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Ni 3d—BN 4 hybridization at the h-BN/Ni(111) interface observed with core-level spectroscopies
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The electronic structure d¢f-BN films grown on the Nill1l) surface has been studied as a function of film
thickness using the synchrotron radiation based spectroscopic techniques: soft x-ray absorption, core-level
photoemission and resonant Auger spectroscopy. A manifestation of the strong orbital hybridization between Ni
3d and h-BN 7 states has been consistently observed in all spectra, implying a rather strong interfacial
interaction betweeh-BN and the substrate. In the B And N Is near-edge x-ray absorption fine structure of
both bulkh-BN and a single monolayer adsorbed on(1dil) we observe spectral structures, which can be
interpreted as a manifestation of the interlayer conduction-band stateBf
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I. INTRODUCTION (LEED) intensity analysi$:* It has been suggested that the
h-BN layer is rumpled(B atoms slightly below N atoms
Interfaces of layered materials with metals are of greatith N atoms atop the outermost Ni atoms. This model
interest and importance both from the fundamental point ohas been confirmed in the x-ray photoelectron diffraction and
view and because of their technological relevance. Th&canning tunneling microscop¢8TM) study by Auwérter
strong anisotropy of the crystal potential in these materialgt al> and in the recent density-functional theq®FT) in-
allows the production and study of a vast variety of atomi-vestigation by Graet al® While there is a consensus on the
cally abrupt interfaces with essentially two-dimensiof2)  structural properties of thé1-BN/Ni(111) interface, the
properties. Moreover, the structural and electronic characteﬁuestion whether the chemical bonding is str¢ctyemisorp-
istics of these 2D systems can be relatively easily varied in §on due to the Ni 8=BN hybridization) or weak(phys-
systematic way upon insertion of different atomic or molecu-jsorptior) remains controversial. In the theoretical DFT study
lar species into the interface. Graphite and hexagonal boropy Gradet al. no evidence for substantial mixing between
nitride (h-BN) are among the most popular layered materialshe Ni 3d and BN 7 (and #*) states was found, and it has
used for the interface engineering. AlthougtBN is isos-  been suggested that 1 Mb-BN remains insulating on
tructural and isoelectronic to graphite, the partial ionicity of Nj(111).6
the B-N bonds pushes the highest occupied and lowest un- |n this paper we investigate electronic properties of the
occupied states apart makihgBN an insulator with the fun-  h-BN/Ni(111) interface by means of several core-level spec-
damental band gap of5.7 eV. troscopic techniques based on the use of synchrotron radia-
Particularly, the interaction af-BN with metal surfaces tjon: soft x-ray absorptiortXA), core-level photoemission
has gained much interest in the recent years once the posgpE) and resonant Auger spectroscofi§AS), as well as
bility of producing a single-crystalline monolay€¥L) of  angle-integrated valence-band photoelectron spectroscopy
h-BN on the N{1l1l) surface by thermal decomposition (PES. Our goal is to understand whether the strong chemical
of borazine(BsN3Hg) was reported by Nagashima and co- honding does exist in this 2D system. We also examine the
workers! Making use of angle-resolved ultraviolet photo- question whether thie-BN monolayer on Nil11l) behaves as
electron  spectroscopy (ARUPS and angle-resolved an insulator or a metal, and discuss the existence of the in-
secondary-electron emission spectroscopy, they analyzed thérlayer conduction band states predicted theoretically by Ca-
electronic structure of this monolayer on(INL1), Pd111), tellani et al/8 and Blaseet al®
and Pg111) and came to the conclusion thé&tontrary to

graphitg the monolayer oh-BN is weakly bonded to metal Il EXPERIMENT
surfaces, without substantial mixing of the states of the '
monolayer andd states of the substraté$.They noticed, The experiments were performed at the soft x-ray beam-

however, that the bonding is stronger at the lattice-matchetine D1011 of the MAX-Il storage ringMAX-lab, Lund,
h-BN/Ni(111) at the other two surfaces, where the inter- Sweden, equipped with a modified SX-700 plane-grating
face structure is incommensurate. Roketal. studied pho- monochromator. The photon energy resolution was set to
non spectra of the same systems with high-resolution elecs0 meV at the BK-edge(~190 e\) and to 150 meV at the
tron energy loss(HREEL) spectroscopy and suggested N K-edge(~400 e\). The end station is equipped with a
that the Ni 3l-BN 7 hybridization must be responsible high-resolution SES-200 electron energy analyzer, LEED op-
for the changes in the HREEL spectra in going fromtics, an ion gun for the substrate cleaning, a gas-sending
h-BN/Pd111) and h-BN/P{111) to h-BN/Ni(111).2 The system for the dosing of borazine and a multichannel plate
structural model for the monolaydr-BN on Ni(111) has electron yield detector. The kinetic-energy resolution was set
been proposed as a result of low-energy electron diffractioio 75 meV for all electron spectra except for those of satellite
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structures following the B4and N Is photoionization(Fig.

7), where it was set to 150 meV. All spectra of the 8and

N 1s near-edge x-ray absorption fine structyMEXAFS)

are measured in the partial electron yield mode with a repul-
sion potential of —100/. The incident beam intensity was
recorded simultaneously with the XA spectra by a gold mesh
monitor. All measurements were carried out under ultrahigh
vacuum conditions, at a base pressure below 1071°
mbar.

The Ni(111) single-crystal substrate was cleaned by sev-
eral cycles of Af sputtering(U=1 kV) and annealing T
=800 °C, measured by a thermocouple directly attached to
the crystal until a sharp(1x 1) LEED pattern was observed
and no evidence of surface contaminations could be detected
by PES. Theh-BN deposition was achieved by the thermal
cracking of vaporized borazin€rom Boron Biologicals,
Inc.) at the substrate temperature of 800 °C. The vapor ex-
posures were measured with a standard ion gauge located at
about 20 cm away from the borazine dozer, without any cor-
rection for the vapor pressure gradient between the dozer and
the gauge. Three different exposures were studied resulting
in different h-BN thicknesses. For creating 1 Mh-BN
about 100 L was typically used. For titeBN amount cor-
responding to about 2 Miestimated from the increase in
the B Isand N 1s intensity as compared to the case of 1) ML
the exposure of & 10° L was necessary, while for the es-
sentially thicker films(characterized by the absence of any
substrate-related signals in PEBe values of X 10° L or
higher were applied. These numbers reflect the fact, that the
first monolayer oh-BN grows very easily on Ni11) while
much higher exposures are necessary to accomplish further
growth, which is in agreement with the original observation
by Nagashimeet al! The LEED pattern from 1 MLh-BN
was a shargl X 1) structure with an expected redistribution
of the spot intensities in comparison with the pure substrate
surface. The structural quality of the sindgieBN monolayer
on Ni(111) is expected to be quite high, as reported in the
STM studies of this systef:® The deposition of thé-BN
amount equivalent to the second monolayer results in a com-
plete disappearance of the LEED spots indicating a polycrys-
talline growth. Theh-BN crystallites in the second and fur-
ther layers lie more or less flat on top of the first monolayer,
as can be concluded from the angle dependence of the B 1
and N s NEXAFS, but they are probably too small and
disoriented to provide any LEED pattern. Since the thickness
of the “thick layer” sample was estimated to be more than
20 nm, it will be referred hereafter as “bulk.” In the follow-
ing we will use the terms “second monolayer” and “bulk”
bearing in mind that they are essentially polycrystalline, but
not completely disordered.

IIl. RESULTS AND DISCUSSION

A. X-ray absorption
The B Is and N s NEXAFS for theh-BN films of dif-

Photoabsorption (arb.units)
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FIG. 1. B 1s(a) and N 1s (b) NEXAFS of h-BN films grown on

ferent thickness grown on Nill) are shown in Figs. (B  Ni(111). All spectra are recorded with the angle of incider@@e

and Xb), respectively. All spectra are normalized to the in-=50° in the partial electron yield modéJ=-100 V). Shadowed
tensity of the incident photon flux and to the absorptionparts of the spectra correspond to the unoccupied states close to the
jumps at 210 eMB 1s) and 421 eMN 1s). The “raw” B 1s ~ Fermi edge accessible because of ther3hybridization.
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spectra had several weak artificial features above 200 eV due Photon energy (eV)
to the N Is absorption in the second-order light, which were 3% 400 405 410 415 420

carefully subtracted and are not present in Fi@).1 A

Before proceeding to the discussion of the substrate effect
on the spectra, we should briefly describe the details of the A N K-edge
NEXAFS in bulk h-BN. The conduction-band structure of
bulk h-BN has been extensively studied by x-ray
absorptiontI~*0ur spectra for bulk-BN (Fig. 1) reproduce
the general spectral shapes known from the literature; how-
ever they differ from some published results in minor details.
The differences can be attributed to the rather high quality of
our samples, growin situ.

The first peakA in both B 1s and N 3s NEXAFS of bulk R
h-BN is due to promotion of the core electrons into the low- . . . . ,
est unoccupiedr* states. The B & core excitation is much 190 195 20 25 210
more localized in comparison with the N.IThis difference Photon energy (V)
is reflected primarily in the much smaller width of this reso-  £1c 5 B 15 and N 5 NEXAES for 1 ML h-BN grown on
nance in the B & spectrum. Be§|des, pedkis shifted b_y Ni(112) (from Fig. 1) aligned in energy withAEg(N 1s-B 1s)
1.65 eV to lower photon energies in the B dpectrum in =208.10 eV. The rectangle illustrates the fact that the lowest unoc-

comparison With_the Niif_they are aligned on the_binqling cupied states probed by Bsind N I absorption(featuresA’)
energy scale using the difference of 207.67 eV in binding.gincide in energy relative to the Fermi level.

energies of the Bdand N s photolines(not shown. This

shift reflects the fact that the final-state effect is stronger folre seen to coincide, and it is plausible to suggest that they
the more localized B 4 excitation. Bands denoteB-E are ~ are of common origin in the two spectra and to denote them
derived from thes* states ofh-BN. Between featured and ~ With @ common symbol. The same is true for the features
B there is a rather intense should¥rin the N 1s spectrum.  denotedA”: they appear at similar energies and gain in in-
In previous works this was assigned to the secatideso-  (€nsity synchronously in the Bsland N 1 NEXAFS in

nance inh-BN (Ref. 14 and 1yby analogy with the second 90ing from the bulk to the adsorbed monolayer, allowing
7 resonance in molecular borazibf®Although we agree them to be treated as a manifestation of common unoccupied

with this qualitative interpretation, and even find it quite in- st,ates. Qprg-hp_le effects_ can hardly affect energy positions of
structive from the quantum-chemical point of view, the peri-A andA” significantly, since these features are rather broad

odicity of theh-BN crystal calls for an essentially solid-state implying & delocalized character of the corresponding unoc-

description of this feature. As will be discussed below, shoul—cu[)l-lﬁgnisntgt%zck to Fig. 1, one can see that the NEXAFS

derA” can be associated with the interlayer conduction bangyset |ies at substantially lower photon energies in the case
states first predicted in the calculations by Catelnal’® ¢ the monolayer adsorbed on (iL1) in comparison with
These states can be considered as quantum-well states e spectra of bulk-BN. The reduction in energy is as large
nearly free-electron-like character localized in space betweegs ahout 1.5 eV for B dand about 2.0 eV for N4 Thus,
the h-BN planes and delocalized parallel to the plahes.  unoccupied states of thé-BN monolayer adsorbed on
The B Isand N 1s NEXAFS change dramatically in go- Ni(111) can exist in the fundamental gap BN down to
ing from bulk h-BN to the monolayer grown on Kill) 2 eV below its conduction-band minimum. This finding pro-
(Fig. 1. This is especially true for the shape of peAk poses the existence of a strong orbital mixing between the Ni
which becomes much less intense in the 8spectrum and 3d states at the Fermi levélEz) and unoccupiedr* states of
which can hardly be seen in the M tne. The reduction in  h-BN (3d-# hybridizatior). Moreover, taking into account a
intensity is accompanied by the appearance of broad spectrdtamatic reduction in intensity of peakin going from bulk
tails on both sides of peak. The low-energy taiA’ is par-  h-BN to the adsorbed monolayer, one has to suggest a great
ticularly pronounced in both spectra; in the NNEXAFS it reduction in the lifetime of the correspondingf core exci-
even develops into a shoulder. Another significant changéation. The excitation can decay faster only if the electron
happens in the region between featufesnd B, where a  promoted into ther* state can travel into the substrate via
broad maximum appears in the B $pectrum and where the hybridized states located energetically belsy Thus,
shoulderA” develops into a broad and strong peak in & 1 the observed dramatic decrease in the lifetime ofitheore
Finally, minor changes also become visible in the range otxcitation indicates the existence of theBN derived states
o* resonances in both spectra. In the case of 2IMBN the  at Eg. In other words, the monolayer ¢BN on Ni(111)
spectral shapes are intermediate between those obtained fmiay be metallic. On the other hand, all our observations are
the bulk and for 1 ML on Nil11). made in the presence of a core hole. Although it has been
In order to get a better insight into the nature of all thesesuggested above that the hybridized states are delocalized
changes, we have plotted the B &nd N s NEXAFS for  and must therefore only weakly be affected by the core hole,
1 ML h-BN on the common energy scale making use of thewe cannot exclude that in the ground state tfebands,
difference in binding energies of 208.10 €¥.43 eV larger modified by the 8- interaction, still lie aboveEg and the
than for the case of bulk materjdletween the Bdand NI  covalent bonding is realized only via the-3r bands at sev-
photolines(Fig. 2). The onsets of the low-energy featuk®’s  eral eV belowEg.

B K-edge

Photoabsorption (arb.units)
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FIG. 3. B Is(a) and N 1 (b) NEXAFS of 1 ML h-BN grown
on Ni(111) as a function of the angl® between the surface normal
and the direction of photon polarization.

Let us now consider the origin of featur®” in the
NEXAFS of 1 ML h-BN on Ni(111). Figure 3 shows a de-
pendence of the Bsland N Is spectra on the angl® be-
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FIG. 4. B 1sNEXAFS of 1 ML h-BN grown on N{111) (a) and
the same spectrum after Asputtering resulting in the removal of
every second atom in the BN monolayér) Both spectra are re-
corded with the angle of incidend®@=50° in the partial electron
yield mode(U=-100 V).

sponding to featureg\’-A-A” is located out of theh-BN
plane, while the states reflected by structuBeis are typical

o* bands. As mentioned above, the feature corresponding to
A” in the N 1s NEXAFS of bulk h-BN was previously as-
signed to the second* resonance of the BN ring.1*’
Indeed, our angle dependence is consistent with this expla-
nation. In order to reveal distinctions in the charge-density
distribution corresponding to statésand A” we sputtered
the h-BN monolayer adsorbed on {il1) with Ar* ions for

1 min. This treatment resulted in removal of about every
second boron and nitrogen atom, as estimated with PES. The
B 1s NEXAFS of the partly sputtered and as-prepared
samples are compared in Fig. 4. As can be seen, fe&ture
survives this heavy treatment of theBN monolayer, while

A" does not. In the N dspectranot shown structureA” did

not disappear after the bombardment but it was reduced in
intensity. Evidently, the bombardment results in destroying
the long-range bonding in the monolayer, however the short-
range bonding may survive. Therefore we conclude that the
states giving rise to peak are localized laterallydelocal-
ized, however, perpendicular to the surface due to ther3
hybridizatior), whereas the states responsible for p&akre
delocalized laterally.

The most plausible explanation for the nature of bafid
can be given in terms of the interlayer conduction-band
states. In both bulk material, and the hypothetical isolated
1 ML h-BN, the band of these states has been calculated to
be strongly dispersing across the Brillouin zone, particularly
around its minimum af’.”-° This is consistent with our con-
clusion that the states corresponding to bafichre strongly
delocalized. Moreover, the charge density in the interlayer
conduction-band states is situated not in the plane ohthe
BN sheets but in the space between the sheets. Therefore, the
angle dependence of NEXAFS for these states must be simi-

tween the surface normal and direction of the photon bearfar to the dependence presented in Fig. 3. As mentioned by

polarization. With increasin®, featuresA’-A-A” lose their

Blaseet al.? it is difficult to describe the structure of the

intensity as compared to the structures at higher-photon ernnterlayer states in terms of atomic orbitals of individual at-

ergies, andalmos) vanish completely a®=90°. This is

oms because of the delocalized character of these states.

clear evidence that the electron density in the states corrddowever, based on the NEXAFS data of Fig. 1 we can sug-
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FIG.5. Bis(a, c,9and N Is (b, d, f) photoelectron lines in the
systemh-BN/Ni(111) excited withhy=320 ev and 520 eV, respec-
tively. B1 and B2 stand for the boron chemical species in the first
monolayer(B1) and all other layeréB2). Binding energies are mea-
sured relative to the Fermi level.
gest that in the bulkh-BN there must be a high Nf2con-
tribution to the interlayer states and almost no |B @ntri-

bution. In contrast, the B 2 contribution becomes N SURL N AL UL U L )
considerable in the case of a monolayer interacting with

Ni(111). This is definitely one more manifestation of the in- Eg-Ep(eV)
terface 8- hybridization, however the exact mechanism of
the corresponding charge redistribution is unclear. FIG. 6. Photoelectron/Auger spectra of the valence-band region
in the systemh-BN/Ni(111) excited before the B <L(7*) reso-
nance (a, ¢, hv=189.0 eV} and at the resonancéb, d, hv
=191.9 eV for the cases of 1 Ml(a, b and2 ML (c, d) h-BN.

The conclusion made in the preceding section about thearticipator Auger signal is shadowed and denoted pA; spectator
importance of the @ hybridization at then-BN/Ni(111)  Auger signals are hatched and denoted sA. Normal B KVV Auger
interface can be crosschecked with several innershell teclspectrum in bulkh-BN (excited withhy=250 e\) is aligned with
niques exploring occupied states. Figure 5 shows thesB 1(b) on the kinetic energy scale.
and N Is core-level spectra at this interface measured with
hy=320 eV and 520 eV, respectively, for speciteBN As the second monolayérBN grows on top of the first
thicknesses. Binding energi¢gg) are measured relative to monolayer, one more componeenoted B2 arises in the
the Fermi edge. In the case of 1 MikBN the BIsand N i B 1s PE spectrum shifted by 0.68 eV to highgg from the
spectra have only one component each, wiffy  original line (denoted B}, as can be seen in Fig(d. This
=190.47 eV and 398.65 eV, respectively. It should be notediew component has a symmetric shéjpe=0) typical for
that one morérelatively weak component can appear in the insulators and semiconductors, and is essentially broader
N 1s PE spectrum at loweEg if the borazine exposure is than Bl. In the N & PE spectrum no new lines can be re-
below the saturation valu@bout 100 ), which can be at- vealed, but the asymmetry is reducedde0.04. With the
tributed to the layer imperfections. It is evident from Figs. further increase in th&-BN thickness the observed trends
5(a) and Fb) that the photolines under discussion arecontinue, resulting finally in the single and nearly symmetric
strongly asymmetric. We fitted these spectra numericallyB 1s and N Is lines of the bulk material withEg
with the Doniach-Sunjic line shaffeand found out that the =191.82 eV and 399.47 eV, respectively, not disturbed vis-
asymmetry parameter is as large as 0.13 for Bsland 0.06  ibly by any charging effects. Thus, the electronic properties
for N 1s. The value ofa for B 1sis typical for the core-level of the firsth-BN monolayer on Nilll) are very different
photolines in metals but can never be expected in insulatorgrom those of the second and subsequent monolayers.
Apparently, the “metallic” shape of the core-level PE spectra One more illustration of the essentially metallic properties
is due to the response of the electrons from the substrate taf the first monolayer can be provided by RAS. Resonant
the photohole(screening effegt For this to happeng* Auger spectra of the valence-band region excited at the en-
states oth-BN must be not only hybridized with Nid but  ergy of the B 5™ («*) absorption resonandé91.9 eV are
also pulled belovEg (at least on the site with the core hple compared in Fig. 6 with spectra excited just before the reso-
The ground-state charge transfer from boron to nitrogen mapance(189.0 eV for the cases of 1 and 2 Mb-BN. The
account for the difference in values for B 5and N . resonant Auger spectrum for the 2 ML fil(d) is quite simi-

B. Photoelectron and Auger electron spectroscopy
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lar to the corresponding spectrum in the bulk matefiedlt
shown) and can be separated roughly into two spectral re-
gions below the region of Ni@states aEg. Between 3 and bulk h-BN S1
10 eV it is dominated by participator Auger procesgeA,
shadowed payt while below 10 eV both participator and M
spectator Auger contribute to the spectral shape with the

domination of the spectator procesgeé, hatched payt A
quite high participator Auger intensity in this spectrum is a
consequence of high degree of localization of thesBrt )
excitation inh-BN. A similar effect has been observed in
RAS of B,0; at the position of the B £%(7*) absorption
resonancé! This similarity is understandable because in
both compounds boron atoms are surrounded by more elec-
tronegative atomgN or O) in the plane triangle geometry
with the same short-range symmeiy,.

In going from 2 ML to 1 ML the strong participator Au-
ger signal completely disappears, and the overall shape of
the spectator Auger signal changes considerably as well.
These findings testify that the lifetime of the B ix* exci- 1ML
tation is dramatically shortened if absorption happens in the
first h-BN monolayer. In other words, an electron promoted WW’”W"MWMWWW
from the B Islevel to thes* state is immediately transferred
to the substrate. As a result, the resonant Auger decay ob-
served in the case of 1 M[Fig. 6b)] can be considered just T T T T

2ML

S
WW%MWMWMM

Photoelectron intensity (arb.units)

as normal Augethowever, some remainders of resonant be- 50 40 30 2 10 0

havior cannot be excludgdindeed, the corresponding RA Loss energy (eV)

spectrum is not very different from the normal B KVV Auger ] o
spectrum in bulkh-BN, which is shown in Fig. 6 for com- FIG. 7. Loss structures accompanying the Bl eicitation in

parison. Again, this can happen only if the BN states are h-BN films grown on N(l:‘Ll). Photpn energy is 520 eV for all
hybridized with the Ni @ states and pulled belo®. Thus, spectra. The rectangle outlines the first shake-up feature denoted S1.
we have shown that the charge transfer can happen between
the h-BN monolayer and Nil11) substrate in both direc- 2 ML h-BN S1 still has a considerable intensity, so that the
tions: in the core photoionization process the electron densitfdsorbed film is definitely insulating. In contrast, feature S1
is moved from the substrate to the adsorbate, screening tiisappears in the case of 1 Mi-BN on Ni(111) implying
core hole, whereas in the core excitation process the electrdhat thew* states are now completely delocalized as a con-
promoted into ther* state of h-BN moves in the opposite sequence of the Nid-BN 7 hybridization. The results for
direction. the satellite structure in the B 1s photoionization are similar.
Finally, the consistency of our results and conclusions can On the whole, our results testify that the orbital mixing
be checked analyzing the structure of the losses accompangetween the unoccupies states ofh-BN and 3l states of
ing core photoionization. Figure 7 shows satellite structureNi is quite strong at thé-BN/Ni(111) interface. The ques-
of the N Is photoline excited witth»=520 eV for different tion whether this system is insulating or metallic in the
h-BN thicknesses. The spectra are normalized to the maiground state is however open. In the presence of a core hole
line intensity. For clarity we corrected the differences in theit definitely demonstrates metallic properties. Sincestates
slope of different spectra by additional normalization with mixed with Ni 3d states are found to be strongly delocalized
second-order polynomials fitted to the corresponding slopegierpendicularly to the surface, it seems to be unlikely that
The first satellite structure between 5 and 12 @énoted core-hole effects are significant for such states. Therefore we
S1) is the most intense in the spectrum of biHBN. This  tend to think that the system is metallic also in the ground
structure reflects the shake-up excitations resulting in elecstate. One could argue that the valence-band photoemission
tron transitions from the upper valence bancheN to the  can provide conclusive evidence either pro or contra the me-
lower conduction band. The very existence of S1 indicatesallic nature of the system under study, because this tech-
the presence of energy gap in the bulk material, and th@ique deals with valence-band holes, which are much more
width of the gap is reflected roughly by the energy onset ofdelocalized than the core holes and should induce much
this feature(about 5 eV. This loss structure can be seen soweaker core-hole effects. Nagashiret al! reported that
clearly because the lowest unoccupied ban statey is  they did not observe any metallic band relatediBN close
strongly localized. In fact, the convolution of this band with to Eg in their ARUPS study of thé-BN/Ni(111) interface.
the upper valence bangesulting in S} reflects, more or In Fig. 8 we show angle-integrated valence-band PE spectra
less, the shape and energy position of the valence band itsetff the clean Ni111) surface(a), the same surface with a
It should be noted that the absence of S1 would not automonolayerh-BN on top(b), and bulkh-BN (c) measured in
matically mean the absence of the band gap; rather it woulthe present work withh»=100 eV at normal electron emis-
imply the absence of localized states ab&yeln the case of sion. Focusing on the region of first 3 eV bel&y, one can
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IV. CONCLUSIONS

Several innershell techniquésoft XAS, core-level PES,
RAS) have been applied in order to investigate the details of
electronic structure at theBN/Ni(111) interface for differ-
ent h-BN thickness with the emphasis on the single mono-
layer coverage. Strong orbital hybridization between Wi 3
and h-BN 7 states has been consistently observed with all
techniques used. In particular, it is reflected in the following:

(1) a strong change of the Bsland N Is NEXAFS in
@) going from bulkh-BN to a single monolayer adsorbed on

Ni(111) including the appearance of a broad band of unoc-
cupied states in the band gapleBN;

(2) a strongly asymmetric shape of the B(x=0.13 and
N 1s («=0.06 PE lines in the case of a single monolayer as
a consequence of metallic screening of the core holes by the
(0) electrons transferred from the substrate;

(3) an absence of the resonant Auger decay in the case of
a singleh-BN monolayer on Nill1l) because of the fast
transfer of the electron promoted inte* states to the sub-

-

Photoelectron intensity (arb.units)

-

© strate;
(4) an absence of the shake-up features characteristic for
— 1T T T " bulk h-BN as a consequence of strong delocalization of the
1 10 s 0 7* states(perpendicular to the surfagén a single mono-
Eg-Er (eV) layer on N{111).

This result is in contradiction with the recent DFT calcu-
FIG. 8. Photoelectron valence-band spectra excited Wwith  lation by Gradet al.® where no substantial Nid3-BN
=100 eV and recorded in normal emission frga) Ni(111), (b) hybridization has been found. The discrepancy cannot be at-
1 ML h-BN/Ni(111) and(c) thick film (bulk h-BN). tributed solely to the presence of a core hole in our experi-
ments, because such a hole can, at most, shift measured en-
ergy values from the ground-state values, but cannot be a
see significant changes in going from the clean nickel surfaceource of hybridization.
to the surface covered with 1 Mh-BN, which could be In the B Is and N 1s NEXAFS of both bulkh-BN and a
interpreted as an evidence of some contribution of the BNsingle monolayer adsorbed on(#l1) we observe spectral
m* states, confirming our suggestion of a metallic charactestructures, which can be interpreted as a manifestation of the
of theh-BN monolayer on Nil11). Unfortunately, this inter- interlayer conduqtion band statesteBN predicted theoreti-
pretation is not the only one possible. The observed changé&&lly by Catellaniet al’®
in the spectra close & can also be associated with a trivial
effect of removing the surface-related part of the total Mi 3 ACKNOWLEDGMENTS
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