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The structure and chemical state of a boron chain, isoelectronic to polycumulene, were obtained
by a combination of positron diffraction, photoelectron spectroscopy and first-principles calculations.
In the present work, an array of boron chains was found in a copper boride layer on a metal crystal

substrate.

The band structure of this material was determined to be electronically doped and

hybridized by neighboring copper atoms. These boron atom chains exhibit a unique electrophilic
character that is specific to the element. Properties of the boron chains in the copper boride layer
and the substrate effect are systematically investigated together.

I. INTRODUCTION

Atomic chains represent useful systems for develop-
ing one-dimensional (1D) physics. Theoretically, an ideal
1D system can be considered as a string comprising an
infinite number of atoms that stand freely in space!:2.
Experimentally, this is only possible in the case of a
few atoms that are connected between atomically sharp
probes or a periodic array of atomic chains prepared on
the surface of a template. The ongoing development of
surface-sensitive techniques has elucidated the structures
and unique 1D states of atomic wires composed of var-
ious elements®®. As an example, indium chains having
a width of four atoms prepared on solid surfaces show a
Peierls-type metal-insulator transition®*. The addition
of gold to a vicinal silicon surface has been found to result
in the formation of silicon atom chains having a Z3 charge
density waveS. Cobalt chains at the step-edges of a plat-
inum surface are characterized by large localized orbital
moments and correspondingly large magnetic anisotropy
energies compared with two-dimensional (2D) and three-
dimensional (3D) cobalt®. Recently, there have also been
reports concerning low-dimensional boron-based materi-
als, such as borophene? 2 or 2D boride'3!* and it has
been proposed that boron chains with a single atom
width can form periodically on a copper crystal sur-
face, as shown in Fig. 1(a)'®. Since the 2D boron ma-
terials have unique electronic structures'® '8, including
Dirac fermions!®, it is expected that novel atomic chains
comprising 1D boron could potentially be obtained with
properties specific to the element. Thus, there is signifi-
cant interest in determining the atomic arrangement and
electronic states of this material.

In the present research, we conducted the structural
and chemical analyses of a boron layer on a Cu(111)
substrate using the surface-sensitive techniques positron
diffraction’® 23 and photoelectron spectroscopy. A cop-

per boride (Cu boride) surface overlayer composed of
a periodic array of boron atom chains having a zig-
zag structure was obtained. Systematic experiments
indicated a direct relationship between the 1D atomic
structure of this material and the negative charges on
the boron atoms. First-principles calculations accu-
rately reproduced the experimental spectroscopy data
and showed that the boron atom chains can be isoelec-
tronic to polycumulene, an unsaturated chain of carbon
atoms. The electronic structure of the Cu boride layer ex-
amined in this work can be theoretically explained based
on electronic doping and hybridization of the band struc-
ture of the boron wire by neighboring copper atoms.
Systematic structural optimizations of the overlayer on
a metal surface further unveiled that the boron chains
protrude toward the substrate. The amount and the di-
rection of the boron protrusion was found to sensitively
depend on the layer height. The present results indi-
cate characteristic features of low-dimensional boron that
could be applied to the design of novel functional mate-
rials with uses in future devices.

II. EXPERIMENTAL AND CALCULATION
METHODS

A sample was prepared on the surface of a commercial
Cu(111) crystal (Surface Preparation Laboratory). The
substrate was first cleaned by applying several cycles of
Ar™ sputtering at 0.5 kV and annealing at 600 °C, af-
ter which the crystallinity of the material was confirmed
by obtaining low-energy electron diffraction (LEED) and
reflection high-energy electron diffraction (RHEED) pat-
terns. Boron (99.999% pure) was subsequently deposited
on the Cu(111) at 500 °C. A formation of the surface
specimen was checked by LEED and RHEED.

The structure of the sample surface was examined
using total-reflection high-energy positron diffraction



(TRHEPD), performed at the Slow Positron Facility at
KEK?*. The atomic arrangement was determined by
acquiring rocking curves which are the intensity profile
of the specular (00)-spot beam with a glancing angle,
combined with the simulations based on a dynamical
diffraction theory?®27. Details of the TRHEPD analy-
sis process have been provided in prior publications!'®28.
Chemical analysis was carried out using high-resolution
X-ray photoelectron spectroscopy (XPS) performed on
the BLO7LSU soft X-ray beamline at the SPring-8
facility??3°. All data were obtained at room tempera-
ture.

To analyze the experimental results from the theoreti-
cal point of view, first-principles calculations are applied
to evaluate electronic states (molecular orbitals and band
structures), XPS spectrum, and chemical potentials, em-
ploying the OpenMX(3.9.2) package®!32. OpenMX is a
highly efficient first-principles calculation code combining
optimized pseudo-atomic basis set and norm-conserving
pseudopotentials®*. Throughout the present work, the
exchange-correlation functional was used with the gen-
eralized gradient approximation proposed by Perdew et
al.33. Details of the individual calculations are following.
Molecular orbitals: The electronic calculation was made
with a cutoff energy of 220 Ry and an optimization cri-
terion of 1.0 x 10~ Ry/Bohr. The basis sets was B7.0-
s3p2d2.

XPS simulation: The XPS spectrum was calculated
based on the Janak theorem that applies to metallic
systems®® 37, The electron binding energies associated
with the B sites were calculated with 1x1x1 k-points and
a cutoff energy of 320 Ry. The basis sets for the reference
ground state calculations were B7.0-s3p2d1 and Cu6.0H-
s3p2d1 while the core hole state was treated using the
penalty functional with the B7.0_1s_CH-s3p2d basis set.
Band calculation of a layer: Calculations of band disper-
sion curves were performed with 15 x 10 x 1 k-points and
a cutoff energy of 250 Ry. The basis sets were B7.0-s3p2d
and Cub6-s3p2d2f1.

Calculation of a layer/substrate system: Calculations of
an overlayer on the substrate were made with 1 x 1 x 1
k-points, a cutoff energy of 400 Ry, and an optimization
criterion of 3.0 x 107° Ry/Bohr. The basis sets were
B7.0-s2p2d1 and Cu6.0H-s3p2d1. For giving projected
density of states (PDOS), gaussian broadening width
was set at 0.1 eV. Chemical potentials with respect to
the vacuum level were evaluated via the effective screen-
ing medium (ESM) method®® that was implemented in
OpenMX(3.9.2)32. The ESM calculation of a system was
held under the boundary ”vacuum/metal” condition of a
neutral charge.

III. RESULTS AND DISCUSSION

By deposition of boron on a Cu(111) crystal surface, a
2D ordered phase was observed by LEED and RHEED,
as given in Figs. 1(b) and 1(c), respectively. The diffrac-
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FIG. 1: The structure of the boron-based material on Cu
(111) with measured diffraction patterns. (a) A structural
model of the Cu boride layer on Cu(111). Vectors of the unit
cell of Cu boride v/73 x v/39 superstructure with Cu substrates
are indicated by green and gray arrows (a, b), and the lattice
vectors of the overlayer Cu boride only are marked by green
and yellow arrows (a, b’). Symmetric directions of Cu(111)
substrate are shown at the bottom right. (b) A LEED pattern
acquired at electron energy of 55 eV and (c¢) RHEED pattern
at 15 keV with the incident beam along the (110) direction of
the Cu substrate. The (00) spot is labeled in the figure.

tion patterns can be reproduced by a long-range order of
the v/73 x /39 superstructure on Cu(111) with the lattice
vectors, illustrated on the atomic model in Fig. 1(a) as
(a, b). The unit cell of the 2D phase has lattice param-
eters of a = 15.99 A, b =21.87 A, and 6 = 70.28°, where
0 is the angle between vectors a and b. To understand
the diffraction patterns, one must consider the contribu-
tions from the six domains that are equivalently grown
in the two mirror-symmetric directions on the three-fold
symmetric substrate of Cu(111). Patterns of LEED and
RHEED for a single domain v/73 x v/39 phase are given
in Appendix A for reference. Comparisons between the
simulation and the experiment show good agreements in
Fig. 2(a, b) for LEED and Fig. 2(c, d) for RHEED. One
can find one-to-one correspondence of the unique local
patterns, labeled as «, 3, 7, and, 0 between Fig. 2(a)
and (b). In Fig. 2(c, d), the experimental RHEED spots
overlap at the expected positions of the simulation. Re-
sults of the present diffraction analyses of electrons are
consistent to the previous research on the same ordered
phase of the surface!?'®. Based on a periodicity of the
V73 x /39 superstructure, positions and properties of



FIG. 2: Electron diffraction patterns of the v/73 x /39 super-
structure. (a) The reciprocal lattice of long-period V73 x+/39
that corresponds to the expected LEED pattern, and (b) The
experimental LEED pattern taken at 81.5 eV. The character-
istic spots are indicated by circles of different colors and labels
(a, B, 7, and ¢). Reciprocal vectors of the 2D ordered phase
are illustrated by green and yellow arrows. Fundamental 1x
1 spots of the Cu(111) substrate are also indicated by orange
circles. (c) Expected locations of RHEED spots of the or-
dered phase. The pattern is simulated under the same beam
condition as the experiment. (d) Overlap of the simulated
and the experimental RHEED patterns.

atoms in the unit cell are examined in the following anal-
yses with positrons (TRHEPD) and with photoelectrons
(XPS).

Figure 3(a) shows the TRHEPD rocking curves ob-
tained from the surface boron material under the one-
beam condition?®, to allow the analysis of atomic com-
position and height profiles. The experimental results
are in better agreement with the simulated curve gener-
ated from a 2D Cu boride model than with the curve of
a borophene model'?'®. The better matching with the
model, Fig. 1(a), was also confirmed for the TRHEPD
results (Fig. 3 (b,c)), obtained under the many-beam
condition?”.  While one-beam condition corresponds
to an incident beam along an off-symmetric direction,
many-beam condition uses the beam along a symmetric
direction. A combination of these measurement condi-
tions allows us to experimentally determine the detailed
atomic arrangement of the 2D Cu boride, including B-
B lengths in the chain. It is of note that the structure
model was taken from a previous report'®, and further
TRHEPD analysis of the layer height found this structure
to have an accuracy of < 0.1 A. These data provide evi-
dence that the structure of the 2D boron-based material
corresponds to that of 2D Cu boride, CugBi4, with a pe-
riodic array of boron atom chains, as illustrated in Fig.

1(a). It is of note that experimental intensity appears
small when compared with the simulation at glancing an-
gle < 2°. This is due to the ultrahigh surface sensitivity
of the TRHEPD method that the highly oblique beam of
positrons was blocked by microstructures on a surface,
such as steps or remanent roughness by the sputtering
process for surface cleaning. In the present research, the
experimental limitation has made negligible influence in
the surface structure analysis.

The chemical composition of the 2D Cu boride was as-
sessed by obtaining Cu 2p3/, and B 1s core level XPS
data, as shown in Fig. 4. While a pristine surface of
Cu(111) is composed of a single chemical component of
the Cu atom besides a negligible defect component, the
2D Cu boride sample has two Cu components of the sur-
face layer (L) and in the bulk (Bu). These assignments
were confirmed by spectral variations with the emission
angle. The photoemission intensity of the layer compo-
nent (L) increased when the spectrum was obtained using
surface-sensitive conditions (that is, with a large emis-
sion angle). The appearance of the peak related to the L
component at a higher binding energy than the Bu com-
ponent indicates that the Cu atoms in the 2D Cu boride
were positively charged. In contrast, the B 1s spectrum
showed no dependence of emission angle and it can be
fitted with a single component of the Voigt function, as
shown in Fig. 4(b). The peak is naturally assigned to
atoms in the 2D Cu boride layer. The binding energy
of 187.8 eV determined from curve fitting confirmed that
the boron atoms were negatively charged*! 3. It is there-
fore likely that electrons were transferred between boron
atoms and the surrounding copper atoms. The simulated
XPS data generated using the 2D Cu boride model (Fig.
1(a)) indicated that all the boron sites had similar bind-
ing energies and accurately reproduced the experimental
single peak, as given in the inset to Fig. 4(b). This
means that all the boron atoms in the structure have
similar chemical environments.

The agreement between the experimental results and
theoretical simulations in this work suggests a correla-
tion between the 1D atomic arrangement and the neg-
ative charge on the boron. This phenomenon can be
explained through representing the building blocks of
boron atom chains as linear molecules comprising four
boron atoms terminated by two triangular boron edges.
Starting with a freely optimized structure, an atomic
arrangement of the molecule having two edge-triangles
in the trans-configuration was derived, as depicted in
Fig. 5(a). This is in contrast to the cis-configuration
(Fig. 5(b)) obtained from a 2D Cu boride model (Fig.
1(a)) in which the triangle groups lie on the surface.
The discrepancy between the two structures can be re-
solved by considering electron-doping into the molecular
orbitals. In the case of the highest occupied molecu-
lar orbital (HOMO), both the trans- and cis-type 1D
molecules will have the same 7-type bonding. However,
with regard to the lowest unoccupied molecular orbital
(LUMO), the trans-type molecules will have o*-type an-
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FIG. 3: Experimental TRHEPD rocking curves of Cu boride (open circles) indicating the glancing angle dependence of the
beam intensity at the (00) spot taken at 10 keV. Simulated curves for the 2D Cu boride (black) and borophene (gray) models are
also shown in each conditions. (a) Data obtained under the one-beam condition (incident beam 10°-off from the (110) direction
of the Cu(111) substrate). (b,c) Data obtained under the many-beam condition with the incident positron beam directed along
the (b)(112) and (c){(110) axis of the Cu(111) surface. Under this condition, the simulated curve is a summation of calculated
curves of the atomic models in the three domains due to the three-folded rotated symmetry of the Cu(111) substrate.
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FIG. 4: XPS spectra for the boron-based material on Cu(111).
(a) Cu 2p3/2 and (b) B 1s core-level spectra acquired at var-
ious emission angles (#'s) with photon energies of hv=1050
eV and hv=285 eV, respectively. In (a), the spectrum of the
clean Cu(111) surface is shown as a reference. Curve fitting
of the spectra was performed using Voigt functions with a
Lorentzian width of 0.7 eV, based on prior work3®, together
with the optimized Gaussian width. The resulting spectral
components, labeled Bu and L, were found to have Gaussian
widths of 0.42 eV (Bu, § = 0°), 0.41 eV (L, 6 = 0°) and 0.21
eV (L, 0 = 30°). In (b), the B 1s spectrum has been curve-
fitted using a Voigt function with Lorentzian and Gaussian
widths of 0.1 eV*° and 0.57 eV, respectively, and the inset
shows the B 1s spectrum, simulated with a model of 2D Cu
boride on Cu(111).

tibonding while the cis-type molecules will have 7-type
bonding. The addition of electrons to the LUMO causes
the trans-type molecules to become unstable and so the
cis-type molecules are energetically favored. Thus, the
stability of 1D boron molecules can likely be attributed
to these molecules having the same electronically 7-type
configuration as cumulenes***5., The TRHEPD struc-
tural analysis assured that typical interatomic distance

(a) (b)
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FIG. 5: Building blocks comprising the B chains along with
the associated molecular orbitals. (a) A ¢trans-type 1D boron
molecule with triangle edges. The atomic arrangement as
shown from the side and front views with the LUMO and
HOMO. The LUMO and HOMO energy levels were —5.15 eV
and —5.63 eV with reference to the vacuum level, respectively.
(b) A cis-type 1D boron molecule with triangle edges. The
atomic arrangement, LUMO (—5.32 eV), and HOMO (—5.45
eV). The color of molecular orbitals corresponds to the sign
of wave functions.

inside the chain is 1.6 A, which is much shorter than a
single B-B bond in the ByCly molecule (1.73 A)6. This
observation provides support for the unsaturated bond-
ing scheme in the boron chain. The 1D boron is therefore
electronically similar to an unsaturated chain of carbon
atoms, such as polycumulene**4®. This unique electronic
configuration has been previously observed in the case of
boron atom chains in a bulk LiB crystal*”*®. The 1D



boron material can therefore be regarded as a cumulene-
type boron that may be referred to as "bumulene”.

As shown in Fig. 5, the molecular orbitals are ex-
pected to spread out over a greater distance than the
typical B-B bond length and the B-B interchain inter-
action can be non-negligible in the chain row. Figure 6
(a) shows schematic drawings of the periodic array of the
boron atomic chains, overlapped with the wave functions
at the I point in the band diagram (Fig. 6(c)). Molec-
ular orbitals of the occupied (T'yy) and unoccupied (T'f)
states resemble to HOMO and LUMO of the cis-type 1D
molecules, Fig. 5(b). The n-type bonding can be ob-
served in the 2D configuration of the boron chains. On
the other hand, the unoccupied state (I'r4+1) spatially
extends between the chains. Thus, electronic structure
of the chain rows is anisotropically 2D, as confirmed by
the band diagram in Fig. 6(c). This feature is another
intriguing electronic property of the boron atomic chain.
Figure 6(c) also presents the 2D band structure of the Cu
boride layer (Fig. 6(b)), which is consistent with those
previously reported for 2D Cu borides'®. A comparison
of the two models indicates that the electronic structure
of the Cu boride overlayer can be described in terms of
electron filling (with an accompanying energy shift) of
the boron bands and of hybridization with neighboring
copper atoms. In Fig. 10 in Appendix B, band disper-
sion curves of a layer of the 2D Cu boride is given with
weights of the orbital compositions of copper and boron
atoms. The calculation result is consistent with that of
the previous research!®. Comparing with the band dia-
gram of the boron chain rows shown in Fig. 6 (c), one
finds that electronic structure of the Cu boride overlayer
can be described by electron filling (energy shift) of the
boron bands and by hybridization of the boron and cop-
per orbitals.

These microscopic features indicate that low-
dimensional boron structures would be expected to
exhibit unique electrophilic properties. Prior studies of
2D boron or borophene have determined that the layer
itself is unstable in the free-standing form but stable on
a 2D metal substrate after electron doping!%849, In the
case of 2D boron, an electrical junction is achieved by
sheet contact and requires a multilayer heterostructure
for isolation. In contrast, electronic compensation occurs
between chains of boron and metal atoms in the layer
in the case of 1D boron. Therefore, a free-standing
single-layer would be expected to be fundamentally
stable and so could be isolated from the substrate. This
could be done using an electrochemical method that
was recently applied in a study involving borophene®!.
The electronic characteristics of the boron chains could
be utilized to regulate the interchain interactions by
inserting spacers such as multiple atom wires, that
make appropriate electron doping to the boron atoms.
The design of such materials could allow the distances
between the boron chain to be tuned and permit novel
intriguing properties of this 1D system to be explored.

In reality, the bumulene-type 1D boron, at the mo-
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FIG. 6: Atomic chain sequences and band diagram. Struc-
tural models of (a) a periodic array of boron atom chains and
(b) a free-standing Cu boride layer. A unit cell (rectangle)
and the Brillouin zone are shown. (c) The band structures
of the models in (a) and (b) with dispersion curves indicated
in green and black, respectively. The energy is defined with
respect to the Fermi level (Er). In (a), the model is schemati-
cally overlapped with molecular orbitals of the states, 'y, 'z,
and I'z41, at T’ points that are labeled in (c¢). The color of
molecular orbitals corresponds to the sign of wave functions.

ment, is realized as a part of an alternative array of boron
and copper zigzag chains in the 2D copper boride layer.
Thus, a future prospect of the low-dimensional boron
material should start with considering the 2D layer. In
searching for applications of an atomic sheet, it is worth
mentioning that the functionalities are generated in de-
vices after making contacts with other materials. The
present surface of the copper boride layer on Cu(111) it-
self can be regarded as such a model system and, thus,
it is of interest to examine influence of the substrate to
the overlayer with focus on the boron chain. We recall
that the TRHEPD results in Fig. 3 favor the atomic ar-
rangement of the 2D copper boride that is composed of
a periodic array of zigzag Cu and B chains. Then, by
treating heights of the copper and boron chains as in-
dependent parameters, one can examine the structural
relationships between the chains in the layer under the
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FIG. 7: The layer height dependence of the simulated rock-
ing curve compared with the experimental result. Calculated
rocking curve collection of different Cu and B chain heights
with (a) houy = hy, (b) hg = 2.1 A fixed, and (c) hcy = 2.1 A
fixed. For comparison, the rocking curves from the TRHEPD
experiment are shown bellow as dotted lines. (d) The R-factor
plot of Cu boride structures with different chain heights of B
and Cu. The value of R-factors are represented by the color
plot on the right.

substrate effect. The approach is the most appropriate
for the present research since the TRHEPD measure-
ment is sensitive enough to precisely capture changes
of atomic heights at a surface. Simulations of rocking
curves were carried out by keeping the same height for
atoms in each chain. The heights of copper chains (hc,)
and boron chains (hg) are defined from the center po-
sition of the topmost surface layer of the Cu substrate.
A collection of the simulated curves, presented in Figs.
7(a-c), shows drastic differences, indicating high sensi-
tivity to the structural parameter. To quantify similari-
ties between experiment and simulation, the R-factor has
been adopted in structural analyses'®. The factor is de-

fined as R = \/ZZ Uewp(0:) — Ical(Gi)]2 where Ioqp(6;)
and I.q(0;) are the experimental and calculated inten-
sities, respectively, at the glancing angle (6;) in rocking
curves. It is of note that structural parameters which
minimize the R-factor are judged the most appropriate
for the atomic arrangement of a sample. Figure 7(d) pro-
vides a map of the R-factor with respect to the copper
chain height (hcy,) and boron chain height (hg). Ab-
sence of the local minima in the R-factor map along the
hcy = hp line indicates that the 2D Cu boride overlayer
on Cu(111) is structurally not flat. One can find the min-

imum around hg, = 2.4 A and hg = 2.1 A. The param-
eters are close to those reported by Yue et al.'®, and by
changing each atoms height in the chain, the simulated
curve consistently matches with the model, as shown in
Fig. 3. The atomic arrangement at the minimum in Fig.
7(c) was also confirmed to be stable by our first-principles
calculation.

The TRHEPD analyses reveal that the copper boride
layer on a metal substrate favors a structure with the
atomic height modulation of |hg —hcy| = 0.3 A, which is
in contrast to the flat layer in a free-standing manner, ex-
pected in vacuum (Fig. 6). It was found that the atomic
arrangement can be characterized by unique parameters
of the chain heights, h¢, and hg. Since the height corre-
sponds to a distance between the overlayer and the crys-
tal surface, the substrate effect can be investigated by
examining the layer properties at various hc, and hp
values. Figure 8 demonstrates changes of structure, elec-
tronic states, and chemical potential of the overlayer with
the chain heights examined by the first-principles calcula-
tion. In Fig. 8(a), copper chains in the overlayer are fixed
at various heights, hcy, and heights of atoms in the boron
chains are optimized. The results unveil that the boron
chain atoms apparently protrude toward the substrate
at hey > 2.1 A, but toward the vacuum at hey < 2.1 A.
The height at hey, = 2.1 A can be regarded as the critical
point that keeps the two-dimensionality or the flatness.
For reference, simulated TRHEPD curves of the struc-
tures in Fig. 8(a) are given in Appendix C. It is worth
mentioning that one may find another local minimum
around hey = 2.1 A, and hg = 2.4 A in the TRHEPD
results in Fig. 7(d). Optimization of boron heights in
the overlayer at hc, = 2.1 A resulted in hy = 2.1 A in
average, indicating that structure at the local minimum
is unlikely as a part of the pristine surface.

To elucidate variations of electronic structure of the
surface system, Figure 8(b) shows a series of layer density
of states (DOS) of the Cu boride layers in Fig. 8(a). The
layer DOS is made by a summation of projected density
of states (PDOS) over all the orbitals in boron and cop-
per atoms in the overlayer. One can find that the layer
DOS apparently changes with hg,. The results indicate
that there exist electronic interactions between the layer
and the substrate. The height dependence favors the hy-
bridization scheme in the substrate effect rather than the
rigid band model for the overlayer.

Electronic evolutions of the layer structure were fur-
ther examined by performing calculations based on the
parameters of TRHEPD in Fig. 7. Calculation of atomic
arrangements and PDOS were made by fixing the cop-
per chain height at he, = 2.1 A and by changing height
of the boron chain, hg, without structural optimization.
The height parameters are same as the ones used in the
simulated rocking curves in Fig. 7(c). To highlight mod-
ulations between the chains in the overlayer, the cal-
culation results were given with the height difference,
Ah = hg — hgy. Being consistent to the result in Fig.
8(b), spectral features of the overlayer PDOS change with
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FIG. 8: Structure, the layer DOS, and chemical potential of the Cu boride layers with different heights from the Cu substrate.
The green, orange and grey balls in the structures correspond to boron atoms, copper atoms in the Cu boride overlayers and
copper atoms in the Cu (111) substrate, respectively. (a) A collection of structures of Cu boride with different Cu chain heights
(hcu)- (b) PDOS of the Cu boride overlayers in (a) where the dotted line represents the origin and corresponds to the chemical
potential at each structure of different Cu chain heights. (c) Chemical potentials of the structures in (a) and (d). (d) A
collection of the Cu boride structures with the fixed hcy at 2.1 A and various values of Ah. (e) PDOS of the overlayers in (d)
where the dotted line represents the origin and corresponds to the chemical potential at each value of Ah.

height, supporting the electronic hybridization picture at
the interface.

A possible charge transfer between the layer and the
substrate can be examined by evaluating the individ-
ual chemical potentials (p’s) before contact. Values of
chemical potentials (u’s) were given with respect to the
vacuum level based on ESM method®?3%. It was found
that = —4.14 eV for the pristine Cu(111) surface and
u = —4.96 eV for the free-standing flat Cu boride layer
(Fig. 6(b)). Based on the definition, absolute values
of the chemical potentials correspond to the work func-
tion. Therefore, by formation of a metal-metal contact,
electronic charges flow from the substrate with the lower
work function to the overlayer®®. The calculation result
indicates that the Cu boride layer is negatively charged
on a metal substrate. Figure 8(c) further shows varia-
tions of i for the interface structures of 2D copper boride
on Cu(111) that are presented in Figs. 8(a) and 8(d).
The value of 1 becomes large or shifts to the positive
side with height hcy, Fig. 8(a), or with negative Ah,
Fig. 8(d). The height dependence of u is a consequence
of electronic hybridization between the overlayer and the
substrate, as shown in Fig. 8(b) and 8(e). In Fig. 8,
one may find a tendency that the absolute value of p
or the work function becomes larger when boron chains
protrude toward the vacuum. Variations of chemical po-
tential at a contact can be modeled by the interface elec-
tric dipole and the tendency means a relative increase of
negative charge of the dipole at the vacuum side. It is in-
triguing to know that the fact is consistent with the XPS
results in Fig. 4 that found negative charge of atoms
in the boron chain. The calculation results in Fig. 8

demonstrate that the interface electronic structure and
the interface electric dipole dramatically evolve only by
the height of 1D boron in the overlayer and even with
the change in a 0.2 A-step.

By the present research, the copper boride layer on
Cu(111) was found to have an alternative array of boron
and copper chains that changes the relative chain height
by the substrate effect. The unique feature likely indi-
cates that electronic states of the 1D boron can further
be tuned by choosing an appropriate substrate. One may
also be able to control the relative height between the
atomic chains by changing the layer height by external
fields, for example. Then, one could observe continuous
evolutions of the electronic state between 2D and 1D. The
copper boride layer may become a significant material
for developing low-dimensional physics and for exploring
new working principles in future quantum devices.

IV. SUMMARY

In summary, we investigated the structure and chem-
ical state of a boron overlayer on Cu(111) by a com-
bination of positron diffraction and photoelectron spec-
troscopy. The layer was found to comprise an ordered
2D Cu boride with a periodic array of boron atomic
chains that were isoelectronic to polycumulene. First-
principles calculations successfully reproduced the ex-
perimental spectrum and established that the electronic
structure of this material resulted from electron-doping
and hybridization of the boron bands by the surround-
ing copper atoms. These data demonstrate that the elec-



FIG. 9: Calculated electron diffraction patterens of a single
domain of the v/73x /39 superstructure. (a) Simulated LEED
pattern and (b) RHEED spot positions, respectively. The
RHEED spots were simulated by incident beam along the
(110) direction of the Cu(111) substrate.

trophilic character of the atomic chains is unique to boron
and that the alternative arrangement of boron and cop-
per chains allows for efficient charge compensation within
the layer. When the copper boride layer is on a metal sur-
face, a relative height of boron and copper chains changes
and it is even inverted depending on the layer height or
the electronic hybridization with the substrate. These
properties could potentially allow the Cu boride layer
to be separated from the substrate via an electrochemi-
cal treatment®! and to be transferred on an appropriate
substrate to control electronic states of 1D boron in the
2D layer.
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Appendix A: Diffraction patterns of the single-phase
V73 x /39 superstructure

Figure 9 shows simulated LEED and RHEED patterns
of the v/73 x /39 phase on Cu(111) in a single-domain
manner. The electron diffraction patterns in Fig. 2 can
be reproduced by overlapping six different patterns of the

single-phase /73 x /39 superstructure that were oper-
ated symmetrically by a combinations of the two types of
mirror reflections and three angles of three-fold rotations.
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FIG. 10: A band diagram of the 2D Cu boride with weights
of the orbital compositions. The contributions of individual
orbitals were decomposed by using the unfolding method®?.
The green, orange, and purple spheres in the diagram denote
the contributions of boron p-orbitals, copper d-orbitals, and
copper p-orbitals, respectively. Their radii are proportional
to the contribution of each orbital.

Appendix B: Band diagram of the 2D Cu boride

Band dispersion curves of a layer of the 2D Cu boride is
given in Fig. 10. with weights of the orbital compositions
of copper and boron atoms. The calculation result is con-
sistent with that of the previous research'®. Comparing
with the band diagram of the boron chain rows shown
in Fig. 6 (c), one finds that electronic structure of the
Cu boride overlayer can be described by electron filling
(energy shift) of the boron bands and by hybridization
of the boron and copper orbitals.

Appendix C: Simulated TRHEPD rocking curves of
the optimized Cu boride structures at various Cu
chain heights

For reference, Fig. 11 presents a collection of simu-
lated rocking curves of the optimized structures in Fig.
8(a). The copper chain heights (hc,) were fixed in each
structure, while boron chain heights (hp) were optimized.
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FIG. 11: Calculated rocking curves of the layer structures
presented in Fig. 8(a) with the experimental result (bottom
dotted line) for comparison.
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