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The structure of the clean YB,(100) surface was studied with
X-ray photoelectron spectroscopy, low-energy electron diffrac-
tion (LEED), and scanning tunneling microscopy (STM).
A clean, well-ordered surface can be prepared by Ar ion bom-
bardment followed by annealing to 1200°C. The fact that heating
does not lead to the preferential loss of boron or yttrium indicates
that the material evaporates congruently in vacuum. Although
the bulk structure of YBg is quite complex with over 1600 atoms
per unit cell, both LEED and STM reveal that the surface
structure has long-range two-dimensional periodicity described
by a simple square lattice. The surface lattice constant deter-
mined by LEED is 21+3 A, whereas the bulk value is 23.44 A.
Large scale images obtained with STM reveal that the surface
consists of flat (100) terraces separated by steps 11.7 A (half unit
cell) in height. Smaller scale STM images reveal a 11.7 A square
grid of objects. These objects are identified as icosahedral clus-
ters of 156 boron atoms. In its reactivity toward oxygen, the
surface shows behavior similar to that reported for a f-rhom-
bohedral boron (111) surface. © 1997 Academic Press

INTRODUCTION

Due to their unusual stoichiometry, complex structure,
and interesting physical properties, YB¢s and other MBgg
materials have been the subject of several investigations
since the discovery of YBg¢ by Seybolt in 1959 (1-5). The
structure of these materials is usually described in terms of a
“super-icosahedron” consisting of 12 B;, icosahedra ar-
ranged around a thirteenth central B;, unit, resulting in
a cluster best written as B;,(By,);,. Eight of these
B s¢ super-icosahedra and eight nonicosahedral cages of 48
or 36 boron atoms are arranged in an fcc lattice 23.44 Aon
a side and belonging to space group Fm3c. Adjacent super-
icosahedra differ only by a 90° relative rotation around one

!To whom correspondence should be addressed.

of the principal axes. Metal atoms and nonicosahedral
boron clusters are located in fourfold channels within the
B;5¢ framework. Although the boron network exhibits little
disorder in high-quality crystals, even in the best crystals the
metal atoms randomly occupy only about 50% of the avail-
able sites (4). While the structure is conveniently described
in terms of Bys¢ units, it has not been at all clear if these
boron super-icosahedra have structural stability as discrete
entities within the overall crystal structure, or are merely
convenient conceptual constructs used for describing the
structure. The latter viewpoint is suggested by the fact that
many of the B-B bonds between super-icosahedra are
shorter than the bonds within the super-icosahedra. This
would imply that the boron atoms are merely part of an
undifferentiated extended three-dimensional network.

Although the bulk YBge crystal structure has been re-
peatedly examined, there have been no published studies on
its surface structure. Yet the surface properties of YBg¢ are
highly relevant to its use as a superior soft X-ray mono-
chromator (6). The elaborate YBgg lattice presents a myriad
of possibilities for surface termination, reconstruction, sur-
face electronic structure, and site specific chemical reactiv-
ity. Disorder associated with the structure, such as the
distribution of the yttrium atoms and some reportedly stat-
istically occupied boron sites (2), is inaccessible to diffrac-
tion techniques but may be observable with a real space
imaging technique such as scanning tunneling microscopy
(STM). For these reasons, we have undertaken a surface
science study of YBg(100).

EXPERIMENTAL

Two different single crystal samples were used in
these studies. They were grown, cut, and polished at the
National Institute for Research in Inorganic Materials in
Tsukuba, Japan. The crystals had the congruently melting
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composition of YBg,. Details of the crystal growth method
can be found elsewhere (7). The experiments described here
were conducted in a standard UHV surface analysis cham-
ber, details of which have been previously published (8). In
short, the apparatus consists of a vacuum chamber (base
pressure <5 x 10~ ! Torr) equipped with low-energy elec-
tron diffraction (LEED) optics, a quadrupole mass spec-
trometer (QMS), an STM, a system for X-ray photoelectron
spectroscopy (XPS), a sputter ion gun for sample cleaning,
and facilities for sample heating and cooling.

Imaging with the STM was performed in a constant
current mode at room temperature and was typically in-
itiated 2 h after sample cleaning to minimize thermal drift.
Tips for the STM were prepared by electrochemically etch-
ing tungsten wire and were cleaned in situ by electron
bombardment and field desorption. The STM piezo-tube
expansion coeflicients were determined by obtaining atom-
ically resolved images of a Si(111) (7 x 7) crystal encompass-
ing regions having one or more steps.

A mild etch (9) was performed on the single crystal YBg¢
samples, which were subsequently mounted in graphite
ferrules and placed under vacuum. The principal con-
taminants, found from XPS to be carbon and oxygen, could
be removed with gentle argon ion sputtering (500 eV) and
heating to ~ 1200°C. Temperatures were monitored with
an optical pyrometer and were not emissivity corrected.
Due to the low thermal conductivity and brittle nature of
YBge, samples were heated and cooled slowly (<0.5 K/s).

The XPS binding energy scale was assumed to be linear
and was related to the Au 4f;,, and Ag 3ds,, binding ener-
gies as recommended by Powell (10). Typical survey scans
taken from 0—1100 eV demonstrated that the samples could
be prepared free of oxygen and carbon (< 1% of a mono-
layer), and would remain so for over 8 h (11). Oxygen
exposure experiments were performed as follows: the crystal
was first cleaned of oxygen and carbon as established by
XPS, and then it was dosed with a given amount of oxygen,
followed by the acquisition of a spectrum. Oxygen expo-
sures were additive; i.e., the crystal was not cleaned after
each exposure.

RESULTS

Since no prior surface science studies of YBgs have been
reported, it was necessary to first establish what conditions
are needed to obtain a clean, well-ordered surface. It was
also necessary to establish if repeated heating and/or Ar ion
bombardment would alter the surface stoichiometry due to
preferential removal of yttrium or boron. It was found by
XPS that mild argon ion (500 eV) sputtering reduced the
B/Y ratio from its initial value of ~72:1to ~35:1 (12).
However, post-sputter annealing to temperatures > 1200°C
restored the stoichiometry to the initial value. The initial
sputtering also resulted in some pitting (visible to the eye) of

the originally smooth surface. Electron micrographs of the
pitted regions revealed a dendritic pit structure. The differ-
ence between the surface B:Y ratio as measured by XPS
(72:1) and that of the bulk (62:1) can be at least partially
attributed to the use of literature values of the elemental
sensitivity factors (13) instead of values specifically calib-
rated for our XPS system. Annealing the samples to higher
temperatures (1400°C) still gave a B/Y ratio of ~ 72:1, thus
implying that the YB¢¢(100) surface evaporates congruently
and may be cleaned repeatedly under UHV conditions
without permanent alteration of the material’s composition.

After a few cleaning cycles the samples yielded sharp
LEED patterns, a typical example of which is shown in
Fig. 1 for a beam energy of 38.3 eV. The observed LEED
patterns immediately reveal several important features of
the YB4(100) surface structure. First, the fact that the spots
are extremely sharp with a low background shows that
there is a high degree of translational order on a length-scale
of 10—100 nm. This is in contrast to the visible pitting of the
surface, as noted above, indicating roughness on a length-
scale of 10-100 um. The LEED pattern shown in Fig. 1 is
typical of what was observed at various points across the
faces of the two separate 12 mm diameter samples studied.
Second, the square grid of LEED spots and their spacing for
a given beam energy implies that the surface lattice constant
is 21 131&. This value was based on calibration of the
LEED optics with a Si(111) sample. Thus the surface lattice
constant is identical to that of a bulk (100) plane. However,
due to the large size of the surface unit cell, a variety of
surface terminations and reconstructions within the unit cell
are consistent with the LEED pattern. Two other features
are apparent in the photograph of Fig. 1. Glide plane
symmetries present in the YBg lattice manifest themselves
as extinctions over the entire range of incident electron

FIG. 1. A typical LEED pattern from YBgs(100), taken at 38.3 eV.
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FIG.2. An STM image of the YB¢4(100) surface obtained with a bias of — 5V and a setpoint of 0.5 nA taken near a step edge along with a line scan
across the steps showing a step height of 11.7 A and a 1 A corrugation on the terraces.

energies for (h, 0) and (0, k) spots, where h and k are odd (14).
Also, spots toward the center of the pattern show some
distortion as a result of fringing fields or stray magnetic
fields.

STM topographs of the clean surface revealed large (100)
terraces separated by steps of half unit cell height (11.7 R)
(15). Images of individual terraces reveal a square lattice
with half unit cell periodicity (15). Figure 2 shows an STM
image at a step edge and a line scan across the step. On the
upper terrace an 11.7 A square lattice of objects is observed
that extends right up to the step edge. The irregularities at
the step edges are seen to consist of whole units of these
objects. The corrugation between the entities forming the
lattice is seen to be on the order of 1 A and was found to be
independent of the tunneling voltage and bias.

Figure 3 consists of two XPS spectra taken at room
temperature with a resolution of about 1eV: the lower
spectrum is of the clean crystal and the upper one was taken
after the sample at 700°C had been exposed to 2.6 x 10* L
(Langmuir, 1 L = 1 x 10~ ° Torr sec) of O,. All XPS peaks
were fit using linear baselines and exponentially tailed
Gaussians. The spacing between the Y(3ds,,) and Y (3d;),)
peaks is large enough that curve fitting can be applied to
them individually. Extraction of the Y(3ds,,) position al-
lowed estimation of the yttrium oxidation state. Comparing
our value of 157.1 +0.2eV to that of the free metal
(156.0¢V) (16) and that of the oxide (~157 ¢V) (13) indi-
cates that the metal is present in a + 3 oxidation state. This

is in accord with the role generally attributed to metal
atoms in the boron-rich solids as donors of electrons to the
highly electron-deficient boron network. The B(1s) peak of
the clean surface is at 187.8 + 0.2 eV. This value is the
lowest measured for any metal boride and, not suprisingly,
is essentially the same as the 187.7 eV binding energy meas-
ured previously in our laboratory for f-rhombohedral
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FIG. 3. XPS spectra of the Y(3d) and B(1s) region for a clean surface
and a surface oxidized by exposure to 26,000 L O, at a crystal temperature
of 700°C.
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boron (111) (17). Lastly, the small peak around 179 eV is
assigned to an MgKuas_, radiation satellite of the large
B(1s) peak.

The spectrum of the surface exposed to oxygen at 700°C
in Fig. 3 shows a small hump at 193.3 ¢V, a value close to
the B(1s) binding energy of 193.4 eV reported for B,O;
(17-18). No chemically shifted boron or yttrium peaks were
detectable in the spectra following oxygen exposure at room
temperature. The very small (~0.2 eV) shift of the entire
spectrum of the oxidized crystal to higher binding energy
is presumably due to charging (17), as this shift was also
observed to occur in the O(1s) region. The binding energy of
the O(1s) peak (not shown) was 532.2 + 0.2 eV, which is
close to the value obtained for an oxidized boron surface
(17). Samples that had been held at 700°C and exposed to
26,000 L of oxygen still exhibited a dim (1 x 1) LEED pat-
tern.

Figure 4 shows plots of the O(1s) peak area as a function
of oxygen exposure for surfaces at room temperature and at
700°C. At both temperatures studied, there seem to be two
distinct regimes of oxygen uptake by the YBg¢(100) surface:
below about 3000 L, oxygen is adsorbed relatively quickly,
whereas at exposures higher than 3000 L, oxygen is adsor-
bed more slowly. Considerably more oxygen reacted with
the surface at 700°C than at room temperature. At neither
temperature did the amount of oxygen at the surface reach
a constant saturation value. The temperature and exposure
dependence of the oxygen uptake is quite similar to what
was observed for the (111) surface of f-rhombohedral boron
as is the observation of a small chemically shifted B(1s) peak
indicative of boron in the same oxidation state as in B,O5
(17). The similarities are not surprising since the structures
of both YBg¢ and f-rhombohedral boron involve similar
icosahedral bonding environments for the boron atoms.
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FIG. 4. A plot of XPS O(ls) peak areas versus oxygen exposure with
the YB4s sample at room temperature and at 700°C.

DISCUSSION

The XPS and LEED data presented here demonstrate
that a clean well-ordered YBg(100) surface can be readily
and reproducibly obtained under UHV conditions. This in
turn makes the surface amenable to more detailed study
with standard surface science techniques. This basic fact
about YB¢4 had not been previously established nor could it
have been predicted. For example, the surfaces of many
solid compounds undergo a change in composition every
time the sample is heated in vacuum. Other surfaces under-
go reconstruction to structures with two-dimensional peri-
odicities quite different from the corresponding bulk planes.
The absence of such complications for YB¢s(100) also sug-
gests that studies of its surface structure might clarify as-
pects of its intrinsically complex bulk structure.

The LEED and STM data can be considered with refer-
ence to the idealized bulk terminated (100) YBge plane. The
(100) plane has two basic structural units with the full
periodicity (23.4 /OX) of the bulk, the lattice of B, 5¢ units, and
the lattice of nonicosahedral cages (B,g and B3¢ units). The
LEED patterns demonstrate that the bulk periodicity is
preserved at the surface, while the STM images provide
evidence for a surface lattice having half unit cell periodicity
(11.7 on). Although one must be careful in assigning geomet-
ric structures to specific features observed in STM images,
images of our crystals show no dependence on either the
polarity or absolute magnitude of the tunneling bias and
most likely are not artifacts produced by sampling specific
surface states. The two seemingly contradictory sets of data
from the LEED and STM experiments may be reconciled if
one makes the assumption that adjacent lattice units appear
identical in STM images. This can be justified in the case of
the Bys¢ lattice, since the lattice is comprised of super-
icosahedra of high sphericity, and since adjacent super-
icosahedra differ only by a 90° relative rotation. In the case
of the lattice of nonicosahedral cages, in which the yttrium
atoms are known to be randomly distributed and which is
reported to have an intrinsic amount of disorder, it is
unlikely that adjacent nonicosahedral units would appear
identical in the STM images. Therefore the STM and LEED
data point toward the (100) surface as being a square lattice
of By 5¢ super-icosahedra. The structure observed at the step
edges can then be associated with the presence or absence of
whole Bys¢ units. Furthermore, the step height of 11.7 A
then implies that adjacent terraces are composed of adjacent
layers of whole By 5¢ units. All of these facts taken together
imply that the By 54 super-icosahedra exist as stable, discrete
entities within the solid and thus constitute the basic struc-
tural element of YBgs. While formal descriptions of YBge
are based on such units, this is the first indication that these
icosahedral arrangements of 156 boron atoms have an inde-
pendent physical reality and are anything more than simply
a convenient way to represent the structure.
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