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Icosahedral boron-rich solids exhibit outstanding mechanical properties, but the crystal structure8

of this prominent class of materials has long remained enigmatic. Here, we report on a surprising9

discovery of an unprecedented twinning induced structural stabilization that creates highly twinned10

crystal structures that are stabler than the prevailing single crystal structure comprising complex11

multi-atom structural units. This phenomenon is showcased via a symmetry guided optimization12

process that produces a series of increasingly twinned B4C structures with progressively lower en-13

ergy below that of the single crystal, and this behavior also occurs in multiple other boron-rich14

solids. These findings unveil a distinct paradigm of defect (twinning) induced structural stabilizing15

mechanism that reduces energy via release of native strains built in the complex structural units of16

the single crystal, creating an exceptional category of materials that comprise multiple domains of17

intrinsic dense twinning in the crystal structures.18

A fundamental problem in condensed matter physics is19

to determine stable crystal structure and elucidate the20

influence on structural stability by defects that are ubiq-21

uitously present, by nature or by design, in all materials.22

It is generally accepted that the stable structure of a crys-23

tal hosts a periodic bonding pattern satisfying one of 23024

space group symmetries and that defects such as vacan-25

cies, dislocations or grain boundaries break bonding sym-26

metries and raise crystal energy1–3. This long established27

paradigm is rooted in considerations of chemical bond-28

ing and crystal symmetry, and is broadly adopted as the29

basis for constructing structural prototypes and evaluat-30

ing structure-property relations4–7. Exceptions, however,31

may arise in materials comprising multi-atom structural32

units with complex intra-unit and inter-unit bonding con-33

nection patterns that create intrinsic strains in the single34

crystal, thereby opening a path for defect mediated bond-35

ing adjustment to release the native strains and stabilize36

the structure. To demonstrate this scenario, we showcase37

a distinct group of boron-rich compounds for a system-38

atic exploration and an in-depth elucidation.39

The light-element boron-rich compounds BnX (X=C,40

N, O, etc.) possess low density and high strength that41

are favorable for wide applications8–11. The constituent42

atoms in these compounds have similar electronegativity43

values that facilitate formation of B-X covalent bonds,44

and multi-center boron bonds promote diverse bonding45

patterns12, generating structural units containing a large46

number of atoms, which greatly increases the difficulty47

for crystal structure determination. Meanwhile, close48

atomic radii of the X and B atoms make it hard for exper-49

imental distinction of atomic occupation sites, hindering50

accurate structural characterization. Early studies in-51

troduced the rhombohedral prototype structure contain-52

ing icosahedral cages13, which has been adopted for a53

large family of compounds, such as B4C, B13C2, α-B,54

and B6X (X=N, O, Si, P, S)14. Later experimental and55

computational advances further identified that the sta-56

ble structure of B4C comprises B11Cp(CBC) icosahedral57

units with carbon atom substituting for boron on the58

polar site (Cp) instead of the equatorial site (Ce) of the59

B12 unit while the displaced boron atom joins the orig-60

inal three-atom carbon segment to form a CBC chain61

in the crystal structure15–18. Employing various crys-62

tal structure search methods19–22, several recent studies63

predicted nonrhombohedral structures of α-B, B4C, B6N,64

and B6O
23–26.65

Grain boundaries are a common type of structural de-66

fects, among which coherent twin boundaries (TBs) are67

most stable because the favorable lattice matching at the68

boundary minimizes the energy cost of forming the de-69

fective TBs relative to the single crystal27. Crystal twin-70

ning further enriches structural diversity of boron-rich71

complex covalent bonding solids. Synthesized boron-72

rich solids are often densely twinned28–33, and first-73

principles calculations show that twinning raises the sys-74

tem energy but may also strengthen the resulting crystal75

structure26,34–40, which is similar to observations made76

in nanotwinned diamond and cubic boron nitride41–44.77

Despite extensive past studies, there is still a lack of un-78

derstanding of the nature of TBs in boron-rich solids,79

especially the rich variety and complex hierarchy of their80

structural forms and the atomistic mechanisms that de-81

termine their relative stability.82

In this work, we report on an intriguing crystal83

twinning induced structural stabilization mechanism84

that optimizes the relation of local bonding symmetry85

and global stacking symmetry in a broad class of icosa-86

hedral boron-rich solids, which host complex multi-atom87

cages and chains as the basic structural building units.88

Remarkably, a symmetry guided optimization procedure89

produces twinning structures with energies that are90

below that of the established single crystal and become91

progressively lower with rising defect (twinning) density.92

This behavior runs counter to the common wisdom93

that structural defects would raise the crystal energy.94
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FIG. 1: Construction of twinned crystal. a A slab is cut from the single crystal to construct the matrix part of a TB
structure. Here we use B4C as an exemplary material template, where boron atoms, carbon atoms on CBC chains and carbon
atoms on icosahedra are represented by gray, lavender and red spheres, respectively. The solid lines indicate suitable cutting
planes in the (101), (111), and (010) orientations for building the matrix part, while the parallel dotted lines in each orientation
show improper cutting planes (more discussion on TP construction is given in Supplementary Information). b The twinning
structure is formed by joining the matrix part and twin part at the twin plane, and the spacing between adjacent TPs is set
by the thickness (λ) of the slab. c Splicing the matrix and twin part via selective translation or rotation of the twin part to
achieve favorable bonding configurations at the TB. d Adjustment of local structure units (e.g., icosahedral B11C cage) via
selective inversion or rotation for further optimization of the bonding connection at the TB.

Such unusual behaviors stem from a twinning-mediated95

release of native strains inherent in the complex bonding96

network, and this phenomenon is widely present in a97

variety of icosahedral boron-rich solids, such as B4C,98

B6O, B6N, and B13CN, that are conducive to hosting99

multiple energetically close densely twinned crystal100

domains. We further identified a broader variety of101

twinned boron-rich crystals that exhibit energies only102

slightly above that of the single crystal. These findings103

showcase a robust twinning-induced crystal stabilization104

mechanism among a prominent class of complex covalent105

bonding crystals, creating a new paradigm that enriches106

fundamental structure-stability relations for defects in107

crystalline solids.108

109

Results110

Principles and procedures in constructing111

twinned structure. Here, we construct and evaluate112

TBs in a variety of boron-rich solids, focusing on113

the effect of bonding symmetry on the total energy.114

The procedure for constructing twinning structures is115

illustrated in Fig. 1 for the exemplary case of B4C. The116

first step is to identify a suitable twin plane (TP) among117

various crystal orientations and cut a slab from the118

single crystal (Fig. 1a). A TB is then formed by joining119

a pair of matrix and twin parts that are in mutual120

mirror symmetry at a specific TP with adjustable slab121

thickness (Fig. 1b). Icosahedral boron-rich compounds122

contain complex, non-atom structural units, such as123

cages and chains, and different TP choices even with124

the same Miller index may lead to distinct TBs. To125

obtain optimal TP, it is imperative to find good bonding126

connections between the matrix and twin part via127

crystal matching operations, such as translational and128

rotational adjustments, as illustrated in Fig. 1c. More-129

over, positional variations of the structural units with130

different bonding patterns (Fig. 1d) may also notably131

impact structural stability39. Since the TB dictated132

mirror symmetry alters the atomic positions and crystal133

orientations of the structural units from those of the134

single crystal, compatibility of the local structural-unit135

bonding symmetry with global TB stacking symmetry136

plays a crucial role in minimizing the twinning energy.137

Following the procedure outlined above, we have138

constructed and examined a series of twinned B4C139

crystals based on the prevailing single-crystal structure140

R-B11Cp(CBC). We find that bonding alignment at141

TP has a major impact on the relative stability of the142

resulting twinning structure. The twinned crystals with143

(111) and (101) oriented TPs (Supplementary Fig. 1)144

require substantial bonding adjustments across the TPs145

as outlined in Fig. 1c, d, including new bonding connec-146

tions to avoid the energetically unfavorable intra-cage Ce147

position and intercage Cp-Cp bonds. Meanwhile, for the148

(010) oriented TP, TBs can be formed via orientational149

adjustments of the CBC chains and icosahedral cages to150

satisfy the mirror symmetry without the need to change151

any bonding connections inherited from the original152

single crystal. This preservation of bonding connectivity153

makes the (010)-twinned B4C energetically favorable.154

155

Structural stability of twinned B4C crystals.156

Twinned crystals possess the characteristic symmetry157

with the lattice sites on the two sides of TPs forming mu-158

tual mirror images; but for multi-component materials,159

occupation of the lattice sites by different atomic species160

can lead to bonding configurations that do not strictly161

obey the mirror symmetry. In the case of B4C, a (010)162

oriented twin model, referred to as Twin An hereafter163

(Fig. 2a-c) was previously proposed. In this structure,164

the lattice sites obey the TP mirror symmetry before the165

structural relaxation caused by atomic (carbon) substi-166

tution in the otherwise all-boron B12 icosahedral cage;167

however, the energetically dictated incorporation of the168



3

Twin S2

Twin R2

a n = 1 b n = 2 c n = 3 d

e

Twin A1

Twin R1

Twin A3

Twin S1 Twin S3

Twin R3

Twin A2

-5.0

0.0

5.0

10.0  Twin An

 Twin Sn

 Twin Rn

R-B4C

E
n

e
rg

y
 (

m
e

V
/a

to
m

)

-1.0

0.0

1.0

2.0

3.0
 Twin An

 Twin Sn

 Twin Rn

R-B4C

V
/V

*
1

0
3

1 2 3 n=

FIG. 2: Structures and stability of twinned B4C. Three lowest-energy twinned crystals, Twin An, Twin Sn and Twin
Rn, with distinct (010) slab thicknesses marked by structure-unit index a n=1, b n=2, and c n=3. The incorporation of a
carbon atom into each B11C cage causes a structural polarization as indicated by the directional alignment of the carbon atoms
in the cages with respect to each other and to the TPs represented by vertical dashed lines (structural details are given in
Supplementary Tables 1-3). d,e Energy and volume changes relative to the single crystal values, which are set to zero. In the
n → ∞ limit, all the twinned crystals tend to the prevailing single crystal rhombohedral R-B4C structure.

carbon atom generates distortion in the resulting B11C169

cage and breaks the structural symmetry at the atomic170

bonding level15–18. As a result, the bonding pattern in171

the twinned crystal becomes asymmetric about the TP172

(quantitative details are shown below); consequently, the173

resulting Twin A crystals no longer obey the mirror sym-174

metry, thus violating the basic requirement for TBs. To175

remedy this problem, we have constructed two different176

(010) oriented twinned crystals by rotating the B11C cage177

to align the carbon atoms on the cages inside TPs to sat-178

isfy the full mirror symmetry of the structure units rela-179

tive to the TP at the atomic bonding level. The resulting180

twinned crystals, referred to as Twin Sn and Twin Rn,181

respectively, as also shown in Fig. 2a-c, exhibit detailed182

matching between the local (on-cage) bonding and TP183

mirror symmetry.184

To assess the structure-stability relation of the low-185

energy twinned B4C, we evaluate the energy variations186

with changing twinning density (Fig. 2d). Rising twin-187

ning density causes an obvious energy uptick in Twin188

An structures; meanwhile, Twin Sn series remain nearly189

degenerate with the single crystal even at the highest190

twinning density (n=1). Most remarkably, the energies191

of Twin Rn structures become progressively lower than192

the single crystal as twinning density increases.193

The sensitive microstructure dependent energy of194

twinned B4C showcases two major channels of strain195

release for structural optimization. The first channel is196

associated with the alignment of the carbon atom on197

the icosahedral cage that maximizes the local bonding198

symmetry with respect to the TP, thus minimizing the199

strains inside the cages. Specifically, the rotation of200

the B11Cp cage to align the carbon atoms on the TP201

optimizes the local bonding symmetry relative to the202

TP and lowers the energy via strain reduction inside the203

icosahedral cages, which is responsible for the signifi-204

cantly reduced energy of Twin Sn versus Twin An. The205

second channel is related to the more subtle long-range206

strains built in the single crystal, which is reduced by207

breaking the translational symmetry via alternating208

structural (cage) polarization marked by the position209

of the carbon atom on the B11Cp cage, which further210

lowers the crystal energy of Twin Rn and, surprisingly,211

brings the energy of the twinned B4C crystal below that212

of the single crystal.213

214

Discussion215

Bonding configurations of single and twinned B4C216

crystals. To elucidate the microstructure-energy rela-217

tion, we make a comparative study of the bonding struc-218

tures of Twin A1, Twin S1 and Twin R1 in comparison219

with the single crystal R-B4C. The results (Fig. 3) show220

that the single crystal hosts an inhomogeneous distribu-221

tion of bond lengths throughout the structural units. The222

average bond lengths on the two halves of the icosahe-223

dral B11C cage are notably different and so are the B-C224

bond lengths on the CBC chain, all of which indicate the225

presence of considerable native strains that cause bond-226

ing distortions in the crystal. Meanwhile, Twin A1 pos-227

sesses nearly identical bond-length disparities, reflecting228

similar amount and extent of native strains in the crys-229

tal, but the average bond lengths on the cage is slightly230

longer, leading to the higher energy compared to the sin-231

gle crystal. With the rotational adjustment aligning the232

on-cage carbon atoms inside the TPs, Twin S1 hosts a233

more symmetric bonding arrangement relative to the TP,234

with identical average bond lengths on the two halves of235

each cage, but the results on cages in adjacent layers are236

different and the C-B bonds on the CBC chain also have237

different lengths, indicating reduced but residual strains238

in the crystal structure. Finally, after further adjusting239

the adjacent cages by alternating the alignments of the240
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FIG. 3: Bonding configurations of single and twinned

B4C crystals. a Single crystal R-B4C. b Twin A1. c Twin
S1. d Twin R1. Listed are the average bond lengths on the left
and right halves of the B11C cages in the two distinct primary
stacking layers and those on the adjacent CBC chain in each
case (details on bond-length data are given in Supplementary
Table 4). The vertical dashed lines represent the (010) plane
in the single crystal and TPs in the twinned crystal structures.

carbon-atom dictated structural polarization of the cages241

in neighboring slabs, Twin R1 exhibits fully symmet-242

ric bonding arrangements with identical average bond243

lengths on the two halves of every cage and the same C-B244

bond lengths on the CBC chain throughout the crystal,245

indicating the effective removal of native strains origi-246

nally built in the single crystal. This symmetry guided247

strain release creates a fully relaxed crystal with energy248

lower than the single crystal. The intrinsic strain states249

of various crystal structures are reflected in their volume250

change (Fig. 2e), which correlates perfectly with the en-251

ergy (Fig. 2d), showing the strain effect on structural252

relaxation. This analysis highlights the mechanisms for253

energetic optimization by TB bonding adjustments.254

Releasing strain energy via paired structural defects255

with contrasting topological features is known to occur256

in diverse physical systems, such as paired dislocations257

with opposite chirality or handedness in solids and258

liquid crystals45–47 or vortex-antivortex pairs in magnets259

and superconductors48–52. These phenomena share the260

overarching mechanism in that distortions caused by261

individual defects are effectively compensated by the262

properly paired defects, thereby reducing the overall263

disturbance to the system thus lowering the energy cost.264

The R-B4C crystal hosts an intrinsic microstructural265

polarization due to the carbon atom incorporation266

into the boron icosahedron, which produces bonding267
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FIG. 4: Stability of several representative twinned

boron-rich solids. Calculated energies of the twinning
structures measured relative to the respective single-crystal
results versus slab thickness index n for indicated select
boron-rich solids.

distortions and the resulting native strains. The alter-268

nating stacking pattern with opposite polarization in269

neighboring matrix and twin parts of Twin Rn crystal270

alleviates the long-range strain, leading to steadily de-271

creasing energy below the single-crystal value with rising272

twin density. This finding expands the long-established273

optimally paired-defect stabilization paradigm to include274

TB induced strain release, which produces remarkable275

energetic optimization that is better than the original276

defect-free system, greatly enriching this prominent class277

of physical phenomena.278

279

Structure and stability of several twinned boron-280

rich solids. To evaluate twinning stabilization of crystal281

structure as a broader phenomenon, we further exam-282

ined a range of boron-rich solids and identified cases of283

twinning structures that are stabler than their respective284

prevailing single crystals (Fig. 4). A twinned B13CN285

structure (see Supplementary Fig. 2 for a snapshot) is286

lower in energy than single crystal R-B13CN
53 driven by287

a rotation-inversion chain configuration at the TB that288

is effective in releasing the intrinsic strain energy built in289

the single crystal. Additional cases involve R-B6N and290

R-B6O (see Supplementary Fig. 2 for snapshots). Here,291

both N and O atoms have smaller atomic radii than B292

atom and the strong covalent B-N and B-O bonds tighten293

the distance between the neighboring cages, generating294

native strains in the single crystal. Twinning modifies295

the orientation of the B-N and B-O bonds to release the296

intrinsic strains, thereby lowering the energy to below the297

single-crystal values.298

We also constructed twinning structures of B13C2,299

α-B, B6P, and B6S (see Supplementary Fig. 2 for300

structural snapshots), which exhibit slightly higher301
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but competitive energies compared to their respective302

single crystals (Fig. 4). Several factors prevent deeper303

twinning induced energy reduction here. For B13C2,304

the BCB chains do not support the rotation-inversion305

mechanism seen in B13CN; meanwhile, B6P and B6S306

host large inter-cage distances due to the large atomic307

radii of P and S atoms and α-B comprises multicenter308

bonding configurations12, all of which do not promote309

twinning induced strain release. Nevertheless, the close310

energetic relations indicate that these boron-rich solids311

also favor multi-domain twinning structures that coexist312

with the single crystal phase.313

314

In summary, we have developed a method for system-315

atic construction and evaluation of stable twinning struc-316

tures in complex covalent crystals via selection of energet-317

ically favorable twin-boundary orientation and stacking318

pattern combined with optimization of bonding symme-319

try of multi-atom structural units relative to the twin320

plane. This method has led to the surprising discovery321

of intrinsically densely twinned structures among icosa-322

hedral boron-rich solids, including B4C, B13CN, B6O,323

and B6N, which are stabler than their respective pre-324

vailing single crystals. This discovery establishes a dis-325

tinct paradigm of defect (twinning) induced stabilization326

of crystals comprising complex structural units, resulting327

in multiple domains with variable twinning densities that328

coexist with the single crystal phase.329

It is interesting to note that experimental techniques330

commonly used to reduce defect density and purify331

single crystal structure, such as thermal annealing,332

would have the opposite effect here by enhancing the333

density of twinning phases that have lower energy than334

the single crystal phase; consequently, pure phase single335

crystal structures are necessarily unattainable in this336

class of materials. Instead, specimens obtained under337

variable synthesis conditions may comprise different338

degrees of mixture of distinct twinning structures that339

are energetically close to each other. It is possible that340

other energetically competitive twinning patterns also341

appear in some cases. These extraordinary material342

behaviors expand the textbook description of the effect343

of twinning on crystal stability and define a distinct344

category of intrinsically twinned materials. These results345

enrich the knowledge and understanding of twinning in346

crystalline solids and provide a unique platform to ex-347

plore the structure-property relations stemming from the348

newly identified native microstructural features, which349

may offer insights into distinct mechanisms governing350

deformation modes and stress responses that dominate351

structural evolution and dictate mechanical properties,352

opening unique paths for rational performance tuning353

and optimization.354

355

Methods356

First-principles calculations. The first-principles357

total-energy calculations are carried out using local den-358

sity approximation exchange correlation potential54,55359

as implemented in the Vienna Ab initio Simulation360

Package56, adopting the projector augmented wave361

approach57 to describe electron-ion interaction with362

2s22p1 and 2s22p2 valence electron configurations for363

boron and carbon atoms, respectively. The plane364

wave basis set is constructed with an energy cutoff of365

600 eV and the Brillouin zone is sampled under the366

Monkhorst-Pack scheme58 with a k-point resolution of 2367

π ×0.03 Å−1, achieving an energy convergence around 1368

meV per atom.369

370

Construction of twinned B4C crystal. A twinned371

B4C crystal is constructed by cutting a slab from its372

single crystal along a selected crystal plane, which serves373

as the twin plane (TP), then placing the mirror image374

of the slab across the TP to form the twinned structure.375

There are, however, constraints imposed by symmetry376

and energy that guide the choice of the most proper TPs.377

For example, the (11̄0) plane is a mirror-symmetry plane378

of single-crystal B4C and thus cannot serve as a TP since379

the construction simply reproduces the original single380

crystal. On the other hand, the (111) plane can serve as381

a TP, but relative displacements are needed to match the382

matrix and twin part, as illustrated in Supplementary383

Fig. 1a. Here, the TPs are the vertical bisectors of the384

CBC chain with the B11C cages located on both sides of385

the TPs. Further adjustments of carbon-atom positions386

are made to avoid the high-energy intra-cage Ce atoms387

and inter-cage Cp-Cp bonds. Meanwhile, the (101) plane388

that goes through the center B atom on the CBC chain389

does not bisect the atomic chain, making it an improper390

TP choice; but the (101) plane that separates adjacent391

icosahedra and CBC chains can serve as a proper TP,392

as illustrated in Supplementary Fig. 1b, where the393

equatorial-position planes or polar-position planes are394

not parallel to the TP. The structural adjustments395

relative to the single crystal introduced to achieve396

adequate bonding at the TP renders these twinned397

crystals to become less energetically favorable than398

the single crystal. The lowest energy twined crystal399

is built with the TPs aligned in the (010) orientation400

as described in the main text of the paper. Here, the401

TPs traverse the B11 cages and divide them into equal402

halves without altering the CBC chains or breaking and403

rearranging bonds across the TPs, resulting in the most404

energetically favorable twinned B4C crystal structure.405

406
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