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Abstract We validate a computational setup based on
density functional theory to investigate hexagonal boron
nitride (hA-BN) monolayers grown on different transition
metals exposing hexagonal surfaces. An extended assessment
of our approach for the characterization of the geometrical and
electronic structure of such systems is performed. Due to the
lattice mismatch with the substrate, the monolayers can form
Moiré-type superstructures with very long periodicities on the
surface. Thus, proper models of these interfaces require very
large simulation cells (more than 1,000 atoms) and an accurate
description of interactions that are modulated with the specific
registry of A-BN on the metal. We demonstrate that efficient
and accurate calculations can be performed in such large
systems using Gaussian basis sets and dispersion corrections
to the (semi-)local density functionals. Four different metallic
substrates, Rh(111), Ru(0001), Cu(111), and Ni(111), are
explicitly considered, and the results are compared with pre-
vious experimental and computational studies.

Keywords Density functional theory - Nanomesh -
Boron nitride - Interfaces - Metal surfaces

1 Introduction

Precise positioning and the control of interactions of indi-
vidual molecules or small assemblies of atoms are of prime
importance in the field of nano-devices. A promising way
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to obtain well-defined arrangements on a large scale is
through template surfaces. These show a variation of the
interaction strength on a nanometer scale. Optimally, the
template will not interact too strongly with the nanostruc-
tures and should affect only weakly their electronic prop-
erties. Such functionalized surfaces have many possible
applications in chemistry and biology and are essential in
nano-electronics.

Monolayers of hexagonal boron nitride (h-BN) [1], as
well as the isoelectronic carbon structure, graphene (gr),
grown on transition metal (TM) surfaces have received
much interest as possible templates for use in nano-devices.
Chemical vapour deposition of precursor molecules, e.g.,
borazine in the case of A-BN, on a hot metallic surface
leads to a spontaneous formation of the uniform epitaxial
monolayers. Originally, the preparation of a single layer of
h-BN was achieved on the Rh(111) surface [1, 2], but
recently similar structures have been grown on Ru(0001)
[3-5], Pt(111) [4, 6, 7], Ni(111) [8-10], Cu(111) [10],
Pd(111) [11], and Ag(111) [12]. One-dimensional struc-
tures of #-BN have been produced using the same proce-
dure on Cr(110) [13], Fe(110) [14], and Mo(110) [15].
Using similar recipes, graphene structures on most of these
TM surfaces have also been obtained [5, 16].

As the monolayer is adsorbed, its properties can become
periodically modulated to form an extended superstructure.
An important motivation of this work is to investigate the
properties of such superstructures and the conditions under
which they can be obtained. The long-range structure of the
monolayer depends strongly on a series of factors: the
mismatch o in the unit cell length [ of the free-standing
monolayer and the TM surface,
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the distance-dependence of the #-BN to metal interaction,
and the deformation energy, both in- and out-of-plane, of
the monolayer. In A-BN/Rh(111), the balance between
lattice mismatch o of —7.0 % and quite strong rhodium-—
nitrogen interaction leads to a strongly corrugated structure
with a periodicity of 3.22 nm, the so-called nanomesh [2].
The highly regular hexagonal arrangement corresponds to a
coincidence lattice of 13 x 13 A-BN on 12 x 12 Rh unit
cells. The adsorbate is characterized by “pores” of about
2 nm diameter that strongly interact with the metal and
elevated regions, where the interaction with the metal is
weak, that form the connected “wire” network. The strong
variation in bonding leads to a corresponding variation of
the electrostatic potential above the monolayer that is
responsible for trapping molecules [17]. The h-BN/
Rh(111) nanomesh is a very stable structure that
withstands temperatures of 1,000 K and can be exposed
to liquids without losing its properties. Reversibility of the
modification of the structure using atomic hydrogen has
also been demonstrated [18]. Similar nanomesh structures
have been found on Ru(0001), Pd(111), and Pt(111), which
present comparable or even larger lattice constant
mismatches. On other metals, like Ag, with a weak
interaction and smaller differences in the lattice
constants, commensurate structures with no preferred
relative orientation [9, 12] have been observed.

Density functional theory (DFT)-based electronic
structure calculations have been instrumental in the
understanding of the structure and properties of the h-BN
and gr nanomeshes [2, 5, 12, 17, 19]. Experimental tech-
niques applied to characterize the nanomesh, i.e., scanning
tunnelling microscopy (STM) and spectroscopy (STS),
surface X-ray diffraction (SXRD), ultraviolet (UV), and
X-ray photoemission spectroscopy (UPS, XPS), as well as
X-ray absorption spectroscopy (XAS), all profit in inter-
pretation from independent simulations. Previous simula-
tions primarily used DFT with the generalized gradient
approximation (GGA) and either the linearized augmented
plane wave (LAPW) method [19-24] or a plane wave (PW)
basis set [25-28].

We have developed an approach to investigate na-
nomeshes based on the Gaussian and plane wave (GPW)
[29] formalism: A localized Gaussian basis positioned at
each atom is used to expand the Kohn—Sham orbitals and a
PW basis to describe the electron density to facilitate the
calculation of the Coulomb interactions. This formalism
leads to a very efficient description of the orbitals that can
make use of locality in large systems and at the same time
allows for the solution of the Poisson equation within linear
time (in system size) [30]. By adding an empirical pair
potential to account for long-range van der Waals (vdW)
forces [31, 32] to a carefully chosen GGA functional, we
achieve a balanced description of all important parts of the
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system energy. We will first show that the chosen model
parameters give a faithful description of important prop-
erties of the individual systems, namely bulk and surfaces
of metals and #-BN. We will then characterize four #-BN/
TM systems (TM: Rh, Ru, Cu, and Ni), thereby also pro-
viding an overview of earlier calculations and experimental
data.

2 Computational details and methods of analysis

Calculations are performed using Kohn—Sham DFT [33,
34] within the GPW formalism as implemented in the
Quickstep module in the CP2K program package [35].
Dual-space pseudopotentials [36—38] are used to describe
the interaction of valence electrons with atomic cores. The
pseudopotentials for boron and nitrogen assume 3 and 5
valence electrons, respectively. The atomic cores of the
metals are described by either a large- or medium-size core
pseudopotential. In particular, for Rh we use potentials
with 9 or 17 explicit valence electrons (q9, q17), for Ru 8
or 16 (g8, q16), 18 for Ni (q18), and 11 for Cu (ql11). The
PW energy cutoff for the expansion of the density is set at
500 Ry. If not stated otherwise, the Brillouin zone is
sampled only at the I' point. Exchange and correlation
contributions are calculated with the Perdew-Burke-Ern-
zerhof (PBE) [39, 40] and revised PBE (revPBE) [41]
GGA exchange-correlation (XC) functionals. The latter is
used together with the corrections for the long-range dis-
persion interactions, computed using either the DFT-D2
[31] or DFT-D3 formalisms [32], that are missing in
GGA'’s. The XC functional and its derivative are calculated
on the same uniform density grid that is used for the
Hartree energy and defined by the choice of the PW energy
cutoff. In order to improve the accuracy and reduce
numerical noise in the evaluation of the XC terms, a
nearest neighbour smoothing procedure is employed. More
details about these techniques are illustrated in Ref. [30].
The Fermi—Dirac smearing of occupation numbers with a
300 K electronic temperature is used in all calculations.
Broyden density mixing [42] is used to facilitate smooth
convergence within a reasonable number of iterations.
Periodic boundary conditions are applied in all calcula-
tions. In calculations with slab-like models, interactions
with periodic images in the direction perpendicular to the
exposed surface are avoided by adding about 20 A of
vacuum space above the slab.

The optimized structures of A-BN on the different
metallic substrates are characterized in terms of structural
parameters, like buckling bgyn (height difference of
neighbouring B and N), global corrugation Ahg y (min-to-
max height difference of B and N sublattices, respectively)
and minimum distance of B or N from the TM d,,,;,(B, N).
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The strength of the interaction between TM and A-BN is
evaluated as

Em = |Ewt — (Eljy, + Ej_gy) | /Nax. (1)

where E, is the energy of the full system, Eﬁlab and
El, g are the energies of metallic slab and 4-BN overlayer,
respectively, considered individually and with the same
coordinates as in the full system (without relaxing them),
and Ny is the number of the BN pairs in the full system.
The adsorption energy

Eads = [Etnt - (Eg]ab + EZ—BN)} /NBN (2)

is, instead, calculated with respect to the optimized free-
standing A-BN and the optimized bare metallic slab.

The effects on the electronic structure due to the interac-
tion between the TM and 4-BN is investigated by the cal-
culation of charge density differences between the full
systems and its constituents (slab and 4#-BN) at the geometry
of the combined system. The density of states projected on
selected subsets of atoms (PDOS) and the representation of
the electronic structure through maximally localized Wannier
functions (MLWF) [43] are also useful descriptors of the
electronic  structure properties. The Tersoff-Hamann
approximation [44, 45] in STM simulations is used to yield
the iso-current topography above the nanomesh. Given a bias
potential V,, (often a fraction of eV), we determine the iso-
current surface as the set of grid points where

ny(z)e KRV ®@) — const. (3)

In this expression, z is the height above the slab, n, the
electron density due to the states with energies within V,,
from the Fermi energy, ®(z) the local work function, Ry an
estimate of the tip curvature radius, and k = \/2m, /. The
constant value is set to the value of this expression at an
arbitrary point laterally, in the present case at the centre of
the cell, and vertically at the height z where the projected
density is equal to 107° electrons/A>, with Ry = 2 A.

3 Assessment of the computational setup

Atomic basis sets, pseudopotentials and the employed
density functional are the most important parameters for
the model used in the nanomesh calculations. Basis sets
and pseudopotentials have to be chosen carefully to find a
balance between accuracy, transferability and computa-
tional efficiency. The largest systems will have a size of
several thousand atoms and tens of thousands of electrons,
and any justified reduction in the basis and the number of
explicitly treated electrons will result in huge gains in
computer time.

The Gaussian basis sets chosen for this type of appli-
cation are of the molecularly optimized type [46] (Molopt
basis). These basis sets are generally contracted and have a
single set of exponents for all angular quantum numbers
(family basis). The full contraction avoids single functions
of diffuse character and results in well-conditioned overlap
matrices for all kinds of systems. The basis sets include 4
primitives (B), 5 primitives (N), 6 primitives (Cu, Ni, and
Rh), and 7 or 6 primitives (Ru) of s, p, d, and f type
functions. The primitives are contracted to a small number
of basis functions, and we denote the basis sets with
[nlijkl], where i, j, k, and [ are the number of contractions of
the s, p, d, and f type and n is the number of primitives.
The exponents and contraction coefficients have been
globally optimized with respect to the total energy of a
small set of reference molecules. The basis sets used are for
B [41221], N [51221], Cu [612221], and Ni [613221]. For Rh,
either the [61212] and [612221] basis sets with the large core
pseudopotential (9 electrons, q9) or the [613221] basis with
17 electrons (q17) are employed; for Ru, either the [61212]
basis with 8 electrons (q8) or the [7I13221] with the ql6
pseudopotential (q16).

Core electrons are described by dual-space pseudopo-
tentials [36-38]. The potentials have been optimized in
atomic calculations using the PBE [39, 40] functional. It is
expected that the potentials perform equally well for the
closely related revised PBE [41] functional.

3.1 Metals

In order to assess the computational setup, we calculated a
series of properties of bulk metals and corresponding rel-
evant surfaces and compared them with experiments and
published DFT results. Table 1 shows results for the lattice
constants calculated for the four metals considered. Results
for the revised PBE functional and our chosen basis sets
and pseudopotentials are compared to PW calculations
with the same pseudopotentials (“PW-PP”) [47-49], PW
calculations using the projector-augmented wave (PAW)
method [50] using the Quantum ESPRESSO code [49], and
the experimental value. The effect of adding the empirical
vdW corrections to the DFT energy is also shown.

With the revPBE functional, the optimized lattice con-
stants are consistently larger than with the PBE functional.
When either of the empirical vdW potentials is added, the
lattice constants become smaller, as expected. The Molopt
basis set calculations usually result in slightly smaller lat-
tice constants when compared to PW calculations using the
same pseudopotential. The only exception is Rh where we
find a larger value. The contraction induced by the vdW
potentials is typically 1.5 % and slightly larger for the D2
than for the D3 correction. However, in copper the effect is
reversed. The final lattice constant calculated with GPW
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Table 1 OPtimized lattice

PBE revPBE revPBE+D2 revPBE+D3 Experiments
constants [A]
Ni ql8 [613221] 3.479 3.501 3.429 3.440 3.5171 [51]
PW-PP 3.522 3.548 3.465
PW- 3.520 3.546 3.465
PAW
Cu qll [612221] 3.620 3.640 3.558 3.539 3.6149 [52]
PW-PP 3.648 3.673 3.584
PW- 3.644 3.676 3.589
PAW
Ru qlé [713221] a 2.718 2.730 2.685 2.700 2.7059 [53]
c 4.292 4311 4.240 4.265 4.2815 [53]
PW-PP a 2.759 2.769
GPW calculations use c 4.366 4.382
8 x 8 x 8 unit cells. PW-PP Rh  ql7  [63221] 3.847  3.864 3.796 3.804 3.803 [54]
and PW-PAW calculations "
involve one unit cell and are PW-PP 3.83 3.851 3.781
converged with respect to q9 PW-pPP 3.860  3.869 3.802
k-points and PW cutoff. PW- 3.843  3.854 3.785
Optimizations for Ru used a PAW

constant c/a ratio

and the revPBE+D3 functional is very close to the
experimental value for Rh and Ru, whereas it is about 2 %
too small for Cu and Ni.

Further evidence of the performance of the model setup
is shown in Table 2 where the bulk modulus, surface
energy, and work function are reported. We consider the
(111) surface for the three fcc metals (Ni, Cu, and Rh), and
the (0001) surface for the hexagonal Ru lattice. The
achieved accuracy is comparable in all four TMs.

As we are interested in very large systems and the prop-
erties of the metal support are often only of minor concern, we
have also investigated the performance of pseudopotentials
with fewer valence electrons for Ru and Rh. This basis set/
pseudopotential setup is particularly interesting for the study
of molecules interacting with the nanomesh. In these cases, we
can trade in a slightly reduced accuracy in the description of
the metal surface for an increased computational perfor-
mance. However, as we are dealing with a large metallic
system, the computational cost is dominated by the diago-
nalization of the Kohn—Sham matrix.

Even when not the entire eigenvalue spectrum is needed,
the computational cost will scale cubically with the total
number of basis functions. Hence, simply reducing the
number of explicitly treated electrons by changing the
pseudopotential is unlikely to improve performance sig-
nificantly. Smaller basis sets also have to be used together
with the q8 pseudopotential for Ru and the q9 pseudopo-
tential for Rh. The new setup for Ru is [6/1212] with the g8
pseudopotential and the two new setups for Rh [612221] or
[61212] together with the q9 pseudopotential.

Table 3 compares the lattice constant, bulk modulus,
surface energy, and work function obtained for Ru and Rh
using the small valence setups and the “reduced size”
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setups. For this comparison, the revPBE+D2 approach has
been selected. The results are in reasonably good agree-
ment, thus validating the use of “reduced size” setups for

Table 2 Bulk modulus B [GPa], surface energy @ [eV/z&z], and work
function @ [eV] in the studied metal system

Method  Functional Cell B ¢ D
Ni GPW revPBE exp. 227 0.082 4.83
revPBE+D3 exp. 285 0.165 4.81
PW-PP  revPBE exp. 0.106 4.87
PW- revPBE exp. 0.109 4.92
PAW  1evPBE+D2 exp. 0.174 4.90
exp 186 0.149, 0.153 5.35
Cu GPW revPBE exp. 149 0.073 4.68
revPBE+D3 exp. 203 0.136 4.69
PW- revPBE exp. 0.068 4.81
PAW  (evPBE+D2 exp. 0.126 4.80
exp 137 0.112,0.114 4.98, 4.92
Ru GPW revPBE opt. 307
revPBE+D2 opt. 323 0.225 5.01
revPBE+D3  opt. 345
exp 311 0.190 4.47
Rh GPW revPBE opt. 235
revPBE4+D2 opt. 250 0.178 5.13
revPBE+D3 opt. 267 5.12
PW- revPBE opt. 238 0.124 5.01
PAW " evPBE+D2 opt. 256 0.206 5.02
exp 270 0.166, 0.169 5.0

The experimental values (B from Ref. [55] except Ru [57], ¢ from
Ref. [57] and @ from Ref. [58]) are shown in brackets. Computational
parameters are the same used for the optimization of the lattice
constants reported in Table 1
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Table 3 Properties of Ru and Rh calculated with different basis sets
and pseudopotentials using the revPBE+D2 approach

a B ¢ ()
Ru ql6 [713221] 2.685 323 0.225 5.01
q8 [61212] 2718 320 0.218 5.00
Rh ql7 [613221] 3.796 250 0.178 5.13
q9 [612221] 3.813 250 0.172 5.14
q9 [61212] 3.836 234 0.167 5.20

I:attice constant a [/&], bulk modulus B [GPa], surface energy ¢ [eV/
Az], and work function ® [eV]. The lattice constant of Ru is calcu-
lated at a fixed c/a value

the calculations of the #-BN/TM interfaces, with significant
improvements in the computational performance.

3.2 Hexagonal boron nitride

To test the basis sets and pseudopotentials for the elements
B and N, we calculated properties of bulk A#-BN. These
systems also provide insight into the performance of the
empirical vdW correction to the density functional for
weak interactions. Results are shown in Table 4 for 2-BN
with AA’ and AB stacking. The AA’ stacking contains
alternating N and B atoms along the direction perpendic-
ular to the BN hexagonal plane. In the AB stacking, the
second layer is shifted by a third of the unit cell along the
in-plane (11) direction.

The dispersion correction is essential to obtain good
agreement with experiment for the interlayer distance
because the GGA functionals do not describe the vdW
interactions. In particular, both variations of the Grimme
potential (D2 and D3) give a slightly too short interlayer
separation between the hexagonal BN planes, while the
calculated bond lengths are not affected by the dispersion
correction and agree well with experiment and previous
theoretical estimates.

4 h-BN/metal interface

Thermal decomposition of borazine on hot TM surfaces
can lead to the formation of a Moiré lattice of a highly
regular and corrugated A-BN monolayer on the hexagonal
metallic surface (for the fcc metals (111) and for Ru the
hcp(0001) orientation). The periodicity of such super-
structures at the A-BN/metal interface depends strongly on
the lattice constant mismatch between A-BN and metal, but
can also be influenced by the preparation details [63]. We
investigate four systems: two where the lattice constant
mismatch is almost 10 % and the h-BN overlayer is
strongly corrugated (Rh, Ru), forming the so-called nano-
mesh [1], and two with small mismatch and practically no
corrugation (Ni, Cu). These systems have previously been
investigated using different simulation methods and mod-
els. Structures and bonding of A-BN/Rh(111) and A-BN/
Ru(0001) were studied in detail by applying LAPW models
[22, 24]. The h-BN/Ni(111) system has attracted attention
due to the surface magnetization [20, 21, 25, 26], which is
retained after 2-BN growth. Results on the #-BN/Cu(111)
systems have been reported within an extended study on
several TMs [21]. More theoretical work on these systems
is available in the context of additional molecular inter-
actions (water on 2-BN/Rh(111) [64, 65], metal atoms on
h-BN/Rh(111) [27, 66], hydrogen adsorption and interca-
lation [18, 67]), and in direct connection with experiments
[2, 5, 10, 19, 23, 68].

The mismatch between ~-BN and metal is a fundamental
parameter that determines binding and corrugation of the
h-BN monolayer. For this reason, we choose the size of the
simulation cell that reproduces exactly the experimental
mismatch using as reference value the equilibrium lattice
constant of 42-BN as obtained with our setup, i.e., 2.517 A.
This results in an effective lattice constant a of 3.801 A for
Rh, 3.628 A for Cu, 3.543 A for Ni, and 2.724 A for Ru.
Structural optimizations are typically started from a flat

Table 4 Crystal properties of

the bulk /BN at two different GPW: revPBE PAW: revPBE PW-LDA Experiments

stackings, AA’ and AB, with DFT DFT-D2 DFT-D3 DFT DFT-D2 [59]

either no dispersion correction

or DFT-D2 [31] and DFT-D3 h-BN: (AA")

[32] formalisms a 2516 2512 2511 2521 2515 2.486 2.50 [60]
diayers 4.145 3.154 3.224 5.262 3.076 3.219 3.33 [60]

The polymorphs are dp_n 1.453 1.450 1.450 1.455 1.452 1.435 1.44 [61]

energetically degenerate within GPW: revPBE PAW: revPBE PW-LDA Experiments

1 meV. Cell parameter

a, interlayer distance dl:.\yers; and DFT DFT-D2

DFT-D3 DFT DFT-D2 [62]

B-N bond distance dg_n [A].

Other DFT calculations (with h-BN: (AB)

PW formalism with the LDA a 2.516 2.511

XC functional) and Aigyers 4.148 3.135

experimental results are shown d i 1.453 1.450
B-N . .

2510 2.521 2514 2.478
3.199 5.318 3.041 3.279
1.449 1.455 1.451 1.431

for comparison
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h-BN terminating a slab of four or seven metallic layers
and are stopped when the largest gradient is smaller than
4 x 10~* Hartree/Bohr. The revPBE-GGA is used as the
exchange-correlation functional and is augmented with the
empirical DFT-D3 dispersion correction unless otherwise
stated.

4.1 h-BN adsorbed on Rh(111)

Full models of the A-BN/Rh(111) unit cell have been
studied previously [22, 24, 27]. In this section, we will
extend our results [64] and compare them to other studies.

The lattice mismatch between A-BN and Rh(111) is
quite large, the (111) lattice constant of Rh being —7.0 %
larger than that of #-BN. Such a mismatch does not allow a
commensurate growth of the overlayer. Instead, a super-
structure constituted of 13 x 13 A-BN units on a 12 x 12
Rh(111) surface has been observed. In principle, only a
slight distortion of the B-N bond length would be required
to match with a flat 13 x 13 A-BN layer on top of the
12 x 12 Rh(111) units. This is an overall contraction of the
bonds by 1.4 % from 1.45 to 1.43 A and corresponds to an
energy increase of 0.02 eV per BN pair. This has to be
compared with a stretching energy of 0.40 eV/BN for the
1 x 1 commensurate structure. In fact, the adsorbed #-BN
layer is corrugated, in order to optimize the BN-Rh binding
over a larger area. The extent of this area depends on the
registry of h-BN over the Rh(111) surface.

4.1.1 Quasi-commensurate adsorption of h-BN on Rh(111)

To gain a deeper insight into how the registry affects the
binding properties, we first investigate models of smaller
size, where the one to one commensurate structure is
obtained by stretching the #-BN overlayer. In these models,
we use a Rh(111) slab of seven layers and 6 x 6 lateral
unit cells. The slab with the q17 pseudopotential for Rh is
terminated on both sides with the stretched 6 x 6 h-BN
layer to match the lattice constant 3.801 A of Rh. The h-BN
layer can be arranged with nitrogen on top of a Rh atom
and B on the next hollow site, namely the (N-top,B-fcc)
and (N-top,B-hcp) registries, or with nitrogen occupying
a hollow site, giving rise to the possible (N-fcc,B-top),
(N-hcp,B-top), (N-fce,B-hep), or (N-hep,B-fcc) registries.
These test systems are well suited to investigate the
importance of the dispersion energy since they act as
models for the different bonding situations in the full
system. The registries with N atop are the most stable
structures, whereas when N occupies a hollow site, the
binding is weaker and lateral movement has to be con-
strained in geometry optimizations to keep the overlayer in
such a position. In Table 5, interaction energy, work
function, as well as some structural properties are
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Table 5 Properties of the quasi-commensurate #-BN/Rh(111) sys-
tem, using the symmetric slab model at the four registries: Interaction
energies [eV/BN], work function @ [eV], and distances and buckling [A]

N B Eint o dmin(N) bB—N

top fcc —0.621 3.07 2.184 0.139
top hcp —0.587 3.07 2.193 0.141
fce top —0.323 3.83 2.590 0.088
hcp top —0.325 3.76 2.608 0.085

summarized for the four investigated commensurate 1 x 1
models.

The stretched overlayer remains overall flat in all the
registries, even though the B-N bond buckles. The most
stable structure is the (N-top,B-fcc) registry, with a mini-
mum N-Rh distance of about 2.18 A. The (N-top,B-hcp) is
very similar, only 0.034 eV/BN less stable than the
(N-top,B-fcc) registry. Since the energy cost for a 1-to-1
matching of 2-BN on Rh(111) is quite large, the adsorption
energy is only about —0.14 eV per BN pair in the N-top
structures, while it is positive in all the N-hollow models.
In the latter case, the weak binding is not sufficient to
compensate the energy cost for the distortion of the 2-BN
layer. When N occupies hollow sites, the vertical distance
from Rh(111) increases and the buckling is reduced. The
buckling can be explained considering the weakened B-N
bond, due to the stretching of the ~2-BN layer and a partial
charge redistribution. Indeed, due to the presence of the
metal, the electronic charge localized around the N atoms
is polarized towards the Rh slab. Hence, the positively
charged B atoms get attracted towards the negatively
charged interlayer region. This effect is more evident in the
N-top registry, where the N-Rh interactions and the
polarization of N-p, electrons are stronger. In this case, we
can consider the N-p band as hybridized with the metal
d band.

In order to characterize the electronic structure, we
make use of the MLWFs. The displacements of the centres
of charge, or Wannier centres (WC) of the MLWFs, with
respect to the nuclear cores in different chemical envi-
ronments can be used as an indicator of polarization. In
free-standing h-BN, three such WCs are found along the
three in-plane B-N bonds of each nitrogen atom. The
fourth centre, representing the nitrogen lone pair, is located
at the N atom. In the N-top structure, instead, the lone-pair
WC is displaced into the interlayer region, indicating a
polarization of the electronic charge distribution due to the
interaction with the metal. As a consequence, the work
function of the system is reduced from 5.01 eV of bare
Rh(111) to 3.07 eV. Such N-Rh binding interaction is not
observed in the N-hollow configurations, and the lone-pair
WC is located within the A-BN plane like in the
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free-standing A-BN. The work function in this case is
3.8 eV, almost independent of the specific registry.

In the (N-top,B-fcc) and (B-top,N-fcc) models, we have
investigated the effect of the empirical dispersion correc-
tion term and the basis set superposition error (BSSE). The
counterpoise correction method results in a 3 % correction,
or destabilisation, of the interaction energy in both cases.
The interaction energy computed in the two models as
function of the distance of the 4-BN layer from the surface
is displayed in Fig. 1. In these calculations, the structure
has not been relaxed. In the case of strong interaction
(N-top), DFT(revPBE) alone results in bonding at distances
between 2.1 and 2.5 A with a minimum at about 2.3 A.
This bonding is slightly enhanced by the dispersion cor-
rection, which results in a decrease in the equilibrium
distance. In contrast, the weakly bound system has all its
binding energy from the dispersion contribution. The effect
of the actual type of dispersion correction used (D2 vs. D3)
is minor, the D3 correction always being slightly weaker
than the D2 correction. In the full nanomesh, the dispersion
forces play an important role in the weakly bound region
(wire). The effect is that the wire lies closer to the metal
surface, thus reducing the overall corrugation. The same
effect has been seen in graphene systems [69].

4.1.2 h-BN/Rh(111) nanomesh

The full supercell for the nanomesh is constructed with the
metallic slab of 12 x 12 lateral unit cells of Rh(111) ter-
minated with a 13 x 13 h-BN overlayer. We tested several
different models by changing the thickness of the slab,
from four to seven layers, and pseudopotential and basis set
of Rh, i.e.,, both ql7 and q9 pseudopotentials with the

0.80 T T T 0.80
N-top, B-fcc B-top, N-fce — revPBE
0.60 | T - D2 4 0.60
— D3
0.40 T — — revPBE+D2 1040
\ — — revPBE+D3
0.20 1 4020

0.00 4 0.00

Energy [eV]

-0.20 | 4 -0.20

-0.40 | 4-0.40

-0.60 4 -0.60

-0.80 - - - - -0.80
2.0 2.5 3.0 2.5 3.0 35

Vertical Distance BN-Rh top layer [A]

Fig. 1 Interaction energy as a function of the vertical displacement of
the #-BN overlayer calculated in the ~-BN/Rh(111) system: DFT(rev-
PBE) contribution (red), and the contribution of only the dispersion
D2 (blue) and D3 (green). The total potential energy can be obtained
by summing red and blue (revPBE+D2, blue dashed) or red and
green (revPBE+D3, green dashed) lines

[613221] and [61212] basis sets, respectively. For B and N,
we always use q3 and q5 pseudopotentials and [41221] and
[51221] basis sets. The largest tested model is a symmetric
slab of 7 layers (1008 Rh atoms) and one #-BN overlayer
per side (338 BN pairs), for a total of 1,684 atoms. With the
ql7 pseudopotential and the largest [613221] basis set for
Rh, this amounts to 19,840 electrons and 34,996 basis
functions. Nevertheless, similar structural and electronic
properties of the nanomesh are obtained with the compu-
tationally more convenient setup employing q9 pseudopo-
tential and [61212] basis set. In what follows, we report the
results for the seven layer slab with #-BN on one side only
(non-symmetric system) and the bottom-most layer is kept
fixed with the atoms in bulk positions. With this model, we
allow the relaxation of the metal layers deeper inside the
slab. This is important in order to be able to estimate how
much the interaction with 4-BN affects the substrate.

Upon starting the optimization of the full system with a
flat and contracted A-BN overlayer (1.4 % contraction of
B-N bond length), it slowly adjusts to the substrate,
building up a corrugation pattern and modulation of the
B-N bond length. From the height colour map in Fig. 2a),
where the B and N atoms are coloured in red (pore) and
blue (wire), two flat regions are clearly identified. The pore
region contains the atoms that are closer to the metal
(2.2-2.4 A). Here, the registry is approximately (N-top,B-
fcc) and the B-N bond length tends to be stretched with
respect to free-standing h-BN (see Fig.2b), in order to
maximize the N-Rh contact and thus the pore area. For the
same reason, Rh atoms below the pore have a slightly
shorter Rh—Rh bond distance of 2.67 A. The shape of the
pore is approximately hexagonal and it is centred on three
on top N atoms. The wire region lies about 1 A higher,
between 3.2 and 3.4 A. Here, the B atoms are approxi-
mately on top and the bond length is contracted. The steep
change in height involves only two BN rows (yellow and
green in the figure). The pore region corresponds to about
20 % of the overlayer. The wire involves slightly more
than 50 % of the area. The adsorption energy E,4s per BN
pair is calculated to be —0.25 eV. This value contains the
energy loss due to the contraction of the flat ~-BN layer,
0.02 eV/BN, the energy loss due to the corrugation of the
contracted overlayer, 0.03 eV/BN, and the energy loss due
to the corrugation of the Rh layers, induced by the inter-
action with A-BN. The bare interaction energy between
h-BN and metal amounts to —0.31 eV/BN.

The hybridization of the N lone pairs with the Rh d band
is responsible for the bonding interaction in the pore
region. The charge density difference map reported in
Fig. 3 shows that modifications of the charge distribution
due to the interaction between A-BN and Rh are visible
only in the region of the pore. In the region between the
metal surface and A-BN, accumulation of charge is
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Fig. 2 a Height colour map of
the B and N atoms, measured
relative to the average height of
the topmost Rh layer, in the A-
BN/Rh(111) nanomesh. The
height ranges for each colour
are given in the legend of the
figure. The small grey spheres
represent the Rh atoms of the
slab underneath. b B-N bond
length versus the height of the N
atoms over the topmost Rh
layer. The green and red
horizontal lines indicate the
equilibrium B-N bond length
and the bond length of flat

13 x 13 h-BN over the 12 x 12
Rh(111) units, respectively

Fig. 3 a Top view of the charge %" TeTeTe%0
density difference in the 7-BN/ 5’;};"‘.::::: : ; ::
Rh(111) nanomesh. The red and ""","" :0:‘,:‘,:9
the black iso-surfaces in the top 5“ 59 g “g
view indicate a difference of s %

40.005 and of —0.005 e/A*,
respectively. b, ¢ Slice cutting
through the middle of the pore
through N and B atoms,
respectively. The range of the
colour map from blue to red
corresponds to values from
—0.005 to +0.005 e/A’

observed at the first Rh layer (red iso-surface at +0.005 e/A3
and red areas in the volume slice). The displaced charge
comes mainly from the N atoms and from the first layer of
Rh atoms, where depletion areas (black iso-surface) are
visible. The blue areas in the volume slice in Fig. 3b indicate
that charge is subtracted from the area around the N, whereas
red areas are in the interlayer region under both N and B. All
other parts of the metal as well as the wire region of the
nanomesh do not show any charge redistribution. The
description of the charge distribution via Mulliken atomic
charges shows that N atoms turn out to be less negative than
in the free-standing #-BN, while B atoms tend to keep their
positive charge. Overall, the 4-BN layer is partially positive
and the missing negative charge is located at the slab sur-
face, below the pore.

In Fig. 4a, the simulated STM topography, obtained at a
bias potential of —1 eV with the method described in Sect.
2, is reported. The iso-current surface has been generated
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starting with a value of isodensity n, = 107° e/A%; it lies
about 3 A above the #-BN overlayer. The overall corru-
gation of this topography map is about 1 A, as also shown
by the height-profile obtained along the black-dashed line
crossing through the centre of the pore region. The vertical
position of the WCs can be used to show the correlation of
amount of bonding with the distance of the overlayer from
the metal surface. In Fig. 4b, the distance along the z axis
of each lone-pair WC from the closest N atom is reported
on the ordinate, while on the abscissa is the height of the
corresponding N atom above the Rh surface. In this plot,
the height-to-polarization correlation is clearly visible. In
particular, we notice that in the presence of the Rh(111)
substrate, the WC-N distance increases when the N is
closer to the metal (red squares). This effect is not visible
in the corrugated free-standing A-BN (green squares),
where the lone-pair WCs remain at about 0.2 A from N,
irrespective of the height of N. The charge density
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Fig. 4 a Simulated STM Tersoff-Hamann iso-current surface
obtained at a bias potential of —1 eV at the ~-BN/Rh(111) nanomesh.
The axis units are A. b Absolute vertical distance of the lone-pair WC
from N versus height of N at the nanomesh (red) and at the corrugated

polarization in the pore region directly leads to a strong
modulation of the electrostatic potential and, consequently,
of the local work function. Figure 4c contains the map of
the local work function over the simulated STM iso-current
surface displayed in panel a). The resulting work function
map can be compared to experimental dI/dz maps [68].
Along the line crossing diagonally through the pore, we
estimate a difference in work function between wire and
pore of about 0.45 eV. It is this strong change in electro-
static potential that is responsible for the trapping of mol-
ecules and atoms in the pore [64].

4.2 h-BN adsorbed on Ru(0001)

The a parameter of the Ru hexagonal lattice is 8.2 % larger
than that of A-BN. Hence, it is reasonable to expect that
similar structures as those observed on Rh(111) can be
formed on the Ru(0001) surface. Indeed, the formation of a
nanomesh of #-BN on Ru(0001) was reported first in 2007
[3]. The periodicity of 13-on-12 was considered to be the
most likely [70] and was therefore subsequently used in the
theoretical studies by Laskowski and Blaha [24] and Wang
and Bocquet [27]. Comparison with experiments also
supported this periodicity, as h-BN deposited on thin
Rh(111)-films grown on yttrium-stabilized zirconia on
Si(111) [63] resulted in a 14-on-13 structure: It was argued
that the slightly smaller lattice constant of the Rh-film
compared to bulk Rh(111) and the slightly different ther-
mal expansion coefficients are responsible for the forma-
tion of this larger superstructure. Extrapolating this line of
argument to a Ru(0001) single crystal, it was predicted that
either a 12-on-11 or a 13-on-12 nanomesh superstructure
would be formed at the growth temperature of 900 K.

but free-standing 4-BN with the same coordinates as in the full system
(green). ¢ Modulation of the local work function calculated at the
Tersoff-Hamann iso-current surface. The values of the work function
are in eV

However, using surface X-ray diffraction [71], a 14-on-13
structure was found. According to the proposed interpre-
tation, energy minimization from the stronger bonding of
h-BN to Ru in comparison with 2~-BN/Rh(111) overcomes
the increased strain energy and leads to the formation of a
larger superstructure, 14-on-13, rather than the smaller
13-on-12.

Here, we consider both the proposed superstructures for
h-BN on Ru(0001), i.e., the 13-on-12 and the 14-on-13, and
compare to the 13-on-12 A-BN on Rh(111) nanomesh. In
these calculations, we employ the q8 pseudopotential and
the [61212] basis set for Ru. The models contain seven Ru
layers terminated by the 42-BN overlayer on one side only.
On the opposite side of the slab, the Ru atoms of the ter-
minating layer are fixed at bulk positions. The flat 13 x 13
h-BN overlayer can match the 12 x 12 Ru(0001) surface
without distortion, whereas in the 14-on-13 superstructure,
the B-N bond length has to be elongated by 0.5 %. How-
ever, as observed already on Rh(111), starting the optimi-
zation from a flat overlayer, a strongly corrugated structure
is formed in both registries, where lower and higher regions
correspond to elongated and contracted B-N bonds,
respectively. The 14-on-13 superstructure turns out to be
energetically favoured, with an adsorption energy
0.012 eV/BN lower than that of the 13-on-12. The reason is
the larger low and flat region (pore) with approximately
(N-top,B-fcc) registry, where the N-Ru interaction is
maximized. On Ru, the corrugation is more pronounced
than on Rh, being about 1.7 A in 13-on-12 and 1.5 A in
14-on-13 models. The height colour map of the 14-on-13
structure is reported in Fig. 5a. The area of the wire region
(blue) is substantially smaller compared to the nanomesh
on Rh, indicating a better contact between the overlayer
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Fig. 5 a Height colour map of
the B and N atoms, as measured
relative to the average height of
the topmost Ru layer in the
optimized 14-on-13 #-BN/Ru
structure. The height ranges for
each colour are given in the
legend. The small grey spheres
represent the Ru atoms of the
slab underneath. b B-N bond
length versus the height of the N
atoms above the topmost Ru
layer. The green and red
horizontal lines indicate the
equilibrium B-N bond length
and the bond length of flat

14 x 14 h-BN over the 13 x 13
Ru(0001) units

and the TM in the present case. In the pore, the B-N bond
length is elongated in order to optimize the (N-top,B-fcc)
registry, with bonds as long as 1.52 A. The overlayer keeps
a good contact with the substrate even at the outer ring of
the pore region, where the N atoms are displaced from the
top sites. Hence, the interaction area on Ru(0001) is more
extended, including also the region of the overlayer where
the B-N bond is located above Ru, with approximately
bridge-type registry. This is clearly visible in the charge
density difference map reported in Fig. 6. The charge
redistribution affects more than 50 % of the overlayer.
Electronic charge is displaced from the N lone pairs and the
B-N bonds (black iso-surface) towards the metal, thus
creating an accumulation of charge in the interlayer region
(red iso-surface). Moreover, the footprint of the #-BN—Ru
interaction extends deeper into the metallic slab than what
is observed in the Rh(111) system, namely the plane cut-
ting through the pore (panels b and c¢ in Fig. 6) shows
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significant charge redistribution between the second and
third Ru layers. Also the corrugation of the metallic layers
below the nanomesh is larger than in Rh (cf. data in Table 6).
Due to the more effective interaction, even if the stronger
corrugation causes larger energy loss, i.e., 0.14 eV/BN in the
14-on-13, the adsorption energy on Ru(0001) is more than
0.1 eV per BN pair lower than on Rh(111).

The nature of the electronic interaction between Ru and
the overlayer can be better understood from the PDOS.
Figure 7 displays the PDOS on N and B p-states, distin-
guishing between the contributions from the atoms
belonging to the pore region and those in the wire region.
The interaction with the metal mostly affects the occupied
p-states on the pore N. The corresponding band shifts to
lower energy due to the hybridization with the Ru d band.
On the contrary, the B PDOS show much smaller changes
between pore and wire, suggesting that B is less directly
involved in the orbital re-hybridization.

Fig. 6 aTop view of the charge APR PP 73 3 23 £3 L3 L3 65 4]

density difference in the 14-on- @ %o ® o & o e ke Woie B e B e ¥ il i P ¢ N
=4 o4 54 1 B9 0 - ~

13 A-BN/Ru nanomesh. The red Ly e S P P P > ? ggi.&.&.gg # 3 " : ‘

and the black iso-surfaces in the o : ® e ¥e Ve Yol T % Ru-1

top view indicate a difference of A -' tg -
+0.005 and of —0.005 /A%, (.
respectively. b, ¢ Plane cutting
in the centre of the pore through
N and through B, respectively.
The range of the colour map
from blue to red corresponds to
values from —0.005 to +0.005
e/A3

Piieg 4 4 £ 81 01 40 &

@ Springer

A5 13 £3 £3 £3 £5 64 &2 4>
b o R Y

Yot 0 6885858 ‘
Paeseieie e s M ERERE R NN ¥ ¢ % §yRud

Oﬁe".“w
o202 ® & © ® ® 6 ® O O 6 O ® (RUS
v %
ot be
!is ¥ $ 96666666 6 6 (Ru7
Eef‘ (b)
é
B 6" ¢ [ Y B
NI oo . t
NN PV oa? en ¥ anaannVarad
®0%0%0"a"d ¥ ® ® ® ® & ® ® & & & § Ru2
.'l L7 L]
@ & ¢ Ru4
¢ & 4 Rub



Theor Chem Acc (2013) 132:1350

Page 11 of 17

Table 6 Summary and comparison of results for ~-BN on Rh(111)
and Ru(0001)

h-BN/Rh h-BN/Ru h-BN/Ru

13-on-12 13-on-12 14-on-13
Egnaist 0.022 0.0001 0.004
E.qs —0.254 —0.367 —0.380
Ei —0.310 —0.520 —0.542
EgNcorr 0.032 0.134 0.139
dmin(N) 2.208 2.186 2.186
dmin(B) 2.128 2.082 2.076
Ahyn 1.082 1.665 1.497
Ahg 1.175 1.754 1.640
Ahigtm 0.153 0.258 0.247
Ahonatv 0.157 0.248 0.256
Ahsratm 0.125 0.202 0.212
Ahstm 1.0 1.7 1.6
AD 0.5 0.36 0.35
pore % 20 43 46
(<2.4 on Rh; <2.2 on Ru)
wire % 52 23 19

(>3.2 on Rh; >3.3 on Ru)

Energies are given in eV/BN, distances and corrugations in A, work
functions in eV. Epngise 1S the distortion energy of the flat free-
standing h-BN, E, 4 the adsorption energy, Ej,, the interaction energy,
and Egncorr the corrugation energy of the distorted free-standing
h-BN. dpin(N), dinin(B), and Ahg n are defined in the text. Ahqy of the
first three TM layers is computed as the difference between minimum
and maximum height of the metal atoms within each corresponding
layer. The corrugation of the simulated STM topography, Ahstv, is
obtained from the iso-current surface at a bias of —1 eV, and the
modulation of the local work function A® is computed at this same
iso-current surface

4.3 h-BN adsorbed on Cu(111)

Compared with other metal substrates, copper has so far
received little attention for A-BN adsorption. An experi-
mental study using XAS and photoemission spectroscopy
[8] revealed only weak chemisorption of A-BN on Cu(111)
and a very flat layer. More recently, Laskowski et al. [21]
included Cu in a systematic theoretical study of TM sub-
strates for A-BN. They used the LAPW method to study
7-layer metal slabs with a commensurate 1 x 1 registry.
They report results obtained with different XC functionals,
LDA, PBE, and Wu-Cohen-GGA (WC-GGA) [72]. The
LDA interaction energy is —190 meV/BN for A-BN
adsorbed in the (N-top,B-fcc) registry, the height over the
Cu(111) surface 3.10 A, and the B-N buckling 0.02 A. On
the other hand, Ej, is only —10 meV/BN with the WC-
GGA functional and the monolayer turns out to be unbound
(positive Ej,) with PBE. We note that no dispersion cor-
rection was applied in these calculations.

E-Ef [eV]

E-Ef [eV]

Fig. 7 PDOS in the 14-on-13 A-BN/Ru(0001) nanomesh on N and B
p-states normalized by the number of atoms included in the
projection. The PDOS obtained from all the N or B atoms in the
overlayer, and only from the atoms in the pore and the wire are shown
with black, red, and blue lines, respectively

In this work, the previously discussed setup is employed
to determine adsorption energies and structural properties
of the h-BN/Cu system with six different registries. The
Cu(111) slab of seven 6 x 6 layers is symmetrically ter-
minated on both sides by a 6 x 6 h-BN layer, located at an
initial vertical distance of 2 A. The h-BN and Cu lattices
match quite closely, with A-BN having a 2.2 % smaller in-
plane lattice parameter. In order to match the Cu(111)
lattice, the #-BN layer is thus stretched, thereby elongating
the bond lengths by the 2.2 %. Upon the optimization, the
B-N bond length is not exactly uniform over the layer
anymore and these adjustments cause a minute offset with
respect to the assigned registry and the observed small
corrugation (<0.03 A). Adsorption and interaction energies
as well as some structural parameters from all the six
structural optimizations are listed in Table 7.

As can be seen from both the adsorption energies and
the h-BN-metal separation, the differences among the
registries are quite small. E,qs is always negative (i.e.
binding) and very close to Ej,, which is about 30-50 meV
smaller, except in (N-top,B-hcp) where the two energies
are essentially equal. This is an indication that the mono-
layer remains largely unchanged upon adsorption, i.e.,
effective interaction is weak. The work function, @, spans a
range of 0.1 eV from 3.62 to 3.71 eV. The systems are also
similar in geometrical structure. In all registries, the
adsorbate layer is approximately 3 A (2.99-3.03 A) from
the metal surface and is very flat, as indicated by the small
h-BN corrugation.

In contrast to previous studies, our work explicitly takes
into account dispersion contributions to the adsorption
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Table 7 Properties of the commensurate A-BN/Cu(111) system,
using the symmetric slab model in the six registries: adsorption and
interaction energies [eV/BN], work function @ [eV], and distances,
corrugation and buckling [A]

N B Eads Einl ) dmin dmin AhN bBN

® @
top fecc —-0270 —-0.298 3.62 2962 2977 0.010 0.015
top hcp —0.265 —-0.262 3.63 2966 2980 0.020 0.015
fcc top —0.244 —0.284 3.66 2.959 2976 0.052 0.016
hep top —0.229 —-0.273 3.67 2969 2985 0.043 0.016
fcc hep —-0.234 —-0.281 3.71 3.023 3.036 0.006 0.013
hep fece —0.234 —-0.280 3.69 3.019 3.032 0.045 0.013

energies. These appear to be significant in order to obtain a
monolayer adsorbed in a stable way, as opposed to the very
weakly bound or unbound systems. However, as vdW
interactions are unspecific and only attractive, they do not
make clear distinction among the various possible regis-
tries. Due to a small electronic effect, configurations with
N atop turn out to be somewhat energetically favoured to
the others, which confirms previous results [20, 21].
However, we cannot confidently distinguish between
(N-top,B-fcc) and (N-top,B-hcp). The energetic differences
between the remaining four registries are also too small to
establish a well-defined hierarchy of stability.

We have investigated the influence of the h-BN-Cu
interaction on the electronic structure of the hA-BN by
comparing the PDOS and the charge density distribution.
In general, the observed effects are small, and therefore, we
do not show plots of the results here. By mapping the total
density differences, only a slight polarization of the
monolayer upon adsorption is revealed, largely indepen-
dent of the registry. The major difference in the PDOS on
the p, states of N between the (N-top,B-fcc) and the
(N-fcc,B-hep) configurations, the structures with the
smallest and largest values of the work function, is a shift
of the valence band by about 0.3 eV.

More recently, it has been shown [73] that the —2.2 %
lattice mismatch between Cu(111) and A-BN causes the
formation of Moiré patterns also at this interface, accom-
panied by small rotations of the overlayer with rotation
angles from 1 to 10 degrees. The resulting superstructures
have much larger unit cells and the simulations become
much more challenging. Further discussion of this type of
h-BN/Cu(111) superstructure, supported by both experi-
ments and calculations, is reported in a separate work [73].

4.4 h-BN adsorbed on Ni(111)
Several theoretical [20, 21, 23, 25, 74] and experimental [8,

10, 26] studies on the adsorption of #-BN on nickel sur-
faces have been published, focusing on various structural,

@ Springer

energetic, and spectroscopic aspects. Among the possible
metal substrates, the Ni(111) in-plane lattice constant
(2.49 A) matches that of 4-BN most closely, allowing the
formation of an almost perfectly commensurate overlayer.
Since the earliest experiments of A-BN/Ni [75, 77], the
nature of the bonding of the monolayer to the surface has
been discussed repeatedly. Some authors have argued for a
weak physisorption-like interaction [8], while others have
proposed a strong(er), chemisorption-like binding [10].

Table 8 summarizes a number of previously published
studies of this system, both theoretical and experimental. In
particular, we list energetic (adsorption energy) and
structural (interlayer distances and corrugations) features
as well as the change in surface magnetic moment upon
monolayer adsorption. A number of different adsorption
geometries were considered by varying the registry of
h-BN on Ni(111), leading in some cases to a notable var-
iation in the obtained results. In general, however, all
studies find the most stable adsorption registries to be those
with N atop the Ni atoms and B either in the hcp or fcc
sites, the latter typically slightly preferred. Furthermore,
the A-BN layer tends to be slightly buckled in a way that
places the N atoms further from the metal as in the case of
Rh and Ru. Another common observation is the large
variation in adsorption energies depending on the
employed exchange-correlation approximation. For
instance, Laskowski et al. report adsorption energies of
—0.27, —0.19, and —0.04 eV/BN with LDA, WC-GGA,
and PBE, respectively.

We carried out geometry optimizations of 2-BN on Ni
considering all six possible high-symmetry registries. The
Ni(111) slab of seven 6 x 6 layers is symmetrically ter-
minated on both sides by a 6 x 6 h-BN layer. Since the
lattice constants match quite precisely, no large deforma-
tions of the h-BN layer are expected upon optimization.
The calculated adsorption energies and work functions, as
well as some structural parameters obtained in different
registries are summarized in Table 9. The strongest inter-
action is obtained when the N atoms are atop surface
atoms. In this case also, the distance from the substrate is
significantly shorter than in structures where the N is
located at the hollow sites. The differences among all other
registries are much less pronounced, although when both B
and N occupy hollow sites the distance from the substrate
is slightly larger, the buckling smaller, and the work
function larger. Furthermore, we observe a reduction in the
surface magnetic moment from 0.65 to 0.50 pug as
the interlayer distance decreases, the last value being the
equilibrium result. Compared to the magnetic moment of
the free Ni(111) surface, 0.73 pp, this corresponds to a
reduction of —0.08 to —0.23 g, in good agreement with
previously published values (cf. Table 8). The magnetic
moment of the innermost metal layer (bulk-like), however,
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Table 8 Adsorption energy [eV/BN], layer separation and corrugation [A], and change in magnetic moment of the surface Ni atoms [pg] upon

adsorption of the 4-BN overlayer on Ni(111) at different registries

Method XC E.qs d,in(B) bg.N Aty per Ni References
DFT PBE-GGA - 2.08 0.11 —0.08 [20]
DFT PWI1-GGA —0.021-0.038 2.18 - 3.97 - —0.00 to —0.23 [25]
LDA —0.420 to —0.141 1.95 - 3.11 - —0.02 to —0.43 [25]
DFT PBE-GGA —0.04 2.04 0.11 —0.06 [21]
WC-GGA —0.19 2.03 0.11 [21]
LDA —0.27 2.01 0.11 [21]
DFT PBE-GGA —0.04 1.99 0.10 - [74]
DFT revPBE+D3 —0.392 2.008 0.124 —0.08 to —0.23 Present work
LEED - 2.20 0.2 - [77]
XPD - 1.95 0.07 - [76]

Table 9 Adsorption and interaction energies [eV/BN], work function @ [eV], and distances, corrugation and buckling [/0\] in the A-BN/Ni(111)

system, using a 6 x 6 symmetric slab model in the six registries listed

N B Eaas Ein o dmin(B) dmin(N) Ahpx bgn Msurs per Ni
top fcc —0.390 —0.470 3.58 2.006 2.130 0.001 0.123 0.519
top hep —0.392 —0.473 3.55 2.008 2.132 0.001 0.124 0.503
fcc top —0.283 —0.257 3.84 2.903 2.921 0.010 0.022 0.635
hcp top —0.283 —0.268 3.84 2.923 2.944 0.057 0.021 0.630
fce hcp —0.285 —0.269 3.90 3.015 3.028 0.028 0.016 0.651
hep fce —0.293 —0.270 391 2.996 3.008 0.073 0.016 0.649

remains unchanged with a magnetic moment of about
0.58 pp, irrespective of the monolayer-surface distance.
In the most stable registries, our results agree well with
the published experimental values of interlayer distance
and corrugation, being between the values determined from
LEED and XPD. The distance between hA-BN and Ni(111)
and the corrugation of the overlayer also agree well with
most previous computational studies [20, 21, 74] (cf.
Table 8). The computed adsorption energies indicate also
in the case of Ni(111) that the configurations with N atoms
atop the surface Ni atoms are most stable. It is, however,
not possible to definitively distinguish between B-fcc and
B-hcp due to the very small differences in adsorption
energy. h1-BN turns out to be chemisorbed on Ni(111) in all
six registries, with generally significantly stronger adsorp-
tion energies than previous studies have shown. This effect
can be attributed to the contribution from the vdW cor-
rection, which was not considered in previous studies.
Figure 8 contains the spin-polarized PDOS projected
on the Ni and N atoms in the most strongly bound registry,
(N-top,B-fcc). The left column shows curves in the bulk
and the surface atoms of the 2-BN/Ni system and those at
the bare Ni surface for comparison. The most pronounced
change in the PDOS around the Fermi level upon the
adsorption of 4-BN occurs in the d,,_,, and d.. states, while

the orbitals without a z component remain largely unaf-
fected. For all orbitals, we observe a pronounced peak in
the spin o channel just below the Fermi level and at or
beyond it in the B-PDOS. Upon adsorption, these peaks
shift to lower and higher energies in the d. and d,, ,,
orbitals, respectively.

In the right column of Fig. 8, the electronic states are
projected on the N p orbitals. We tried to adjust energy
reference of the PDOS from the free-standing to one from
the adsorbed #-BN by aligning the low-energy peaks, but
when the peaks in the p, , match well, in p, the main peaks
are about 1 eV higher in energy in the free-standing #-BN;
this indicates a different response in the two different kinds
of p orbitals to the adsorption. Interestingly, the largest
peaks more than 3 eV below the Fermi energy in the spin o
and B p, PDOS lie at the same energies, differences
appearing only close and above the Fermi energy. Com-
pared to a free-standing A-BN sheet, a number of weak gap
states appears upon the adsorption, mainly originating from
p.- The shape of the curves remains otherwise quite similar,
indicating that the electronic structure of the adsorbate is
affected only weakly by the adsorption. We also note a
small spin polarization of the PDOS, shifting the B channel
to slightly higher energies, and some differences in gap
states between the two spins.

@ Springer
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Fig. 8 PDOS on Ni d states and N p states in the A-BN/Ni(111)
system. States of spin o and P are plotted on the positive and negative
vertical axis, respectively. PDOS of a free, non-spin-polarized 4-BN
sheet is shown for comparison. Plots for Ni show projections on the
surface and central atoms of the adsorbate system and of the bare
surface for comparison. Energy scale is relative to the Fermi energy,
in the free #-BN layer aligned at the peaks in PDOS at deep energies

Several related investigations of the density of states of
h-BN/Ni have been published recently [21,23,74]. Our
results are in good agreement with these reports. In par-
ticular, our data reproduce the approximate peak shape and
position of the Ni d, states reported in [21], both at the

Fig. 9 Map of the differences
upon the adsorption of ~-BN in
total electron density (left) and
spin density (right) of the h-BN/
Ni(111) system. Blue regions
indicate depletion of electrons
(or magnetic moment), while
red areas denote accumulation

.
.

7
&«
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surface with 4-BN (3 peaks) and the bare surface (2 peaks).
The relative shifts of the peaks closest to the Fermi level
upon adsorption are also comparable to those results.
Concerning the nitrogen states, the small spin polarization
that we find (discussed below) matches the results in Ref.
[21]. Che and Cheng [74] found similar peaks in the N p,
states, only sharper and more pronounced than ours.

Complementary to the PDOS plots, maps of the electron
and spin density differences are plotted in Fig. 9 in the
same system. Evidently, the electronic changes upon
adsorption are predominantly confined to the h-BN
monolayer and the topmost layer of metal atoms, while the
lower-lying Ni atoms are largely inert except for a weak
polarization in the second layer. The electron density dif-
ference indicates a transfer of electrons from the Ni d.
orbitals to the d,,, ,, orbitals and to the interlayer space. At
the same time, the N p, orbitals lose electron density,
whereas the p,, gain some. An opposite effect occurs on
the B atoms, which accumulate electrons in the p, orbitals
and lose some from the in-plane orbitals. The B-p, orbital
gets strongly polarized towards the metal surface. The
image also implies a depletion of electrons at the centre of
the ~A-BN honeycomb.

With regard to spin density, the most significant change
of magnetism occurs—as expected—in the topmost Ni
layer. The spin polarization in the d.-symmetry orbitals
increases, while spin polarization decreases in the d,.,,
orbitals. Some decrease in spin polarization is also visible
in the second Ni layer. More notably, however, the nitrogen
atoms are also subject to some magnetic polarization, albeit
much smaller in magnitude. In particular, the average
magnetic moment (from Mulliken population analysis) of
the N atoms is 0.027 pg while that of B is —0.020 pg.
These observations are consistent with the PDOS
results discussed above. The upshift of the peak in the
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d.-symmetric B PDOS causes the increase in spin polari-
zation of the corresponding orbitals, while the move of d,,,
y. orbitals to lower energies leads to the loss of spin
polarization in these directions.

5 Summary

In this overview, we have shown that DFT calculations,
when carefully set up, can be used to reproduce and explain
experimental findings for the nanomesh systems. Our
specific approach based on the Gaussian and plane waves
method provides a similar accuracy of description as plane
wave-based codes. Additionally, we apply a dispersion
correction to semi-local density functionals.

The adsorption of #-BN on the various substrates leads
to different characteristics of the overlayer structure as
summarized in Table 10. The strength of the interaction of
h-BN with the metals in quasi-commensurate cases—either
in real systems of Ni and Cu or in artificial Rh™ system
when the lattice constant of the overlayer is scaled to match
the substrate—follows the expected trend, being larger in
the case of the transition metals and weaker on the noble
metal Cu. Whether the geometry of the overlayer is flat or
buckled is mainly dictated by the lattice mismatch between
h-BN and the substrate. On Ru(0001) and Rh(111), the
mismatch is large and the interaction in the preferred
regions strong. Therefore, an incommensurability is
induced that is relieved by forming a corrugated nanomesh,
where various lateral registries are found within the unit
cell. On the other hand, on Ni(111), the mismatch is very
small so that the commensurate (1 x 1) registry is obtained
in experiments, with no corrugation. On Cu(111), the
interaction is weak and the mismatch small, resulting in
Moiré structures with large periodicities [73]. For all the
investigated systems, we have employed dispersion cor-
rections to the DFT functional. These corrections are

Table 10 General properties in the different 4~-BN/TM and nano-
mesh systems: mismatch between the equilibrium hexagonal lattice
constants between the #-BN and the substrate [%], corrugation [/e\],
adsorption energy and interaction energy [eV/BN], smallest vertical
TM-N and TM-B distances [A], and the share of atoms forming the
pore region (closer than 2.4 A onRhand 2.2 A on Ru) [%]

Mismatch  Ahy  Egqs Einc dpinN)  dppin(B)  In-

pore
Ni 405 - —039 —047 213 2.07 -
Cu 22 0.02 —027 —-030 298 2.97 -
Ru —76 15 —038 —0.54 2.19 2.08 46
Rh —-7.0 11 —025 —031 221 2.13 20
Rh* 0.0 - - —0.62 2.61 -

Rh" refers to the system where the lattice constant of the #-BN was
artificially scaled to match the hexagonal in-plane value of the Rh(111)

essential to reproduce reliable structures, in particular when
the interaction is weak and the distance between overlayer
and substrate is large.

In order to better understand the nature of the interaction
between A-BN and the four substrates, we have considered
how the electronic structure of the overlayer is modified.
On Rh and Ru, the regions where good contact is possible
are characterized by strong re-hybridization of the p-states
on the N atoms. In particular, we observe that these areas
are more extended on Ru, where the 14-on-13 reconstruc-
tion turns out to be the most favourable. Like previous
studies, our calculations yield the magnetization of the
h-BN overlayer on Ni(111). This surface magnetization
could lead to applications including spin filtering, as
adsorbates on this system would experience a weak, mainly
insulating but yet spin-polarized interaction with the #-BN/
Ni(111). Our results confirm that in the spectrum of A-BN—
TM electronic interaction strength, Cu resides at the very
low end and shows the weakest effects on A-BN of all
metals discussed in this study.

Having established reliability and accuracy of the compu-
tational method for the overlayer arrangement of 4-BN on
metal supports, we can go further and use this approach not
only to verify and explain experimental findings but also to
predict new arrangements and trends of similar nanostructures
and for example adsorption and assembly of molecules on
them. The first examples have already appeared in the litera-
ture: Disappearance of the corrugation in the nanomesh on
Rh(111) upon hydrogen intercalation [18] and water inter-
acting with the nanomesh [64, 65, 68].
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