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Abstract
Ceramics typically exhibit brittle characteristics at room temperature. However,
under high compressive stress conditions, such as during nanoindentation or
compression tests on nanopillars, these materials can reach the necessary shear
stress for dislocation nucleation and glide before fracture occurs. This allows for
the observation of plastic deformation through dislocations even at room temper-
ature. Yet, detailed insights into their atomic-scale dislocation plasticity remain
scarce. This study employs atomistic simulations to explore the dislocation plas-
ticity in 𝑐-oriented nanopillars of wurtzite ceramics (i.e., GaN and ZnO) under
uniaxial [0001] compression, utilizing a specially developed first-principles
neural network interatomic potential. We observed activation of {0111}⟨1123⟩
and {1122}⟨1123⟩ dislocations, corroborating experimental findings from in-
situ compression tests. Moreover, a wurtzite-to-hexagonal phase transformation
begins at facet edges and extends inward, forming wedge-shaped regions. As
compression progresses, dislocations nucleate at the wurtzite-hexagonal phase
boundary and spread throughout the nanopillar, contributing to a rougher
surface texture. These quantitative results offer new insights into the plastic
deformation behaviors of nanopillars under compressive loading, highlighting
the potential of dislocation engineering in these ceramics.

KEYWORDS
dislocation plasticity, nanopillar, neural network potential, phase transformation, semiconduc-
tor

1 INTRODUCTION

Topological one-dimensional defect, known as dislo-
cation, is gaining prominence in both structural and
functional ceramics due to their potential in “disloca-
tion engineering.”1–10 The critical role of dislocations
in plastic deformation and the toughening of both bulk
and nanoscale ceramics is gaining increasing attention,
such as bulk UO2

11–13 and nanocube MgO14–17 that

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2025 The Author(s). Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

reveal a site-dependent nature of surface dislocation
nucleation. Dislocation in ceramics, which exhibit non-
stoichiometry, excess core charge, and localized strain
fields, can significantly modify the mechanical and
functional properties of ceramics, making them vital for
next-generation device applications.1–10 Such capabil-
ities include enhanced plasticity,6 anisotropic thermal
transport,7 tunable ferroelectricity,8,9 and improved
photoconductivity.10
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In particular, wurtzite ceramics of GaN and ZnO, both
direct wide bandgap semiconductors,18 are becoming
increasingly recognized for their potential in various
device applications through dislocation engineering. As
interest grows in utilizing GaN and ZnO in nanoscaled
devices for nanoelectronic components19 and micro-
and nanoscale transistors,20 the ability to precisely engi-
neer and control dislocations within these devices is
proving crucial. These mechanical properties, especially
those related to dislocation plasticity, are fundamen-
tal for device fabrication, processing, and optimizing
operational performance.
Although wurtzite GaN and ZnO are typically brittle at

the bulk scale, they can exhibit room-temperature plastic
deformation at smaller scales under compressive loading
conditions found in nano- and micro-pillar compression
tests21–24 and nanoindentation tests.25,26 In-situ compres-
sion tests on GaN and ZnO nano- and micro-pillars were
conducted within high-resolution electron microscopes,
facilitating real-time observation of structural changes
during deformation. These experiments offer invaluable
insights into the mechanisms of deformation, such as the
initiation and propagation of dislocations, shear bands,
and cracks, along with their precise timing and spatial
distribution. Notably, in-situ TEM compression tests on
GaN pillars, with diameters ranging from ∼200 to 700
nm, have demonstrated that plastic deformation is pri-
marily driven by the formation of slip bands on the (0111)
plane.21,22 Additionally, deformation has been observed
to proceed through second-order pyramidal slip along
the {1122}⟨1123⟩ slip system during in-situ micropillar
compression.23,24 For ZnO micropillars, microcompres-
sion tests reveal that the primary slip plane forms an acute
angle of 62◦ with the basal plane, indicative of pyramidal
slip.27
Despite real-time observations of deformation-induced

structural changes in in-situ microcompression tests,
achieving a detailed atomic-scale understanding of dis-
location plasticity remains challenging. This limitation
arises primarily due to technical constraints in both
experimental setups and simulation capabilities. On
the experimental side, challenges include the need for
precisely prepared samples and advanced ultramicroscopy
with high spatial resolution capable of resolving disloca-
tion core structures.28,29 On the simulation front, while
density functional theory (DFT) provides reliable results,
it is constrained by computational limits on model size.
This restriction makes it difficult to perform large-scale
atomic simulations that are necessary to accurately cap-
ture complex dislocation processes. In contrast, classical
molecular dynamics (MD) simulations can handle sys-
tems with millions of atoms on a nanosecond timescale.
However, the major challenge in realistic MD simulations

lies in developing a reliable interatomic potential that can
accurately model the intricate interactions inherent in
these materials.
In this work, we employed our first-principles neural

network interatomic potential (NNIP)30 to perform MD
simulations, investigating the dislocation plasticity of
single-crystal GaN and ZnO nanopillars under uniaxial
compression along the [0001] direction. It is revealed that
the wurtzite ceramics of GaN and ZnO exhibit similar
dislocation plasticity in 𝑐-oriented nanopillar compres-
sion. During the compression process, {0111}⟨1123⟩ and
{1122}⟨1123⟩ dislocations were activated, which is consis-
tent with results from in-situ compression experiments.
In detail, the transformation from wurtzite to hexagonal
phase occurs at the facet edges, creating wedge-shaped
regions that progressively extend inward as compression
increases. Dislocations subsequently nucleate at the
phase boundary of the wurtzite and hexagonal phases
and propagate throughout the nanopillars, leading to a
rougher surface texture. These findings provide crucial
insights for advancing dislocation engineering in nan-
odevices of wurtzite ceramics. In this manuscript, GaN
results are primarily presented to illustrate the dislocation
configuration and dislocation nucleation in c-oriented
nanopillar compression of wurtzite ceramics, while ZnO
results are briefly discussed for comparison.

2 METHODS

2.1 Molecular dynamics simulation

All MD simulations were performed using the Large-
scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) code,31 paired with our previously developed
first-principles NNIP for the dislocation plasticity in
ceramics.30 This potential provides accuracy comparable
to first-principles calculations but at a lower computa-
tional cost. The accuracy and performance of the potential
were validated across various properties, including lattice
constants, elastic constants, elastic moduli, phonon dis-
persion, surface energy, energy under volumetric strain,
cleavage energy, formation energy of planar defects, stack-
ing fault energy, dislocation core structure, and dislocation
slip barrier. For comprehensive details on the training
dataset and validation results, please refer to our prior
publications.30 The atomic configurations of dislocation
were analyzed and visualized with the Identify Diamond
Structure (IDS)32 and Dislocation Extraction Algorithm
(DXA)33 tools of the OVITO program.34 To visualize
the strain distribution at the atomic scale, the atomic
von Mises strain 𝜂Mises

𝑖
35 was computed based on the

atomic strain tensor 𝜼𝑖 .36 The simulations were conducted

 15512916, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.20406 by T
he U

niversity O
f O

saka, W
iley O

nline L
ibrary on [18/02/2025]. 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



ZHANG and OGATA 3 of 11

F IGURE 1 Model of a 𝑐-oriented GaN and ZnO nanopillar in
the wurtzite phase with a hexagonal cross-sectional shape, six
{1100}-type lateral crystalline surfaces, and a [0001] axial
orientation. Atoms are color-coded by the Identify Diamond
Structure (IDS) method.32

on a single node of the SQUID supercomputer37 at the
Cybermedia Center, Osaka University, equipped with two
Intel Xeon Platinum 8368 processors and eight NVIDIA
A100 GPUs. Each nanopillar compression simulation,
consisting of approximately 300 000 timesteps, typically
required around 50 h to complete.

2.2 Nanopillar compression simulation

The 𝑐-oriented nanopillars are in the wurtzite phase
with a hexagonal cross-sectional shape, six {1100}-type
lateral crystalline surfaces, and a [0001] axial orienta-
tion (see Figure 1), which has been widely prepared in
experiment.38–42 The nanopillar models, measuring 29 nm
in diameter and 53 nm in length, comprise approximately
2.3 million atoms. The length-to-lateral dimension ratio
was set to approximately 2:1 to avoid buckling. The mod-
els are periodic along the [0001] direction. The model was
relaxed using the NPT ensemble at a temperature of 300
K and a timestep of 0.001 ps for 50 ps to release the stress
along the [0001] direction. Subsequently, a uniaxial com-
pressive load was applied by linearly rescaling the system
length in the [0001] direction under an NVT ensemble
at 300 K. The strain rate was initially set to 5 × 108 s−1

and was reduced to 5 × 107 s−1 as the system approached
the onset of plastic response of phase transformation and
dislocation nucleation.
Since the plastic deformation of nanopillars typically

initiates from the surface, the atomic-level details of the
surfaces are critical. Our NNIP accurately describes the
surface energy and relaxed surface structures of ZnO
and GaN.30 The surface details in the nanopillar model
were analyzed after relaxation in the NPT ensemble at
300 K for 50 ps, as shown in Figure S1 in the Supporting
Information. It was observed that the configuration of
the prismatic surface closely resembles the bulk stacking
but exhibits slight rumpling and displacement in the

topmost layers. This behavior aligns with the fact that
nonpolar prismatic planes do not undergo complex
surface reconstructions induced by surface vacancies
or adatoms but instead show slight rumpling and dis-
placement in the topmost layers, as demonstrated in
experiments.43,44
A nanopillar compression simulation was also per-

formed on a circular model with a diameter of 26 nm
and a length of 53 nm. As shown in Figure S2 in the
Supporting Information, the results exhibit dislocation
plasticity similar to that of the hexagonal nanopillar.
Therefore, the subsequent discussion centers on the hexag-
onal nanopillar as the prototype. Furthermore, in many
previous simulation studies on nanopillar compression,45
nonperiodic models were employed, with one side fixed
and the other left as a free surface where the compres-
sive load was applied. However, in most nanopillar or
micropillar samples, which are elongated with smaller
cross sections, plastic deformation—such as dislocation
nucleation—typically originates from the free surfaces on
the sides rather than from the top surface in contact
with the flat punch.27,46,47 In such cases, a periodic model
employed in this work is more suitable. This contrasts
with samples having a small length-to-diameter ratio, such
as nanocubes,14–17 where the free top surface in contact
with the flat punch plays a crucial role in their plastic
deformation, necessitating the use of a nonperiodicmodel.
Figure 2 illustrates the typical deformation directions

on the basal {0001}, prismatic I {1010}, prismatic II {1120},
pyramidal I {1011}, and pyramidal II {1122} planes in the
wurtzite structure. The relaxed lattice constants for GaN
obtained by our NNIP are 𝑎 = 3.224 Å and 𝑐 = 5.290 Å,
aligning well with the DFT results of 𝑎 = 3.248 Å and 𝑐 =
5.282 Å, and experimental measurements of 𝑎 = 3.190 Å
and 𝑐 = 5.189 Å.48 For ZnO, the NNIP provides relaxed
lattice constants of 𝑎 = 3.287 Å and 𝑐 = 5.305 Å, also
aligning well with the DFT results of 𝑎 = 3.287 Å and 𝑐 =
5.306 Å, and experimental measurements of 𝑎 = 3.25 Å
and 𝑐 = 5.21 Å.49 The Pyramidal I planes, parallel to the
⟨1120⟩ direction, form an angle of 62.2◦ from the basal
plane for GaN and 61.8◦ for ZnO. The Pyramidal II planes,
aligned with the ⟨1100⟩ direction, form an angle of 58.6◦
for GaN and 58.2◦ for ZnO with the basal plane.

2.3 Compressive simulation using
density functional theory

The stress–strain curves of unit cells under uniaxial [0001]
compressive deformation were calculated using our devel-
opedADAIS code,50 in conjunctionwithDFT calculations,
to verify the reliability of the NNIP model, particu-
larly its prediction of the wurtzite-to-hexagonal phase
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4 of 11 ZHANG and OGATA

F IGURE 2 (A) Typical slip systems on the basal {0001}, prismatic I {1010}, prismatic II {1120}, pyramidal I {1011}, and pyramidal II
{1122} planes in the wurtzite structure. The vector ⟨1102⟩ is perpendicular to ⟨1120⟩ on the pyramidal I plane. (B) A top-down view of the
(0001) plane of a hexagonal lattice cell. (C–D) The hexagonal lattice cell projected along (C) [1120] and (D) [1100]. The angles 𝜃1 and 𝜃2 of
pyramidal I and II planes from the basal plane are 62.2◦ and 58.6◦ for GaN with the NNIP relaxed lattice constants of 𝑎 = 3.224 Å and 𝑐 =
5.290 Å, as well as 61.8◦ and 58.2◦ for ZnO with the NNIP relaxed lattice constants 𝑎 = 3.287 Å and 𝑐 = 5.305 Å, respectively.

transformation under compressive loading. DFT cal-
culations were carried out using the Vienna ab initio
simulation package (VASP) code.51 The projector-
augmented wave (PAW) method52 was employed,
alongside the Perdew–Burke–Ernzerhof (PBE) version53
of the generalized gradient approximation (GGA) for the
exchange-correlation functional. An energy cutoff of 520
eV was set, with an energy convergence criterion of 10−6
eV/cell. The Gaussian method54 with a smearing width
of 0.01 eV was used for the electronic self-consistency
calculations. Ionic relaxation was subject to a force con-
vergence criterion of 10−3 eV/Å. The Monkhorst–Pack
𝑘-mesh55 approach was utilized, employing 6000 𝑘-points
per reciprocal atom (KPPRA).56,57

3 RESULTS AND DISCUSSION

In the in-situ compression tests on 𝑐-oriented GaN
micropillars and nanopillars,21–24 both {0111}⟨1123⟩ and
{1122}⟨1123⟩ dislocations were observed to activate dur-
ing compression. Magagnosc et al.24 reported that the

initial dislocations formed in compressed 𝑐-oriented GaN
micropillars were 1∕3⟨1123⟩{1122} dislocations, which
make an angle of approximately 57◦ with the basal plane.
Similarly, Wheeler et al.23 identified the primary deforma-
tionmechanism in sampleswith a hexagonal cross section,
characterized by six {0110}-type lateral crystalline surfaces,
as slipping along the second-order pyramidal {1122} plane
in the ⟨1123⟩ direction. In these samples, slip planes were
observed to initiate at the edges of the facets rather than
directly on the facets. Slip along the first-order pyramidal
{1011} plane, which is oriented at an acute angle of 62◦
to the basal plane {0001},22 has also been observed. This
finding is consistent with the observations reported by Fan
et al.21 However, given that the angular accuracy of these
measurements is limited to approximately 1–2◦, distin-
guishing between the {1011}⟨1123⟩ and {1122}⟨1123⟩ slip
systems based on angular measurements alone remains
challenging, as they form angles of 62.2◦ and 58.6◦ from
the basal plane, respectively (see Figures 2C–D).
Figures 3A–D illustrate the atomic and dislocation con-

figurations at a compressive engineering strain of 𝜀𝑧𝑧 =
–0.1157, projected along [1100] and [0110] directions. The
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ZHANG and OGATA 5 of 11

F IGURE 3 Snapshots of atomic configurations for GaN under a compressive engineering strain of 𝜀 = −0.1157, projected along (A–B)
[1100], (C–D) [0110], (E–F) [1120], and (G–H) [2110]. See Figure 2B for the orientation relationship. They were analyzed via (A, C, E, G) the
Identify Diamond Structure (IDS) method,32 and (B, D, F, H) the Dislocation Extraction Algorithm (DXA)33 based on the Ga HCP sublattice.
The slip planes are highlighted by black, red, and blue dashed lines, with angles of approximately 58◦, 70◦, and 62◦ from the basal plane,
respectively. Atoms within perfect wurtzite structures are not shown in (A, C, E, G).

1/3⟨1213⟩ dislocations are activated on slip planes aligned
with the ⟨1100⟩ direction, forming an angle of approxi-
mately 58◦ with respect to the basal plane, as highlighted
by black dashed lines in Figures 3A and C. This indicates
that the active slip system is on the pyramidal II plane,
aligning well with experimental results.23,24 Furthermore,
a secondary slip band oriented at approximately 72◦ rela-
tive to the basal plane, with a Burgers vector of 1/3⟨1213⟩,
has been observed experimentally.24 This orientation
does not correspond to any major slip system in GaN.
However, similar secondary slip planes, highlighted by
red dashed lines in Figure 3C, were also observed in the
simulations. These secondary slip planes, also on pyra-
midal II planes but not parallel to the viewing direction
[0110], show an angle of approximately 70◦ from the basal
plane. Our simulation results offer a plausible interpre-

tation for the experimentally observed secondary slip
bands.24
From the atomic configuration snapshots projected

along the [1120] and [2110] directions, as depicted in
Figures 3E–H, 1/3⟨1123⟩ dislocations on the pyramidal
I plane are evident. These dislocations align with the
⟨1120⟩ direction and form an angle of 62◦ with the basal
plane, corroborating previous experimental findings.21,22
In addition to the 1/3⟨1123⟩ dislocation, the ⟨1120⟩ edge
dislocations on pyramidal I plane are also observed
(highlighted by blue lines in Figure 3). The corresponding
dislocation cores extracted from the snapshots of GaN
nanopillar compression simulation are shown in Figure 4,
including pyramidal I ⟨1123⟩ edge dislocation, pyramidal
II ⟨1123⟩ edge dislocation, ⟨1123⟩ screw dislocation, and
pyramidal I ⟨1120⟩ edge dislocation.
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6 of 11 ZHANG and OGATA

F IGURE 4 The dislocation cores extracted from the snapshots of GaN nanopillar compression simulation: (A) pyramidal II ⟨1123⟩ edge
dislocation, (B) pyramidal I ⟨1123⟩ edge dislocation, (C) ⟨1123⟩ screw dislocation, and (D) pyramidal I ⟨1120⟩ edge dislocation. It is noted that
these dislocation cores may not be in an equilibrium state. The vector [1102] is perpendicular to [1120] on the pyramidal I plane, as defined in
Figure 2A. Atoms are color-coded by the structure types analyzed via the Identify Diamond Structure (IDS) method,32 and the dislocation
lines are also shown by blue and green lines for the ⟨1123⟩ and ⟨1120⟩ dislocations, respectively, analyzed by the Dislocation Extraction
Algorithm (DXA)33 based on the Ga HCP sublattice.

During the [0001] compression of a 𝑐-oriented GaN
nanopillar at an engineering strain of 𝜀𝑧𝑧 = –0.1155, the
transformation from wurtzite to hexagonal phase initiates
at a facet edge, highlighted by black arrows in Figure 5B,
forming wedge-shaped regions at an approximate angle of
50◦ to the basal plane. Figure 6 displays the stress–strain
curve for wurtzite GaN unit cell under uniaxial [0001]
compression, indicating a breakpoint at a compressive
engineering strain of 𝜀𝑧𝑧 = –0.1700, aligning with the onset
of thewurtzite-to-hexagonal phase transformation. To sub-
stantiate this observation, corresponding DFT results are
included in Figure 6, showing robust agreement with the
NNIP outcome.
Under ambient conditions, GaN possesses a wurtzite

lattice structure, depicted in Figure 6A. This structure fea-
tures tetrahedral bonding with a coordination number of
4, characterized by N-Ga-N or Ga-N-Ga bonding angles
of 109.5◦. When subjected to uniaxial [0001] compres-
sion, Ga cations and N anions located on the (0001) plane
are inclined to move toward each other and form bonds,
as illustrated in Figure 6B. Consequently, a new Ga-N
bond is established along the [0001] direction, while three

of the four original tetrahedral Ga-N bonds not aligned
with [0001] are compressed flat within the {0001} plane.
This leads to the formation of a hexagonal lattice with
a coordination number of 5 and two distinct types of
bonding angles, marking the wurtzite-to-hexagonal trans-
formation. The first type is a 90◦ bonding angle,made up of
two Ga-N bonds along the [0001] and [0001] orientations,
respectively. The second type consists of three Ga-N bonds
that mutually form a 120◦ bonding angle within the {0001}
plane, as shown in Figure 6B.
In contrast to nanoindentation tests, where stress is

localized, nanopillar compression results in a generally
uniform stress field. This uniformity allows phase trans-
formations and dislocation nucleation to occur throughout
the sample, including at free surfaces and edges. In
dislocation-free nanopillars, plastic deformation occurs
through stochastic surface dislocation nucleation events,
interspersed with periods of inactivity that depend on the
availability of surface defects. Consequently, the pristine
𝑐-oriented GaN nanopillar in this study displays multi-
ple nucleation sites, resulting in several distinct regions of
phase transformation that increasingly grow inward into
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ZHANG and OGATA 7 of 11

F IGURE 5 (A) The curve of the stress 𝜎[0001] versus engineering strain 𝜀[0001] of 𝑐-oriented nanopillar compression for GaN. (B–G)
Snapshot of MD simulation showing the wurtzite-to-hexagonal phase transition and dislocation nucleation, where atoms are color-coded by
(B,D,F) structure types analyzed via the Identify Diamond Structure (IDS) method32 and (C,E,G) atomic von Mises strain. To clarify, atoms on
perfect wurtzite lattice are not shown in (B–G) and the surface atoms are not shown in (C,E,G). The wurtzite-to-hexagonal phase
transformation is highlighted at the red rectangle in (B).

F IGURE 6 The calculated stress–strain curves of GaN unit
cell under uniaxial [0001] compressive deformation via NNIP and
DFT, together with (A–B) the snapshots of the deformed bonding
structure with the engineering strain (A) 𝜀[0001] = 0.0000 and (B)
𝜀[0001] = −0.1700 (NNIP) and −0.1800 (DFT).

the sample under higher compression, as illustrated in
Figures 5D–E. It is important to note that the critical [0001]
compressive engineering strain (–0.1155) and peak stress
(–5.06 GPa) at which phase transformation begins at the
surface in the nanopillar (see Figure 5A) are significantly
lower than those calculated for a unit cell (–0.1700 for
strain and –25.33 GPa for peak stress) shown in Figure 6.
Figure 5G displays a snapshot from the MD simulation

at a compressive engineering strain of –0.1156, with atoms
color-coded according to atomic von Mises strain. At this
strain level, which corresponds to a compressive stress of
–5.06 GPa, dislocation nucleation, appearing in a half-loop
configuration, is observed at the wurtzite-hexagonal phase
boundary. The regions of dislocation nucleation exhibit
significantly higher atomic von Mises strains compared to
the rest of the phase transformation area. Figures 7, 8 illus-
trate the intricate process of dislocation nucleation at the
wurtzite-hexagonal phase boundary. Dislocations nucleate
on both the pyramidal I and pyramidal II planes, eachwith
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8 of 11 ZHANG and OGATA

F IGURE 7 Snapshots of MD simulation for GaN showing (A–C) the nucleation of (1122)[1123] dislocation and (D–F) (1011)[2113]
dislocation at the wurtzite-hexagonal phase boundary (highlighted by green dashed line). Atoms are color-coded by the atomic von Mises
strain. The vector [1102] is perpendicular to [1120] on the pyramidal I plane, as defined in Figure 2A.

a 1/3⟨1123⟩ Burgers vector (6.195 Å). The corresponding
critical resolved shear stress (CRSS) for nucleating the
[1123] dislocation on the pyramidal I and II planes at the
phase boundary is 2.02 and 2.25 GPa, respectively. The
CRSS values were determined to be 𝜏 = 𝜎[0001] cos 𝜙 cos 𝜆,
where 𝜎[0001] is the magnitude of the applied compressive
stress, 𝜙 is the angle between the normal of the slip
plane and the direction of the applied force, and 𝜆 is the
angle between the slip direction and the direction of the
applied force. Approximately 10 dislocations are observed
to nucleate in the nanopillar samples under compression
(see Figure 5G). All dislocations originate from the phase
boundary, with none nucleating directly from the surface.
This suggests that the nucleation energy barrier for the
phase transformation is significantly lower than that for
dislocation nucleation from the surface. Consequently,
the wurtzite-to-hexagonal phase transformation begins
at the surface, followed by dislocation nucleation from
the phase boundary. A similar mechanism has been
observed in the compression of ceria nanocubes,58 where
the recrystallized phase serves as a structural seed for the
nucleation of 1∕6⟨112⟩{111} partial dislocations. Once
nucleated, the dislocation propagates across the entire

nanopillar samples as the compressive strain increases.
These dislocations glide and encounter other formed dis-
locations. Each dislocation slip event results in a step on
the nanopillar’s surface (highlighted by the black arrows
in Figure 3), contributing to a rougher surface texture.
To examine the size effect on the dislocation plasticity

of nanopillars, we conducted simulations with cross-
sectional diameters of 17 and 12 nm, while maintaining
the same length-to-diameter ratio. The results, presented
in Figure S3 of the Supporting Information, reveal that for
models with a cross-sectional diameter exceeding 17 nm,
the plastic deformation mechanism remains consistent:
the wurtzite-to-hexagonal phase transformation begins at
the surface, followed by dislocation nucleation from the
phase boundary. In contrast, for models with diameters
smaller than 12 nm, the behavior mirrors that of a unit
cell, with no dislocation nucleation occurring even after
the entire sample completes the phase transformation (see
Figure S4 in the Supporting Information).
In addition to wurtzite GaN, we also study the disloca-

tion plasticity of 𝑐-oriented ZnO nanopillars, which share
the same wurtzite structure. The compression results of
𝑐-oriented ZnO nanopillars, presented in Figures S5–S10
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F IGURE 8 Slice view on the dislocation nucleation at wurtzite-to-hexagonal phase boundary on (A–C) pyramidal II plane and (D–F)
pyramidal I plane, which appears in a half-loop configuration. Atoms are color-coded by the structure types analyzed via the Identify
Diamond Structure (IDS) method.32 To clarify, atoms on perfect wurtzite lattice are not shown. The dislocation configurations are analyzed by
the Dislocation Extraction Algorithm (DXA)33 based on the Ga HCP sublattice.

in the Supporting Information, indicate similar disloca-
tion plasticity to that observed in GaN nanopillars. In
both cases, {0111}⟨1123⟩ and {1122}⟨1123⟩ dislocations are
activated during compression, with dislocations nucleat-
ing at the wurtzite-to-hexagonal phase boundary. It agrees
with the experimental results that the 1-𝜇m-diameter ZnO
micropillars shears along the (1011) plane that forms a
62◦ angle with respect to the (0001) basal plane under
microcompression.27 As shown in Figure S2a, the criti-
cal [0001] compressive engineering strain and peak stress
at which the phase transformation initiates at the ZnO
nanopillar surface are –0.1020 and –2.04 GPa, respec-
tively. In comparison, the corresponding values calculated
for a unit cell are –0.1600 for strain and –10.60 GPa
for peak stress illustrated in Figure S4. The correspond-
ing CRSS required to nucleate the [1123] dislocation on
the pyramidal I and II planes at the phase boundary is
0.82 and 0.91 GPa, respectively. Wang et al.59 demon-
strated, using the partially charged rigid ion model60
as the interatomic potential, that a ZnO nanopillar can
undergo a reversiblewurtzite-to-hexagonal phase transfor-
mation throughout the entire sample at room temperature
under uniaxial compressive strains of up to 22.1%. In con-
trast, our findings, based on the first-principles NNIP,
reveal that the wurtzite-to-hexagonal phase transforma-

tion occurs locally, originating from the surface, under
uniaxial compressive strains of up to 10.2%. With further
deformation, dislocations are nucleated in the nanopillar
samples. The result aligns with experimental observations
of a similar reversible wurtzite-to-tetragonal reconstruc-
tion onZnO (1010) surfaces.61 It is suggested that empirical
potentials for ceramics might occasionally fall short in
accurately simulating dislocation plasticity. In contrast,
our NNIP, specifically designed for dislocation plastic-
ity in ceramics,30 offers a promising tool for modeling
this phenomenon.

4 SUMMARY

In this study, we carried out atomistic simulations to
examine the dislocation plasticity in 𝑐-oriented GaN and
ZnO nanopillars subjected to uniaxial compression along
the [0001] direction. Our simulations made use of an
innovative first-principles NNIP designed specifically for
analyzing dislocation plasticity in ceramics. {0111}⟨1123⟩
and {1122}⟨1123⟩ dislocations were activated, consistent
with observations from in-situ compression experiments.
In detail, the wurtzite-to-hexagonal phase transformation
starts at the facet edges, forming wedge-shaped regions,
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10 of 11 ZHANG and OGATA

and extends progressively inward. Under increased com-
pression, dislocations nucleate at the boundary between
the wurtzite and hexagonal phases and spread across the
nanopillars, resulting in a rougher surface texture. These
results offer new insights into the plastic deformation
behaviors of GaN and ZnO nanopillars under compres-
sive loading, highlighting the potential of dislocation
engineering in these ceramics nanodevices.
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