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Dimensional crossover and chirality of boron adsorbates on copper (110) surfaces
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A copper boride phase found on Cu(110) exhibits dimensional crossover from 1D to 2D structures. The
discovered surface phase, 7 x ‘1’-B/Cu(110), is composed of alternating two-atom and three-atom rows that
are separated by trenches. The narrower rows behave as a 1D template for atomic boron chains, and the wider
rows provide a new dimensional degree of freedom that facilitates the generation of 2D clusters with chirality.
The 7 x ‘1’ phase is nonperiodic in the chain direction and exhibits intermediate boron coverage, between that
of the quasiperiodic 1D and periodic 2D phases of copper boride on Cu(110), demonstrating a unique feature of

phase transitions at the surface.
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I. INTRODUCTION

Polymorphism is one of the central issues related to the
structure in materials science [1] and has been described
based on mathematical methods, such as topology, which have
also been applied to various fields of research. For example,
topology is related to neural networks in the body and the
configurations in computing [2]. Notably, boron is known
to form various polymorphs owing to the unique chemical
properties of the multicenter bonding scheme [3]. Numerous
boron structures have been reported for different allotropes
and compounds. Focusing on the dimensionality in metal
borides, the boron networks in the 3D (bulk) crystal have
been empirically identified depending on a ratio, R = x/y, of
the chemical stoichiometry, M,B,, where M is the metal ele-
ment. Boron configurations in 3D metal compounds include
0D atoms (R > 3), 1D chains (R ~ 1), 2D layers (R ~ 1/2),
3D structures (R ~ 1/4), and octahedron clusters (R ~ 1/6)
[4-6]. Recently, there has been growing interest in boron
adsorbates on crystal surfaces. Surfaces are inherently two-
dimensional and serve as convenient systems for investigating
boron polymorphism in low dimensions (i.e., 0D, 1D, and
2D), such as atomic sheets of boron, borophene [7-9], and
2D metal borides [10,11].

Regarding the surfaces of copper crystals, borophene pref-
erentially forms on Cu(100) [12], whereas 2D copper boride
forms on Cu(111) with an alternating array of zigzag 1D
chains comprising copper and boron atoms [13,14]. Note
that copper and boron atoms do not form copper borides
in 3D structures, and the boride formation at the surface is
due to the unique properties of materials in low dimensions.
Recently, there have been reports on various surface phases
of characteristic 1D structures, formed on Cu(110) [15,16].
At the initial stage of boron growth, diffraction and micro-
scope experiments observed the 3 x ‘1’-B/Cu(110) phase
[15,17]. On the surface, atomic boron chains are fragmentar-
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ily formed with quasiperiodicity along the 1D direction and
the surface is well described by the structure model, based
on symmetric two-atom copper rows. At the different boron
coverage, microscopy research found the formation of the 7 x
‘3’-B/Cu(110) phase that is composed of metalloborophene
nanoribbons [16]. Boron adsorbates on the standard crystal
surfaces of copper have now become significant playgrounds
for investigating the nature of boron polymorphs, especially
for examining their dimensionality.

In the present research, an ordered phase, namely 7 x
‘1’, was observed by scanning tunneling microscopy (STM)
after depositing boron on Cu(110). The phase exhibited in-
termediate boron coverage, consisting of the 3 x ‘1’ phase
[15,17] and the 7 x ‘3’ phase [16]. The 7 x ‘1’ structure
is composed of trenches that are regularly arranged with
alternating threefold (3x) and fourfold (4x) periodicities.
The STM appearance of the 3 x ‘1’ part is similar to the
previously reported quasiperiodic 1D structure [15,17]. The
4 x ‘1’ part exhibits a nonperiodic structure with various local
structures, including chiral structures that contain pairs of
enantiomers. Based on the atomic chain model for the 3 x ‘1’
phase, the chiral structures can be described in terms of 2D
boron clusters with triangular and linear components, and the
optimized structure models were determined by performing
first-principles calculations. The results demonstrate the di-
mensional crossover of the boron polymorphs from 1D to 2D
in the copper boride layer on the Cu(110) surface.

II. EXPERIMENTAL

Sample surfaces were prepared on commercial Cu(110)
crystals (Matech, Germany). First, the surfaces were cleaned
by Ar™ sputtering at 0.5 kV and annealing at 600 °C. The
cleanliness was confirmed by STM and low-energy electron
diffraction (LEED). The B/Cu(110) surfaces were obtained
by depositing boron (99.999% pure) on the clean Cu(110)

©2024 American Physical Society
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substrate at 500 °C, as previously reported [14,15,17,18]. The
nominal boron coverage, regulated by the deposition time,
was three times higher than that of the 3 x ‘1’-B/Cu(110)
surface, reported previously [15].

STM images were obtained using a commercial STM in-
strument (Omicron, Germany) with a Nanonis SPM control
system. Topographic imaging was performed at 80 K (lig-
uid N,) using a tungsten tip in constant current (/;) mode
at various sample biases (Vi) [15]. The image analysis was
conducted using WSxM [19] and Gwyddion [20] software.
All the surface preparation and STM imaging procedures were
performed under ultrahigh vacuum with a base pressure below
1.0 x 10~'° Torr.

Theoretical calculations were conducted to further ex-
amine the boron structures on Cu(110), based on opti-
mization of the total energy. All the calculations were
performed using Quantum ESPRESSO v.7.1, which is a first-
principles code derived from density functional theory and
the planewave and pseudopotential methods [21-23], with
the effective screening medium method (vacuum/slab/vacuum
boundary condition) [24]. Perdew—Burke—Emzerhof ultrasoft-
pseudopotentials were taken from a standard solid-state
pseudopotentials library and employed in the calculations for
efficiency (SSSP-efficiency v.1.1.2) [25,26]. The cutoff ener-
gies for the wave function and the charge density were set
to 90 and 720 Ry, respectively. For the optimizations, the
convergence criteria for the total energy and the force were set
to 1.0 x 10~* Ry and 1.0 x 10~ Ry/Bohr, respectively. We
modeled the slab as five atomic layers of Cu(110), followed
by the adsorbate atom clusters (N = 3) depicted in Fig. 4 and
a vacuum layer. The vacuum layer was 20 A or more. The
Monkhorst—Pack k-point sampling [27] was 3 x 3 x 1, with
orthorhombic lattice parameters of a = 15.18, b = 14.31, and
¢ = 27.0A.

II1. RESULTS AND DISCUSSION
A. STM observation on the 7 x ‘1’ phase

Figure 1(a) shows STM images of the surface after deposit-
ing boron on the Cu(110) crystal at 500 °C. In addition to the
known 7x ‘3 phase [16], a new phase, 7 x ‘1’, was observed.
The 7 x ‘1’ phase was developed systematically after adsorb-
ing boron on Cu(110) for three times longer deposition time
than the condition for the 3 x ‘1’ phase reported previously
[15]. This fact leads to the estimation of the nominal boron
coverage in the present case for the 7 x ‘1’ phase. In the
previous STM experiment [15], 20% of the surface was cov-
ered with the 3 x ‘1’ phase that has a chemical stoichiometry
of Cu:B=1: 1.57, as determined by XPS [17]. Combing this
information, one can evaluate ~ 0.6 ML of boron coverage
for the present growth condition, where 1 ML corresponds
to the surface atomic density of Cu(110). It is of note that
our STM observation found an area of the pristine Cu(110)
surface and, thus, it likely requires boron deposition of >
0.6 ML to cover the entire surface. Focusing on the detailed
features of the surface phases, the 7 x ‘3’ phase appears as
nanoribbons with regular trenches of ~2.42 nm interval that
forms a sevenfold periodicity of the Cu(110) lattice along
the [001] axis [16]. The 7 x ‘1’ phase also has the sevenfold

(a)
—
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FIG. 1. STM images of 1D structures grown by boron deposition
on Cu(110). (a) Mixed phases of 7 x ‘3’ and 7 x ‘1’-B/Cu(110)
and (b) a single phase of 7 x ‘1’-B/Cu(110). The 1D phases in
(a) are labeled as 7 x ‘17 and 7 x ‘3’, but the 7 x ‘1’ phase in (b) is
further classified into the 1D regions, 4 x ‘1’ and 3 x ‘1’. The high
symmetry directions of a Cu crystal and a scale bar are given in the
figure. The STM conditions are outlined as follows: (a) I, = 104 pA,
Ve=15V;(b) I, = 104pA, V, = 1.5V.

periodicity but it contains trenches of alternating rows of the
fourfold (4x) and the threefold (3x) intervals, as shown in
Fig. 1(b). The observed lengths of the 4x and 3x period-
icities correspond to 1.02 & 0.06 nm and 1.41 £ 0.05 nm,
respectively.

Boron deposition on Cu(110) results in various phases,
including 3 x ‘1’-,7 x ‘1’-,and 7 x ‘3’-B/Cu(110). The 7 x
‘3’ phase does not completely cover the B/Cu(110) surface
shown in Fig. 1, but the boron coverage is higher than that
of the previously reported 3 x ‘1’-B phase [15]. Thus, the
7 x ‘1’ phase provides intermediate boron coverage, between
that of the other two phases, 7 x ‘3’ and 3 x ‘1. It has been
reported that the 3 x ‘1’-B/Cu(110) surface is composed of
aligned 1D quasi-periodic structures [15]. Thus, a 1D 7 x
‘1’ phase likely contains a combination of quasiperiodic 1D
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FIG. 2. STM images of the 7 x ‘1’ phase. (a) A filled-state STM
image obtained using /; = 104 pA and V; = 1.5 V. The high symme-
try directions of a Cu crystal and a scale bar are given in the figure.
(b)—(e) Images of local structures in the 4 x ‘1’ region.

(3 x ‘1’) and periodic 2D (7 x ‘3’) copper boride structures
on Cu(110).

Figure 2 (a) shows a closer STM image of the 7 x ‘1’
phase. The sevenfold periodicity (7x) is observed along the
[001] crystal axis. In contrast, no apparent periodicity is ob-
served in the perpendicular direction, the [110] axis, and thus
the surface phase is named 7x‘1°. Furthermore, the 7x ‘1’
phase is composed of alternating 3x ‘1’ and 4x ‘1’ units that
are aligned in parallel. The 3x ‘1’ unit contains a trench and
two types of symmetric protrusions along the 1D direction
that generate the quasiperiodicity, as previously reported [15].
The 4x ‘1’ unit contains a trench and a wider 1D struc-
ture compared with that of the 3x ‘1’ unit. On the structure,
four types of bright features are observed, as depicted in
Fig. 2(b)-2(e), which can be further classified into two groups
of enantiomers. Namely, the features in Figs. 2(b) and 2(c)
are mirror images of each other, and the same relationship is
observed in Figs. 2(d) and 2(e).

Figure 3(a) and 3(b) provides a collection of STM line
profiles taken from the corresponding regions in the image
of the 7x ‘1’ surface. The distributions of the relative heights
along the 1D direction are similar (< 10 pm) for the 3x ‘1’
and 4x°1’ units. Along the perpendicular direction, deep
trenches with similar depth profiles are observed between the
units. An interval of the peaks (valleys) in intensity profiles
along the [001] axis (line 4) was evaluated 0.35 £ 0.03 nm
(0.32 £ 0.02nm), which commensurately matches with the
lattice constant of the Cu(110) crystal along the direction. This
fact indicates that the peak in profiles or the bright protrusion
in images is assigned to a Cu atom, and the surface structure
can be described by the Cu row model. In addition, 3x ‘1’
and 4x ‘1’ share the same microscopic features, as shown in
Fig. 3(c). Between the brighter regions in each unit, pairs of
oval structures were found in the dark regions, with different
groupings or numbers of pairs: 1 [Figs. 3(d) and 3(e)], 2
[Figs. 3(f) and 3(g)], or 3 [Figs. 3(h) and 3(i)]. The micro-
scopic appearance of the 3 x ‘1’ unit was identical to that of the
3 x ‘1’-B/Cu(110) phase [15], comparing the STM images
taken with the opposing sample biases of 1.5 V [filled-state
image, Fig. 2(a)] and —1.5 V [empty-state image, Fig. 3(a)].
Thus, the 3x ‘1’ unit can be described using the structure

FIG. 3. Empty-state STM images taken at /; = 104 pA and V, =
—1.5V. (a), (b) The line profiles are taken along the directions
indicated in the STM image, from the regions marked by rectangles.
The profiles in (b) are obtained along the long side of the rectangles
labeled in (a), after individually integrating along the short side.
The 4 x ‘1’ and 3 x ‘1’ units are indicated with red and blue bars,
respectively. (c) The enlarged image of the 7 x ‘1’ phase. (d)-(i) A
collection of the oval pair structures observed in the (d), (f), and (h)
3 x ‘1’ and (e), (g), and (i) 4 x ‘1’ units in (c), with a blank added
after (h) and (i). The high symmetry directions of a Cu crystal and a
scale bar are given in the figure.

model previously reported for the 3 x ‘1’-B/Cu(110) surface
[15]. Moreover, the similarity of the structure in the 3x ‘1’
unit with that in the 3x ‘1’ model allows us to infer the 4x ‘1’
structure by comparison.

STM images show that the 3 x ‘1’-B/Cu(110) surface
contains trenches and two types of symmetric protrusions
along the 1D direction that generate the quasiperiodicity [15].
First-principles calculations revealed that the 3x ‘1’ structure
is composed of a symmetric two-atom Cu row and incom-
mensurate boron chains [15]. Surface reconstruction at the
Cu(110) surface induces the two-atom Cu rows, providing
a 1D template for boron adsorbates. The bright regions in
the STM image are attributed to the boron adsorbates and
the dark regions are attributed to the bare Cu rows. Based
on the 3 x ‘1’-B structure model, the 4x ‘1’ structure can
be deduced. Specifically, the 4x ‘1’ unit is composed of a
three-atom Cu row and boron adsorbates. Moreover, boron
adatoms have more freedom in 2D on the 4x ‘1’ unit than
in 1D on the 3x ‘1’ unit, owing to the wider template. This
allows for the attachment of a boron atom to the side of
the boron chain, forming a 2D structure composed of boron
clusters. This is in contrast to the 1D template of 3x‘1’, where
an additional atom can only bond at a terminal end of the
boron chain. The Cu row model is consistent with the identical
STM features observed in the dark regions in Figs. 3(c)-3(i),
which are assigned to the bare Cu row. These findings indicate
that the surface structure of the 7 x ‘1’-B phase comprises
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FIG. 4. Polymorphs of the boron structures formed on a 1D
anisotropic substrate. (a)—(j) The original figures and the mirror
images, symmetrically operated by the mirror plane, (M,.): (a) two-
atom chain, (b), (¢) comblike three-atom chain, (d), (e) trimer, (f)
three-atom chain, (g), (h) comblike four-atom chain, and (i), (j)
trimer with chain. (k), (1) Structure models of (k) the B,-cluster
chain [16] and (1) cis-bumulene [14]. The number of atoms () and
the first-order Betti number (b;) are shown for the individual mod-
els. The existence of enantiomers and the mirror plane symmetry,
x (M,,), are indicated for the corresponding models.

alternating arrays of three-atom and two-atom Cu rows with
incommensurate 1D and 2D boron adsorbates, respectively.

B. A boron trimer model on the copper row

Although STM has become widely adopted to examine
surface structures at the atomic scale, it is not possible to
accurately determine the arrangement of atoms from com-
plex and nonuniform STM images alone. Nonetheless, the
3x ‘1’ unit in the 7 x ‘1’-B phase appears to be similar to the
3 x ‘1’-B phase that was reported to have an atomic boron
chain structure [15]. Thus, as a first step, it is possible to de-
sign a precursor of the 2D structure that induces the chirality
in the 4x ‘1’ unit by adding an atom to the boron chain model
in the 3 x ‘1°-B phase or 3x ‘1’ unit.

Figure 4 summarizes the various boron polymorphs that
may form on a 1D anisotropic surface containing two-atom
and three-atom chains along the x direction, with the addition
of an atom connected from the new dimension (y direction).
The models are classified by the number of atoms (N), the
first-order Betti number (b;) [28], the existence of mirror
images (enantiomorphs) with respect to the M, plane, and
the mirror symmetry with the M, plane, x (M,,). The Betti
number is adopted here since the quantity has been used
in algebraic topology to distinguish shapes of the target. In
the context of the graph theory, b; is defined for a graph G
with n vertices, m edges, and k connected components as
m — n + k. In brief, the b; value is referred to as the num-
ber of holes. Figure 4(a) illustrates a linear biatomic cluster
(N = 2, by = 0). An additional atom can be attached at one
side of the atom (N = 3), Fig. 4(b), along the y-direction or
the other (N = 3), Fig. 4(c), keeping b; = 0. These structures
individually constitute the enantiomers with respect to the M,,
plane. When another atom bonds with the two atoms, the
cluster becomes a trimer (N = 3, by = 1). Whereas the trimer
structure of Fig. 4(d) is achiral with M,, the trimer structure of
Fig. 4(e) is chiral with M, after rotation. In the case of adding

an atom to a linear triatomic cluster (N = 3, b; = 0), Fig. 4(f),
an attachment (N = 4) at the edge leads to the generation
of chirality and the formation of enantiomorphs, Fig. 4(g),
whereas attachment at the center becomes achiral with M,,,
Fig. 4(h). In the N = 4 cluster, a triangular bonding config-
uration (b; = 1) can partially form, as shown in Figs. 4(i)
and 4(j). For both cases, the structures have enantiomers. For
comparison, Figs. 4(k) and 4(1) shows structure models that
were previously reported for boron adsorption layers on Cu
crystal surfaces [14,16]. The model of a B4-cluster chain [16]
is adopted as a component of the metalloborophene nanorib-
bons on Cu(110), and that of cis-bumulene [14] is discussed as
a unit of a periodic array of boron chains on Cu(111). These
structures contain linear and triangular parts, as considered
in Figs. 4(a)—4(j). The universality in the formation of boron
trimers and their connections is consistent with the structures
observed for 2D clusters and borophene [3].

Considering the combination of boron adsorbates and the
reconstructed Cu(110) surface, we then focus on the mirror
symmetry x(M,,) that exists in the copper row model and
some of the boron polymorphs listed in Fig. 4. The condition
is satisfied for the trimer model, Fig. 4(e), and the linear-trimer
model Fig. 4(j), suggesting that these adsorbate structures are
favorable. Note that the symmetry x (M., ) holds in this model,
Fig. 4(a) and 4(f), as proposed for the 3 x ‘1’-B/Cu(110)
phase [15], and in a 1D component in the B4-cluster model
[16], Fig. 4(k), as proposed for 7x ‘3’ - B/Cu(110).

To investigate the atomic arrangement of the boron adsor-
bate on the Cu(110) surface, first-principles calculations were
conducted for the N = 3 boron cluster. Among the possible
models given in Figs. 4(b)—4(e), the trimer model was found
to be the most stable on the Cu row, as shown in Fig. 5.
The comblike models (N = 3, b; = 0) in Figs. 4(b) and 4(c)
become the trimer (N = 3, b; = 1) in Fig. 4(e) after structure
optimization, with energy difference of —35 meV /atom. The
orientation of the trimer in Fig. 4(e) was much more favorable
on the Cu row than the other one in Fig. 4(d), as expected from
the discussion on M, symmetry.

An optimized structure of the trimer model elucidates fur-
ther details of the surface reconstruction. From the top view,
Fig. 5(a), the boron trimer appears as a triangle, whereas the
oblique and side views, Fig. 5(b) and 5(c), reveal that one of
the boron atoms is located lower than the other two and the
neighboring copper atoms shift outward compared with the
bare Cu row atoms. Figure 5(d) shows a set of the optimized
trimer model with its mirror image, symmetrically operated
by the mirror plane (M,,). Notably, the chirality of the boron
trimer induces the chirality in the Cu row. Thus, the local
structures are the enantiomers that likely grow in size from the
addition of more boron atoms. These results indicate that the
local structures of the 4x ‘1’ unit are associated with unique
arrangements of copper and boron atoms.

While further efforts are needed to determine the precise
surface structures that reproduce the experimental STM im-
ages, the micrographs of the boron adsorbates on the Cu
rows describe the dimensional evolution, providing clues
for the appropriate structure model. Considering the simi-
larities in the boron network and the symmetry, the cluster
structure of the trimer model, Fig. 4(e), appears to be re-
lated to precursors of the Bys-clusters or bumulene that were
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FIG. 5. Optimized atomic structure of the N = 3 boron poly-
morph on the reconstructed 4 x ‘1’-B/Cu(110) unit, obtained by
first-principles calculation. The model is shown from the (a) top,
(b) oblique, and (c) side views with indications of the high symmetry
directions of a Cu crystal. (d) The structure model and its mirror
image. Boron atoms and the neighboring copper atoms are colored
in red. A dotted line in the middle represents the mirror plane (M,,)
defined in Fig. 4.

experimentally observed on the B/Cu surfaces in a previous
report [14,16].

C. STM observation of a single atomic row

The present research on the B/Cu(110) system reveals a
significant role of the surface reconstruction in Cu rows. Dur-
ing boron deposition, the two-atom and three-atom rows tend
to induce the 3x ‘1’ and 4 ‘1’ units, respectively. Thus, it is
expected single-atom Cu rows also form on the B/Cu(110)
surface, as shown in Fig. 6(a). Figure 6(b) provides an STM
image of the boundary between the bare Cu and 3 x ‘1’-B

FIG. 6. An STM image of the edge of the 3x‘l’ phase.
(a) Atomic model of a reconstructed Cu(110) surface with Cu rows:
(i) a single-atom Cu row and (ii) a two-atom Cu row. (b) The STM
image, using /; = 104 pA and V; = —1.20 V. The scale bar is indi-
cated in the figure.

domains on Cu(110). The width of the 1D feature at the
edge is as narrow, approximately half the width of the 1D
protrusion in the 3x ‘1’ domain, which consists of two-atom
Cu rows. It appears that the single-atom Cu row exists at
the domain boundary, consistent with the copper row model
adopted for the 7x ‘1’ phase. For the B/Cu(111) phase, the
surface structure is composed of alternating arrays of atomic
boron and copper chains [13,14,18]. At the Cu surface, there
may be a unique relationship between the atomic Cu chain
and the boron adatom, which may be revealed through further
research.

IV. CONCLUSION

An ordered copper boride phase, 7x‘1°, was found on
Cu(110) by STM, exhibiting intermediate boron coverage be-
tween that of the 3x ‘1’ phase [15,17] and the 7x ‘3’ phase
[16]. The 7x ‘1’ structure is composed of alternating 3x ‘1’
and 4x ‘1’ units that are aligned in parallel. The 3x‘1” part
is similar to the previously reported quasiperiodic structure of
the 3x ‘1’ phase [15], whereas the 4x ‘1’ part is disordered
along the 1D direction. The 4x ‘1’ part comprises pairs of
mirror-imaged structures, indicating the existence of the enan-
tiomers. Through topological classification, 2D boron cluster
models have been discussed with the aid of first-principles cal-
culations. The present results help clarify the transformation
of boron polymorphs into higher dimensional structures on Cu
surfaces.
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APPENDIX: STM SIMULATION OF THE Cu ROW MODEL
WITH A BORON CLUSTER

The constant-current scanning tunneling microscopy
(STM) simulations were performed based on the
Tersoff-Hamann approximation implemented in Quantum
ESPRESSO [29]. For the constant-current STM calculations,
we employed a k-point sampling of 4 x 4 x 1 and a sample
bias of —1.5 and 1.5 V (the calculations take the states in the
energy window below the Fermi energy, from er + V to ep,
V = —1.5, 1.5). The value of the charge of the isosurface was
setto 5 x 107>, The search space of the isosurface is between
5.4 and 21.6 A in the z direction, which encompasses the
Boron cluster.

Figure 7 presents simulation results of the Cu row model
(a),(b) with or (c),(d) without the boron trimer at different
biases. In all the images, one can clearly identify atomic
trenches in the model as the dark 1D structure. At Vi =
—1.5V, the fine features of the Cu atoms can be seen in the
row and, in addition, the boron trimer is found as a protrusion.
At V; = 1.5V, Fig. 7(b) displays that the Cu and B atoms
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FIG. 7. STM simulations of the three-atom copper row model with a boron trimer cluster. Calculated images are obtained at sample bias,
Vi, of (a) —1.5 and (b) 1.5 V. The structure model and the simulated image are given on the left and right sides, respectively. In between the
two sides, the figures are overlapped with each other at different ratios of transparency for comparison. A result of the pristine Cu row model

is also given for V; of (c) —1.5 and (d) 1.5V as a reference.

have rather uniform contrast but the surrounding of the boron
cluster appears differently, showing the moatlike dark feature.
Although the simulation was held on the precursor model
with a single cluster, the appearance was consistently found
in STM images of the actual surface, shown in Figs. 1 and
3. Atomlike protrusions are found in the experimental image
at V; = —1.5V, while unique dark features are observed lo-

cally at Vy = 1.5 V. Comparisons of these images unveil the
significance of the boron adsorbates to change the appear-
ance of Cu rows in STM. Although it requires much effort
in both experiments and calculations for structural analysis,
the present results on the model likely provide an impor-
tant perspective in determining the accurate structure of the
B/Cu(110) surface phase.
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