the right), respectively. The burgers vector of the paired partial dislocations in (e) to (h) are ⃗𝑏 = 𝑎
2
[110]. The anti-phase boundary (APB) in dislocation 

cores are presented by a red line in (e). Atomic sizes correspond to elements: Sr (largest), Ti (medium), O (small) in SrTiO3; Mg (largest) and O (small) in MgO. 
The color bar in (a) to (d) presents the magnitude of shear strain, while the color bar in (e) to (l) denotes the magnitude of strain tensor.  (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
in these materials at room temperatures. These findings establish a 
framework for understanding and predicting plasticity in oxides and 
offer valuable design principles for the development of flexible oxide 
materials.

2. Methods

2.1. First-principles calculations

All density functional theory (DFT) calculations are carried out 
using the projector augmented wave (PAW) method implemented in 
the VASP code [25]. The PBE(sol) exchange–correlation functional 
is adopted [26,27]. The plane-wave energy cutoff is set to 600 eV. 
Monkhorst–Pack 𝑘-point grids [28] of 2 × 3 × 1, 3 × 2 × 1, and 3 × 2 × 1 
are used to sample the Brillouin zones of the (11̄0)[110] (80 atoms), 
(11̄0)[001] (80 atoms), and (001)[100] (75 atoms) SrTiO3 supercells, 
respectively, while a 6 × 6 × 6 grid is employed for the bulk unit cell. 
The convergence criteria for energy and force are set to 1 × 10−6 eV
and 1.0 × 10−3 eV/Å, respectively. Crystal Orbital Hamilton Population 
(COHP) and Integrated COHP (ICOHP) analyses are performed using 
the LOBSTER code [29–31]. For shear strain–stress curve calculations, 
at each strain step, shear stress is evaluated by relaxing both the 
atomic positions and the supercell shape through constrained structural 
optimization. The shear strain direction is fixed, while all other strain 
components and atomic coordinates are relaxed until the forces on all 
atoms fall below 1.0 × 10−2 eV/Å and residual stresses (excluding the 
shear direction) are below 20 MPa. To ensure a quasi-static deformation 
path, each step begins from the relaxed configuration of the previous 
one. Slip energy barriers are determined by fully relaxing all internal 
atomic positions, except for the outermost layers, which are constrained 
to maintain the imposed sliding displacement.

2.2. Molecular dynamics simulations

Molecular dynamics (MD) simulations are performed using the deep 
potential (DP) model to investigate the deformation behavior of SrTiO
3

3 
along the (11̄0)[110], (11̄0)[001], and (001)[100] directions. The DP 
model is trained on a database of DFT energies and atomic forces of 
39945 configurations of SrTiO3. All simulations are carried out using 
the LAMMPS code [32]. The temperature is maintained at 300 K, with a 
time step of 1 fs, and a constant strain rate of 1010 s−1 is applied during 
deformation. The supercells used for these orientations contain 64000, 
44640, and 36000 atoms, respectively. For simulations involving pre-
embedded single dislocation glide, larger supercells are constructed, 
containing 244320, 85695, and 122511 atoms for the (11̄0)[110], 
(11̄0)[001], and (001)[100] directions, respectively. A constant shear 
velocity of 10 m/s is applied in these dislocation glide simulations. 
Additional computational details for MgO and SrO are provided in the 
Supplementary Materials.

3. Results and discussion

3.1. DFT analysis of plasticity in single-crystal oxides

The atomistic structures of the (11̄0)[110] crystallographic orien-
tation in MgO and SrTiO3 are illustrated in Fig.  1e–f. Both materials 
with the (11̄0)[110] orientation exhibit alternating layers of positively 
charged cations (Mg2+ and Sr2+/Ti4+) and negatively charged anions 
(O2−), forming a charge-alternating configuration that is a key prereq-
uisite for lattice sliding via the bonding relay mechanism. To evaluate 
the mechanical response of these oxides under shear, we perform 
density functional theory (DFT) calculations to construct shear stress–
strain curves. As shown in Fig.  1c, both materials display an initial 
linear elastic regime, followed by a transition to plastic deformation 
at maximum shear stresses (𝜎∗) of 13.00 GPa for MgO and 14.30 GPa 
for SrTiO3. These values exceed those of typical face-centered cubic 
(fcc) metals along the (111)[11̄0] crystallographic orientation such as 
Cu (𝜎∗ = 3.13 GPa), reflecting the higher stress required to nucleate 
dislocations in oxides.

To investigate the energetics of dislocation motion, we compute 
slip energy barriers for slip along the (11̄0)[110] crystallographic ori-
entation, as shown in Fig.  1d. Notably, maximum slip energy barrier 
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(𝛾∗), a key metric for slip resistance, is relatively low for both oxides 
(1.16 J/m2 for MgO and 1.50 J/m2 for SrTiO3), comparable to values 
reported for fcc metals along the (111)[11̄0] crystallographic orienta-
tion (𝛾∗ = 0.50–1.00 J/m2). It is noted that our calculated slip energy 
barriers for SrTiO3 show good agreement with the values reported 
by Hirel et al. [20,21]. Fig.  1g summarizes the values of 𝜎∗ and 𝛾∗
across a range of oxides and metals. While the 𝜎∗ values for oxides 
(8.00–15.00 GPa) are higher than those of metals (≤4.00 GPa), their 
slip energy barriers are comparable. To assess the reliability of the slip 
energy barriers and maximum shear stress obtained from DFT calcula-
tions, we conducted convergence tests using supercells of varying sizes. 
The resulting slip energy barrier profiles and shear stress–strain curves 
are shown in Fig. S1, with the corresponding values summarized in 
Table. S1. As shown, both the slip energy barriers and maximum shear 
stresses remain consistent across different supercell sizes for all three 
materials, confirming the convergence of our DFT results. The apparent 
decoupling between dislocation nucleation and glide shown in Fig.  1g 
suggests that, although oxides require significantly higher stress to initi-
ate plasticity, once dislocations are nucleated, their subsequent motion 
along the [110] direction on (11̄0) planes proceeds with comparable 
energy efficiency to that in metals.

3.2. Bonding relay mechanism

The role of charge-alternating layers in activating the bonding 
relay mechanism for plasticity is elucidated using SrTiO3 as a rep-
resentative system. We note that Ti–O interactions are substantially 
stronger than Sr–O interactions (ICOHP values for Ti–O and Sr–O 
bonds are about 0.67 and 0.32, respectively), indicating that the shear 
behavior of SrTiO3 along the (11̄0)[110] crystallographic orientation 
is predominantly governed by the Ti–O sublattice. Fig.  2a–c compares 
the atomic geometry of the Ti–O sublattice across three crystallo-
graphic orientations: (11̄0)[110], (11̄0)[001], and (001)[100]. Notably, 
the (11̄0)[110] orientation features well-defined alternating layers of 
Ti-only and O-only ions, an arrangement that allows for sequential rup-
ture and reformation of bonds between anions and cations. In contrast, 
both the (11̄0)[001] and (001)[100] orientations exhibit mixed atomic 
layers containing both Ti and O ions. These structural differences are 
reflected in the shear stress–strain behavior shown in Fig.  2d. The 
(11̄0)[110] orientation demonstrates a relatively low 𝜎∗. Additionally, 
we calculated the cleavage energy (𝛥𝐸𝑐) perpendicular to the (11̄0) 
plane. The results show that 𝛥𝐸𝑐 is significantly higher than the slip 
energy barrier along the same plane (see Fig. S3), indicating that SrTiO3
is more likely to undergo slip than cleavage along the (11̄0) direction.

In comparison, the (001)[100] orientation exhibits a much higher 
𝜎∗ of 40 GPa, indicating strong resistance to shear deformation. No-
tably, the (11̄0)[001] orientation shows no sign of plastic transforma-
tion. Consistent with these trends, the slip energy barriers in Fig.  2e 
reveal that the (11̄0)[110] orientation has a much lower value of 𝛾∗
compared to the other two orientations.

To quantify the bonding evolution during sliding (Fig.  2f–h), we 
analyze the evolution of Ti–O interactions in (11̄0)[110] SrTiO3 by 
tracking the integrated crystal orbital Hamilton population (ICOHP) 
values for three categories of Ti–O bonds: persistent, broken, and relay 
bonds. The magnitude of –ICOHP serves as a quantitative measure of 
bond strength. Persistent bonds are Ti–O pairs that remain interacting 
throughout the glide process. Broken bonds are those that progres-
sively weaken and ultimately rupture with increasing displacement. 
In contrast, relay bonds are newly formed interactions that emerge 
to restore local coordination, effectively maintaining the integrity of 
the bonding network. As shown in Fig.  2i, the –ICOHP value of the 
persistent bond remains nearly constant. Importantly, the weakening 
of the broken bond is largely compensated by the concurrent strength-
ening of the relay bond. This dynamic compensation, where bond 
rupture is energetically offset by new bond formation, supports sta-
ble, continuous plastic deformation while preventing abrupt structural 
4 
failure. The near-invariant total –ICOHP throughout the glide process 
(Fig.  2j) highlights the effectiveness of this bonding relay mechanism, 
which resembles the delocalized, multi-centered bonding interactions 
in ductile metals. For (11̄0)[001] direction, the absence of persistent 
bonds during the bonding relay leads to brittle fracture behavior (see 
Fig. S4). We perform a similar analysis for MgO and SrO, comparing 
the (11̄0)[110], (11̄0)[001], and (001)[100] slip directions (see Figs. S5 
and S6). The (11̄0)[110] orientation in MgO and SrO also displays clear 
signatures of plastic deformation, enabled by the presence of well-
defined alternating cation and anion layers that support the bonding 
relay mechanism.

3.3. MD simulations of plasticity in SrTiO3 and MgO

The anisotropic plasticity of oxides is further confirmed through 
large-scale MD simulations, utilizing machine-learning-based inter-
atomic force fields trained on a DFT database (see Supplementary 
Material for details). These simulations uncover the dynamic interplay 
between shear-induced dislocation activity and strain accommodation. 
Fig.  3a–d presents the microstructural evolution in bulk SrTiO3 under 
[110]-oriented shear deformation. At a shear strain of 19.2%, we 
observe the nucleation of paired partial dislocations (e. g., B1 for 𝑏⃗ =
− 𝑎

2 [110] and B2 for 𝑏⃗ = 𝑎
2 [110] in Fig.  3a). As the applied shear 

strain increases to 20.0%, these dislocations glide along the slip plane, 
transitioning to new positions (B′1/B′2 in Fig.  3b), while additional dislo-
cation pairs (C1/C2 and E1/E2) nucleate to accommodate the increasing 
strain. Notably, dislocations such as D1 and D2 are also observed in the 
(11̄0) plane perpendicular to the primary shear direction, indicating 
the onset of three-dimensional dislocation network formation. These 
dislocation networks correspond to the slip bands produced in our 
nanoindentation experiments (see Fig.  4). At 20.5% shear strain (Fig. 
3c), further loading drives interactions between mobile dislocations and 
other structural defects. For example, dislocation A′

2 merges with D1, 
exemplifying a strain-hardening mechanism mediated by dislocation 
pinning. By the final strain state (Fig.  3d), an interconnected dislocation 
network forms through repeated cycles of dislocation nucleation, glide, 
and entanglement. This self-organized network redistributes localized 
stresses via dislocation-mediated slip and defect interactions, thereby 
enhancing ductility and mitigating catastrophic failure. The sustained 
generation and mobility of dislocations under increasing shear strain 
underscore the critical role of the (11̄0)[110] slip direction in enabling 
plastic deformation in SrTiO3. In contrast, MD simulations reveal that 
bulk SrTiO3 rapidly develops cracks under shear strain applied along 
the (11̄0)[001] and (001)[100] directions (see Fig. S16 and S17).

To probe the dislocation glide mechanisms in SrTiO3, we simulate 
the dynamics of a pre-existing dislocation under [110]-oriented shear. 
As shown in Fig.  3e, equilibrium relaxation induces the dissociation 
of the initial dislocation into two partial dislocations (𝑏⃗ = 𝑎

2 [110]), 
separated by an anti-phase domain boundary (APB), in agreement 
with the results shown in Fig.  3a and prior experimental observa-
tions of dislocation splitting in perovskites [33]. This dissociation is 
thermodynamically driven by the slip energy landscape (Fig.  1d): the 
characteristic double-hump profile along the (11̄0)[110] slip pathway 
stabilizes a metastable APB between the partials, thereby favoring 
decomposition of the full dislocation (𝑏⃗ = 𝑎[110]) into two partials 
(𝑏⃗ = 𝑎

2 [110]). Under applied shear strain (Fig.  3f–h), both partials glide 
cooperatively along the [110] direction while maintaining a constant 
separation distance, as dictated by the APB energy minimum. Notably, 
the invariant spacing between partials during slip reflects a dynamic 
equilibrium between shear-driven motion and APB-mediated elastic 
repulsion. Our MD simulations are consistent with the experimental 
observations of Fang et al. [16], who introduced dislocations into 
SrTiO3 through mechanical deformation. Their findings indicate that 
when grown-in dislocations are aligned with the glide plane, dislo-
cation motion and multiplication can occur in SrTiO3 even at room 
temperature.
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Fig. 4. (a) Load-depth curves of nanoindentation on [100]-oriented SrTiO3 single-crystals. Multiple pop-in events were indicated by black arrows. The embedded 
panel shows the magnified first pop-in event, indicating the occurring of plastic deformation related to the a⟨110⟩ type dislocation motion. (b) AFM surface 
topography image of an indentation on the [100]-oriented SrTiO3 single-crystal using a Berkovich indenter. (c) Out-of-plane PFM amplitude image corresponding 
to (b). (100) surface displays clear slip bands parallel to [001] and [010] directions. (d)–(f) and (g)–(i), Load-depth curves of nanoindentation, AFM and PFM 
images of the [110] and [111]-oriented SrTiO3 single-crystals. Scale bar: 5 μm.
The microstructural evolution of bulk MgO under [110]-oriented 
shear deformation also display sustained dislocation activity, charac-
terized by the continuous nucleation and glide of full dislocations 
(𝑏⃗ = 𝑎

2 [110]) within (11̄0) planes (see Fig. S18). Our MD simulations 
confirm that, unlike in SrTiO3, MgO retains unassociated full disloca-
tions (𝑏⃗ = 𝑎

2 [110]) (Fig.  3i). This stability is consistent with the slip 
energy barriers of MgO (Fig.  1d), which exhibits a single energy barrier 
and lacks the double-hump signature observed in SrTiO3. The absence 
of metastable minima eliminates the thermodynamic driving force for 
dislocation splitting. As a result, plasticity in MgO proceeds through 
the collective motion of full dislocations. For (11̄0)[001], despite [001]-
aligned strain application, the dislocation glide occurs perpendicular 
to the (11̄0) plane (along [110] direction), yielding results similar to 
the (11̄0)[110] case (see Fig. S19). The (001)[100] direction forms 
cracks rather than dislocations, with pre-existing dislocations being 
destabilized (Fig. S20).

3.4. MD simulations of plasticity in other oxides

To further demonstrate the generality of oxide plasticity, we devel-
oped a high-fidelity machine learning interatomic potential for both 
SrO and the complex oxide solid solution Sr𝑥Pb1−𝑥TiO3. Following a 
similar protocol as described above, we investigate the deformation 
5 
behavior of these materials. Under applied shear strain at room tem-
perature, dislocations readily nucleate and glide along the predicted 
(11̄0)[110] slip system, as illustrated in Fig. S21(a)–(d), confirming 
its activation under mechanical loading. Furthermore, simulations ini-
tialized with pre-embedded dislocations on the (11̄0)[110] slip system 
reveal high dislocation mobility under both thermal excitation (at room 
temperature) and applied shear strain, as shown in Fig. S21(e)–(h) 
(SrO) and Fig. S22(a)–(d) (Sr𝑥Pb1−𝑥TiO3). Notably, during these simula-
tions, we clearly observed dislocation motion mediated by the chemical 
bonding relay mechanism. These large-scale, machine learning-based 
MD simulations demonstrate that bonding relay along the (11̄0)[110] 
direction is a fundamental mechanism governing plastic deformation in 
this class of single-crystal oxides.

3.5. Effects of strain rate and temperature

To rigorously assess the influence of strain rate and temperature 
on our findings, we have performed a systematic sensitivity analysis. 
Additional shear simulations are carried out for MgO and SrO over a 
wide range of strain rates, spanning more than an order of magnitude 
from 4 × 109 s−1 to 1 × 1011 s−1. The results, presented in Fig. S23, 
reveal only a weak dependence of the material response on the applied 
strain rate. While there is a minor increase in the peak shear stress 
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at higher rates, this effect is small. This low sensitivity demonstrates 
that the fundamental plastic deformation behavior and the associated 
low shear resistance of the (11̄0)[110] slip system are intrinsic material 
properties.

In addition, we perform further simulations for MgO at finite tem-
peratures. Using our DP model, we calculate the slip energy barrier 
along the (11̄0)[110] direction at various temperatures, ranging from 
0 K to 500 K. As plotted in Fig. S24, the magnitude of the slip energy 
barrier exhibits a clear and expected decrease with increasing temper-
ature due to thermal activation. Notably, despite this reduction, the 
fundamental shape of the energy landscape governing slip is preserved 
across the entire temperature range. This indicates that while thermal 
energy assists in overcoming the energy barrier, it does not alter the 
underlying atomic-scale pathway for dislocation motion. Therefore, the 
plastic response along the (11̄0)[110] direction is intrinsically robust 
across a realistic range of temperatures.

3.6. Possible role of grain boundaries

Although this work primarily focuses on the plasticity of single-
crystal oxides, it is important to briefly consider the potential influence 
of grain boundaries (GBs) in polycrystalline materials. In such systems, 
GBs play a critical role in mediating the competition between dislo-
cation glide and fracture. On one hand, GBs can act as barriers to 
dislocation motion, leading to dislocation pile-ups and localized stress 
concentrations that may exceed the fracture strength of either the grain 
interior or the boundary itself. On the other hand, GBs often serve 
as favorable sites for impurity segregation and typically exhibit lower 
cohesive strength, making them susceptible to intergranular fracture. 
Additionally, the presence of pre-existing microstructural defects, such 
as surface flaws, pores, or microcracks, further amplifies stress local-
ization and can initiate catastrophic fracture before significant plastic 
deformation occurs. Understanding how the intrinsic bonding relay 
mechanism interacts with these microstructural features is a crucial di-
rection for future research aimed at enabling ductility in polycrystalline 
oxides.

3.7. Experimental evidence of plasticity in oxides

Previous macroscopic bulk compression experiments on SrTiO3
and MgO have provided essential guidance and foundational insights 
for our microscopic nanoindentation studies. In SrTiO3 single crys-
tals, compression tests conducted under controlled conditions clearly 
demonstrated that plastic deformation is primarily accommodated by 
the {110}⟨110⟩ slip system [14], establishing a key paradigm for under-
standing plasticity in perovskite oxides. Similar findings were reported 
by Mariani et al. [34] in high-temperature compression experiments 
on MgO single crystals. More recently, pioneering studies by Höfling 
et al. [35] on mechanical dislocation imprinting for ferroelectric con-
trol, and by Hameed et al. [36] and Wang et al. [17] on plastically 
deformed SrTiO3 for enhanced superconductivity and multiferroicity, 
also rely on dislocation networks generated via the {110}⟨110⟩ slip sys-
tem. Additionally, works by Kissel et al. [37] and Soleimany et al. [38] 
demonstrate significantly enhanced photoconductivity, fundamentally 
enabled by the formation of extensive dislocation networks. Crucially, 
in all these cases, dislocations were produced through the slip of 
a⟨110⟩ or 12a⟨110⟩ dislocations on the dominant {110}⟨110⟩ slip system. 
These findings underscore the central role of this slip system not only 
in governing plastic deformation but also in modulating functional 
properties in SrTiO3 and MgO.

Inspired by these bulk compression experiments, we validate the 
above simulation results through experimental nanoindentation on 
[100]-, [110]-, and [111]-oriented SrTiO3 single crystals (Fig.  4). The 
first pop-in event and subsequent multiple pop-in events provide clear 
evidence of plastic deformation in all these SrTiO  samples (Fig.  4a, 
3

6 
d, g). In particular, atomic force microscopy (AFM) surface topogra-
phy and piezoresponse force microscopy (PFM) images reveal distinct 
slip features in the [100]-, [110]-, and [111]-oriented SrTiO3 single 
crystals. For the (100), (110), and (111) surfaces, dislocation slip is ob-
served along the [001] and [010] directions in [100]-oriented SrTiO3, 
along the ⟨111⟩ and [001] directions in [110]-oriented SrTiO3, and 
along the ⟨112⟩ directions in [111]-oriented SrTiO3. These slip charac-
teristics correspond to dislocation motion along the (11̄0)[110] slip di-
rection via ⟨110⟩-type dislocations, as detailed in Fig. S25. Furthermore, 
nanoindentation experiments on [100]-, [110]-, and [111]-oriented 
MgO single crystals also exhibit clear evidence of plastic deformation 
and dislocation slip along similar crystallographic directions (Fig. S26-
27). These slip behaviors similarly correspond to (11̄0)[110] dislocation 
motion via 12𝑎⟨110⟩-type dislocations in the MgO crystal.

Our nanoindentation of SrTiO3 and MgO provides direct, local, 
and crystallographically resolved validation. While bulk compression 
reveals dominant slip behavior at the macroscale, our multi-orientation 
nanoindentation approach, systematically performed on (100), (110), 
and (111) surfaces, allows us to unambiguously identify the active 
{110}⟨110⟩ slip system. This strategy overcomes limitations of single-
orientation testing and offers a clear, experimental link to our atomistic 
simulations.

4. Conclusions

In summary, we establish that a wide range of oxides that are 
traditionally considered brittle can exhibit intrinsic plasticity similar 
to metals when sheared along specific crystallographic orientations. 
Through a combined theoretical and experimental investigation of 
SrTiO3, MgO, and SrO, we identify the (11̄0)[110] slip direction as a key 
facilitator of plastic deformation, enabled by the presence of alternating 
charged atomic layers. This simple structural motif supports a bonding 
relay mechanism that allows for sequential bond rupture and reforma-
tion, while preserving structural integrity during dislocation glide. Our 
results provide direct evidence that oxide plasticity is not only possible 
but also tunable through crystallographic design. These insights offer 
a unifying framework for understanding deformation mechanisms in 
oxides and open new avenues for engineering mechanically resilient 
oxide-based materials for flexible electronic and structural applications.
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