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Structure Analysis of a Graphitic Boron Layer at the TaB2sss0001ddd Surface
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The structure of the TaB2s0001d surface has been investigated by using impact-collision Li1 ion-
scattering spectroscopy and three-dimensional three-atom computer simulation. We found for the
time that a graphitic boron layer is formed on the TaB2s0001d surface and that the scattered Li1 ion
loses significant energy due to electronic excitation when the Li1 ion passes through the graphitic boron
layer. The electronic stopping power is qualitatively explicable by the impact-parameter approximat
proposed by Firsov. [S0031-9007(98)06998-1]

PACS numbers: 61.18.Bn, 68.35.Bs, 78.40.Kc, 79.20.Rf
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Rare-earth and transition-metal borides (MBx) have a
tracted considerable attention in terms of their uniqu
bonding and chemical properties. They are also know
to be a family of high temperature materials with extrem
hardness and exhibit a wide variety of electrical properti
ranging from semiconducting to superconducting. All o
the MBx’s with boron content exceeding 40 at. % hav
two-dimensional or three-dimensional networks of cova
lently bonded boron atoms, such as graphitic layer, oc
hedral B6 and icosahedral or cubo-octahedral B12 clusters.
Despite the fact that the bulk structures of MBx hav
been well studied [1–5], relatively little is known abou
their surfaces. The surface of LaB6 is best investigated
in connection with its application as an electron emitte
[6–9]; the high performance of electron emission prope
ties arises mainly from its low work function, achieved b
the termination of the La atoms interacting with the elec
tron deficient B6 octahedra in the second surface laye
As regards theMB2, the boron atoms form a graphitic
network sandwiched by the metal layers in bulk, and th
nature of bonding of boron atoms has been discussed
past three decades in terms of whether the graphitic bor
network is isoelectronic to graphite or not. Therefore
the boron-terminatedMB2 surface, if realized, is of cru-
cial importance for better understanding the mechanism
the formation of the two-dimensional graphitic structur
on surfaces. In this respect, monolayer graphite (MG
and monolayer hexagonal boron nitridesh-BNd have been
studied and their unique bonding with the transition-met
substrate has been discussed [10,11]. So far, the surf
structure of the HfB2s0001d and TiB2s0001d surfaces has
been investigated, but it is concluded that these surfac
are terminated by the metal atoms [12,13]. Thus, the e
istence of B, in the form not only of the B clusters bu
also of independently chemisorbed B atoms, has not be
reported on theMB2 andMB6 surfaces.

In this Letter, we investigate the atomic structure of th
TaB2s0001d surface. On the basis of the impact-collisio
Li 1 ion-scattering spectroscopy (Li1 ICISS) experiment,
together with the computer simulation, we found for th
first time that the graphitic boron layer terminates th
0031-9007y98y81(11)y2264(4)$15.00
t-
e
n

e
es
f
e
-

ta-

e
t

r
r-
y
-

r.

e
for
on
,

of
e

)

al
ace

es
x-
t
en

e
n

e
e

TaB2s0001d surface. The boron atoms are located on eve
threefold hollow site of the hexagonal tantalum laye
For stabilizing the graphitic B layer, strong hybridizatio
between B2s, 2p, and Ta5d states may be required,
which provides remarkable contrast to the formation
more stable MG and monolayerh-BN on transition-metal
surfaces. The ICISS results also showed marked ene
loss of the scattered Li1 ion. From careful analysis of the
energy and angular dependence of the energy loss val
the Li1 ions are found to lose their kinetic energy due t
electronic stopping when they pass through the negativ
charged graphitic boron layer. The Firsov theory, in whic
electronic stopping depends upon the impact parame
explains the experimental result qualitatively well.

The experiments were performed in an ultrahigh va
uum (UHV) chamber (base pressure,2 3 1028 Pa)
equipped with He1 and Li1 ion sources, a photon source
for ultraviolet photoelectron spectroscopy (UPS), a rota
able hemispherical electrostatic analyzer (ESA) and opt
of reflection high energy electron diffraction (RHEED)
The substrate was mounted on a precision manipulator
the sample transfer system. A single crystal rod of TaB2
was grown by a floating-zone technique [14]. A substra
of 1 mm thickness was cut from the rod after the Lau
alignment within 0.5± accuracy from the [0001] direc-
tion. The substrate surface was mechanically polishe
with B4C powder and diamond paste to a mirror finish
The substrate was heated in UHV by an electron bo
bardment from behind. The as-polished surface was fi
annealed up to 1500 K in5 3 1024 Pa of oxygen ambi-
ent for 15 min to remove the carbon contamination, a
flashed subsequently up to 1500 K below2 3 1027 Pa
to obtain a clean surface. The clean surface exhibited
sharp1 3 1 pattern in RHEED and no oxygen, carbon
and other impurity peak in He-ISS. Li-ICISS was use
for the surface structure analysis in order to get a bet
ion counting rate than He-ICISS. The 1000 eV Li1 ions
were focused on the surface with various incidence ang
a (with respect to the surface), and scattered Li1 ions
through a scattering angle of155± were detected by means
of ESA with a constant energy resolution of 6 eV.
© 1998 The American Physical Society
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The bulk crystal of the TaB2 has a hexagonal structure
with sixfold symmetry, Ta layer and graphitelike boron
layer being stacked alternately in the [0001] direction. A
z axis projection of the structure is shown in Fig. 1. Th
ICISS spectra were taken along thef1120g andf1010g az-
imuths. The fact that the RHEED pattern of the clea
TaB2s0001d surface showed as1 3 1d pattern indicates
that the surface structure is essentially the same as tha
the bulk structure in a horizontal direction.

The narrow energy scans taken along thef1010g azi-
muth at various incident angles are shown in Fig. 2(a
The binary collision energy of the 1000 eV Li1 ion off the
Ta atom is calculated at 863 eV and is indicated by a
arrow in Fig. 2(a). The peaks at about 850 eV are ide
tified as the surface peak of Li1 scattered from Ta atoms.
Interestingly, the Ta peak position is apparently depende
on a. High background at lower energy at about 800 e
is caused by the Li1 ion coming from deeper layers due to
multiple scattering. Figure 2(b) shows the energy spect
of Li 1 ions obtained along thef1120g azimuth at incident
angles from20± to 100± by a5± step. The Ta surface peak
positions are shifted to a lower energy side by decreasi
or increasing the incidence angle froma  75±, and the
value of the loss energy relative to the binary collisio
energy (863 eV) reaches more than 40 eV. The origin
the peak shift to the lower energy side is discussed late

The polar angle scans of integrated Ta peak intensiti
along thef1010g azimuth are shown by the open circles
in Fig. 3(a). Thea scans show two shadowing-focusing
peaks. If the surface is terminated by the Ta atom
the shadowing critical angle must be abouta  14±, as
estimated from the shadowing of the Li1 ion on the Ta
chain with a distance of5.4 Å along thef1010g direction.
The absence of such shadowing-focusing peaks at ab
a  14± in the ICISS polar angle scans shows that th
Ta is not shadowed by the adjoining Ta atom in the som
plane but by the B atom. The relatively larger shadowin
critical angles,60±d indicates that B is located above the
Ta plane (B termination of the surface).

The polar angle scans of the integrated Ta surface pe
intensity were obtained along thef1120g azimuth and the

FIG. 1. Projection along the [0001] azimuth of TaB2.
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results are shown in Fig. 3(b). In contrast to the resu
taken along thef1010g azimuth, a strong Li1 intensity
is obtained even at small incidence angles. Note tha
steep cutoff of the Ta peak intensity exists ata  21±.
The critical angle ofa  21± in Fig. 3(b) is explicable
by the shadowing effect of the in-plane Ta atoms alo
the f1120g azimuth, indicating that no shadowing of th
first-layer B atoms takes place in this azimuth.

The above experimental facts are consistent with t
ideal structure of the B-terminated TaB2s0001d surface as
shown in Fig. 1; the B atoms are located at the threefo
hollow site forming a two-dimensional graphitic layer
The cross sections of the surface alongf1010g andf1120g
directions are shown in the inset of Fig. 3. The tw
main peaks of the ICISSa scan in Fig. 3(a) are caused
by the shadowing and focusing effects of the B(1) ato
on the Ta(1) atomsa  60±d and the blocking effect of
the B(2) atomsa  94±d on the outgoing trajectory. The
atomic position of the first-layer B relative to the secon
layer Ta is determined from the experimental shadowi
critical anglessa  60±d by using the shadow cone o
B which is calculated using the Thomas-Fermi-Molie
potential with a reduced Firsov’s screening length fact
of 0.7. The spacing between the outermost B layer a

FIG. 2. Energy spectra of Li1 scattered from TaB2s0001d
with various incident angles; the measurements were made w
1 keV Li1 ions along the (a)f1010g and (b)f1120g azimuth
at the fixed scattered angle of155±. The energy position for
elastic binary collision of Li on Ta is indicated by an arrow
The peak heights were all normalized to be the same.
2265
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FIG. 3. Open circles: the integrateda scan of Li1-ICISS;
solid lines: simulated intensity with scattering energy of 860 e
obtained using the 3D3A model along (a) thef1010g azimuth
and (b) thef1120g azimuth. The insets show schematic view
of the shadow and blocking cones forE0  1 keV Li1 ions
together with the side views of TaB2s0001d.

the second Ta layer is thus determined as1.75 6 0.02 Å,
which is larger than that of the bulk TaB2 crystals1.61 Åd
by 8.47%. Along thef1120g azimuth, the critical angle of
a  21± corresponds to the shadowing effect on the T
chain, where the Li1 ions can penetrate into the secon
layer through the outermost-layer B arrays, as shown
the inset of Fig. 3(b).

With respect to the electronic property, two distinc
charge transfer models for the transition-metal diborid
have been proposed. One is the charge transfer from
metal to the boron [15], and the other is the oppos
[16]. Both models suppose the hybridization between t
boron and metal orbitals. The former model, based
the band structure calculations of simple and transitio
metal diborides, indicates that the B2 negative ions form
graphitic networks and that the band structure is simil
to graphite. However, the graphitic bands are strong
modified by the hybridization between the boron an
metal orbitals in TiB2 [15]. Hayamiet al. have reported
surface structures of HfB2s0001d using ICISS. It is shown
that the Hf layer terminates the surface and the B ato
desorb even from the second layer above 2300 K [1
The critical difference in the surface termination betwee
the HfB2 and TaB2 surfaces should be related to th
2266
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number ofd electrons since dominant bonding betwee
boron and metal is due to the hybridization of boronp and
metald states. In the case of the TaB2, Ta has one more
d-orbital electron than Hf, so that the bonding between
and Ta should be stronger than HfB2. Thus, the B layer
is stabilized and terminates the TaB2s0001d surface.

Work function (WF) of the TaB2s0001d as determined
from the width of the UP spectra is 6.0 eV [18] which
is much larger than that of polycrystal boron (4.5 eV). In
the case of LaB6s100d, the topmost layer of the LaB6s100d
consists of La atoms, and the charge transfer from the
atoms to the B6 clusters produces dipoles at the surface
thereby leading to the WF as low as 2.5 eV. The large
WF of the boron-terminated surface such as TaB2s0001d,
being the opposite case of the LaB6, indicates that there is
a charge transfer from the Ta to the B atoms.

The ICISSa scan intensities from the boron-terminated
TaB2s0001d surface were further simulated by using three
dimensional three-atom (3D3A) model [19] which can
reproduce shadowing and blocking effects; the scatte
ing cross section is calculated using in-plane three atom
[B(1)-Ta(1)-B(2) for thef1010g azimuth and the liner Ta
chain for thef1120g azimuth]. The calculated results, as-
suming the above-obtained Ta-B spacing, are shown
the solid lines in Fig. 3. The simulated results at an en
ergy of 860 eV are in good agreement with the exper
ment of the integrateda scan. In order to obtain the
best fit to the experimental results, the calculated scatte
ing cross section is broadened by a Gaussian distributi
function. From the focusing peak width, therefore, ther
mal vibration amplitude of the TaB2s0001d surface can be
estimated. The root mean square displacement perp
dicular to the surface of the Ta in the second laye
ku2

'l1y2, is obtained as0.08 Å, which corresponds to the
Debye temperature ofQ'  370 K.

As far as the scattering cross sections are concern
computer simulation reproduces experimental ICISS in
tensities, including shadowing and blocking peaks, qui
nicely. However, the simulation cannot reproduce th
incident-angle dependence of the Ta surface peak po
tion as seen in Fig. 2. In general, the scattered particl
from the surface lose their energy due to the recoiling o
target atoms (nuclear stopping) and excitation of electro
hole pairs (electronic stopping). The 3D3A model is base
on the consecutive diatomic collision model including th
recoil of target atom, but electronic stopping is ignored
Hence, the origin of the Ta peak shifts toward the lowe
energy side, as seen in Fig. 2, should be ascribed to el
tronic stopping.

Figure 4 shows the trajectory and incident energ
dependence of inelastic energy loss of the Ta surfa
peaks along thef1120g azimuth. It is well known that the
energy loss due to electronic stopping (nuclear stoppin
is proportional to the square root of (linear to) the kineti
energy. As shown in the inset, the energy loss value
proportional to the square root of the incident ion energ
at every incident angle. In the very low energy regim
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FIG. 4. Incidence-angle dependence of the inelastic ener
loss of E0  1 keV Li1 ions scattered from the TaB2s0001d
surface taken along thef1120g azimuth at a fixed scattering
angle of 155±. The experimental result (open circles) are
compared to the theoretical stopping powers proposed
Lindhard and Firsov. The inset shows incident ion energ
dependence of the scattered Li1 ion energy loss along the
f1120g azimuth at a fixed scattering angle of155±.

below 500 eV, the electronic stopping is known to be
more complicated and deviates from linear or square ro
dependence [20]. However, in the present experime
the situation is much simpler as evidenced in Fig. 4 an
energy loss is basically electronic stopping in nature.

The theories of the electronic stopping are propose
by Firsov [21] and Lindhardet al. [22]. Figure 4 shows
the experimental electronic energy losses atE0  1 keV,
together with the calculated loss based on the Firsov a
Lindhard models, as a function of the incident angle
Note that the experimentala scan of the energy loss
has a small hump at about47± and a minimum at about
the specular angle of78±. Both theories show significant
energy loss at a shallower incident angle and a minimu
at the specular angle. A small hump of about47± is
reproduced by the Firsov theory but not by the Lindhar
theory. This is because the Firsov equation has a
impact parameter dependence. The hump arises when
incident Li1 ions pass the off-plane B(2) pair ata  47±,
which corresponds to the direction along B(2)-Ta(1) in
the inset of Fig. 3(b). The Li1 ions also lose their kinetic
energy on the outgoing trajectory with the influence of th
B(2) pair ata  21±. Thus the loss energy of Li1 ions
increases with the decrease of the incident angle. T
incoming and outgoing trajectories of the Li1 ions at the
specular angle ofa  78± are far from the neighboring
boron pairs, B(2) and B(3), and, hence, the energy lo
of Li 1 ions goes into a minimum. The energy loss o
scattered Li1 ions increases again with the increase o
the incident angle, because the Li1 ions on the outgoing
trajectory pass near the B(3) pair. The incident ang
dependence of the energy loss is qualitatively reproduc
by the impact parameter approximation proposed b
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Firsov. Quantitatively, however, the calculated energy
loss of the electron momentum transfer to boron atom
is underestimated. A better fit between the Firsov mode
and the experimental result is obtained if the energy los
of the boron part in the Firsov model is simply multiplied
by a factor of 2.1. This misfit between the Firsov mode
and the experiment may be caused by the electronic she
effect of both projectile and target atoms [23] which
is ignored in the Firsov model based on the Thomas
Fermi potential. A more probable model may therefore
be given by the molecular orbital calculation [24]. In this
picture, since the B2p (Li 1s) orbital has antibonding
(bonding) character during collision, electronic stopping
relates mainly to the excitation of the B2p electrons.
Therefore a larger value of electronic stopping arises from
the negatively charged B atom.

The authors are grateful to W. Hayami for the use o
his 3D3A simulation code, and to T. Aizawa and M. Kato
for helpful discussions.
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