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Formation of Supernarrow Borophene Nanoribbons
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Abstract: Borophenes have sparked considerable interest owing to
their fascinating physical characteristics and diverse polymorphism.
However, borophene nanoribbons (BNRs) with widths less than 2
nm have not been achieved. Herein, we report the experimental
realization of supernarrow BNRs. Combining scanning tunneling
microscopy imaging with density functional theory modeling and ab
initio molecular dynamics simulations, we demonstrate that, under
the applied growth conditions, boron atoms can penetrate the
outermost layer of Au(111) and form BNRs composed of a pair of
zigzag (2,2) boron rows. The BNRs have a width self-contained to
~1 nm and dipoles at the edges to keep them separated. They are
embedded in the outermost Au layer and shielded on top by the
evacuated Au atoms, free of the need for post-passivation. Scanning
tunneling spectroscopy reveals distinct edge states, primarily
attributed to the localized spin at the BNRs’ zigzag edges. This work
adds a new member to the boron material family and introduces a
new physical feature to borophenes.

Since 200 BC, boron (B) has been widely employed in glass,
ceramics, medicine, machinery, fertilizer, and other industrial
production.["? As the neighbor in the periodic table, B shares
certain similar properties with carbon, e.g., allowing sp?
hybridization and electron delocalization.>*! B has abundant
allotropes in various dimensions.>”l The most common bulk B
crystal is a semiconductor made of B12 icosahedral units, with a
hardness only slightly lower than diamond.?! In analogy with
graphene, B also has two-dimensional (2D) forms, ie.,
borophenes,®-'"1 which are metallic and composed of triangular
lattices and hollow hexagons,®'2 exhibiting fascinating features,
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such as in-plane anisotropy,['*-'%1 metallic Dirac fermions,['¢:17]
phonon-mediated superconductivity, great mechanical strength,
and high thermal conductivity.'®-?"1 B polymorphism not only
demonstrates the beauty of chemistry but also introduces novel
physical properties.[347.21-27]

Patterning graphene into one-dimensional (1D) forms, such
as graphene nanoribbons,?®-3% has been demonstrated to be an
efficient strategy for introducing new intriguing electronic
properties, e.g., coupled spin centers and nontrivial electronic
states.®":321 According to theoretical prediction,334 borophenes
also have 1D forms. Encouragingly, narrow domains of 2D
borophenes (with an average width of ~10 nm), striped phases
of borophenes, and ribbons patterned by substrate step edges
have been successfully fabricated.?”-3 Still, true 1D B allotropes
with widths less than 2 nm have not been achieved. Even if they
could be produced, how to properly passivate the ribbons and
avoid their lateral aggregation remains a foreseeable challenge.

Herein, we report the experimental realization of 1D
supernarrow borophene nanoribbons (BNRs). The BNRs are
composed of a pair of (2,2) zigzag B rows (Scheme 1). Each
single row's broadest and narrowest regions contain two B
atoms. The BNRs have a uniform width of ~10 A and lengths up
to 200 A. Combining scanning tunneling microscopy (STM)
imaging with density functional theory (DFT) modeling and ab
initio molecular dynamics (AIMD) simulations, we demonstrate
that, under the applied growth conditions, B atoms can
spontaneously penetrate the outermost layer of Au(111). They
accumulate and bond with one another into BNRs, shielded on
top by the evacuated Au atoms. Scanning tunneling
spectroscopy (STS) reveals distinct edge states, attributed to the
localized spin at the BNR’s edges.

Scheme 1. Schematic illustration of supernarrow BNR on Au(111). When B
atoms are deposited at a moderate rate onto an Au(111) substrate kept at RT
in ultrahigh vacuum (UHV), they penetrate the outermost Au layer and form 1D
BNRs (B and Au atoms are shown in green and golden, respectively). Each
BNR is composed of two pairs of (2,2) zigzag B rows, forming the hollow
hexagons in the middle.
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Figure 1. (a) STM image of the 1D BNRs achieved by depositing B atoms on Au(111) kept at RT, where the ribbons are preferentially oriented along
the <1-10> directions of the substrate (/ = 100 pA, V =+1.0 V). (b—c) Zoom-in STM images of an individual ribbon: when the tip is close to the sample
(panel b: I =5 nA, V =10 mV), a backbone-like structure with a width of 10.4 A and a bright central axis are shown; at a large tip-sample distance
(panel c: 1 =100 pA, V =1.0 V), a single bright chain is observed. (d) Penetration barrier from the top to the second layer of Au(111) for B units with
varying numbers of B atoms (Bn, n = 1-6), showing that the barrier evidently increases with n. (e) Top- and side-view DFT-optimized model for the
BNR. B and the top-, second-, and third-layer Au atoms are in green, yellow, brown, and grey, respectively. (f-g) Calculated STM image of a single
BNR on Au(111) based on the structural model in panel e, with the applied current and voltage the same as those in panels b and c, respectively,
showing a good match with the experimental results. (h) Top and side views of the DFT-calculated electronic density difference plot. The isovalue is
0.05 e/A3. The red and blue colors represent charge accumulation and depletion, respectively. (i) Top and side views of ELF mapping of the BNR on
Au(111), where the side views are sliced at the black and red lines, respectively.

By evaporating B atoms at ~2200 K onto Au(111) held at
room temperature (RT) for 60-90 s, typical 1D ribbons are
formed. The ribbons have a uniform width and lengths up to
~200 A, essentially along the <1-10> directions of Au(111)
(Figure 1a). The ribbons’ formation is associated with the
dosage and the substrate temperature during B deposition. 1D
ribbons are only observed when keeping the substrate at RT and
at a B coverage lower than ~0.5 monolayer (ML). The ribbons
can coexist with irregular 2D patches. When the coverage is
above 0.5 ML, the 2D patches become dominant (Figure S1).
The close-view STM image (Figure 1b) reveals that each ribbon
appears as a bulging backbone with a width of 10.4 £ 0.2 A. A
bright chain composed of circular protrusions lies on the central
axis, with delicate, dim features regularly aligned on both sides.
Both the central chain and the side features both have a
periodicity of ~2.9 A, with the latter shifting relative to the former
along the ribbon. At a larger tip-sample distance, the protrusions
of the central chain can be observed selectively (Figure 1c).

DFT calculations were used for structural determination.
Given that 2D borophene can be fabricated on Au(111)2¢ and
freestanding BNRs have been theoretically suggested,®>3% we
initially considered the possibility of forming the ribbons on top of
the Au surface. As shown in Figures S2 and S3, BNRs with
varying widths (containing three to ten rows of B atoms, where
the numbers of B rows are depicted in the side-view models)
were calculated on a substrate slab having three layers of Au
atoms (details in Supplementary Information, SI). However, in all

cases, the BNRs are unstable and greatly distorted after full
relaxation. All the calculated morphology and contrast contradict
the experimental findings.

AIMD simulations further ruled out the possibility of forming
BNRs on the outermost layer of Au(111) (Figure S4). It is
revealed that B single atoms can quickly penetrate the
outermost surface of the Au substrate and stabilize between the
top two Au layers. DFT calculations show that the most stable
site for B monomers (single B atoms) is the subsurface
octahedral sites between the top two Au layers. Individual B
monomers are not stable on the Au(111) surface. The energy
barrier for diffusion to the subsurface is small (0.48 eV), while it
is difficult to diffuse deeper. Given the high B evaporation
temperature (~2200 K), this penetration barrier is easy to
overcome. The penetration is energetically preferred, with an
energy gain of 0.41 eV (i.e., 0.41 eV lower than the energy of
the initial state) for each monomer. The energy gain is attributed
to the increased B—Au interaction when the B atoms travel from
the top to the subsurface of Au(111). The size of B clusters has
a strong influence on the penetration barrier (Figures 1d and
S5). For instance, the barriers for a monomer and a dimer are
only 0.48 and 0.45 eV, whilst the barrier for a B trimer increases
to 0.92 eV.

This point is supported by the following two-step control
experiments. By keeping the substrate at ~78 K during B
deposition, the penetration dynamics of B atoms are reduced.
As anticipated, clusters (with sizes varying from 30 to 50 A)



develop on the Au surface in the absence of the BNRs (Figure
S6). When warming the Au substrate with these B clusters to
RT, no BNRs emerge. This is attributed to the high penetration
barrier for B clusters. The results confirm that the penetration of
B into the substrate is crucial for BNR formation. Consistently,
previous work by our group and others?63¢-381 glso demonstrated
that small atoms (e.g., B, carbon) can penetrate into Au(111)
and Cu(111) and be stabilized at the subsurface.

We then proposed alternate models with the BNRs
embedded in the Au outermost layer with the expelled Au atoms
on top. To figure out the structural model for the observed 1D
ribbon, different cases with various rows of B atoms (three to ten
rows) and various rows of expelled Au atoms were calculated.
Figures S7 and S8 show the top and side views of the fully-
relaxed model as well as the corresponding calculated STM and
STS images for each case. Clearly, the structure with eight rows
of B atoms beneath three rows of expelled Au atoms (denoted
as ‘8B-3Au’ in Figures 1e and S8b) matches the experimental
results. As seen in the top-view model, the BNR has an edge-to-
edge width of 10.7 A and a periodicity of 2.9 A and is composed
of a pair of (2,2) zigzag rows, forming hollow hexagons in
between. The central-row Au atoms sit on the bridge sites
between two B atoms of the hexagons, while each Au atom in
the side rows sits near the atop site of a B atom. According to
the side-view model (Figures 1e and S9), the BNR has a
buckled configuration: the central four B rows are located at
nearly the same height (2.2 A above the subsurface Au layer);
the four side B rows (two rows on each side) are lifted up with an
increased height: the two rows on one side are of the same
height of 3.1 A, while the rest two rows on the other side are of
2.9 A and 2.3 A above the subsurface Au layer, respectively. In
keeping with the observed STM results (Figure 1b), the three
rows of evacuated Au atoms form a bulging structure. The
central and side Au rows are 6.0 and 4.8 A above the
subsurface Au layer, respectively. The B atoms in the four
central and four side rows are denoted as ‘B¢’ and ‘Bs),
respectively. The morphology, periodicity, width, and tunneling
contrast of the calculated STM images (Figures 1f and 1g)
based on the 8B-3Au model match the experimental
observations (Figures 1b and 1c). The bulging Au row
contributes to the central bright chain.

We explored the interaction between the ribbon and the
surrounding Au atoms using DFT calculations. In the 8B-3Au
model (Figure S9), the four rows of B¢ atoms mainly interact with
the second layer of Au atoms beneath them (denoted as ‘Aus’),
whereas the four rows of Bs atoms interact with the Au atoms on
top of the ribbon (‘Aut’) and laterally adjacent to the ribbon sides
(‘Aus’). The distance between these B atoms and Au atoms is
2.2-2.4 A. The electron density difference plot (Figure 1h) and
electron localization function (ELF) mapping (Figure 1i)
demonstrate electron shift from first-layer Au atoms (Aus and
Aur) towards Bs and from second-layer Au atoms (Aus) towards
Bc. The preferential interactions drive Bs to be higher than Bg;
as a result, the BNR adopts a buckled rather than planar
configuration. B and Au atoms are weakly coordinated, and the
stability of the BNR is primarily attributed to the B-B bonding in
the BNR. Thanks to the surrounding Au atoms, the BNR is totally
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protected, free of the arduous passivation required for 2D
borophenes.?

To investigate how the penetrated B atoms diffuse and bond
into BNR, we carried out DFT calculations and AIMD simulations
at the picosecond scale. It is found that the B-monomers migrate
easily from one octahedral site to another at the Au subsurface
with a minor barrier (0.16 eV) (Figures 2 and S10). When B
monomers travel to adjacent octahedral sites, B-B bonds are
formed. The evolution from monomers to clusters results in
significant energy gain due to these newly formed B-B bonds.
Meanwhile, Au atoms in the pristine outermost layer are
evacuated. The same accumulating and bonding tendency is
observed as the number of subsurface B monomers grows
(Figure S11). In this manner, an extended BNR is fabricated.
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Figure 2. Top- and side-view models of the aggregation and bonding
processes of B monomers at the Au subsurface. The four monomers are
initially placed at subsurface octahedral sites, with three of them nearby and
the fourth distant [(B)4']; the atoms prefer to accumulate together, and the
fourth B atom migrates to form the close packing [(B)4] with the three atoms
via the transition state [TS (B)4'—(B)4]; the individual four monomers gradually
evolve through a series of transitions to form a dimer and two monomers

[B2(B)], then a trimer with one monomer [B3(B)1], and finally a tetramer [Ba].

To understand why the resulting BNRs cannot be extended
into 2D borophenes, we calculated the cohesive energy
contribution per B atom and chemical potential (Figure S12) for
the various BNR models in Figures S7 and S8. It is found that
the growth of ribbon width is self-limiting. The formation is more
energetically favored for eight and nine B rows than for other
BNR widths. According to Figure 1h, due to the charge shift from
Au to B atoms, dipoles form at the BNR’s sides, preventing the
ribbons from close packing or merging.

To explore the electronic structure of the BNRs, we then
acquired dI/dV tunneling spectra at the BNR center, the BNR
edge, and the Au substrate (marked by the grey, blue, and red
crosses in Figure 3a), using a non-functionalized STM tip
(Figures 3a-b). In contrast to the Au surface state, both spectra
of the BNRs present a shallow asymmetric parabolic curve, with
the one from the ribbon edge exhibiting a shoulder in the voltage
range of +0.2 to +0.4 V (Figure 3b). The BNR spectra show a
typical metallic nature without bandgap, which is consistent with
the calculated band structure (Figure S13). We next used STS
mapping to further verify the edge state. The spectrum of the Au



surface was recorded before each STS mapping to ascertain
that the tip was featureless and consistent. In addition to the
diffraction pattern of the electron gas on the Au surface, evident
contrast variation from the BNRs is observed when the applied
bias voltage is varied from -1.0 V to +1.0 V (Figures 3c-e and
S14). At +0.2 V and +0.4 V, in particular, a bright outline appears
at the edges of each ribbon (Figures 3d and 3e). All these
findings indicate that the BNRs have a distinct edge state.
Consistently, among the models with various rows of B (three to
ten rows) and expelled Au atoms (Figures S7 and S8), only 8B-
3Au exhibits the edge state in good agreement with the
experimental results (Figure 3e).
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Figure 3. (a) STM image of a BNR. (b) The dl/dV spectra collected from the
BNR center (grey), the BNR edge (blue), and the Au surface (green) as
marked in panel a. (c) STM image of the BNRs on Au(111) (/ = 100 pA, V
=1.0 V), and (d-e) the corresponding STS mapping at bias voltages of +0.4 V
and +0.2 V, respectively (set point of 100 pA), displaying a bright outline at the
BNR edges. (f) Calculated PDOS of the net spin density project to the edge B
atoms of the freestanding BNR. (g) The net spin density plot sliced at the
freestanding BNR (isovalue of 3 x10-2 e-bohr-23), showing ferromagnetism with
the same- orientation net spin density localized at both edges. (h) Isosurface
of the net spin density of the BNR embedded in the Au surface (isovalue of
3 x10°8 e-bohr3).

These edge states are distinct from those of 2D borophenes
on Ag(111) which are associated with charge accumulation
induced by strong B-Ag bonding.'"! In the present case, the
observed edge states cannot be primarily attributed to the B-Au
interaction: i) the B atoms are only weakly coordinated with Au
atoms; ii) the ribbons are embedded in the top Au layer with
expelled Au atoms atop, where the interaction of B atoms with
the Au atoms on top and beneath the ribbon is stronger than the
edge B atoms with the side Au atoms (Figures 1h and 1i). If the
electronic states are attributed to the B-Au interaction, they
would not exclusively appear at the ribbon edges. To figure out
the possible origin of the edge states, we calculated the spin
electron density differential of the BNRs using spin-polarized
DFT calculations. For a freestanding ribbon, the density-of-state
(DOS) of spin-up states is found to be significantly different from
the DOS of spin-down states near Fermi energy (Figure 3f).
According to the spin electron density difference plot (Figure 3g),
evident spin localization is present at the ribbon edges. Although
the unpaired spin is weakened when embedded in Au atoms,
the net spin localized at the ribbon edges is still pronounced
(Figures 3h and S15). This is further supported by the calculated
band structure (Figure S13), which varies between spin-up and
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spin-down states, leading to distinct electron state densities for
the different spins. As the spins at both ribbon edges are
polarized and ferromagnetic-coupled, the ribbons exhibit

macroscopic ferromagnetism. The results are in good
accordance with the previous theoretical predictions.?!
In summary, by controling the growth conditions,

supernarrow BNRs consisting of a pair of (2,2) zigzag B rows
with a uniform width of 1 nm have been achieved on the Au(111)
terrace. The ribbons are formed by spontaneous B atom
penetration into the Au substrate, followed by diffusion and
bonding at the subsurface. The BNR width is self-confined. The
dipoles at the BNRs keep them separated. The BNRs are
embedded in the outermost Au layer, with Au atoms shielded on
top, free of the arduous post-passivation. Distinct electronic
edge states are observed, which is primarily attributed to the
spin localization at the BNRs’ zigzag edges.
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WILEY-VCH

The formation of supernarrow borophene nanoribbons has been experimentally realized. The ribbons have a uniform width of ~10 A
and can be as long as 200 A. They are embedded in the outermost layer of Au(111) and shielded on top by evacuated Au atoms.

Distinct edge states are revealed from the ribbons, which are primarily attributed to the localized spin at their zigzag edges.



