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SOT efficiency of this high-conductivity 
TI is ~52 and the switching current density 
is ~106 A cm–2 in a Bi0.9Sb0.1/Mn0.6Ga0.4 
heterostructure at room temperature  
(Fig. 1d). The power consumption to achieve 
SOT-driven magnetization switching is 
therefore significantly reduced compared  
to the Bi2Se3/CoTb case.

However, even if the performance  
of this conductive, room-temperature  
TI/FM heterostructure is better than  
TM/FM heterostructure3,4, the choice of 
FM layer in this particular study is still 
incompatible with state-of-the-art MTJ 
structure, which utilizes perpendicularly-
magnetized CoFeB (ref. 8). This is the 
second issue that might prevent industry 
from using TI as the spin current source 

material. Interestingly, Wang and colleagues2 
showed that magnetron sputter deposition, 
a common PVD technique, can be used 
to deposit the TI layer (in this case 
BixSe1–x) with a CoFeB layer on top that 
has perpendicular magnetic anisotropy, 
forming a BixSe1–x/CoFeB heterostructure 
with a decent SOT efficiency of ~18.6 and 
switching current density ~105 A cm–2  
(Fig. 1e). As summarized in Fig. 2, the 
power consumption of this PVD-prepared 
BixSe1–x/CoFeB device is indeed lower than 
that for the conventional Ta/CoFeB device.

Although a full perpendicular 
MTJ structure (CoFeB/MgO/CoFeB), 
incorporated into a PVD-prepared TI layer 
should be feasible with further engineering, 
making practical SOT-MRAM devices with 

conductive TI layers by complementary 
metal–oxide–semiconductor-compatible 
processing steps (Fig. 1f) remains 
a challenging project in the field of 
spintronics. For example, to raise the TMR 
ratio of CoFeB/MgO/CoFeB MTJ in order 
to meet the industry standards, an annealing 
process with T ≥  300 °C is necessary.  
Will TI layers survive such heat treatment?  
The boron diffusion from CoFeB into the 
TI layer during the annealing process might 
also alter the intrinsic transport properties 
of TI and further destroy the topologically 
protected surface state. It is therefore 
important for future works to examine the 
integrability between PVD-prepared TI and 
CoFeB/MgO/CoFeB MTJ using state-of-the-
art MRAM processing tools; the key could 
lie in the materials engineering  
at TI/CoFeB interface. ❐
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Fig. 2 | Power consumption of spin–orbit torque (sOt) switching. Normalized power consumption 
of SOT-driven magnetization switching for different room-temperature material systems with 
perpendicularly magnetized magnetic layers.

2D MATERIALS

when defects are not defects
Line defects in two-dimensional borophene can self-assemble into new crystalline phases, blurring the distinctions 
between perfect and defective crystal.

Arkady V. Krasheninnikov

An impurity atom in a crystal is 
normally referred to as a defect, 
which locally breaks the periodic 

structure of the crystalline lattice. When 
the concentration of impurities increases, 
the material is not considered to be 
defective, but regarded as an alloy, which 
can be ordered or disordered depending 
on the spatial arrangements of the host 
and impurity atoms. Likewise, when many 

vacancies are present, one can think about 
the material alloying with vacancies. The 
behaviour of vacancies in solids is more 
complicated, though — they frequently 
agglomerate and form extended defects, 
such as dislocation loops in irradiated metals 
or even voids as in monocrystalline silicon, 
and in case of compounds can give rise to 
the formation of new phases with different 
stoichiometries, with a good example being 

tin sulfide crystals with different chalcogen 
content (SnS2, Sn2S3 and SnS).

All of the above is relevant to two-
dimensional (2D) materials1 like widely 
studied graphene and hexagonal boron 
nitride, or recently synthesized borophenes, 
2D polymorphs of boron2,3. The reduced 
dimensionality, however, affects the 
topology of defects in these systems, 
making the studies on defects particularly 

http://www.nature.com/naturematerials
mailto:cfpai@ntu.edu.tw
https://doi.org/10.1038/s41563-018-0146-x
https://doi.org/10.1038/s41563-018-0137-y
https://doi.org/10.1038/s41563-018-0137-y
https://doi.org/10.1038/s41563-018-0136-z
https://doi.org/10.1038/s41563-018-0136-z


758

news & views

Nature Materials | VOL 17 | SEPTEMBER 2018 | 750–760 | www.nature.com/naturematerials

a b

c

d

e

5 nm

V1/5

V1/6
V1/6

–V1/5
boundary Line defect inV1/6

Line defect inV1/5

V1/6

d
1

d
1

d
2

d
2

2 nm
V7/36 V1/6 V4/21 V1/5 V7/36

Fig. 1 | Borophene line defects and their self-assembly into new phases. a, Derivative image of a typical 
STM topography of mixed-phase (v1/5 and v1/6 phases) borophene. The parallel line defects are indicated 
by the red and blue arrow heads, respectively. b, STM images of regions corresponding to the boundary 
of v1/6 and v1/5 phases, and the line defects in two phases. c,d, DFT-optimized structure models (c) and 
simulated STM images (d) corresponding to the three regions in b. Note different inter-row spacing d1 
and d2 of v1/6 and v1/5 structures. The line defect in v1/6 phase adopts the structure of v1/5 while the line 
defect in v1/5 phase has the structure of v1/6. e, A STM image showing different periodic assemblies of v1/6 
and v1/5 rows, forming new v7/36 and v4/21 phases of borophene. Adapted from ref. 5, Springer Nature Ltd.

interesting: for example, it is evident that 
edge dislocations in two dimensions are 
not line but point defects, and vacancy lines 
can easily be transferred to dislocations, 
contrary to bulk systems. The influences of 
those imperfections on material properties 
become more prominent in low-dimensional 
systems. In the meantime, 2D materials, 
entirely made up of their surface, are ideal 
systems for studying defect behaviours by 
using, for example, scanning tunnelling 
microscopy (STM), a technique that has 
the capability not only to directly ‘see’ each 
atom and hence each defect in the crystal 
lattice4, but also to probe the electronic 
structure at the atomic scale. Now, writing 
in Nature Materials, Xiaolong Liu and 
colleagues5 report a very peculiar behaviour 
of line defects in borophene, where the line 
defects intermix and self-assemble into 
periodic domains, restoring the translational 
symmetry of the crystal that blurs the 
traditional distinction between perfect and 
defective crystals, generating new phases of 
borophene and modulating their properties 
for practical applications.

In contrast to semiconducting bulk 
boron, borophene has anisotropic and 
metallic characteristics with charge 
carriers behaving as massless Dirac 
fermions, making it a promising platform 
for developing novel high-speed, low-
dissipation electronic devices6. In addition to 
a corrugated sheet composed of boron atoms 
on a triangular lattice2, many borophene 
polymorphs with periodic ‘missing atoms’ 
forming hexagonal vacancies (hollow 

hexagons, HHs) have been predicted to 
exist7,8, which could be regarded as an 
ordered alloy of vacancies and boron atoms. 
They have close cohesive energies but 
different arrangements and concentrations 
of such vacancies in an otherwise triangular 
lattice. Given the synthetic nature of 
borophene, the intrinsic defects in 
borophene remain largely unexplored.  
Such defects can be defined as deviations 
from the perfectly periodic structure — for 
example, as perturbations in the ordered 
array of vacancies.

Linear defects in borophene have now 
been identified and investigated by Liu and 
colleagues using a combination of ultrahigh 
vacuum STM and density functional theory 
(DFT) calculations5. A coexistence of line 
defects and their self-assembly into new 
phases have been demonstrated. As evident 
from the STM image in Fig. 1a, borophene 
sheets synthesized on Ag(111) thin films 
under certain conditions contain a large 
amount of line defects. Those vacancy lines 
are thermodynamically stable, in contrast 
to, for example, the ones in graphene, which 
form short edge dislocations or arrays of 
non-hexagonal rings4. Two borophene 
phases in Fig. 1a correspond to different 
concentrations (v) of HHs, v =  1/6 and 1/5. 
Interestingly, line defects in each phase are 
identified to adopt the unit structure of the 
other phase — that is, the line defect in the 
v1/6 sheet has the structure of v1/5 while the 
line defect in the v1/5 sheet has the structure 
of v1/6, intermixing these two borophene 
phases. The perfect lattice match and 

rotational registry with Ag(111) along the 
HH rows at phase boundaries give rise to 
negligible interface energy, indicating that 
the v1/6 and v1/5 rows can become building 
blocks being assembled into new borophene 
phases with intricate periodic arrangement 
of the rows. An example is presented in 
Fig. 1e, where two new borophene phases 
corresponding to v4/21 and v7/36 structures are 
observed with different mixing ratios of the 
two rows. As the system remains metallic, 
interesting electronic effects — for example, 
the development of charge-density waves — 
can be expected, as hinted by experimental 
measurements and DFT calculations.

From a practical standpoint, borophene 
sheets with different arrangements of line  
defects could be used for producing 
new phases with highly anisotropic and 
tunable electronic and thermal properties, 
which may find applications in plasmonic 
devices. If borophene sheets could be 
rolled up into seamless cylinders, like 
graphene can be to form nanotubes, 
this would make it possible to further 
manipulate the electronic properties 
of the system, as one can expect from 
theoretical calculations performed for 
phosphorene9. Future work will reveal 
the full potential of this material, but 
at the moment we have a fascinating 
example demonstrating self-assembly 
of intrinsic defects in a 2D material — 
that is, defect-mediated engineering of 
material structure and properties — as 
recently shown also for the case of 2D 
transition-metal dichalcogenides where 
dislocation arrays can catalyse the growth 
of coherent 1D channels within the host 
monolayer, constituting a superlattice 
heterostructure10. ❐

Arkady V. Krasheninnikov1,2

1Institute of Ion Beam Physics and Materials 
Research, Helmholtz-Zentrum Dresden-Rossendorf, 
Dresden, Germany. 2Department of Applied Physics, 
Aalto University, Aalto, Finland.  
e-mail: a.krasheninnikov@hzdr.de

Published online: 23 August 2018 
https://doi.org/10.1038/s41563-018-0153-y

References
 1. Novoselov, K. S. et al. Proc. Natl Acad. Sci. USA 102,  

10451–10453 (2005).
 2. Mannix, A. J. et al. Science 350, 1513–1516 (2015).
 3. Feng, B. et al. Nat. Chem. 8, 563–568 (2016).
 4. Lahiri, J., Lin, Y., Bozkurt, P., Oleynik, I. I. & Batzill, M.  

Nat. Nanotech. 5, 326–329 (2010).
 5. Liu, X., Zhang, Z., Wang, L., Yakobson, B. I. & Hersam, M. C.  

Nat. Mater. https://doi.org/10.1038/s41563-018-0134-1 (2018).
 6. Feng, B. et al. Phys. Rev. Lett. 118, 096401 (2017).
 7. Wu, X. et al. ACS Nano 6, 7443–7453 (2012).
 8. Zhang, Z., Yang, Y., Gao, G. & Yakobson, B. I. Angew. Chem.  

Int. Ed. 54, 13022–13026 (2015).
 9. Aierken, Y., Leenaerts, O. & Peeters, F. M. Phys. Rev. B 92,  

104104 (2015).
 10. Han, Y. et al. Nat. Mater. 17, 129–133 (2018).

http://www.nature.com/naturematerials
mailto:a.krasheninnikov@hzdr.de
https://doi.org/10.1038/s41563-018-0153-y
https://doi.org/10.1038/s41563-018-0134-1



