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X-ray absorption spectra: Graphene, h-BN, and their alloy
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Using first-principles density functional theory calculations, in conjunction with the Mahan–Nozières–de
Dominicis theory, we calculate the x-ray absorption spectra of the alloys of graphene and monolayer hexagonal
boron nitride on a Ni (111) substrate. The chemical neighborhood of the constituent atoms (B, C, and N) inside
the alloy differs from that of the parent phases. In a systematic way, we capture the change in the K-edge spectral
shape, depending on the chemical neighborhood of B, C, and N. Our work also reiterates the importance of the
dynamical core-hole screening for a proper description of the x-ray absorption process in sp2-bonded layered
materials.
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Graphene was the first truly two-dimensional material
discovered and it enjoyed a tremendous amount of atten-
tion, in terms of both the fundamental physics and device
applications.1–4 It was soon followed by others, such as
its isoelectronic sibling, monolayer hexagonal boron nitride
(h-BN; hexagonal in the sense of a two-dimensional Bravais
lattice).4–7 One of the most popular methods for the growth of
such materials is chemical vapor deposition on various metal
substrates, such as the (111) surface of Ni and Cu.8–11 The
metal substrate is often etched after the growth process and the
monolayer is transferred to some other insulating substrate.12

The honeycomb lattice is formed by placing an atom (C, B,
or N) and its nearest neighbor on top of the nickel and fcc
hollow site, respectively. The lattice parameter of nickel is such
that the mismatch is less than ±1% between the honeycomb
lattice formed by graphene or h-BN on a Ni substrate and their
free-standing counterparts.13 This ensures minimal distortions,
such as warping and moiré patterns, observed in the case of a
lattice-mismatched substrate such as copper.11

In terms of their electronic properties, graphene and
monolayer h-BN are at two opposite extremes. While graphene
is semimetallic and a very good conductor, h-BN is a very good
insulator. In the recent past, there have been several attempts
to fabricate alloys of graphene and h-BN.12 Such materials
maintain the honeycomb lattice structure and their electronic
properties lie in between those of the parent phases, which
provides much needed tunability for device applications.12

Depending on the process parameters, a material of a given
composition BxCyNz can either form an alloy or phase
separate.12,14,15 Among the alloys, BC2N has been studied most
extensively.14–20

X-ray absorption spectroscopy (XAS) is an experimental
technique widely used to characterize the electronic structure
of sp2-bonded layered materials like graphene and monolayer
h-BN and the spectra have been successfully calculated using
ab initio electronic structure calculations.21,22 The ability to
reliably interpret XAS spectra of a newly prepared BxCyNz

monolayer on a Ni(111) substrate will allow the nature of the
material—alloy vs phase separated—to be judged prior to its
transfer to other substrates.

During the x-ray absorption process, the system undergoes
a transition from the initial ground state (without core hole)
to the final excited state (with core hole). Some qualitative

features of the spectra can be interpreted in terms of the
electronic density of states (DOS) of the initial and final
states. However, such a simple approach excludes many
complicated many-body processes involved in XAS.23 Instead
of approximating the photon-electron interaction as a diabatic
(initial-state DOS) or adiabatic (final-state DOS) process, a
more realistic theory was proposed by Mahan–Nozières–de
Dominicis (MND) that takes into account the actual dynamics
of the core-hole screening.23,24 In this regard, it is worth
mentioning the work of Privalov et al.,25,26 who showed a
practical way of using the MND theory by reducing the MND
equations to a set of linear algebraic equations. Compared
to the methods based on the initial, final, or Slater transition
state,27 MND theory provided better description of the XA
spectra at computational costs much lower than other state-
of-the-art methods, such as the Bethe-Salpeter equation or
time-dependent density functional theory (DFT) calculations.
Recently, the MND theory was implemented on top of
first-principles density functional theory calculations28,29 and
applied to monolayer graphene or hexagonal boron nitride on
a Ni(111) substrate.30 We have employed a similar method to
calculate the XA spectra, based on the MND theory formulated
in the energy representation.31

Given an arbitrary stoichiometry of BxCyNz, there are
innumerable choices of unit cells. Exhausting all of them
is beyond the scope of any theoretical investigation. As
mentioned previously, BC2N is the material studied most
intensely and our investigation is focused on it. As the
smallest structural model of an alloy, it represents the antipole
of a completely phase-separated compound consisting of
large grains of pure h-BN and graphene. The chosen atomic
arrangements are shown in Figs. 1(a) (named BC2NI ) and 1(b)
(named BC2NII ). For a free-standing monolayer of BC2N,
these are the two most energetically favorable structures.16 For
better understanding, we also report the spectra for graphene,
monolayer h-BN, and two “fictitious” materials, monolayer
hexagonal BC and NC.32 Our line of investigation helps to
reveal, in a systematic way, the change of XAS shape of
an atom, depending on its neighbors. For example, a C atom
has three C neighbors (graphene); two C neighbors and one
B/N neighbor (in BC2NI ); one C and two B/N neighbors
(in BC2NII ); three B/N neighbors (in BC/NC). Moreover,
the underlying substrate adds two additional degrees of
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FIG. 1. (Color online) Atomic arrangements of monolayer BC2N
on top of a Ni substrate (gray in color). B, C, and N atoms are shown
in red, yellow, and blue, respectively. As per our calculations (see text
for details), the configurations with N on top of the Ni atom and B
on top of the fcc hollow site are lower in energy and they are shown
in the above diagram. The other possible set, i.e., B on top of the Ni
atom and N on top of the fcc hollow site (not illustrated here), are
denoted by BC2NIH and BC2NIIH .

freedom in terms of possible atomic arrangements, because
any constituent atom can be placed on top of either the Ni or

fcc hollow site (see the caption of Fig. 1). In this work, we
exhaust all such possibilities, and thus report a comprehensive
theoretical study of the XAS spectrum of a B-C-N (arranged
in a honeycomb lattice) monolayer, deposited on a Ni(111)
substrate.

The substrate is represented by three layers of nickel atoms.
We have verified that the substrate thickness is large enough
to capture the substrate-monolayer interaction accurately. For
example, the substrate-monolayer distance is nearly the same,
irrespective of the number of nickel layers (three to six). To
simulate the properties of monolayer of a BC2N on a Ni(111)
surface, we keep ∼15 Å of vacuum layer between the two
copies of periodic images in the direction perpendicular to
the plane of the substrate. All the geometry optimizations
are performed using the QUANTUM ESPRESSO code,33 using
a plane-wave basis set and ultrasoft pseudopotential. Electron
exchange and correlation were treated within the framework of
the Perdew-Burke-Ernzerhof generalized gradient approxima-
tion. We set the kinetic energy cutoff for the wave functions to
be 40 Ry. The Brillouin zone was sampled using 28 × 16 × 1
k points. We relax the structures fully until the force on
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FIG. 2. (Color online) 1s x-ray absorption spectra of a carbon atom; in graphene, two types of BC2N unit cells shown in Fig. 1, and BC/NC.
The chemical environment of the excited atom (with a core hole) is shown schematically, with the atom located at the center and its three
nearest neighbors. The solid (dotted) line represents the σ � (π�) contribution to the XAS spectra.
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FIG. 3. (Color online) 1s x-ray absorption spectra of (a), (b) boron and (c), (d) nitrogen atoms; in h-BN, two types of BC2N unit cells
shown in Fig. 1, and BC/NC.

each atom (the total energy change for ionic minimization)
is less than 10−3 Ry/a.u. (10−4 Ry). We have verified that the
charge transfers between the Ni and the BC2N monolayer are
negligible; hence no significant dipole barrier was established.
This allowed us to work with smaller structural models
compared to “sandwich” structures with BC2N monolayers
on both sides of the substrate slab.

Our structural relaxation results are consistent with
previous works, as reported in the literature. For example, we
correctly find that N on top of Ni and B on top of the fcc hollow
position is energetically more favorable than the reverse, in the
case of monolayer h-BN deposited on a Ni substrate.27 Our
study reveals a similar scenario also in the case of a BC2N
monolayer on a Ni substrate. The lowest energy structures are
shown in Figs. 1(a) and 1(b), both having N on top of Ni and
B on the fcc hollow site. These structures are ∼20 meV/atom
lower in energy than that of B on top of the Ni and N on top
of the fcc hollow unit cells (denoted by BC2NIH , BC2NIIH ,
BNH , BCH , and NCH in the text, where the superscript H

stands for higher energy). Moreover, between the two unit cells
shown in Fig. 1, BC2NI is energetically more favorable than

BC2NII (by ∼4 meV/atom). Note that this energy difference
is rather small and thus its exact value may be sensitive
to numerical details of the electronic structure calculations.
Therefore we have calculated XA spectra for both structure
models.

As inputs to the MND model, we need to provide
local Green’s function matrices 〈a; l′m′s ′|G(E)|a; lms〉 =∑

kn〈a; l′m′s ′|kn〉(E − Ekn + iμ)−1〈kn|a; lms〉 of the elec-
tronic structure for the initial (no core hole) and final (in the
presence of a core hole) states. Here, a denotes the atom
for which the local electronic structure is evaluated, Ekn is
the energy of a Bloch state with wave vector k and band
index n, and l, m, and s are the angular, magnetic, and spin
quantum numbers in the local coordinate frame of the atom
a. We have performed all the electronic structure and spectral
calculations using the WIEN2K code,34 where the relaxed struc-
tures from the previous set of quantum ESPRESSO calculations
were used. WIEN2K is an all-electron full-potential electronic
structure code. It makes no approximations about the shape
of potential or density and includes full relaxation of the core
states throughout the self-consistent cycle. It also allows true
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FIG. 4. (Color online) Initial-state (no core hole) and final-state (with 1s core hole) density of states and XAS calculated using MND
theory, shown for all the constituent atoms of BC2N

I (in the lower panels) and BC2N
II (in the upper panels).

core-hole calculations by removing an electron from a selected
core level—instead of using the Z + 1 approximation. We have
used an atomic sphere radius of 1.35 a.u. for B, C, and N atoms.
For the final-state calculations, we have constructed a supercell
of size 2 × 2 × 1, consisting of 40 atoms. The supercell size
is large enough, owing to the metallic nature of the system
and the screening that ensures the localization of the core-hole
effect near the excited atom. This is corroborated by negligible
(smaller than 0.02) charge fluctuations (compared to the initial
state) on the neighbors of the excited atoms. The solution of
the MND equation follows the implementation used in Ref. 30,
including the normalization of the local density matrix. The
energy range of the Green’s function matrices was from −2
Ry up to 3 Ry (relative to the Fermi level set as zero), with a
step of 0.005 Ry and smearing of 0.01 Ry.

Calculated spectra for C are depicted in Fig. 2. The solid
(dotted) line represents the σ � (π�) contributions to the XAS
spectra. Computed spectra of C in graphene for both C on top
of the fcc hollow site [Figs. 2(a) and 2(c)] and C on top of the
nickel [Figs. 2(b) and 2(d)] coincide with the theoretical results
of Ref. 30, where a very good agreement between theory and

experiment was reported. As discussed previously, due to the
preferential position of B (on the fcc hollow site) and N (on
top of Ni) in BC2N, the C atoms also have favorable locations,
mentioned in the figure caption. The shape of the π� peak
clearly depends on the position of the C atom, because the
π electron of the C atom bonds differently with the substrate
depending on its position. For example, the pz orbitals of the
C atoms on top of the Ni atom and fcc hollow site overlap with
the Ni 3d eg and t2g orbitals, respectively. This gives rise to the
difference in the XAS (see Fig. 2); while the C on top of the Ni
has one sharp π� peak, two such peaks appear for the C on top
of the fcc hollow site. Comparing with pristine graphene, we
conclude that the presence of the B neighbors broadens and
reduces the intensity of both the π� and σ � peaks of the C 1s

spectra. On the other hand, N neighbors do not broaden the C
1s peaks.

Calculated spectra for B 1s and N 1s are illustrated in
Figs. 3(a) and 3(b) and 3(c) and 3(d), respectively. Computed
XAS for the B 1s (N 1s) in h-BN on the Ni, shown in Figs. 3(a)
and 3(b) [Figs. 3(c) and 3(d)], are consistent with previous
theoretical works [compare Figs. 3(a) and 3(d) with Fig. 3 in
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Ref. 30). Similarly to the C, the shape of the π� peak of the
B and N 1s spectra also depends on how the π electron of the
atom bonds with the substrate, determined by its position—on
top of the nickel or fcc hollow site. Comparing with the pristine
h-BN, we find that both the σ � and π� peaks of B 1s spectra
become broadened in the presence of the C neighbors [see
Fig. 3(a)]. However, the N π� peak is the same in intensity and
the σ � spectra becomes sharper and stronger [see Fig. 3(d)] in
BC2N.

Dynamical core-hole screening is known to play an im-
portant role in x-ray absorption spectra of various carbon-
based materials, such as graphite, C60, carbon nanotubes,
and graphene.29,30,35 In order to investigate the extent of
the core-hole screening effect in BC2N (only energetically
favorable unit cells have been considered here), we have
plotted the initial and final state DOSs, along with the
theoretically calculated XAS in Fig. 4. Since only the π states
have finite DOSs at the Fermi level, they are responsible for
the dynamical screening of the core hole. As B has fewer
valence (π ) electrons [note the gap in the initial state projected
DOS of B in Fig. 4(a)], the 1s core hole is poorly screened.
Due to this, a large peak appears just above the Fermi level
in the final-state DOS. One can identify the origin of this
sharp peak 2–3 eV above the Fermi level in the initial-state
DOS [see Fig. 4(a)]. Note that, due to the poor screening, the
MND calculation gives results very similar to the final-state
DOS.

In contrast to B, the MND calculation result does not
resemble the final-state DOS [see Fig. 4(b)] for N. This shows
the importance of the electronic relaxation process in XAS.
Since N has a sufficient number of valence (π ) electrons [note
the finite DOS in the initial state, shown in Fig. 4(b)], they
screen the 1s core hole efficiently. The effective screening is
so good that there is no sharp peak near the Fermi level in
the final-state DOS, which is more or less shifted ∼1–2 eV
downwards (compared to the initial-state DOS) due to the
presence of the core hole. The case of C on nickel [see
Fig. 4(c)] is similar to that of N, because of the sufficient
core-hole screening. On the other hand, the case of C on the
fcc hollow site [see Fig. 4(d)] is more like B, because of
the low C DOS at the Fermi energy in the initial state. The
nature of the screening can be intuitively understood from
the electronegativity of the constituents: B < C < N. As N
has the highest electronegativity, it attracts electrons from the
neighboring B or C. This explains the lack of valence electrons
for screening in the case of B or C on the fcc hollow site, both
of which have N neighbors.

Until now, we have discussed either pure graphene/h-BN, or
alloys. However, honeycomb B-C-N systems are also known
to exist in phase-separated graphene and h-BN domains.12

If the phase separation results in very large domains, the
spectra are expected to look very similar to those of the parent
phases. The spectral shape can change considerably, if smaller
domains are present, because the interface region contributes
significantly, in addition to the parent phases. Note that the
atomic structure in the interface region has C-N and C-B
bonds, which resemble local atomic arrangements in BC2N.
Hence, we can qualitatively predict the spectral shape of a
graphene–h-BN mixture, by adding proper weights to the
contributions from the parent phases and BC2N. For example,
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FIG. 5. (Color online) (a) C, (b) B, and (c) N K-edge spectra in
graphene and h-BN phase-separated samples. In addition to the pure
graphene and h-BN, the rest of the plots are for a mixture of 50%
C and 50% BN. The top and bottom lines represent the pure phase
and BC2N spectra, respectively. In between these two extremes, the
change in spectral shape (in the case of phase separation of graphene
and h-BN) is illustrated as a function of increasing domain size (from
bottom to top).
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the C K-edge spectra in graphene has 100% contribution from
graphene and 0% from BC2N. On the other extreme, it has 0%
contribution from graphene and 100% from BC2N (taken as
the average of BC2NI and BC2NII ). The C K-edge spectrum of
phase-separated grephene–h-BN mixture lies in between these
two extremes and has contributions from the parent phase, as
well as BC2N. We illustrate the expected C, B, and N K-edge
spectra, in graphene–h-BN samples of various degrees of phase
separation in Figs. 5(a), 5(b), and 5(c), respectively.

In conclusion, we have computed, within the framework
of MND theory, the B, C, and N K-edge XAS, where the
constituent atoms are arranged in a honeycomb lattice. The
MND calculation successfully reproduced the experimental
XA spectra of graphene and h-BN,30 and thus we expect
it to work equally well for the mixed phases. In view of
the recent enthusiasm for BxCyNz systems, our work can

be useful for characterization of such materials. This can be
further facilitated by recent developments in selective single-
atom spectroscopy techniques.36 Our work also reiterates
the importance of dynamical core-hole screening in XAS,
specifically for atoms like N and C on Ni, both having high
density of the 2p states near the Fermi level. On the other
hand, when there are fewer valence electrons available for the
screening of the core hole, as in the case of B or C close to two
N atoms with a high electronegativity, the MND calculations
give very similar results to those of the final-state electronic
DOS.
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Ç. Ö. Girit, J. C. Meyer, G. E. Begtrup, and A. Zettl, Phys. Rev.
Lett. 101, 066806 (2008).
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