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Phonon Dispersion of an Epitaxial Monolayer Film of Hexagonal Boron Nitride on Ni(111)
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Phonon spectra for epitaxial monolayer films ofhexagonalboron nitridesh-BNd on Ni, Pd, and Pt
(111) have been measured for the first time by using high resolution electron energy loss spectroscopy.
On Ni(111), we have found two remarkable features in the observed dispersion curves: a level splitting
at the crossing point of two phonon branches and degeneracy of two optical phonons with in-plane
polarization atG, which means the rumpled structure of theh-BN film and the elimination of electric
fields parallel to the film, respectively. [S0031-9007(97)04733-9]

PACS numbers: 63.20.Kr, 68.35.Bs, 68.35.Ja, 82.80.Pv
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Recently, new types of compounds includingp elec-
trons have intrigued fundamental explorations in mater
science, because of their peculiar atomic structure, a
their characteristic physical properties; for instance, th
are fullerenes [1], nanotube [2], and one sheet of graph
hexagonalboron nitridesh-BNd [3], and BNC2 compounds
[4]. h-BN is a typical insulating layered material with
strongly anisotropic chemical bonds similar to graphit
The basal (0001) plane grows preferentially on vario
solid surfaces either in a commensurate manner as
Ni(111) or in an incommensurate manner on other surfac
such as Pd, Pt, and TaC (111) [3,5]. Recent studies on
electronic band structures of the monolayerh-BN films
clarified the peculiar interfacial bonds, weak bonds f
the incommensurate systems, and relatively strong bon
for the commensurate system [5]. Most of the observ
energy levels and bands referred from the vacuum le
agreed perfectly with each other, which is a characteris
of a physisorbed rare-gas solid on various substrates
An exception was thep band of the monolayerh-BN film
on Ni(111), which has a deeper binding energy by 1 e
than those of the other films [5].

In this Letter, we report the first phonon spectra of the
h-BN films and compare them with bulk data. Bein
consistent with the metallic nature ofh-BN in the recent
calculations, the phonon dispersion of a monolayerh-BN
film on Ni(111) exhibits anomalous features differin
from those of theh-BN films physisorbed on Pd and
Pt (111). The facts indicate a rumpled structure of th
BN film, and elimination of the electric fields parallel to
the film by the screening effect of free electrons. Th
rumpled structure of the commensurateh-BNyNis111d has
also been confirmed with low-energy electron diffractio
(LEED) intensity analysis in this work.

The phonon spectra were measured in an ultrahi
vacuum (UHV) of 1 3 1028 Pa with a high resolution
electron energy loss (HREEL) spectrometer, of which t
energy resolution was 1.2 meV (FWHM) for the direc
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through mode [7]. The monolayerh-BN films observed
in this experiment were prepared on Ni, Pd, and Pt by
surface catalytic reaction of dehydrogenation of borazi
moleculessB3N3H6d described in previous papers [3,5]
These BN films show either sharp fundamental LEE
spots of the commensurate1 3 1 system on Ni(111) or
many LEED spots including satellite ones reflected fro
the incommensurate systems. The monolayer thicknes
the films was precisely controlled for all of the cases b
adjusting the reaction time, because the surface activ
for dehydrogenation is drastically reduced by theh-BN
formation. The LEED intensities of the commensura
system were measured in another LEED-UHV chamb
and the surface atomic structure has been analyzed fr
the data.

Figure 1 shows typical specular HREEL spectra me
sured for the monolayerh-BN (0001) on all of the three
surfaces. The large peak around 91–100 meV in ea
spectrum originates from the transverse optical (TO
phonon with out-of-plane polarization, TO' phonon. In
the higher energy region from 170 to 200 meV, on th
other hand, small peaks appear; there are three on Pd
Pt, and only one on Ni in Fig. 1. From their energy an
intensity, the highest peak was assigned to the seco
harmonic of the TO' phonon. The remaining two loss
peaks just below the second harmonics on Pd and Pt
attributed to the phonons with in-plane polarization; th
higher energy peak originates from the longitudinal op
cal (LO) phonon, and the lower one from the transver
optical phonon with in-plane polarization, TOk phonon. It
should be noted that no LO or TOk phonons were detected
for h-BNyNis111d, which means that the parallel fields
accompanied with phonon excitations are complete
shielded there. In Table I, these phonon energies atG of
the two-dimensional Brillouin zone (2D BZ) are tabulated
The vibrational energies of the LO and TOk phonons on
Ni are obtained only in the off-specular spectra discuss
in the next section.
© 1997 The American Physical Society 4609
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FIG. 1. Typical specular HREEL spectra of monolayerh-BN
films on Ni, Pd, and Pt (111). The large peaks at 90
100 meV are attributed to the TO' phonons with out-of-plane
polarization to the basal plane. Small peaks located at 18
200 meV originated from the second harmonic peak of th
TO' phonon, and the LO and TOk phonons with the in-
plane polarization. The second harmonic peaks are indica
by SH. The spectra are measured with an energy resolution
2–3 meV.

When we change the scattering geometry from t
specular to the off-specular condition, both loss energ
and peak intensities change drastically [8]. The wa
vectorsqk of the observed phonons are changed in acco
with the law of conservation of momentum parallel t
the surface. The plots of the loss energies againstqk

provide the energy dispersion curves. The energy a
wave vector (momentum) resolutions in this measureme
were,1 meV and,0.004 nm21, respectively. Figure 2
tal

4610
TABLE I. Some data of a bulkh-BN crystal and monolayerh-BN films on three substrates.
The observed vibrational energies of optical phonons atG are in units of meV, and the work
functions with (and without) monolayerh-BN layer are in units of eV. Here, the dielectric
constant´svd was calculated based on the Kramers-Kronig relation from the experimen
reflectivity.

Work functionsa TO' TOk LO
System Interfacial structure (eV) (meV) (meV) (meV)

h-BNyNis111d Commensurate1 3 1 3.6 (5.3) 91 170 170
h-BNyPds111d Incommensurate 4.0 (5.3) 98 173 179
h-BNyPts111d Incommensurate 4.9 (5.8) 99 173 183
Bulk h-BN · · · · · · 97, 103 169, 170 200b

aA. Nagashimaet al. (Refs. [3,5]).
bThe frequency of the LO phonon in bulk was estimated by the condition´svd  0.
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shows the experimental curves alongGK in the 2D BZ of
monolayerh-BNyNis111d. The data points are indicate
by open circles. In Fig. 2, we observed several phon
branches, of which most of the vibrational amplitude
strongly localized in theh-BN film. The optical branch
with a flat dispersion curve around 20 meV is attribute
to the mode in which the wholeh-BN overlayer vibrates
against the substrate atG. Unfortunately, because of the
relatively poor crystalline quality of the films on Pd an
Pt (111), phonon dispersion curves of the films on Pd a
Pt (111) were not clearly observed as compared with
Ni(111) case.

For comparison, the corresponding bulk data [9] atG

are illustrated by four arrows in Fig. 2, and tabulate
in Table I. Since a unit cell of the bulkh-BN crystal
includes two basal layers, each of these optical phon
consists of two modes. The energies of the LO a
TOk phonons of the monolayerh-BNyNis111d at G are
obtained by extrapolating these curves toG in Fig. 2.

In Table I, roughly speaking, the energies of the tran
verse phonons are in accord with the bulk ones; all of
observed TOk energies are either very close to the bu
ones or slightly large. Owing to the shielding of the lon
range Coulomb interaction by free electrons, however,
of the observed LO phonons show lower energies than
bulk one; by 17 meV on Pt, 21 meV on Pd, and 30 me
on Ni. In particular, it should be noted that the LO phono
is degenerate with the TOk phonon on Ni, which will be
discussed later. Concerning the phonon energies, th
fore, the properties of the BN film on Pt resemble those
the bulkh-BN crystal, but a large discrepancy was foun
in the film on Ni.

In Fig. 2 we have found a remarkable feature, t
level splitting at the crossing point of theTO' and LA
branches on theGK axis, as also illustrated by the inse
in Fig. 2. This is in contrast to monolayer graphite (MG
on various surfaces, and no similar splitting was observ
in the phonon dispersion in MG [10]. Lattice dynamic
calculations based on a force constant model indic
a rumpled basal plane; the observed splitting cannot
expected for a flat basal plane, because of their orthogo
eigenvectors.
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FIG. 2. Phonon dispersion curves of monolayerh-BN film on
Ni(111). One part around the crossing points of two branch
is expanded in the extra figure.

To clarify directly the rumpled structure in the commen
surateh-BNyNis111d system, we have applied LEED in-
tensity analysis. The I-V curves of the (10), (01), and (11
diffraction spots of a1 3 1 atomic structure were mea-
sured from 100 to 300 eV. A tensor LEED program [11
was used both for evaluating the several surface mod
meeting the 3 m symmetry of the observed LEED pa
tern, and for adjusting the atomic positions. Among thos
models, the most plausible structure exhibiting the lowe
“Pendry reliability factor” of Rp 0.27 [12] is depicted
in Fig. 3.

We notice some interesting features in this structur
First, the structure is very similar to that of MGyNi(111)
[13]; instead of carbon atoms, boron and nitrogen atom
are situated at the fcc threefold hollow site and atop th
site over the outermost Ni atoms, respectively. Secon
the interfacial spacing of,0.2 nm is very close to that of
MGyNi and is very narrow in comparison with the bulk
interlayer spacing of,0.33 nm. Third, a large difference
from the MG is a rumpled structure for theh-BN film; the
B atoms are situated,0.02 nm below the N atoms. On
the contrary, no rumpled structure was detected in M
either from atomic structure analysis [13] or from phono
spectroscopy [10].

Why does the rumpled structure occur only in th
h-BN film, and not in the MG film? We can find the
reasonable explanation based on the lattice mismatch
these materials. Although the in-plane lattice constant
bulk graphite is 1.2% smaller than the nearest neighb
Ni-Ni distance on Ni(111), the in-plane lattice constant o
the bulk h-BN is 0.4% larger. For construction of the
observed1 3 1 structure on Ni(111), therefore, the MG
plane expands by increasing the C-C distance, and,
the other hand, theh-BN plane has to shrink either by
shortening the B-N distance or by producing a rumple
es
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FIG. 3. Atomic structures of the monolayerh-BNyNis111d
system with a commensurate1 3 1 periodicity revealed by
LEED intensity analysis.

structure; Fig. 3 indicates that theh-BN plane shrinks,
keeping the B-N distance fixed by introducing the rum
pled structure. The observed rumpled structure mean
that thesp3-like bonding character of cubic-BN (c-BN)
exists partially in the BN bonds ofh-BN film; the ampli-
tude is one third of the rumpling amplitude of N and B
atoms onc-BN(111), 0.06 nm. Recently, the preferential
growth of c-BN films was reported only on the polycrys-
talline Ni wire by plasma chemical vapor deposition [14].
The correlation with the observed structure is a remainin
interesting research subject.

Another remarkable feature in the dispersion curves i
Fig. 2 is the degeneracy of the LO and TOk phonons at
G, which provides splendid information on the interesting
nature of the film on Ni. As shown in Table I, the
degeneracy was observed only forh-BNyNis111d, not
for the other systems. The energy of the LO phono
approaches the bulk one, changing the substrate from
to Pt as mentioned before.

According to the lattice dynamical theory based on a
shell model, which successfully reproduces the phono
dispersion curves in many ionic materials [15], the TOk

phonon energy atG was determined mainly by the short
range interactions, and, on the other hand, the LO phono
energy atG by both the short- and the long-range interac
tions. The LO polarization fields, consequently, generat
the level splitting between the LO and TOk phonons atG
in normal ionic materials. On the contrary, the degenerac
occurs for nonpolar materials, such as Si, Ge, diamond, a
graphite, and the metallic compounds, such as TiC, ZrC
and NbN. In both cases, no LO polarization fields are ex
cited because of either their nonpolar-bonding character
screening by free electrons [16].

The same phenomenon was also noticed in the lo
intensity of the specular spectra in Fig. 1. As mentione
4611



VOLUME 79, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 8 DECEMBER 1997

e

,

ter

a,
i

,

d

,
t.

the

is

d

i.

ci.

i,

s.

I

of
of

a

before, both the LO and TOk phonon peaks on Ni are
negligible. That is to say, the dipole fields accompanie
with these phonon excitations can extend to the vacuu
on Pd and Pt, but not on Ni. At first sight, the origin of
these two phenomena concerning screening seems to
attributed to the collective motions of free electrons in th
substrate. Because of the high frequency of the plasm
and/or surface plasmon, the free electrons in the metal
substrate may possibly shield the parallel components
the dipole electric fields generated by the LO and TOk

phonon excitations. From the estimation of the field
on the basis of the image-charge model, however, th
observed large difference between Ni and the others cann
be explained. Only from the difference in interfacia
spacings, 0.21 nm on Ni in Fig. 3 and much larger on P
and Pt, for instance, 0.333 nm [17], we cannot explain th
observed perfect screening of the parallel fields. Henc
we next consider an additional mechanism for this perfe
screening.

Recent theoretical calculations of the bands for th
atomic structure in Fig. 3 provide a plausible interpreta
tion for this perfect shielding on Ni [18]; orbital hybridiza-
tion of p electrons withd electrons of Ni substrate tends
to enlarge with decreasing the interfacial spacing belo
0.25 nm. For the atomic structure in Fig. 3, as a resu
the metallic interfacial bands are caused by the orbit
hybridization. In addition, the orbital hybridization ex-
plains also the binding energy shifts ofp bands observed
in the previous angle-resolved ultraviolet photoemissio
spectroscopy experiment [5]. Therefore, the hybridize
p electrons in the BN films participate in eliminating the
in-plane electric fields. Since no evidence for orbital hy
bridization was found on Pd and Pt, only the electrons in
side the substrates can move for screening there.

The orbital hybridization is consistent with the othe
experimental facts: the decrease in the TO' and TOk

phonon energies on Ni(111) from the bulk values and th
relatively low work function ofh-BN covered Ni(111) in
Table I.

In summary, we found a novel system of monolaye
h-BN on Ni(111), of which properties are much differen
from those of the bulkh-BN. The monolayerh-BN
filmyNi(111) overcomes the lattice mismatch problem
by introducing rumpled structure, which results in the
formation of the commensurate1 3 1 system. The orbital
hybridization at the narrow interface produces the metall
bands, which enable thep electrons to participate in the
4612
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elimination of the LO polarization parallel to the surfac
and the parallel dipole fields accompanied with LO or TOk

phonon excitations.
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