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a b s t r a c t 

Introducing highly ordered dislocation configurations into brittle solids remains a significant challenge 

because of their inherently limited dislocation mobility. A prototypical example is the prismatic disloca- 

tion loop (PDL) array, and whether it can form and remain stable in brittle solids, as it does in metals, 

remains an open question. In this work, we show the formation of a long, one-dimensional array of PDLs 

in wurtzite zinc oxide ceramics using nanoindentation, confirmed by transmission electron microscope 

observations of their three-dimensional configurations and atomistic simulation based on our state-of- 

the-art neural network potential. Each PDL consisted of alternating basal and prismatic-I edge dislocation 

segments with a Burgers vector b = 1/3[ 112 0 ], forming a closed dislocation loop. Nearly identical PDLs 

were continuously punched into the sample by the indenter and piled up along the [ 112 0 ] direction. 

As a result, a one-dimensional dislocation loop array formed, while the surrounding region remained 

dislocation-free. We demonstrate that the loop spacing can be predicted within a theoretical framework 

based on the force-balance condition of dislocation loops, in agreement with experimental observations. 

This research not only advances the understanding of dislocation-based plasticity but also provides a 

strategy for the controlled formation of highly ordered PDL arrays in brittle technologically critical mate- 

rials. 

© 2026 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Dislocations with highly ordered configurations are rapidly 

aining interest because of their intriguing potential in mate- 

ial plasticity modeling, toughening, and functionality tailoring 

 1–12 ], and are considered promising atomic-scale features for 

ext-generation devices. For most structural ceramics, the intrin- 

ic brittleness at ambient conditions has hampered their extended 

pplications, and the crucial role of dislocations in plastic deforma- 

ion and toughening is increasingly recognized [ 4–9 ]. For instance, 

ulk single-crystalline ZnS was reported to exhibit metal-like plas- 

icity due to enhanced dislocation motion in the absence of illu- 
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ination [ 7 ], and the toughening of SrTiO3 [ 8 ] was achieved by 

anipulating dislocation microstructures. For functional ceramics 

uch as semiconductor ceramics, dislocations are essential for tun- 

ng various functionalities, including thermal transport [ 10 ], ferro- 

lectric properties [ 11 ], and ionic diffusion [ 12 ]. 

Among the various dislocation configurations, prismatic dislo- 

ation loops (PDLs) represent a particularly important and distinct 

orm, characterized by Burgers vectors perpendicular to their loop 

lanes. Their unique glide behavior, confined within prismatic slip 

unnels and free from dislocation intersections, allows them to 

aintain their structure while propagating deep into the crystal. 

he PDLs form a distinctive cylindrical electrostatic field via struc- 

ural charges along the loop line; this unconventionally influences 

lectron behavior, which governs material functionality. The elastic 

tress field surrounding the loop also adjusts loop-defect interac- 

ions, thereby tuning the mechanical properties. Dislocation loops 
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n ZnO nanowires have been reported to prevail over strong defect 

inks, such as free surfaces, to trap defect clusters [ 13 ]. 

Despite the promising application potential of dislocations, 

ntroducing highly ordered dislocation configurations into brittle 

eramics, where dislocation mobility is inherently limited, remains 

 technological challenge. Currently, PDLs in ceramics are primarily 

nduced through methods such as irradiation [ 14 ] and sintering 

 15 ]. These methods lead to random, uncontrolled PDL formation, 

hich may inadvertently degrade functional properties. Dislocation 

oops have also been observed in ceramics under mechanical de- 

ormation at very high temperatures [ 16 , 17 ]. However, these loops 

ypically appear together with abundant straight dislocations. The 

ormation of a highly ordered PDL array has been recognized as 

he underlying dislocation process for pop-in bursts in metals 

nder nanoindentation [ 18 , 19 ], but such arrays have not yet been

bserved or confirmed in brittle ceramics. Whether PDL arrays can 

orm and remain stable in brittle solids under nanoindentation 

s unknown. Numerous studies have reported dislocation half- 

oops after indentation on low-index crystallographic orientations 

 20 , 21 ]. These dislocation half-loops typically form near the surface 

ith open dislocation lines that start and end at surfaces or other 

efects. Introducing perfect PDL into brittle materials, especially at 

oom temperature, remains a significant challenge. Bridging this 

ap is essential for advancing the understanding of deformation 

echanisms and for extending dislocation-based plasticity models 

n these brittle yet technologically critical materials. 

In this paper, we present the formation of a linear array of PDLs 

nto wurtzite ZnO ceramics by nanoindentation. The PDLs are con- 

rmed by transmission electron microscope (TEM) characterization 

f their three-dimensional (3D) configurations and atomistic simu- 

ation based on our state-of-the-art neural network potential (NNP) 

 22 ]. To our knowledge, this is the first demonstration of such an

rganized one-dimensional (1D) loop array in brittle solids. These 

rrays hold significant promise for practical applications, as they 

enetrate deeper into samples from the surface, enabling precise 

ocalized modifications of material properties. This research not 

nly challenges the conventional view that mechanical deforma- 
ig. 1. (a) Orientation of the specially designed (0 0 01) 45 ° off ZnO single crystal sampl

mployed. (b) Optical image of the sample used for the nanoindentation tests. (c) Mod

ndentation load–depth curves obtained experimentally at maximum loads of 60 and 200

f Rind = 10.0 nm. (f) Magnified region of the load–depth curve, corresponding to the nuc

174
ion rarely induces dislocation loops in ceramics, oxides, and inor- 

anic compounds because of their brittle nature and limited avail- 

ble slip systems, but also provides a strategy for the controlled 

ormation of 1D dislocation loop arrays in ceramics, particularly 

urtzite and wurtzite-like ceramics such as ZnO, GaN, SiC, and 

lN. 

. Methods 

.1. Experiment 

Single-crystal zinc oxide samples used in this study were pro- 

ided by ZENIYA INDUSTRY Inc., Japan. The (0 0 01) 45 ° off samples 

ere specially designed and processed as shown in Fig. 1 (a). The 

ample dimensions were 10 mm × 5 mm × 1 mm (see Fig. 1 (b)). 

rior to nanoindentation testing, the sample surfaces were pol- 

shed to a root mean square roughness of less than 0.3 nm and 

ere carefully cleaned using acetone and ethanol. The achieved 

urface flatness was sufficient for nano-scale tests. 

All nanoindentation tests were conducted under load-control 

ode using the ENT-NEXUS (Elionix Co. Ltd.) indentation system. 

 diamond Berkovich indenter with a tip radius of approximately 

00 nm was used. Nanoindentation tests were performed under 

wo loads: 60 and 200 μN, with loading rates of 4 and 20 μN/s, re-

pectively. The representative load-depth curves for the two loads 

re displayed in Fig. 1 (d). The temperature inside the device was 

aintained at 30 °C. All nanoindentation tests were performed af- 

er the sample had been kept in darkness for over 12 h, as light 

llumination has been shown to significantly influence the disloca- 

ion behavior in ZnO [ 23 , 24 ]. 

After the nanoindentation tests, cross-sections containing the 

ocal regions beneath the residual indentation imprints were ex- 

racted using a focused ion beam (FIB ; Thermo Fisher Scientific, 

elios 5). Ar+ ion polishing was applied to reduce the damaged 

ayers of the sample (E.A. Fischione Instruments, Inc., NanoMill, 

 kV). The typical cross-sectional substructures were then imaged 

ith an ultra-high voltage TEM (UHV-TEM ; JEOL Co. Ltd. JEM- 
e. A diamond Berkovich indenter with a tip radius of approximately 100 nm was 

el of the nanoindentation simulation in this work using a spherical indenter. (d) 

 μN. (e) Load–depth curve derived from MD simulation with a spherical indenter 

leation of the first dislocation loop. 
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Table 1 

NNP determined τCRSS (in GPa) via the direct method at finite temperature (5 and 

300 K). The results calculated via the NEB method at 0 K (see our previous pub- 

lication [ 22 , 58 ] for details) are also shown, including the average values for basal 

shuffle-set 1/3 〈 112 0 〉 edge dislocations with O-core and Zn-core structures (see 

Fig. S10). 

1/3 〈 112 0 〉 dislocation Slip plane 

Direct method NEB (0 K) 

5 K 300 K 

Basal edge (O core) Basal shuffle 0.037 0.007 0.13 

Basal edge (Zn core) Basal shuffle 0.26 0.016 

Prism I edge Prism I shuffle 0.43 0.067 0.46 

Screw Basal shuffle 1.87 1.44 1.96 

Prism I shuffle 2.52 1.5 2.29 
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0 0 0 K RS, 10 0 0 kV). A biaxial-tilt holder capable of tilting to ±30 °
as used to elucidate the substructures. Note that the 1D dislo- 

ation loop arrays reported in this work cannot be attributed to 

a-ion FIB processing, as examinations of other ZnO TEM lamellae 

repared using the same Ga-ion FIB procedure showed no evidence 

f dislocation loop formation [ 21 , 24 ]. 

.2. Molecular dynamics (MD) simulation 

The MD simulations were performed using the Large-scale 

tomic/Molecular Massively Parallel Simulator code [ 25 ], paired 

ith our previously developed first-principles NNP for the dislo- 

ation plasticity in ceramics [ 22 ]. Atomic configurations of the dis- 

ocation loops were analyzed and visualized using the Identify Di- 

mond Structure (IDS) [ 26 ] and Dislocation Extraction Algorithm 

 27 ] in the OVITO program [ 28 ]. 

An atomic slab model of wurtzite ZnO with dimensions of 

0.0 nm × 30.0 nm × 30.0 nm was constructed with periodic 

oundaries along the x - and y -directions. The model orientation 

as identical to that in the nanoindentation experiments, that is, 

 11 00 ] was parallel to the x -axis and [0 0 01] and [ 112 0 ] lay on the

 - z plane and were oriented at 45 ° to both the y - and z-axes (see

ig. 1 (c)). Due to the computational limitations, the displacement- 

ontrol mode was used in the nanoindentation simulation instead 

f the dynamic load-control mode used in experiments. The z- 

osition of the spherical indenter with radius Rind = 5.0, 7.5, 9.0, 

0.0, 11.0, 12.5, or 15.0 nm was controlled to move along the z- 

xis, perpendicular to the model surface, at a speed of 5.0 m/s and 

 temperature of 5 K. During the indentation simulation, the cen- 

er of mass of the atomic slab model was fixed, and the x and y

imensions of the slab were relaxed to maintain a normal stress of 

 Pa in these directions. The load-depth curve derived from the 

imulation using a spherical indenter of Rind = 10.0 nm is dis- 

layed in Fig. 1 (e). The magnified view of the region corresponding 

o the nucleation of the first dislocation loop is shown in Fig. 1 (f).

s discussed below, the consistency observed between the exper- 

mental results and the MD simulations with respect to the dis- 

ocation emission behavior indicates that the essential features of 

he dislocation activities, such as dislocation nucleation and subse- 

uent evolution during the pop-in event, can still be qualitatively 

aptured by atomic-scale simulations, despite the difference in in- 

enter sizes and indentation rates. 

.3. Analysis of the pileup of the dislocation loop array 

.3.1. Force acting on a dislocation loop due to the stress field 

eneath the indenter 

The stress distribution σ ind for elastoplastic indentation in the 

ully loaded state outside the contact-induced plastic zone can be 

stimated by superposing a Hertzian stress field σHertz and an em- 

edded center of dilatation (ECD) stress field σECD , as suggested in 

ef. [ 29 ]: 

ind = σHertz + σECD (1) 

he explicit expressions for σHertz and σECD are provided in Section 

1 in the Supplementary Materials and Refs. [ 23 , 29 ]. 

The glide component F
g 

i 
of the force acting on the dislocation 

oop i induced by σ ind was determined using the Peach-Koehler 

PK) formula [ 30 ], i.e.: 

g 
i 

= F PK · lg =
[ ∮ (

b · σ ind 
)

× d l

] 
· lg (2) 

here F PK = ∮ 
(b · σ ind ) × d l is the PK force, b is the Burgers vec- 

or of dislocation, d l is the line element along the dislocation loop, 

nd lg is the vector of glide direction (i.e., [ 112 0 ]) of the dislocation

oop. 
175
.3.2. Critical resolved shear stress (CRSS) of dislocation loop slip 

In this work, rectangular dislocation loops slip on the basal 

lanes for basal segments and on the prismatic shuffle-set planes 

or prismatic segments. The value of τ loop 
CRSS 

was determined as the 

um of the contributions from the four dislocation segments of a 

ectangular dislocation loop: 

loop 
CRSS 

= 2 Aτ basal 
CRSS + 2 Bτ prism 

CRSS 

2 A + 2 B 

(3) 

here τ basal 
CRSS 

and τ prism 

CRSS 
are the CRSS values of the basal and pris- 

atic I shuffle-set 1/3 〈 112 0 〉 edge dislocations, respectively. 2 A and 

 B are the lengths of the basal and prismatic I edge dislocation 

egments in an A × B rectangular dislocation loop, respectively. 

iven the strong temperature dependence of dislocation slip resis- 

ance [ 31 ], τ basal 
CRSS 

and τ prism 

CRSS 
at finite temperatures were calculated 

nd used to analyze the pileup of the dislocation loop array (see 

able 1 ). Details on determining the τCRSS are provided in the Sec- 

ion S2. 

.3.3. Interaction force between dislocation loops 

The interaction energy W int between identical rectangular dis- 

ocation loops was determined from the sum of the elastic inter- 

ction energies Eint 
i j 

between dislocation segment i of one loop and 

egment j of the other loop, where the segments were either per- 

endicular or parallel: 

int =
4 ∑ 

i, j=1 

Eint 
i j (4) 

here Eint 
i j 

was calculated via the explicit expression provided in 

efs. [ 32 , 33 ]. The atoms located at the dislocation core maintained

 stoichiometric ratio, with minimal charge observed at the core 

Fig. S1); therefore, long-range electrostatic interactions between 

oops were not factored into W int . The interaction force F int be- 

ween loops was then determined by: 

int = ∂W int 

∂ω 

(5) 

here ω is the distance between two loops along their glide di- 

ection. F int is a function of ω, the side lengths A and B of the

ectangular dislocation loops, and the dislocation energy factor K. 

ore details are provided in Section S3. The effect of anisotropic 

nergy factor on the interaction energy and force between disloca- 

ion loops was negligible (i.e., the error was ≤ 3 %), as shown in 

ection S4 and Table S1. Consequently, the isotropic energy factors 

ere used in this study. 

.3.4. Force-balance equation of dislocation pileup 

The equilibrium position of the dislocation loop i is determined 

y the force balance along the glide direction [ 112 0 ], accounting 

or the external force on the loop due to the indentation F
g 

i 
, the 
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Fig. 2. The pileup model of a group of parallel dislocation loops nucleated from a 

single dislocation source under the indenter. The yield zone around the indenter is 

highlighted in yellow. In this model, the dislocation loops are assumed to lie on the 

( 112̄ 0 ) plane. 
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lip barrier of the loop τ loop 
CRSS 

Cb, and the internal repulsive force 

etween loops 
∑ 

F int (green arrows in Fig. 2 ). The detailed force- 

alance equation for loop i is: 

g 
i 

− τ loop 
CRSS 

Cb = 

N ∑ 

j =1 , j � = i 
F int 

(
ρ j − ρi 

)

+
N ∑ 

j=1 

F int 
(
−ρ j − ρi 

) (
i = 1 , 2 , · · · , N

)
(6) 

here F
g 

i 
is the glide component along the [ 112 0 ] direction of the 

ndentation-induced force; C is the loop perimeter, and b is the 

agnitude of the Burgers vector b, F int is the interaction force be- 

ween two dislocation loops and is a function of their distance, 

i is the position of the i th dislocation loop, and N is the to- 

al number of dislocation loops in the pileup. As shown in Fig. 2 ,
ig. 3. (a and b) Typical bright-field cross-sectional TEM images of the region beneath

napshots of dislocation structures at indentation depths h of (c) 2.3 and (d) 4.6 nm, w

toms with the perfect wurtzite structure are not shown. Loop 1 in (d) extends beyond th

islocation loops, which are composed of prismatic I (pink line) and basal (black line) shu

176
he loops 1’, …, i ’, …, and N’ represent the image loops resulting

rom the surface in half-space indentation, which leads to the im- 

ge force 
N ∑ 

j=1 

F int (−ρ j − ρi ) . In the present formulation, the con- 

act surface between the indenter and the specimen is treated as 

 fixed boundary, and image dislocation loops are introduced to 

atisfy this boundary condition. Note that the propagation direc- 

ion of the dislocation loop array is inclined with respect to the 

ree surface. In principle, an image force arising from the free sur- 

ace therefore acts on the dislocation loops. However, an explicit 

valuation of this effect shows that the magnitude of the image 

orce due to the free surface is less than one percent of the inter- 

ction force between neighboring dislocation loops in the equilib- 

ium loop array (Section S5). Consequently, the contribution of the 

ree surface-induced image force is negligibly small and is safely 

gnored in the present analysis. 

. Results 

.1. Nanoindentation-induced PDL array in ZnO 

After nanoindentation tests under loads of 60 and 200 μN, an 

rray of dislocation loops is observed in respective bright-field TEM 

ross-sectional micrographs beneath the indents in wurtzite ZnO, 

s shown in Fig. 3 (a and b). To reveal the 3D configuration of 

he nanoindentation-induced dislocations, TEM analyses were con- 

ucted by rotating and tilting the samples to obtain 3D informa- 

ion. Fig. 3 (a) presents a cross-sectional TEM micrograph taken be- 

eath the indenter after a 60 μN indentation. Subsequently, the 

EM sample was rotated counterclockwise along the [0 0 01] axis, 

nd the corresponding micrograph ( Fig. 4 (a)) exhibits a decrease 

n the distance between the two dislocation arms. Conversely, ro- 

ating the sample clockwise along the [0 0 01] axis ( Fig. 4 (b)) leads

o an increased distance between the two dislocation arms. When 

he TEM sample is rotated along the [ 112 0 ] axis ( Fig. 4 (c)), mini-

al changes in both the distance and shape of the two dislocation 

rms are observed. The g · b analysis revealed that all dislocations 

ere out of contrast with a diffraction vector of 0 0 01 (Fig. S2(b)), 
 the indentation imprint: (a) 60 and (b) 200 μN tests. (c and d) MD simulation 

ith the same orientation as (a and b), and a spherical indenter of Rind = 10 nm. 

e simulation cell due to the simulation cell size limit. (e) Schematic of an array of 

ffle-set edge dislocation segments, whose core structures are shown in (f). 
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Fig. 4. TEM micrographs of 60 μN indentation obtained by rotating (a) counterclockwise along the [0 0 01] axis with g = [ 101 0 ] ; (b) clockwise along the [0 0 01] axis with 

g = [ 011 0 ] ; and (c) along the [ 112 0 ] axis with g = [ 112 0 ]. (d–f) Corresponding MD snapshots of (a–c). 
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hereas they are visible for g = [ 112 0 ] ( Figs. 3 (a and b) and 4 (c)),

= [ 101 0 ] ( Fig. 4 (a)), and g = [ 011 0 ] ( Fig. 4 (b)). The TEM micro-

raphs for the 200 μN nanoindentation are provided in Figs. S2 

nd S3. Collectively, these results suggest that the dislocations pos- 

essed a b of [ 112 0 ], lay on the (0 0 01) basal plane, and excluded

ther crystal orientation families such as [ 12 10 ] or [ 2 110 ]. 

A nanoindentation-induced dislocation loop array also appears 

n MD simulations using our NNP (see Fig. 3 (c and d) and Movie

1). Consistent with experimental observations, rectangular dislo- 

ation loops continuously nucleated and moved beneath the inden- 

er, and the resulting loops piled up along the [ 112̄ 0 ] direction. All 

oops possess the same b = 1/3[ 112̄ 0 ] and consist of basal {0 0 01}

nd prismatic I { 11 00 } shuffle-set edge dislocation segments based 

n the MD results ( Fig. 3 (c–f)). The loop configurations during 

he same sample rotations in the simulation model are presented 

n Fig. 4 (d–f), and were highly consistent with TEM observations. 

dentical nanoindentation simulations conducted using two em- 

irical ZnO potentials, particularly the Buckingham-type potential 

 34 ] and the analytic bond-order potential [ 35 ], did not produce

islocation loops (see Fig. S4), underscoring the superior capabil- 

ty of our NNP in accurately capturing the dislocation plasticity of 

nO. 

The TEM observations and MD simulations showed that these 

oops exhibited a closed quadrilateral configuration characteristic 

f full dislocation loops, distinct from the typical U-shaped half- 

oops with open dislocation lines that terminate at surfaces or de- 

ects [ 20 , 21 , 36 ]. The dislocation loop plane slightly deviated from

he ( 112̄ 0 ) plane, and the Burgers vector b = 1/3[ 112̄ 0 ] intersected 

he loop plane nearly perpendicularly, which is characteristic of 

 PDL, in contrast with a glissile dislocation loop where b would 

ie in the loop plane [ 37 ]. Such a PDL would move conservatively

long the surface of the cylinder enclosed by the loop, specifically 

he cylinder with an axis parallel to b. This 1D glide motion of the

islocation loop [ 38 ] confines the loop to the same glide cylinder, 

nlike non-conservative climb processes, which typically occur at 

igh temperatures. Moreover, the dislocation loop array penetrat- 

ng into ZnO formed a nearly 1D structure, while the surrounding 

egion remained dislocation-free. Under low load, the region be- 

eath the indenter exhibits the incipient formation of a few dislo- 

ation loops ( Fig. 3 (a and c)), whereas higher loads promote con- 

inued dislocation nucleation, forming a linear array of dislocation 

oops ( Fig. 3 (b and d)). 
177
.2. Nucleation and glide of a PDL 

Our MD simulations revealed the detailed process of dislocation 

oop nucleation and glide during nanoindentation. Fig. 5 (a) shows 

D snapshots of the nucleation and glide of the first dislocation 

oop at indentation depths h ranging from 1.665 to 2.600 nm, 

nd the load-depth curves corresponding to this depth interval are 

hown in Fig. 1 (f). Atoms are colored according to the atomic von 

ises strain [ 39 ]. Immediately before dislocation nucleation at an 

ndentation depth of h = 1.665 nm, large von Mises strains devel- 

ped at one basal shuffle-set plane within an approximately rect- 

ngular region. Due to such large strains, an embryonic disloca- 

ion loop first nucleated at that plane with a Burgers vector of 

= 1/3[ 112̄ 0 ]. The nucleation site was located at approximately 

4 Å beneath the surface (see Figs. 5 (a) and S5). The resolved shear 

tress at this site (8.8 GPa) was close to the experimentally deter- 

ined yield strength at the first pop-in using the Hertzian contact 

echanics model (7.18 ± 0.95 GPa [ 23 ]), supporting the interpreta- 

ion that the first pop-in observed in the experiment is associated 

ith homogeneous dislocation nucleation without pre-existing de- 

ects, consistent with the nanoindentation simulation. Additionally, 

he resolved shear stress was also comparable to the ideal shear 

trength [ 40–42 ] as shown in Fig. 5 (b), that is, 7.5 GPa predicted by

he NNP and 6.8 GPa from density functional theory (DFT), for the 

eakest slip system (0 0 01)[ 112 0 ]. Note that the aforementioned 

deal shear strength was calculated under a pure shear strain state, 

nd is slightly different from that under the complex strain state 

nderneath the indenter [ 40 , 41 ]. 

With increasing load, the embryonic dislocation loop gradu- 

lly grew. The edge component of the dislocation glided away 

rom the indentation region along the [ 112̄ 0 ] direction on a basal 

huffle-set plane, and the screw component elongated due to the 

rag force induced by the edge motion ( Fig. 5 (a), h = 1.675 nm).

eanwhile, the screw component of the dislocation glided along 

he [ 11 00 ] direction on the basal shuffle-set plane and along the 

0 0 01] direction on the prismatic I shuffle-set plane, resulting in 

 basal-to-prismatic cross slip ( Fig. 5 (c)), as observed in Fig. 5 (a)

t h = 1.685 nm. For the screw glide on the basal and prismatic 

 shuffle-set planes, the driving stresses owing to the stress field 

eneath the indenter were nearly identical. Cross slip occurred be- 

ause the τCRSS value for 1/3 〈 112̄ 0 〉 screw glide on the basal and 

rismatic I shuffle-set planes were similar (1.44 and 1.5 GPa at 
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Fig. 5. (a) Atomic von Mises strain [ 39 ] and dislocation structures during nucleation of the first dislocation loop at different indentation depths h . Atoms are color-coded 

by atomic von Mises strain, and only atoms with a von Mises strain larger than 0.34 are shown. All the dislocations (green lines) have a Burgers vector b = 1/3[ 112̄ 0 ]. The 

possible nucleation sites of the embryonic dislocation are highlighted by a red dashed line. (b) Calculated stress–strain curves under shear strain along the weakest slip 

system (0 0 01)[ 112 0 ] of wurtzite ZnO. (c) 1/3 〈 112 0 〉 screw dislocation (indicated by a red ⊥ symbol) slipping on basal and prismatic I shuffle-set planes. (d) Schematic of the 

nucleation processes and glide of a dislocation loop, overlaid with its configurations at different stages of nucleation, as observed in the nanoindentation simulation. 
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00 K, respectively; Table 1 ). Cross slip stopped when the driving 

tress fell below the τCRSS of the dislocation glide. 

When the segment length reached a critical value ( Fig. 5 (a), 

 = 2.050 and 2.095 nm), the two screw segments, having oppo- 

ite line senses, attracted each other, merged, and detached from 

he indentation region ( Fig. 5 (a), h = 2.115 nm). This process pro-

uced an isolated dislocation loop, which then glided along the 

ylindrical surface enclosed by the loop with its axis parallel to b

 Fig. 5 (a), h = 2.250 and 2.600 nm). Fig. 5 (d) provides a schematic

ummarizing the nucleation and glide of a dislocation loop in the 

anoindentation simulation. 

The core structures of the dislocation loop during glide are 

hown in Fig. 6 , demonstrating that both the basal and prismatic 

 edge dislocation segments slipped on the respective shuffle-set 

lanes. Remarkably, the prismatic I edge dislocation segments ex- 

ibited lower core energies by 0.062 (NNP) and 0.066 (DFT) eV/Å, 

nd reduced slip barriers (NNP: 0.011 vs. 0.11 eV/Å; DFT: 0.008 vs. 

.092 eV/Å), on the shuffle-set plane compared with the glide-set 

lane (see Fig. S6). This process was repeated, continuously pro- 

ucing dislocation loops. Additionally, the indenter radius had a 

imited effect on the nucleation process of the dislocation loop, 

ut the loop size (i.e., length of dislocation segments) varied lin- 

arly with the radius of the indenter (see Fig. S7), suggesting that 
178
he size of the dislocation loop can be tuned by choosing a proper 

ndenter radius. 

.3. Pileup of the PDL array 

As dislocation loops were continuously punched into the sam- 

le, they glided along the [ 112̄ 0 ] direction on the cylindrical sur- 

ace driven by the indenter-induced stress field. Meanwhile, the 

ubsequent dislocation loops exerted a driving force on the lead- 

ng loop. Consequently, the leading loop moved forward and even- 

ually stopped at a position where the total driving shear stress fell 

elow the τCRSS for dislocation glide, resulting in the pileup [ 32 ] of 

 dislocation loop array, where the dislocation slip barrier acted 

s an effective obstacle. Note that the stress field decayed rapidly 

ith distance from the indenter. Therefore, the leading loop came 

o a halt even when it was repelled by subsequent loops. In this 

ork, the pileup of dislocation loops was further studied based on 

q. (6) . 

Fig. 7 shows the equilibrium positions ρi of the dislocation loop 

rray determined by solving Eq. (6) , which were compared with 

he TEM results under the indenter loads of 60 and 200 μN, as 

hown in Fig. 3 (a and b). The same number of dislocation loops in

he TEM observations was used to determine the equilibrium po- 
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Fig. 6. Slice view of the core structure at the red points in Fig. 5 (a) at h = 2.115 nm for (a) basal {0 0 01} and (b) prismatic I { 11 00 } edge dislocation segments within the 

dislocation loop at different indentation depths h . Atoms are color-coded according to the IDS analysis. 

Fig. 7. The equilibrium position ρi calculated by solving Eq. (6) (denoted as Cal.) at different tilt angles φ, comparing with experimental results (labeled Exp.) measured 

from TEM micrographs at indenter forces of (a) 60 and (b) 200 μN. The indentation position and loading direction are highlighted by the black triangle. The tilt angle φ is 

defined as the angle between the dislocation loop plane and the ( 112 0 ) plane. 
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itions of the dislocation loops. For indenter loads of 60 and 200 

N, the theoretically predicted spreading distance of the leading 

islocation loop is 0.56 μm with 2 loops and 0.82 μm with 8 

oops, which are consistent with the experimental results of 0.59 

nd 0.86 μm, respectively. Furthermore, as shown in Fig. 3 (a–d), 

he dislocation loop plane did not lie entirely on the ( 112̄ 0 ) plane 

ut deviated from it. In this context, the effect of the tilt of the 
179
islocation loop on the balance configuration of the pileup was in- 

estigated. For simplicity, an identical tilt angle was used, defined 

s the angle between the dislocation loop plane and the ( 112 0 ) 

lane. Fig. 7 also presents the balance position of the dislocation 

oop pileup with different tilt angles φ. The dislocation loop tilt 

as a minimal effect on the balance configuration of the disloca- 

ion loop pileup. For instance, the position of the head dislocation 
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Fig. 8. Distance (in μm) between the first and the last dislocation loops as a func- 

tion of τ loop 
CRSS 

and loop size. 
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oop shifted from 0.82 to 0.84 μm as the tilt angle increased from 

 to 40 ° with 8 dislocation loops. 

. Discussion 

The 1D dislocation loop arrays offer a promising route to tai- 

or the properties of ceramic materials. When introduced in a con- 

rolled, periodic manner, these arrays enable localized and direc- 

ional modification of the functionalities of ceramics. Achieving 

table p-type ZnO is critical for device applications but remains 

hallenging because of the low solubility of acceptor dopants and 

he presence of intrinsic n-type defects [ 43–45 ]. An alternative 

trategy is to utilize edge dislocations in ZnO as electron acceptors, 

hich has been demonstrated experimentally [ 46 ]. The full dislo- 

ation loops composed of edge dislocation segments introduced in 

his work provide a viable pathway toward this goal. Owing to the 

harged nature of dislocation cores, these loops can interact with 

hotoexcited carriers and give rise to distinct luminescence behav- 

or [ 47 ]. In particular, the full dislocation loops observed here con- 

ist of oppositely charged basal dislocation segments connected by 

rismatic dislocations, enabling electron-hole pair recombination 

nd associated luminescence. Introducing such loops from the sur- 

ace may therefore induce novel luminescence phenomena or sig- 

ificantly modify existing emission characteristics. Moreover, the 

se of nanoindentation arrays [ 48 ] enables scalable and automated 

abrication of ZnO single crystals containing considerable disloca- 

ion loop arrays, allowing the modulation of material properties 

hrough controlled dislocation loop architectures (Fig. S8). 

.1. Key factors contributing to the generation of PDL arrays 

The inhomogeneous and highly localized stress field produced 

y nanoindentation is crucial for the formation of the dislocation 

oop array. In samples with a homogeneous stress field, disloca- 

ions could nucleate at various possible sites, resulting in a broad 

istribution of dislocations throughout the sample and sometimes 

 shear band with a localized distribution of dislocations, such 

s in uniaxial compressive deformation [ 7 , 49 , 50 ]. By contrast, the

nhomogeneous stress field associated with indentation provided 

 single dislocation source effectively. Under the inhomogeneous 

tress field, each nucleated dislocation loop glided away from the 

ucleation site into a low-stress region, enabling continued loop 

ucleation. Furthermore, for Vickers and other indentation tests of 

acro and micro-scale samples, the pre-existing defects, including 

islocations or dislocation sources [ 51 , 52 ], led to strong interac- 

ions and shape changes among dislocation loops. By contrast, the 

anoscale volume under high stress (e.g., due to nanoindentation 

n a bulk sample in this work) or the nanoscale sample (e.g., a 

anorod [ 19 ]) could be defect-free and thus capable of support- 

ng the high stress required for the nucleation of dislocation loops. 

herefore, the inhomogeneous stress field of nanoindentation facil- 

tated the controlled formation of dislocation loop arrays. 

The surface orientation of nanoindentation is another key fac- 

or. In this work, the (0 0 01) 45 ° off nanoindentation produced a 

DL array with a 1D distribution, which was significantly differ- 

nt from the 3D distribution of dislocations observed in previous 

anoindentation studies of ceramics on low-index surfaces with 

igh symmetry, where different slip systems or multiple equiv- 

lent slip systems could be activated [ 21 , 24 , 53 , 54 ]. As demon-

trated by atomistic simulation in Fig. S9, basal and pyramidal 

islocations were activated under {0 0 01} nanoindentation, consis- 

ent with experimental results [ 21 , 24 , 53 ]. For { 11 00 } and { 112 0 }

anoindentations, multiple {0 0 01} 〈 112̄ 0 〉 slip systems with equal 

r close Schmid factors were activated. By contrast, the (0 0 01) 45 °
ff nanoindentation broke the symmetry, so dislocations nucleated 
180
nd glided on only one {0 0 01} 〈 112̄ 0 〉 slip system with the maxi-

um Schmid factor. 

.2. Strategy for tuning the configuration of PDL arrays 

In this work, we focused on the controlled formation of the 

ell-organized 1D PDL array. The dislocation loop array with the 

ame b exhibited a 1D configuration, whereas the other region 

ithin the stressed volume remained dislocation-free. To the best 

f our knowledge, this is the first demonstration of such a clean 

nd ordered 1D loop array in brittle ceramic materials. Previously, 

 PDL array has only been observed in metal systems [ 18 , 19 ]. This

nding demonstrates that, under specific conditions, brittle ceram- 

cs can support highly ordered dislocation configurations tradition- 

lly associated with metals. The 1D dislocation loop array holds the 

otential to tailor the properties of materials. 

The distribution of dislocation loop arrays can be systematically 

egulated by tuning the governing parameters outlined in Eq. (6) , 

uch as the stress field beneath the indenter, τ loop 
CRSS 

, loop size, and 

lastic moduli. Fig. 8 presents the distance between the first and 

ast dislocation loops as a function of τ loop 
CRSS 

and loop size. Poten- 

ial strategies for tuning the loop configuration and pileup spac- 

ng include doping/alloying, light illumination, substrate bending, 

nd adjustments to the indenter size. Doping or alloying enables 

he precise engineering of τ loop 
CRSS 

and elastic moduli modification 

f the substrate, as demonstrated by extensive studies on n - and 

 -type doped ZnO [ 55 ] and ZnO alloys [ 56 , 57 ]. Consequently, dop-

ng/alloying has the potential to control the dislocation loop dis- 

ribution. Light irradiation also affected τ loop 
CRSS 

, as reported in our 

revious work [ 7 , 23 ], and light conditions effectively modulated 

he spread distance of the nanoindentation-induced dislocations in 

0 0 01) 45 ° off ZnO [ 23 ]. Moreover, substrate bending provided an 

dditional stress gradient from the surface, offering control over 

urface-generated dislocation loops. 

. Conclusions 

In this work, we present the first demonstration of a highly 

rdered, 1D array of PDLs in brittle materials, confirmed by 

EM analyses of their 3D configurations and atomistic simula- 

ion based on our state-of-the-art NNP. Each PDL consisted of al- 

ernating basal and prismatic-I edge dislocation segments with a 

= 1/3[ 112̄ 0 ], forming a closed dislocation loop. Nearly identi- 

al PDLs were continuously punched into the sample by the in- 

enter and piled up along the [ 112̄ 0 ] direction. As a result, a 1D 

islocation loop array formed, while the other part of the sample 

emained dislocation-free. The spacings between loops were pre- 
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icted within a theoretical framework based on the force-balance 

ondition of dislocation loops and were consistent with exper- 

mental observations. This research not only resolves the long- 

tanding question of whether nanoindentation can induce PDLs in 

rittle solids, but also establishes a strategy for the controlled for- 

ation of 1D dislocation loop arrays in these brittle yet technolog- 

cally critical materials. 
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