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Site- and spin-dependent coupling at the highly ordered h-BN/Co(0001) interface
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Using photoelectron diffraction and spectroscopy, we explore the structural and electronic properties of the
hexagonal boron nitride (h-BN) monolayer epitaxially grown on the Co(0001) surface. Perfect matching of
the lattice parameters allows formation of a well-defined interface where the B atoms occupy the hollow sites
while the N atoms are located above the Co atoms. The corrugation of the h-BN monolayer and its distance
from the substrate were determined by means of R-factor analysis. The obtained results are in perfect agreement
with the density functional theory (DFT) predictions. The electronic structure of the interface is characterized
by a significant mixing of the h-BN and Co states. Such hybridized states appear in the h-BN band gap. This
allows to obtain atomically resolved scanning tunneling microscopy (STM) images from the formally insulating
2D material being in contact with ferromagnetic metal. The STM images reveal mainly the nitrogen sublattice
due to a dominating contribution of nitrogen orbitals to the electronic states at the Fermi level. We believe that
the high quality, well-defined structure and interesting electronic properties make the h-BN/Co(0001) interface
suitable for spintronic applications.
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I. INTRODUCTION

It has been a decade since two-dimensional (2D) materials
showed up at the forefront of research [1]. Rapidly they be-
came undeniable leaders for applications in future electronics,
spintronics, catalysis, energy storage, etc. [2]. Among the
wide diversity of 2D materials, the hexagonal boron nitride (h-
BN) monolayer is one of the most prominent objects. Being
isostructural to graphene, this material, in contrast, exhibits
insulating properties and presents an atomically thin wide
band gap 2D crystal [3,4]. Due to its chemical inertness, a
h-BN surface of high structural perfection serves as an ideal
substrate for epitaxial graphene and other 2D materials [5–7].
Combining graphene and h-BN in heterostructures enables a
much broader range of their applications and holds out a hope
to substitute silicon in electronic devices [8,9]. Moreover, it
has been shown that h-BN may be successfully used as a tun-
nel barrier between ferromagnetic contacts and graphene, en-
abling efficient injection of spin-polarized current in graphene
for spintronic applications [10–12].
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Device applications require a controllable way of pro-
ducing large-area h-BN layers of high quality. Similarly to
graphene, the most suitable preparation method is chemical
vapor deposition (CVD). By means of CVD, one or few
layers of h-BN can be grown on various metal substrates
using different precursors, with borazine (B3N3H6) being the
most popular compound among them [13,14]. Depending
on the substrate underneath, the h-BN monolayer can form
either a planar or a corrugated film. In the particular case
of Ni(111) substrate, a commensurate (1 × 1) structure is
formed due to matching of lattice periods [15–25]. Growth
on the lattice-mismatched surfaces like on Ni (100) and (110)
faces [26,27], Pt(111) [15,28], Pd(111) [29], Cu(111) [16,30],
Ir(111) [31,32], Rh(111) [33], Ru(0001) [34], and Fe(110)
[35] gives rise to a moire structure. In the case of the strong
interaction between a h-BN monolayer and its substrate, a
rather strongly corrugated nanomesh can be formed [36].

Although the h-BN monolayer grown on various transition
metal surfaces is well-studied, the h-BN/Co interface remains
rather unexplored. Cobalt attracts particular attention because
of its strong magnetic moment enabling the implementation of
spin-valve heterostructures [11,12,37] based on the h-BN/Co
contacts. Theory predicts enhanced tunneling magnetoresis-
tance in a Co(0001)/h-BN/Co(0001) magnetic tunnel junction
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[38]. Furthermore, the Co(0001) surface possesses a low
lattice mismatch with respect to h-BN. This may allow forma-
tion of an epitaxial (1 × 1) interface with high structural per-
fection, similarly to the recently studied graphene/Co(0001)
interface [39]. Indeed, several works reported formation of
h-BN films of different thickness on the Co(0001) surface
and confirmed strict orientation of ultrathin h-BN [40–42].
However, the crystal structure of the h-BN monolayer on the
Co(0001) surface is yet to be studied.

This work is aimed at a comprehensive investigation of
the interface geometry and the electronic band structure of
a monolayer h-BN epitaxially grown on a Co(0001) surface
by means of CVD using borazine as a precursor. We use
x-ray photoelectron spectroscopy (XPS), low energy elec-
tron diffraction (LEED), photoelectron diffraction (PED),
and scanning tunneling microscopy (STM) to characterize
the atomic structure of the h-BN/Co(0001) system. Angle
resolved photoelectron spectroscopy (ARPES) supported by
density functional theory (DFT) calculations provide insight
into the interaction of h-BN with its substrate and dispersion
of electronic states. Our results demonstrate high quality of
this ferromagnet-insulator interface and promote its further
use in various applications.

II. METHODS

Single-layer h-BN was synthesized under the UHV con-
ditions by CVD on a crystalline 15 nm thick Co(0001) film
deposited on a clean W(110) surface. The base pressure in the
UHV chamber was 5 × 10−10 mbar. The LEED pattern of the
Co(0001) film showed a sharp (1 × 1) hexagonal pattern, in-
dicating high crystallinity of the metal film. The synthesis was
carried out as follows: the substrate was heated up to 730 ◦C
then borazine (B3N3H6) with a pressure of 3 × 10−7 mbar
was introduced into the vacuum chamber for 15 min. Under
these conditions, h-BN starts to grow immediately on the hot
metal surface, and the reaction is self-limited to a single layer.
After one monolayer is formed, the growth is terminated as
the catalytically active metal surface is passivated with h-BN.

The STM and ARPES measurements were performed at
the Resource Center “Physical Methods of Surface Investi-
gation” (RC PMSI) of the Research Park of Saint Petersburg
State University. The STM data were obtained at the room
temperature using the Omicron VT SPM microscope.

The DFT calculations were carried out within the gen-
eralized gradient approximation (GGA) to the exchange-
correlation potential in the Perdew-Burke-Ernzerhof version
[43] as implemented in the FPLO-14.00-48 code (improved
version of the original FPLO code by K. Koepernik and H.
Eschrig [44]). The system was modeled using a 16-layer-thick
Co film with the h-BN monolayers on both sides. The atomic
positions were relaxed until the forces on each atom were less
than 10−2 eV/Å. A k-point grid of 24 × 24 × 1 was used to
sample the Brillouin zone (BZ).

PED data were acquired at room temperature at the PEARL
(X03DA) beamline [45] of the Swiss Light Source syn-
chrotron facility using linear polarization of photons. The
normal to the sample surface, the x-ray beam, the polarization
vector of photons, and the axis of the analyzer lens were
oriented in the horizontal plane, while the entrance slit of

the Scienta EW4000 electron analyzer was oriented vertically.
PED maps were measured by rotating the sample with a
polar angle step of 1◦ and azimuthal angle step of 15◦, while
the acceptance angle of the analyzer was restricted to ±18◦.
The 2D electron detector allowed mapping of the angular
distribution with an azimuthal angle step of less than 0.5◦.

Prior to analysis, the measured photoemission intensity
I (θ, φ) was normalized to take into account the varying area
of the x-ray beam spot on the sample surface during measure-
ments according to the relation I e(θ, φ) = I (θ, φ) cos(β −
θ ), where β = 60◦ is the angle between the beam and the
analyzer, θ is a polar angle, and φ is an azimuthal angle.
Afterwards, the PED data were projected. Although the most
popular projection is stereographic, here, we used an equal-
area projection I e(r, φ) = I e(θ, φ), which is defined by the
relation r2 = 1 − cos θ . In this projection, the area of any
projected PED feature is proportional to the corresponding
solid angle of photoemission.

Simulations of PED were performed using the multiple
electron scattering (MS) approximation within the cluster-
model approach as implemented in the EDAC code [46]. For
quantitative comparison of the calculated and measured PED
maps, we have used a reliability factor (R factor). The optimal
structure corresponds to the minimum of the R factor, which
was used in the following form:

R(�α) =
n∑

p=1

ωpRp(�α), (1)

where n is the number of analyzed PED images (in our case
n = 2), ωp is a weight factor (we chose ω1 = ω2 = 0.5), �α
is the vector of structural and nonstructural parameters of
simulation, and Rp(�α) is the R factor of each PED image.
The latter is defined in the following way:

Rp(�α) = 1

Np

Np∑
i=1

(
χt

pi (�α) − χe
pi

)2
, (2)

where Np is the number of data points in the corresponding
PED image, and χt and χe are theoretical and experimental
PED maps with subtracted background. In particular,

χ∗
pi = I ∗

pi − I ∗
0pi

σ ∗
p

, (3)

where ∗ stands for either experimental (e) or theoretical
(t) value, I ∗

pi is the calculated or measured intensity, I ∗
0pi

is the smooth background intensity, and the value of σ ∗ is
calculated as

σ ∗
p =

√√√√ 1

Np

Np∑
i=1

(I ∗
pi − I ∗

0pi )
2. (4)

The background I ∗
0 was determined by a least-squares fitting

of the projected intensity I ∗(r, φ) with the smooth function of
three parameters chosen as

I ∗
0 (r ) = c1 cos(πr/2) + c2 sin2(πr ) + c3 cos(3πr/2). (5)

The minimum of the R(�α) was found using the Levenberg-
Marquardt algorithm for solving the nonlinear least squares
problem. When the optimal parameters �α0 are found, it is
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necessary to estimate their uncertainties. For this purpose we
estimate the changes of optimal parameters ��α caused by the
changes of the input data � �X in a linear approximation, which
is supposed to be valid for small � �X:

��α = (J T J )−1J T � �X. (6)

Here, J is a Jacobian matrix constructed from submatrices Jp

of each PED image,

J =

⎛
⎜⎝

J1

J2

. . .

⎞
⎟⎠, Jp,ij =

√
ωp

Np

∂χt
pi

∂αj

. (7)

� �X is a vector, consisting of subvectors � �Xp of each PED
image:

� �X =

⎛
⎜⎝

� �X1

� �X2

. . .

⎞
⎟⎠, �Xp,i =

√
ωp

Np

�χp,i, (8)

where �χp,i are random differences between the model χt
pi

and the data χe
pi .

Further, we assumed that all �χp,i are random variables
possessing normal distributions with equal dispersions δχ2

p =
Rp(�α0) within each PED image. Of course, these variables are
not independent. Most of them are strongly correlated. The
theoretical errors are systematic and related to approximations
of the employed physical models. The experimental errors
contain both random noise and systematic errors related to
imperfect instrument calibrations. In order to provide a realis-
tic estimation of covariance matrix, we assumed that for each
PED image the random vector �χp,i has a certain number of
degrees of freedom, Fp, that is much less than the total number
of points Np in the PED image. Then the covariance matrix
can be estimated for the case where the PED image consists
of Np = Fp data points and the variations of their intensities
are uncorrelated:

V =
n∑

p=1

ωpRp(�α0)

Fp

· (J T J )−1J T
p Jp(J T J )−1, (9)

In the case of a single PED image, this expression is simplified
to

V = R(�α0)

F
· (J T J )−1. (10)

The variances of the parameters are simply the diagonal
elements of the covariance matrix:

δα2
j = Vjj . (11)

It is worth noting that a significant correlation between pa-
rameters may occur in some cases. This will lead to increased
uncertainties [47]. Such situation can be detected using the
correlation matrix

Cij = Vij√
ViiVjj

. (12)

In our study, the absolute values of the correlation coefficients
did not exceed 0.6.

FIG. 1. (a) LEED pattern of the h-BN/Co(0001) system taken at
the electron energy of 70 eV. [(b) and (c)] XPS spectra measured
using the photon energy of 490 eV.

III. RESULTS AND DISCUSSION

A single-layer h-BN was grown on a single-crystalline
Co(0001) film formed on a W(110) substrate as described in
the Methods section. Figure 1(a) shows the LEED pattern of
the h-BN/Co(0001) system. It exhibits sharp reflexes arranged
in a hexagon demonstrating that the h-BN layer is perfectly
oriented. The unsplit shape of reflexes indicates that the lattice
periods of h-BN and Co(0001) surface are matched within
an accuracy better than 0.5%, determined by the width of
reflexes. The thickness of the h-BN film was estimated by
XPS as 3.3 ± 0.3 Å, which corresponds to a single atomic
layer.

Although h-BN is chemically inert at ambient conditions,
we have found that the h-BN/Co(0001) interface is highly sen-
sitive to air. Therefore the samples were transferred between
different setups in argon atmosphere and further annealed in
vacuum at the temperature of ∼ 400 ◦C in order to desorb the
contaminants. However, this precaution did not completely
exclude contact with oxygen and consequent degradation of
sample quality. This is illustrated by the XPS spectra shown
in Figs. 1(b) and 1(c). The as-grown h-BN layer is charac-
terized with a single peak n1 in the N 1s XPS spectrum.
After transferring in argon and postannealing, a shoulder n2

appeared at the lower binding energy (BE) side of the N 1s

peak. Similar behavior was observed in the C 1s spectra of the
graphene/Co(0001) samples exposed to air [48]; these spectral
changes were explained by oxygen intercalation underneath
graphene. We suppose that in the case of h-BN/Co(0001)
system a similar process occurs partially, i.e., at some places
on the surface. The B 1s spectrum of the as-grown h-BN
layer demonstrates a single peak b1 with a tiny additional
component b2, indicating presence of some defects in h-BN.
The concentration of B atoms related to these defects is about
2 at.% as it was estimated from the b2/b1 intensity ratio. After
transferring, the number of defects is notably increased as it is
evidenced by the higher intensity of the b2 peak. Nevertheless,
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FIG. 2. (a) Scheme of the PED experiment and the h-
BN/Co(0001) cluster used for the PED simulations. (b) Measured
PED intensities in equal area projection.

the main n1 and b1 peaks remained almost unchanged, which
allowed us to perform structural studies at distant synchrotron
radiation facility.

To gain a deep insight into the structure of the h-
BN/Co(0001) interface we carried out PED measurements of
the B 1s and N 1s core levels in angular mode. This technique
was successfully applied to study the structure of 2D materials
including h-BN monolayer [32,49]. To ensure high sensitivity
of PED data to the position of the h-BN layer with respect to
the substrate, we used a relatively low photoelectron kinetic
energy of 300 eV, at which photoelectron backscattering has
a notable contribution to the PED pattern. The measured
angular distribution of the n1 peak intensity is illustrated in
Fig. 2(a). The normalized and projected intensities are shown
in Fig. 2(b). The n1 and b1 peaks demonstrate sharp PED
patterns indicating good crystallinity of the corresponding h-
BN surface. In contrast, the n2 peak exhibits a rather unsharp
pattern, although it demonstrates some similarity to the n1

pattern. This means that the N atoms related to the peak
n2 still belong to h-BN, but they do not have well-defined
position relative to the substrate. This is consistent with the
assumption on the oxygen intercalation underneath some parts
of the h-BN layer. Therefore we focused at the analysis of the
n1 and b1 patterns, ascribed to the intact interface.

The measured n1 and b1 intensities after background sub-
traction are shown in Fig. 3(a). In order to determine the
structure of the interface, it is necessary to find the atomic

FIG. 3. (a) Experimental and (b)–(d) calculated PED images of h-BN/Co(0001) system in the equal area projection. (e) Several structures
of the interface and their notations.
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arrangement that gives the global minimum of the R factor.
For this purpose we considered different positions of the h-BN
layer relative to the cobalt surface. Several high-symmetry
positions are illustrated in Fig. 3(e). Our DFT calculations,
which will be discussed further, showed that among these
positions the hcp-top and fcc-top structures are most favor-
able energetically. Therefore these structures were chosen as
starting points for the PED analysis.

In order to calculate a PED image for a given lateral
position of the h-BN layer, we considered the R factor as a
function of two structural parameters, namely B-Co and N-Co
interlayer distances, and unknown nonstructural parameters,
such as inner potential, Debye temperature, and the height of
the interface between solid and vacuum. Then the minimum of
the R factor was found. The calculated PED images at optimal
parameters determined for the hcp-top and fcc-top structures
are shown in Figs. 3(c) and 3(d). They are rather similar to
each other because in both structures the N atoms occupy
positions atop the Co atoms and the B atoms are located
above the hollow sites. All simulated images demonstrate
good agreement with experimental data, however, the hcp-top
structure fits slightly better.

It should be noted that because of the ABAB stacking of
Co atomic layers, there are two possible surface terminations
(A and B). Therefore there are two possible orientations of
the h-BN layer. Thus the interface should consist of at least
two types of domains. Figure 3(b) shows the PED images
calculated for one orientation. Obviously, it has threefold
symmetry. However, the experimental data exhibit sixfold
symmetry, indicating that the PED pattern is formed by the
sum of PE signals from different domains.

In order to consider all possible positions of the h-BN
monolayer, we have calculated the dependence of R factor on
the lateral displacement of h-BN. In each step, we have opti-
mized the structural and nonstructural parameters to minimize
the R factor. The results are presented in Fig. 4. The numbers
on the R-factor maps indicate the corresponding structures
shown in Fig. 3(e). The global minimum was achieved for
the hcp-top structure (position 3), which has R = 0.22. The
second deep minimum corresponds to the fcc-top configura-
tion (position 4) with R = 0.25. The other local minimum is
observed for the hcp-fcc structure (position 1) with R = 0.37.

To determine the significance of the R-factor minimum,
it is useful to estimate its variance. If we assume that the
deviations between the calculated and measured PE inten-
sities are random variables possessing normal distributions
with identical variances, then each Rp obeys a chi-squared
distribution, and the standard deviation of the R factor can be
found as

δR =
√√√√2

n∑
p=1

ω2
p

Fp

R2
p(�α0), (13)

Where Fp is a number of statistical degrees of freedom for
a given PED pattern. In the case of single PED image, this
expression turns to the formula δR/R = √

2/F suggested by
Pendry [50]. The F value can be considered as the number
of independent pieces of structural information contained in
the data [47]. This number can hardly be determined reliably.
One straightforward approach is to relate F to the number

FIG. 4. Calculated dependence of R factor on the lateral shift of
the h-BN layer relative to (a) the fcc-top position, (b) the hcp-top
position. Dashed line shows the unit cell.

of characteristic features in the PED data. All PED images
consist of a set of features like intensity maxima or minima.
In the calculated images, these features differ in position and
intensity with respect to the experimental data. Thus the de-
viations between theoretical and experimental intensities are
strongly correlated for neighboring photoemission directions
in the vicinity of each feature. This fact lets us suppose that
the number of degrees of freedom can be approximated by
the number of features. In order to determine the number of
features automatically, we used an autocorrelation function of
the experimental PED projection χe

p(x, y):

fp(x ′, y ′) =
∫∫

χe
p(x, y)χe

p(x − x ′, y − y ′)dxdy. (14)

The number of features Fp can be roughly estimated as the
total area of PED image Ap divided by the cross-section area
ap of the central peak in fp(x ′, y ′) at the level of 39.1% of
its height. This threshold value is chosen in analogy with the
case of ideal circular feature, the size of which is equal to the
cross section of the autocorrelation function at this particular
level. Moreover, if the PED map contains symmetry elements,
the Fp value should be divided by the symmetry order S to
exclude counting of identical features. Hence we have Fp =
Ap/(apS). In the case of BN/Co(0001) system, the symmetry
order is S = 12 because of a sixfold axis and a mirror plane.
The estimated numbers of independent features are FB1s =
13 and FN1s = 19. These numbers roughly correspond to the
numbers of features counted by eye. Of course, the validity of
this approach requires further justifications.

In frames of assumptions discussed above, for the hcp-
top structure, we obtain δR = 0.06. This value exceeds the
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TABLE I. Optimal parameters determined with EDAC: dN-B is
the height difference between the N and B atomic layers, dB-Co is the
distance between the B layer and the Co surface, and V0 is the inner
potential. B atoms are closer to Co than N atoms.

hcp-top fcc-top

dN-B, Å 0.07 ± 0.02 0.06 ± 0.02
dB-Co, Å 2.04 ± 0.02 2.03 ± 0.02
V0, eV 19 ± 2 20 ± 2

difference between the R factors of the hcp-top and fcc-top
structures, which equals to 0.03. Therefore we cannot reli-
ably distinguish these two configurations using the R-factor
analysis. This is why we conclude that the h-BN/Co(0001)
interface is formed by either hcp-top or fcc-top structures or
by the mixture of both.

Let us now focus at the structural parameters determined
from the PED analysis. The most important optimal parame-
ters and their uncertainties are presented in Table I. The results
demonstrate that the obtained PED data are very sensitive to
the interlayer distances. A tiny corrugation of the h-BN layer
can be reliably detected. Also, the relative uncertainty of the
B-Co interlayer distance is about 1%. It should be noted that
even at the most pessimistic estimation of errors obtained by
using Fp = 1, the relative uncertainty would not exceed 5%.

To determine which structures are more favorable energet-
ically we performed DFT calculations for the four config-
urations shown in Fig. 3(e). The relative total energies and
the optimal structural parameters are given in Table II. It
can be seen that the fcc-top structure is the most favorable
one. However, the energy of the hcp-top structure differs
by only �E = 5 meV, which is much less than the energy
of thermal vibrations at the temperature of synthesis (and
even at the room temperature). The ratio of the probabilities
for the formation of the fcc-top and hcp-top structures can
be roughly estimated as exp(�E/kBT ) = 1.06, where kB is
the Boltzmann constant and T is the synthesis temperature.
For this reason, both fcc-top and hcp-top structures must be
formed with rather similar probabilities of 51% and 49%,
respectively. Formation of the other configurations like hcp-
fcc and top-hcp is highly unfavorable. Comparison of the
interlayer distances determined for the fcc-top (or hcp-top)
structures by DFT and from PED analysis reveals perfect
agreement for the B-Co spacing. However, DFT predicts
slightly larger corrugation dN-B = 0.13 Å with respect to the
experimental value of 0.07 ± 0.02 Å.

TABLE II. Characteristics of different h-BN/Co(0001) structures
determined with DFT: dN-B and dB-Co have the same meaning as in
Table I, d12 is the spacing between the topmost Co layers (note that
the calculated interlayer spacing in the bulk is 2.025 Å), �E is the
total energy per unit cell relative to the fcc-top structure.

hcp-top fcc-top hcp-fcc top-hcp

dN-B, Å 0.131 0.131 0.021 0.018
dB-Co, Å 2.035 2.036 3.18 3.20
d12, Å 1.947 1.949 1.956 1.956
�E, meV 5 0 281 346

It is worth noting that there is a certain structural similarity
between the h-BN/Co(0001) system and the well-studied
h-BN/Ni(111) system. Both interfaces possess matching of
the lattice constants of h-BN and metal. Moreover, in both
systems, nitrogen is located in the top position, while boron
occupies the hollow sites [15–25]. DFT calculations for the
h-BN/Ni(111) system predict the energy difference of 14 meV
between the fcc and hcp positions of the B atoms with
the fcc position being more favorable [22]. This leads to
the probability for the fcc-top structure formation of nearly
54% if the other factors are ignored. However, experimental
LEED and PED studies indicate that the fcc-top structure
may strongly dominate [23–25], as it is evidenced by the pro-
nounced threefold symmetry of the nearest-neighbor forward
scattering pattern in the B 1s PED image [24]. This contra-
diction indicates strong influence of the kinetic factors and/or
surface defects on the h-BN growth on the Ni(111) surface.
A newly purchased Ni crystal may have insufficient surface
quality for the preferential growth of the fcc-top structure;
in this case, a mixture of two configurations can be formed,
resulting in a sixfold symmetry of the PED image [45].
In the case of Co(0001) substrate with the ABAB stacking
sequence, the presence of AB and BA crystal terminations
leads to the two opposite orientations of h-BN. As a result, the
PED image has a sixfold symmetry for any type of structure.
Therefore discrimination between the fcc-top and hcp-top
structures with PED or LEED is much more difficult on the
Co(0001) surface than on the Ni(111) single crystal. It should
be noted that according to our simulations the enhancement of
electron backscattering upon decreasing of the kinetic energy
to 80 eV does not provide any improvement in distinguishing
between the fcc and hcp boron positions. We suppose that
ion scattering spectroscopy may help to identify the structure
more precisely [51].

Let us turn to the electronic structure of the h-
BN/Co(0001). Figure 5(a) shows the ARPES map measured
from the freshly prepared sample. It reveals dispersions
of electronic states with the surface sensitivity of a few
angstroms. As expected, the data demonstrate π and σ bands
of h-BN. Also Co 3d states, located close to the Fermi level,
are visible due to monoatomic thickness of the h-BN layer.

The influence of cobalt substrate on the band structure of h-
BN can be understood with the help of the DFT results for the
h-BN/Co(0001) against a freestanding h-BN monolayer. We
have found that the differences between the band structures
of the fcc-top and hcp-top structures are negligible, hereat
only the bands for the fcc-top configuration are exhibited in
Fig. 5(b). One can see the notable energy difference between
the π bands of bonded and freestanding h-BN. Such energy
shift of the π states of h-BN/Co(0001) is a consequence of
their strong hybridization with the Co 3d states.

It should be noted that ferromagnetism of cobalt leads to
an exchange splitting of the electronic states. Our calculation
predicts a significant spin splitting of the π band near the K
point of the surface BZ. However, this splitting is not observed
in our spin-integrated ARPES data. This can be explained by
the fact that at the K point the majority π band reaches the
energy region of the projected majority Co states, where they
become strongly mixed. As a consequence, the contribution
of the BN pz orbitals to the majority wave functions at the K
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FIG. 5. (a) ARPES map of h-BN/Co(0001) obtained using He
II radiation (40.8 eV). (b) Calculated band structures of the h-
BN/Co(0001) system and the freestanding h-BN monolayer. The
labels MAJ and MIN denote majority and minority spin directions.

point becomes smeared out over the wide energy range of the
Co 3d states and does not produce a sharp band in the PE map.
The minority π band appears in the projected local band gap
of Co, therefore, it is less hybridized and gives a pronounced
PE peak observed at the K point in experiment.

Although the isolated h-BN monolayer is an insulator, it
loses its insulating properties on the Co(0001) surface. Due
to mixing of the electronic states of h-BN and Co, new hy-
bridized states are formed at the Fermi level. This is illustrated
in Fig. 6, where the contributions of the B and N orbitals to the
electronic states at the Fermi level are shown. It can be seen
that the B and N contributions to the minority spin states are
smeared over the surface BZ. The majority spin states form
a local band gap around the K point. Outside this gap, the N
orbitals are mixed with the bulk majority Co states, which are
quantized in the direction perpendicular to the surface because
of the finite thickness of Co film. The main contribution of the
B orbitals to the majority states appears at the border of the
local band gap. These states are localized at the surface in
contrast to hybridized N-Co majority states.

FIG. 6. Calculated momentum-resolved contributions of B and N
orbitals to the Fermi surface of the h-BN/Co(0001) system. Dashed
lines show the surface BZ. The numbers in the right upper corners
represent the relative contributions integrated over the whole BZ.

Metallic character of a chemisorbed h-BN monolayer al-
lows efficient use of scanning tunneling microscopy (STM)
to study the topography and defects of the h-BN/Co(0001)
interface. Figure 7(a) shows the STM image of the 200-nm
wide region of the sample studied immediately after the
synthesis. The surface consists of flat terraces and steps of
different height. The profile shown in Fig. 7(b) exhibits single
atomic steps with the height of 2.0 Å, which corresponds to
the interlayer distance in a Co lattice, and a double step. Also,
triple steps can be observed in other places. In the upper part
of the image, one can see a screw dislocation, which is a rather
frequent defect of the cobalt film on the W(110) substrate,
according to our data.

Figure 7(b) demonstrates an atomically resolved STM
image. It exhibits a periodic hexagonal lattice with the period
of 2.5 Å, which is expected for the (1 × 1) structure of the
h-BN/Co(0001) interface. However, it does not reveal the
honeycomb structure of h-BN. This can be explained by
the simulated STM image of the fcc-top structure shown in
Fig. 7(d). In terms of the Tersoff-Hamann approximation, the
tunneling current is proportional to the local density of states
(LDOS) at EF. Our DFT calculation shows that in addition
to the slightly higher location of the N atoms relative to the
B atoms on the Co(0001) surface, the nitrogen sublattice has
notably higher LDOS. This is evidenced by Fig. 6, which
shows that 73% of the h-BN contribution to the DOS at the
Fermi level is provided by the orbitals of nitrogen. This is why
the N atoms look higher in the STM image. For the hcp-top
structure, the simulated STM image is rather similar, therefore
it is not shown. Another prominent feature of the STM image
is the presence of several bright spots, which may be related
to point defects of either cobalt or h-BN. Unfortunately, we
could not resolve the structure of these defects and determine
their nature.
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FIG. 7. [(a) and (c)] STM images of the h-BN/Co(0001) surface
obtained at a bias voltage Vt = 200 mV and a constant current
It = 0.3 nA (a), and at Vt = 30 mV, It = 1 nA (c). Light colors
correspond to higher regions. Dashed line in (a) corresponds to the
image profile (b). (d) Local density of states at the Fermi level
calculated by DFT in the energy window of ±0.1 eV at the height
of 2 Å above the surface of the h-BN/Co(0001) system possessing
an fcc-top structure.

IV. CONCLUSIONS

In summary, we have demonstrated the formation of a
single h-BN layer on the Co(0001) surface. By using ARPES,
PED, and STM, we have studied comprehensively the elec-
tronic structure and the crystal structure of the interface.
Perfect matching of the lattice constants of Co and h-BN
results in the formation of an epitaxial (1 × 1) structure.
Comparison of the experimental PED data with the simulated
photoemission intensity maps demonstrates that boron atoms
preferably occupy hollow sites, while nitrogen atoms are
located above Co atoms. Thus the interface is formed by the
fcc-top or/and by the hcp-top structures. Although the PED
analysis suggests that the hcp-top structure is more favorable
than the fcc-top one, we cannot discriminate reliably between
these two configurations. According to the DFT calculations,
the energy difference between these two structures is negli-
gible, therefore both of them are expected to be formed with
similar probabilities during the synthesis.

Despite the fact that h-BN is chemically inert, the h-
BN/Co(0001) interface is strongly affected by oxygen. Ev-
idently, oxygen can intercalate the BN layer; however, the
mechanism of this process is not yet understood.

The STM images of the h-BN/Co(0001) system demon-
strate the high quality of the surface comprised of atomically
flat terraces and few-atom-high steps. Atomically resolved
images reveal only one of the two h-BN sublattices. This
is explained by the DFT simulations of STM images. They
show that the nitrogen sublattice exhibits higher local density
of states near the Fermi level, therefore it gives a dominating
contribution to the tunneling current.

The notable contribution of N and B orbitals to the elec-
tronic states at the Fermi level is a consequence of a strong
interaction between the h-BN and Co(0001) substrate that
is accompanied by a significant hybridization of the BN π

and Co 3d states. This is evidenced by the ARPES data
and supported by the DFT band structure calculations, which
confirm formation of hybrid interface states in the energy
region of the h-BN band gap. In addition, our calculations
predict strong spin splitting of the h-BN π states near the
K point of the Brillouin zone. One can anticipate that the
studied epitaxial h-BN/Co(0001) system will be of interest for
applications in electronics and spintronics.
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