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Growth, domain structure, and atomic adsorption sites of hBN on the Ni(111) surface
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One of the most important functionalities of the atomically thin insulator hexagonal boron nitride (hBN) is
its ability to chemically and electronically decouple functional materials from highly reactive surfaces. It is
therefore of utmost importance to uncover its structural properties on surfaces on an atomic and mesoscopic
length scale. In this paper, we quantify the relative coverages of structurally different domains of a hBN layer
on the Ni(111) surface using low-energy electron microscopy and the normal incidence x-ray standing wave
technique. We find that hBN nucleates on defect sites of the Ni(111) surface and predominantly grows in two
epitaxial domains that are rotated by 60◦ with respect to each other. The two domains reveal identical adsorption
heights, indicating a similar chemical interaction strength with the Ni(111) surface. The different azimuthal
orientations of these domains originate from different adsorption sites of N and B. We demonstrate that the
majority (≈70%) of hBN domains exhibit a (N, B) = (top, fcc) adsorption site configuration while the minority
(≈30%) show a (N, B) = (top, hcp) configuration. Our study hence underlines the crucial role of the atomic
adsorption configuration in the mesoscopic domain structures of in situ fabricated two-dimensional materials on
highly reactive surfaces.
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I. INTRODUCTION

One of the great challenges in information technology is
to develop novel concepts and materials for the realization of
active functional units on ever-smaller length scales down to
the nanoscale or even the single-layer limit [1–3]. The most
straightforward way to implement such nanoscale assem-
blies is to employ intrinsic two-dimensional (2D) materials
such as atomically thin honeycomb materials [4–8] or tran-
sition metal dichalcogenides (TMDs) [9–11]. These types of
materials reveal exceptional optical and spin-dependent elec-
tronic properties in their freestanding form. They can also
host Dirac fermions with exceptional Fermi velocities [12]
or exhibit spin- and valley-dependent degrees of freedom that
dominate the helicity-dependent light absorption of the ma-
terial [10,13]. On surfaces, however, these unique properties
(and many others) are often altered or fully suppressed by the
proximity between the 2D material and the surface and the
chemical interaction at this interface [14–16].

In this regard, hexagonal boron nitride (hBN) has emerged
as an essential member of the family of atomically thin materi-
als and their heterostructures [17–19] since it is a 2D insulator
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with a large band gap of ≈5.5–6.0 eV [20]. It has already
been successfully used as 2D buffer layer to chemically and
electrically decouple molecular layers and 2D materials from
metal surfaces [21,22]. In addition, hBN is also often selected
as a buffer layer due to its structural similarity to graphene.
This is an important prerequisite for a (quasi)epitaxial and
homogeneous growth of graphene, graphenelike materials, or
molecular carbon allotropes on hBN-passivated metal sur-
faces [23–25].

So far, the structural quality of atomically thin honeycomb
and molecular materials on hBN-passivated metal surfaces is
still limited by the uniformity and corrugation of the hBN
template [25]. In particular, the fabrication of hBN monolayer
films on metals by chemical vapor deposition (CVD) does
not always result in uniform films as known for graphene,
but in small triangular-shaped islands exhibiting differently
oriented domains. This complex structure formation is mainly
attributed to the site-specific interactions of the boron and ni-
trogen atoms of the hBN layer with the surface atoms resulting
in different possible adsorption sites of B and N on metal
surfaces.

One of the most frequently studied hBN/metal model sys-
tems is a single-layer hBN on Ni(111). The hBN monolayer
film grows in a commensurate 1 × 1 superstructure on the
Ni(111) surface with an almost vanishing vertical corrugation
[26–31]. These structural properties of hBN are the result
of a strong chemical interaction between the 2D layer and

2475-9953/2021/5(9)/094001(11) 094001-1 ©2021 American Physical Society

https://orcid.org/0000-0002-1965-6064
https://orcid.org/0000-0002-1759-7419
https://orcid.org/0000-0001-9117-8805
https://orcid.org/0000-0003-3567-5377
https://orcid.org/0000-0001-8439-434X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.5.094001&domain=pdf&date_stamp=2021-09-17
https://doi.org/10.1103/PhysRevMaterials.5.094001


MIRIAM RATHS et al. PHYSICAL REVIEW MATERIALS 5, 094001 (2021)

the magnetic transition metal surface. The differences in the
vertical position of N and B above the Ni surface layer are
rather small (�zB,N � 0.15 Å) and can be attributed to the dif-
ferent adsorption positions of N and B on the Ni(111) surface
[26,29]. While N adsorbs on a top site of the Ni(111) surface,
B is either located on an fcc or an hcp hollow site, depending
on the sample preparation conditions. In addition, nonepitax-
ial hBN domains were recently uncovered, exhibiting various
azimuthal orientations and a significantly weaker interaction
between the 2D materials and the surface [32]. This manifold
of hBN structures on Ni typically leads to a coexistence of
different hBN domains on the same surface, most prominently
the two 60◦-rotated epitaxial domains that exhibit almost iden-
tical adsorption energies [27,33]. Interestingly, the adsorption
energy difference of these domains is smaller than the thermal
energy during the hBN growth and hence cannot explain the
typically larger coverage of one epitaxial domain over the
other at submonolayer coverages. It is therefore of crucial
importance to obtain a more quantitative understanding of
the relative coverages of coexisting hBN domains of in situ
fabricated hBN layers on surfaces in order to optimize their
mesoscopic domain structure for future applications in device
structures.

In this paper, we therefore revisit the structural proper-
ties of the in situ fabricated hBN domains on Ni(111) on
the atomic and mesoscopic scale by combining low-energy
electron microscopy (LEEM) and the normal incidence x-ray
standing wave (NIXSW) technique. These experimental tools
allow us to unambiguously determine the atomic structure of
the different hBN domains on Ni(111) and to quantify their
relative coverages with high accuracy. We find that structural
defects at the Ni surface act as nucleation centers for the
epitaxial hBN domains. With time, these domains expand
over the entire surface and, when the monolayer coverage is
reached, clearly exhibit one majority and one minority domain
(in terms of covered surface area). The relative coverages are
highly reproducible and only depend on the sample prepara-
tion conditions during the hBN film growth.

II. EXPERIMENTAL DETAILS

A. Sample preparation

For both the LEEM and NIXSW experiments, the surface
of the Ni(111) single crystal was cleaned by repeated cycles
of sputtering with argon ions (t = 60 min, Eion = 1 keV) fol-
lowed by sample annealing at 870 K for 30 min. Afterwards,
hBN was grown by CVD. With the crystal at 850 K, we
exposed the surface to the precursor gas borazine (HBNH)3 at
a partial pressure of 1 × 10−8 mbar. With this procedure, an
almost closed layer of hBN was achieved after 100 min, which
corresponds to a nominal exposure of 48 L. Borazine was
provided by Katchem (Prague, Czech Republic) and cooled
to temperatures below 270 K at all times in order to minimize
thermal degradation.

The quality of the samples used for the NIXSW experi-
ment was verified by microchannel plate low-energy electron
diffraction (MCP-LEED) after preparation. The LEEM exper-
iments were performed in situ and in real time during the
growth. Afterwards these samples were cooled down to room

temperature (RT) for further investigation by micro-LEED
(μLEED) and LEEM.

B. Low-energy electron microscopy

The growth study of hBN on Ni(111) was performed us-
ing an aberration-corrected low-energy electron microscope
(Elmitec AC-LEEM 3). In different imaging modes the mi-
croscope can reach a maximal lateral resolution of 2 nm. By
switching to diffraction mode, the microscope allows us to ob-
tain LEED patterns from selected surface areas with diameters
down to 250 nm (μLEED). From a LEED pattern, specific
beams can be selected for imaging by positioning a contrast
aperture in a suitable diffraction plane in the microscope’s
optics. When the specular (00) beam is selected, the micro-
scope is being operated in bright-field (BF) LEEM mode.
Contrast between different surface regions is then produced
by, e.g., different surface terminations or stoichiometries and
can be tuned by adjusting the interaction energy (the so-called
start voltage). Also, LEEM-intensity-vs-start-voltage [LEEM-
I(V)] curves can be recorded. In the so-called dark-field
(DF) LEEM mode, a non-zeroth-order reflection is selected
for imaging. Only surface areas having a specific crystalline
structure become visible in this mode, and can be distinguish
from other areas that have different structures. This also al-
lows one to distinguish between (e.g., rotational) domains of
the same structure on the surface.

In our LEEM experiment, we investigated the growth of
the first hBN layer on Ni(111) in situ and in real time. The
pressure during these experiments was � 10−10 mbar and
≈1 × 10−8 mbar during growth (see above). All LEEM im-
ages were collected using start voltages up to Ustart = 25 V,
except for the dark-field images, for which we used Ustart =
60 V. No electron-beam-induced damage of the hBN films
was observed in our LEEM experiments. Note that the focal
length of the objective lens can be tuned in order to opti-
mize the imaging. Underfocusing (that is, using a focal length
longer than the actual distance between the sample and the
objective lens) and strong overfocusing (focal length clearly
shorter than the distance to the sample) allow us to identify
very small objects on the surface, such as, e.g., nuclei in the
very first stage, since these objects appear blurry and their size
is strongly overestimated. The sharpest images showing the
objects most realistically in size are in turn usually obtained
when the image is slightly overfocused, close to in-focus
conditions.

C. Normal incidence x-ray standing waves

The normal incidence x-ray standing wave (NIXSW) ex-
periments were carried out at the hard x-ray photoemission
(HAXPES) and x-ray standing wave (XSW) end station of
beamline I09 at the Diamond Light Source (Didcot, UK). This
end station is equipped with a hemispherical electron analyzer
(Scienta EW4000 HAXPES) that is mounted perpendicular
to the incoming photon beam. The angular acceptance of the
electron analyzer is ±30◦.

The NIXSW method allows one to determine the vertical
adsorption position of all chemically different atomic species
within an adsorbate system above the surface with a very
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high precision, better than 0.04 Å. Here, the fundamental
aspects of this method are briefly summarized. For a more
detailed introduction we refer the reader to more detailed
articles [34,35].

If an incident synchrotron beam fulfills the Bragg condition
�kH − �k0 = �H for the reflection �H = (hkl ) of the substrate
crystal, an x-ray standing wave field is formed by the coherent
superposition of the incoming and the Bragg-reflected wave.
Scanning the photon energy E through the Bragg condition
results in a shift of the phase difference �(E ) between the
relative complex amplitudes of the incoming and Bragg re-
flected waves by π . As a consequence, the standing wave
field shifts through the crystal by half of the lattice spacing
d(hkl ) in the direction perpendicular to the Bragg planes. This
changes the amplitude of the standing wave at any specific
position (height) in and above the crystal, and hence also the
x-ray absorption of an atom that is located at this position.
This change in the absorption yield can in turn be measured
by recording the photoemission yield I (E ) of any of its core
levels, as a function of the photon energy. The resulting ex-
perimental yield curve I (E ) is characteristic for the height of
that specific atomic species, with respect to the Bragg planes
of the bulk Bragg reflection used. I (E ) can be modeled by

I (E ) = 1 + SRR(E )

+ 2|SI |
√

R(E ) · F H cos [�(E ) − 2πPH + ψ], (1)

where R(E ) is the x-ray reflectivity of the Bragg reflection
with its complex amplitude

√
R(E ) and phase �(E ). SR and

SI = |SI |eiψ are correction parameters for nondipolar contri-
butions to the photoemission yield for emission from an s state
[34–36]. The actual fit parameters are the coherent position
PH and the coherent fraction F H . PH is the averaged vertical
distance of the atomic species to the next (hkl ) lattice plane
below, in units of the lattice spacing d(hkl ) of the corresponding
Bragg reflection. Hence the distance (in units of angstrom) be-
tween an adsorbate and the surface Bragg plane can be written
as DH = (PH + n) · d(hkl ), with n being the number of Bragg
planes located between the surface plane and the adsorbed
atoms. In our case, n = 1, since the adsorption heights of B
and N turn out to be slightly higher than the lattice spacing
d(hkl ). F H can be understood as a vertical order parameter
with values between 0 and 1. Small values usually indicate
multisite adsorption or even a very broad distribution of ad-
sorption heights, while for F H = 1 all emitters are located at
the same coherent position PH . Finally, we want to mention
that DH and PH give insight into the adsorption heights of a
specific species above the surface only when a reflection H
perpendicular to the surface is selected. In our case this is
the (111) reflection. When an inclined reflection is selected,
the measured vertical positions DH have to be understood as
distances to the inclined Bragg planes of that reflection. They
reflect the lateral position of the atoms on the surface such as
the atomic adsorption site of adsorbates on surfaces.

In our work, we recorded NIXSW data for the (111) Bragg
reflection in order to measure the (vertical) adsorption heights
above the Ni(111) surface plane of the N and B atoms in the
hBN layer, and for the (−111) reflection to determine the
(lateral) adsorption sites of both species.

III. RESULTS AND DISCUSSION

A. Growth of hBN on Ni(111)

The growth of hBN on Ni(111) was observed in situ and
in real time using LEEM. Figure 1 shows exemplary LEEM
images at characteristic stages of the hBN growth process. The
LEEM image of the clean Ni(111) surface [Fig. 1(a)] reveals
the existence of two types of dark objects at the surface: Thin
lines represent step edges separating clean Ni terraces, and
dark spots that can be attributed to point defects on the surface.
The rather large defect density is attributed to the high surface
reactivity of the Ni(111) surface and the typical existence of
impurity atoms in the Ni bulk material. The size of these
defects is strongly enhanced due to the chosen imaging con-
ditions (Ustart = 1.20 V, overfocused).

When introducing borazine into the chamber, the size
of the dark spots increases instantaneously as illustrated in
Fig. 1(b). This indicates that hBN islands nucleate preferably
at defects on the Ni(111) surface. The subsequent growth
of hBN is shown in the LEEM images in Figs. 1(c)–1(h).
Here the islands appear bright on the dark Ni(111) surface
and are imaged in their true lateral size. These images were
recorded under different imaging conditions (Ustart = 3.50 V,
slightly overfocused), which explains the contrast inversion
from Fig. 1(b) to Fig. 1(c).

A closer inspection reveals two different types of hBN
islands with different brightness in the LEEM images in
Figs. 1(c)–1(h). We will refer to these islands as α (blue
arrows) and β islands (orange arrows). Initially, most islands
are of the α type appearing brighter than the β islands. This
indicates a significantly higher nucleation density of the α

islands (compared with β). With time, both types are growing:
β islands grow somewhat faster than α islands in this early
stage (up to ≈25 min), but they are also stopped early when
their edges touch the numerous α islands around. Hence, in
the later growth stage, remaining gaps in the hBN layer are
filled with the α domain only, resulting in a clear majority of
this domain type when the surface is completely covered after
a deposition time of 100 min.

B. Domain structure of the hBN layer

We investigated the closed hBN layer further using
BF-LEEM and LEEM-I(V). Figure 2(a) shows an enlarged
LEEM image of the same surface region as discussed in Fig. 1,
at different imaging conditions (Ustart = 22.5 V) and after
cooling the sample to RT. At this start voltage, three island
types with different LEEM intensity can be observed. Around
the two small β islands (one of them is marked with an orange
arrow) we can identify regions at two significantly different
brightness levels. A comparison with Fig. 1(h) indicates that
the α regions in fact consist of two different domains, which
we refer to as α1 (blue arrow) and α2 (cyan arrow) in the
following.

Furthermore, we recorded LEEM-I(V) curves for all three
types of hBN domains in the voltage range up to Ustart = 25 V;
see Fig. 2(b). The plateau at negative values is caused by total
reflection of electrons at the sample surface. With increas-
ing Ustart , the LEEM intensity decreases significantly. The
position of the steep intensity drop close to Ustart = 0 reflects
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(a) (b) (c) (d)

(e) (f) (g) (h)
 0 min  0.2 min  5.0 min  14.0 min 

 23.0 min  33.0 min  53.0 min  100.0 min 

2 µm

FIG. 1. LEEM images recorded during the growth of hBN on Ni(111) at 850 K and a borazine partial pressure of 1×10−8 mbar. (a) LEEM
image of the clean Ni(111) surface. (b) Nucleation of hBN at defect sites that appear dark on a bright Ni(111) surface (overfocused, Ustart =
1.20 V). (c)–(h) Growth of two types of hBN islands α and β (blue and orange arrows, respectively) on the dark Ni(111) surface. The α islands
are clearly dominant at higher coverage (slightly overfocused, Ustart = 3.50 V, total deposition time tdepos = 100.0 min).

the (local) work function of the observed surface region. Tak-
ing 90% of the maximum intensity as the criterion, Fig. 2(b)
reveals that hBN reduces the work function by 0.8 eV for the
β region and by 1.7 eV for both α regions with respect to the
clean Ni(111) surface (black curve).

In the entire energy range, the LEEM-I(V) curves of the
α1 and α2 regions are very similar. In particular, minima and
maxima of the two curves are located at exactly the same start
voltages. Intensities also differ only slightly, most strongly at
Ustart = 22.5 V, the energy we used for recording the image
shown in Fig. 2(a). The LEEM-I(V) curve for the β region,
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FIG. 2. (a) LEEM image of the same region as shown in Fig. 1, recorded at Ustart = 22.5 V. Two different α regions (α1 and α2, cyan
and blue arrows, respectively) can be distinguished. The β islands appear bright here, in contrast to Figs. 1(c)–1(h). (b) LEEM-I(V) curves
recorded on the three types of hBN domains [color code as in (a)] and on the clean Ni(111) surface (black curve). The dashed line marks the
start energy used in (a), which produces the best contrast between the α1 and α2 regions.
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(a)

2 µm

(b) (c) (d)

FIG. 3. (a) Close-up of a BF-LEEM image showing two β islands (bright), embedded in a region covered by α1 and α2 islands (dark, with
small contrast). Ustart = 1.9 V. (b)–(d) μLEED patterns recorded from the surface areas indicated in (a) by blue, yellow, and orange ellipses,
respectively. Ustart = 60 V.

however, has a different shape, and characteristic maxima and
minima are located at different start voltages than for the
α regions. This, as well as the clear difference in the work
functions, indicates structural differences between the α and
β regions, most likely caused by different adsorbate-substrate
interactions in the two domains [32].

μLEED experiments can provide additional insights into
the structural differences between α and β domains. By in-
serting an aperture into the sector field, we selected the surface
regions marked by colored ellipses in the LEEM image shown
in Fig. 3(a) (diameter ≈2 μm). The corresponding diffraction
patterns are displayed in Figs. 3(b)–3(d). At first, we focus
on the α region [blue ellipse in Fig. 3(a) and LEED pat-
tern in Fig. 3(b); α1 and α2 domains cannot be individually
selected with this aperture]. In the LEED pattern, no other
spots besides the Ni(111) substrate spots are visible; the hBN
diffraction spots coincide (within the k-space resolution of our
LEEM instrument) with the substrate spots, since the lattice
mismatch between the hBN unit mesh and the Ni(111) surface
unit mesh is very small. This indicates very clearly that the α

domains are well aligned with the substrate lattice and they
represent epitaxial hBN-R0◦ domains (where R0◦ refers to a
rotation of 0◦).

In contrast, the μLEED patterns of the β-type islands re-
veal additional superstructure spots [besides the Ni(111) bulk
spots], as can be seen in Figs. 3(c) and 3(d). The two different
islands marked by yellow and orange ellipses in Fig. 3(a)
both show a hexagonal pattern of additional LEED spots at
the same k‖ as the bulk spots. With respect to the Ni(111)
spots, they are rotated clockwise by 27◦ and 34◦, respectively.
We conclude that the β domains are structurally identical to
the α domains but are rotated with respect to the bulk lattice;
they are nonepitaxial, hBN-Rξ domains with variable rotation
angle ξ . Note that some additional, weaker diffraction spots at
smaller k‖ are visible, which can be explained by multiple-
scattering effects [32].

Finally, we performed DF-LEEM measurements in or-
der to reveal the structural differences between the α1 and
α2 regions. In Fig. 4 we present five DF-LEEM images
[Figs. 4(b)–4(f)] that were recorded by selecting different
diffraction spots, as indicated by the numbers and letters in
Fig. 4(a). The relevant reflections for studying the α1 and α2

regions are labeled 1, 3, 5 and 2, 4, 6, and the DF-LEEM
images corresponding to spots 1 (α1 region) and 2 (α2 region)

are depicted in Figs. 4(b) and 4(c), respectively. It is obvious
that for the (dominant) α regions the dark-gray–light-gray
contrast in the images is inverted in Figs. 4(b) and 4(c), while
the β domains appear black in both images, as indicated
by orange arrows. Very similar to the case of hBN/Cu(111)
[37], the contrast inversion can be explained by assuming
two symmetrically equivalent hBN domains being rotated by
60◦ with respect to each other, i.e., oriented 0◦ and 60◦ with
respect to the Ni(111) substrate. As discussed in detail by
Felter et al. (supplement of Ref. [37]), the contrast between
the two domains in DF-LEEM originates from the threefold
symmetry of the hBN structure, i.e., from the nonequivalence
of the hBN {10} and {01} reflections. For 60◦-rotated domains,
the first group of LEED spots (1, 3, and 5) contains the {10}
diffraction spot of one (e.g., α1) and the {01} spot of the other
(α2) domain, whereas for the other group of LEED spots (2,
4, and 6) it is the other way around. Hence, depending on
whether the {10} or the {01} beams are more intense for the
electron energy used, the DF image will show either the α1 or
the α2 domain brighter than the other.

We have also selected the diffraction spots of the β do-
mains for DF-LEEM imaging. Three such spots are marked
in Fig. 4(a), located on the arc between the bulk spots and
labeled by A, B, and C. Relative to the α-domain spots, these
spots are rotated clockwise by ξ = 27◦, 34◦, and 41◦, respec-
tively. Each of the corresponding DF-LEEM images shown in
Figs. 4(d)–4(f) exhibits bright contrast for one single β island,
while all the rest of the surface is dark.

Our DF-LEEM results are summarized in the false-color
composite image shown in Fig. 4(g). The individual DF-
LEEM images in Figs. 4(b)–4(f) are colored in their respective
color (blue and cyan for the α domains and yellow, orange,
and red for the β domains) and superimposed in one image.
The resulting composite image shows that the surface is fully
covered and all domains have been identified. It also allows us
to quantify the surface fractions that are covered by the indi-
vidual domains: In the investigated part of the sample, which
we consider to be representative of this hBN film, we find a
clear minority of � 3% for the β domains, while the majority
α regions split into ≈35% α1 (blue areas) and ≈65% α2 (cyan
areas) domains. This indicates that the α domains are not
equally occupied. Insight into the origin of this asymmetry can
be obtained from a closer investigation of the hBN-substrate
interaction, for which we performed NIXSW experiments.
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FIG. 4. DF-LEEM study of hBN layer on Ni(111). (a) LEED pattern with all spots used for DF imaging labeled. Ustart = 60 V. (b) and
(c) DF-LEEM images recorded for the diffraction spots 1 and 2, showing the two different domains α1 and α2 as light- and dark-gray areas.
(d)–(f) DF-LEEM images showing three different β domains, corresponding to the spots labeled A, B, and C in (a). The spots are rotated by
27◦, 34◦, and 41◦ with respect to spot 1. (g) False-color composite image of all DF images in (b)–(f).

C. Adsorption height and site of hBN on Ni(111)

For our NIXSW experiment, we prepared a new sample at
the I09 beamline of the Diamond Light Source using the same
growth conditions as in our LEEM experiment. We recorded
photoemission-based NIXSW data sets for B and N using the
(111) and (−111) Bragg reflections, allowing us to reveal
the structural differences between the α1 and α2 domains of
the hBN film. This was possible since the investigated hBN
film consisted of α domains only, i.e., no diffraction spots
of β domains were visible in the diffraction pattern of this
sample. In the following, we first introduce the spectroscopic
signatures of the B 1s and N 1s core levels that are used
as photoemission yield signals in the NIXSW experiment.
Afterwards, we turn to the NIXSW results for the (111) and
(−111) Bragg reflections.

1. Modeling of x-ray photoelectron spectroscopy data

The high-resolution core level spectra of the B 1s and
N 1s emission lines were recorded with a photon energy of
E = 3000 eV and are shown in Fig. 5. This photon energy is
significantly smaller than the Bragg energy and was selected
to avoid any influence of the x-ray standing wave field on the
spectral line shape. The overall spectral shapes of both core
levels are in good agreement with previous experiments [38].
The N 1s spectrum is dominated by a single main line at EB =
338.7 eV. In contrast, the B 1s spectrum consists of three
contributions: an asymmetric main peak at EB = 190.6 eV, a
small side peak at EB = 189.5 eV, and a broad electron energy
loss tail at larger binding energies. The small side peak of the
B 1s spectrum can be assigned to B atoms of residual borazine
molecules [39]. In addition, the asymmetric line shape of the
B 1s main line is typical for core level signatures of metals
and can be attributed to screening and many-body effects in
metallic systems [38]. This observation is a first indication
of a strong hybridization of hBN π* and Ni 3d states, and
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FIG. 5. (a) N 1s and (b) B 1s core level spectra recorded from
a monolayer hBN on Ni(111) at a photon energy of E = 3000 eV.
The experimental data were fitted with Gaussian curves to model
the individual contributions. Both spectra show one prominent main
peak. The asymmetric line shape in (b) was modeled by two Gaussian
curves (red solid and dotted lines). The blue Gaussian curve de-
scribes the B 1s signal of borazine residuals. The gray curve indicates
the electron energy loss tail.
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FIG. 6. (a) and (b) NIXSW yield curves of N and B, respectively, for hBN on Ni(111), as extracted from the core level fitting models
shown in Fig. 5. (c) X-ray reflectivity curve of the Ni(111) reflection. Measured data points and fitted curves are shown.

hence of a strong (chemical) interaction between hBN and the
Ni(111) surface.

For our NIXSW analysis, we model the spectral line shape
of these core level data by Gaussian curves. The data analysis
was performed using the software CasaXPS [40]. The best
fits were obtained for the models shown in Fig. 5. The fit-
ting envelopes are shown as black curves, and the individual
components as solid curves of different colors. For B, two
Gaussian curves were considered to correctly describe the
asymmetric line shape of the B 1s main line [red solid and
dotted curves in Fig. 5(b)]. NIXSW yield curves for N and B
were extracted from the core level spectra by integrating the
fit curves of the main lines.

2. Adsorption height and vertical corrugation

We now turn to the NIXSW results obtained for the (111)
reflection, which are the vertical adsorption heights D(111) for
B and N. These heights are directly related to the bonding
strength between the hBN layer and the Ni(111) surface.

Figure 6 shows typical photoemission yield curves for N 1s
and B 1s and the reflectivity curve of the Ni(111) crystal. The
uncertainty for each point was estimated by a Monte Carlo er-
ror analysis implemented in CasaXPS. The yield curves were
analyzed using the NIXSW analysis software TORRICELLI

[41,42] considering nondipolar effects in the photoemission
process as well as the small deviation of the incidence angle
from normal incidence that cannot be avoided in the experi-
ment [36]. NIXSW scans for each species have been recorded
on several positions of the sample. The averaged values for the
fitting parameters P(111) and F (111) are summarized in Table I.

The coherent fractions for both atomic species are close
to unity, FN

(111) = 1.17(3) and FB
(111) = 1.12(9), even ex-

ceeding the physically meaningful limit. We attribute this to
the nonlinearity of the photoemission detector system of the
electron analyzer. This nonlinear behavior is known to occur
for large photoelectron count rates, which are well below the
saturation threshold of the detector system. It leads to an
overestimation of the photoemission yield close to the Bragg
energy. Nevertheless, the large coherent fractions indicate the
formation of a flat hBN layer on Ni(111) with no significant

difference in the adsorption heights of the two symmetry-
equivalent α domains.

The adsorption heights D(111) of B and N are calculated
from the coherent positions by D(111) = (n + P(111)) · d(111)

with n = 1 and d(111) = 2.038 Å; see above. This results in
D(111)

N = 2.28(4) Å and D(111)
B = 2.23(4) Å, i.e., in a slightly

smaller height for boron than for nitrogen, in agreement with
a previous study [26]. Interestingly, the vertical adsorption
heights are very close to the covalent bonding distances be-
tween both species and Ni (see Table I), indicating a strong
bonding and chemical interaction between the hBN layer and
the Ni(111) surface.

Our experimental results are in good agreement with pre-
vious studies of strongly interacting honeycomb materials on
metal surfaces. The strong chemical interaction at the inter-
face between the honeycomb material and the Ni(111) surface
leads to epitaxial growth of a layer with marginal vertical
buckling and to vertical bonding distances close to covalent
bond lengths [26,43]. In particular, we find no indication of
a strong vertical buckling of the hBN layer as was observed
for hBN on less reactive surfaces such as Ir(111) [44] or
Cu(111) [45,46].

TABLE I. Averaged fitting results F (111) and P(111) and corre-
sponding adsorption distances D(111), obtained from the NIXSW
analysis of a commensurate monolayer hBN on Ni(111). The
nondipolar correction parameters used for the N 1s and B 1s emis-
sion lines were γN1s = 1.124 86, γB1s = 1.196 41, δN1s = −0.233 11
and δB1s = −0.161 67. The experiment was performed at 3.5◦ off
normal incidence, i.e., at a Bragg angle of θ = 86.5◦; for details,
see Refs. [36,41]. Covalent bonding distances dcov are taken from
Ref. [27].

(111) N 1s B 1s

F (111) 1.17(3) 1.12(9)
P(111) 0.12(2) 0.09(2)
D(111) (Å) 2.28(4) 2.23(4)
dcov (Å) 1.95 2.08
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FIG. 7. Illustration of the adsorption geometry for adatoms on
the threefold-symmetric sites. Atoms (irrespective of the chemical
species) are drawn as cyan, magenta, and purple spheres on the
top, hcp hollow, and fcc hollow sites, respectively, at the correct
height D(111) above the surface, according to the (111)-based NIXSW
experiment. Gray horizontal and inclined lines indicate the (111) and
(−111) Bragg planes, respectively, which are tilted by 70.5◦ with
respect to each other. Colored triangles illustrate the trigonometric
relation used for calculating the coherent positions with respect to the
inclined Bragg planes P(−111)

i , where i indicates the top, hcp hollow,
and fcc hollow sites.

3. Atomic adsorption sites of N and B

To determine the adsorption sites of N and B, we have
performed NIXSW measurements using the (−111) reflection
of the Ni crystal. The corresponding Bragg planes are tilted
by 70.5◦ with respect to the (111) surface and hence allow us
to obtain lateral structural information in this measurement.
In particular, every threefold-symmetric adsorption site has
its characteristic and unambiguous coherent position P(−111)

i
that allows us to identify the adsorption sites of both atomic
species unambiguously.

The expected coherent positions in the (−111) NIXSW
experiment can be calculated by simple trigonometry. As il-
lustrated in Fig. 7, an adsorbate atom on a top site, an hcp
hollow site, and an fcc hollow site is located precisely above
a Ni atom of the first (cyan), second (magenta), and third
(purple) Ni layer, respectively. The distance of the adsorbate
to these Ni atoms is therefore

D̃(111)
i = D(111) + (ni − 1) · d(111) = (ni + P(111)) · d(111),

(2)

where i stands for either the top, the hcp hollow, or the fcc
hollow site and ntop = 1, nhcp = 2, and nfcc = 3.

Assuming that the height of the adsorbate above the surface
(that is, D(111) or P(111)) is known [e.g., from the NIXSW
experiment using the (111) reflection], the expected coherent
positions P(−111)

i for the three adsorption sites can be deter-
mined by triangulation, as illustrated by the colored triangles
in Fig. 7. With d(−111) = d(111) we find

P(−111)
i · d(111) = D̃(111)

i · sin 19.5◦, (3)

TABLE II. Measured (−111) NIXSW results for hBN on
Ni(111) and expected (calculated) coherent positions P(−111) for B
and N on top, hcp hollow, and fcc hollow sites. Expected values for
B and N are almost identical since the vertical adsorption heights
D111 are almost identical for the two species.

(−111) N 1s B 1s

Measured F (−111) 0.99(7) 0.69(2)
P(−111) 0.35(2) 0.97(2)

Expected P(−111)
top 0.37(2) 0.37(2)

P(−111)
hcp 0.71(2) 0.70(2)

P(−111)
fcc 0.04(2) 0.03(2)

and hence

P(−111)
i = (ni + P(111)) · sin 19.5◦. (4)

These expected (calculated) P(−111) values for the
threefold-symmetric sites, together with the results of the
(−111) NIXSW experiment, are listed in Table II and illus-
trated in an Argand diagram in Fig. 8. In such a diagram,
the NIXSW result is drawn as a polar vector with its length
and polar angle representing the (measured or calculated)
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(-111)P     top

(-111)P     hcp
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FIG. 8. Argand diagram showing the results and analysis of the
(−111) NIXSW experiment. Green and red data points represent the
experimental results for N 1s and B 1s, respectively. Cyan, magenta,
and purple dashed vectors indicate the expected result for any species
adsorbed on top, fcc hollow, and hcp hollow sites, respectively. The
error bars for these calculated P(−111) values are obtained from the
experimental errors of the corresponding P(111) values (adsorption
heights). Hence all possible relative contributions of the hcp and fcc
sites to the total vector sum are located in the shaded areas. The black
parallelogram illustrates two components of a representative solution
of the vector sum equation for the B 1s signal [Eq. (5)] resulting from
the statistical analysis based on the experimental confidence interval.
This analysis reveals 75(5)% of B atoms occupying fcc hollow sites
and 25(5)% on hcp hollow sites.
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coherent fraction and position, respectively: Z = F (−111) ·
exp (2π iP(−111)). Experimental results are shown as green and
red data points representing individual NIXSW measurements
on different spots on the sample surface. Calculated results for
top, hcp hollow, and fcc hollow sites are shown as vectors
in the same color as in Fig. 7. The uncertainties of these
calculated P(−111) values are included as error bars of identical
color. They are based on the experimental uncertainty of the
adsorption height D111 of B and N above the Ni(111) surface.
For all adsorption sites, a coherent fraction of F (−111) = 1 was
assumed.

A comparison of expected and measured values allows us
to immediately identify the adsorption site of nitrogen. The
measured coherent positions (green data points) match very
well with only one of the predicted values, that of the top site.
Since the coherent fraction F (−111)

N is almost 1, this must be
the case for both domains. Hence we conclude that in both
α domains the N atoms are located on top of the uppermost
Ni atoms.

For boron the situation is more complicated, because none
of the predicted coherent positions is very close to the mea-
sured value P(−111)

B . Hence (at least) two different adsorption
sites must be occupied by the B atoms in the hBN film, which
is also reflected by the coherent fraction F (−111)

B being signif-
icantly smaller than 1. And indeed, assuming that B occupies
both hollow sites, can explain the experimental results very
well and is in accordance with the finding that the on-top site
is occupied by N. The relative occupation of both hollow sites
can be determined by a vector component analysis. The vector
ZB corresponding to our best fit to the experimental data for
B (red data points) can be split into two components, one
representing the hcp hollow site and the other representing the
fcc hollow site:

ZB = (1 − a) · ZB,hcp + a · ZB,fcc, (5)

where a is the relative occupation of the fcc hollow site by
B. To properly quantify the relative occupation a, we per-
formed the vector sum analysis for all possible combinations
of ZB,hcp, ZB,fcc, and ZB within their experimental confidence
intervals; see Table II. All possible contributions of the hcp
and fcc sites to the total vector sum are located in the shaded
areas in the Argand diagram in Fig. 8. The black parallelo-
gram illustrates the vector sum analysis for an exemplary data
set within the experimental confidence interval. A statistical
analysis of all possible vector combinations reveals an average
relative occupation of the fcc hollow sites of a = 0.75(5), i.e.,
approximately three-quarters of B atoms are located on fcc
hollow sites while 25(5)% occupy hcp hollow sites.

We hence conclude that the NIXSW technique, just like
LEEM, identifies two different hBN domains having an unbal-
anced occupation of the two types of α domains. We find that
in the majority domain (which is the α2 domain; see above),
B occupies an fcc hollow site while N is positioned on a top
site, i.e., the α2 domain has a (N, B) = (top, fcc) adsorption
configuration. The minority α1 domain exhibits a (N, B) =
(top, hcp) configuration. The coverage ratios of minority and
majority domains determined in both experiments (35%/65%
and 25%/75% in LEEM and NIXSW, respectively) agree well
with each other, considering that the samples were prepared in

top
fcc

hcp

2.29Å

2.23Å

2.04Å

1st

2nd

3rd

B

Ni

(a)

(b)

FIG. 9. Adsorption model of hBN on Ni(111) based on the
LEEM and NIXSW results. (a) Top view with both adsorption ge-
ometries. Left: (N, B) = (top, fcc). Right: (N, B) = (top, hcp). A
horizontal solid line indicates a mirror line for mapping one domain
onto the other but does not match the Ni bulk symmetry. (b) True-
scale vertical adsorption scheme with experimentally determined
adsorption heights for nitrogen and boron. The dashed circles indi-
cate the van der Waals radii of every atom. The strong overlap of the
circles indicates a strong binding of hBN to Ni(111).

different UHV chambers and different laboratories for the two
experiments. As illustrated in the real-space model shown in
Fig. 9(a), the two hBN domains are rotated by 60◦ with respect
to each other. Due to the threefold symmetry of the substrate,
this implies that the domains are also mirror symmetric, but
the mirror operation does not match with the substrate sym-
metry and hence conserves the adsorption site of N only (top
site). The B atoms, however, are imaged from an hcp hollow
site to an fcc hollow site and vice versa (by both the mirror
operation and the 60◦ rotation).

We finally mention that despite the different adsorption
configurations, both B and N lie at the same adsorption height
in the two α domains, as illustrated in the vertical true-scale
model shown in Fig. 9(b). Hence the adsorption height cannot
be the origin of the image contrast we have detected in LEEM
for the two α domains. It must rather be a small difference
in the chemical interaction that is caused by the different
adsorption sites for B. This is in agreement with previous
density functional theory (DFT) calculations predicting that
(N, B) = (top, fcc) is the energetically most favorable adsorp-
tion configuration, with a marginally larger adsorption energy
than (N, B) = (top, hcp) [47,48].

IV. CONCLUSIONS

Our combined LEEM and NIXSW investigation of a single
hBN layer on a defect-rich Ni(111) surface reveals a clear
correlation between the mesoscopic domain structure and the
local adsorption geometry that is identified by two indepen-
dent experiments on two separate in situ prepared samples.
The high defect density of the Ni(111) surface leads to a pref-
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erential nucleation of two epitaxial hBN domains α1 and α2

with identical periodicity but different azimuthal orientation.
The lattice of one domain is aligned with that of the bulk,
and the other is rotated by 60◦. Additionally, in LEEM we
detected another parasitic type of domain, the β domains,
which are not aligned with the substrate but take arbitrary
orientations.

The two α domains exhibit different nucleation densi-
ties and growth rates and do not cover equal areas of the
Ni(111) surface when the hBN layer is complete. This in-
dicates different adsorption energies for the two domains,
which in turn is caused by there being different adsorption
sites for boron. In an NIXSW experiment performed on the
(111) and the (−111) Bragg reflections, we uncovered the
adsorption sites: While nitrogen uniquely occupies the on-top
site, boron atoms occupy both the fcc hollow and hcp hollow
sites. The majority (70% on average for both experiments) of
B atoms are found on the fcc hollow sites forming the α2

domains. Only about 30% of the boron atoms are found on
hcp hollow sites in α1 domains. The different B adsorption
sites explain the different azimuthal rotation of the two α

domains.
We conclude that the majority domain with a (N, B) =

(top, fcc) adsorption site configuration represents the ener-
getically most favorable adsorbate structure for hBN on a

defect-rich Ni(111) surface. The second most frequently ob-
served structure is its 60◦-rotated counterpart with a (N, B) =
(top, hcp) configuration. Our study hence underlines the
crucial role of the atomic adsorption configuration for the
mesoscopic domain structures of in situ fabricated 2D materi-
als on highly reactive surfaces.

Data shown in the main text are available at the Jülich
DATA public repository [49].
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