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Surface states of LaB6(001) have been revealed by angular-resolved ultraviolet photoelectron spectroscopy.
An approximate electron angular distribution and energy-band structure of the surface states have been

determined. A possible model of the LaB6(001) surface which is consistent with the experimental results is

given. It is pointed out that the origin of the low work function of LaB6 is probably electric dipole moments

produced by surface lanthanum ions.

Lanthanum hexaboride, LaB„which is a re-
fractory compound with a low work function has
recently become of interest as an electron-beam
source of high brightness for various purposes
suCh as microfabrication of superlarge-scale
integrated circuits. "

However, the reason why LaB, has such a low

work function is still not clear, and in order to
solve this problem, we must clarify its surface
structure. Furthermore, in using LaB, as an
electron-beam source, an anticipated problem is
the stability of the electron beam which also de-
pends on the surface structure. In addition, the
surface structure of LaB, is interesting by itself
since this compound is unique in that it contains
va, rious types of bonds, i.e., covalent (B-B), ionic

(B,-La), and metallic (La-La) bonds. ' The au-
thors have studied the (001) surface (one of sur-
faces of low work function'}! of single-crystal LaB,
by angular- resolved ultraviolet photoelectron spec-
troscopy (UPS). This paper is a preliminary re-
port on the results.

UPS and supplemental x-ray photoelectron spec-
troscopy (XPS) spectra were measured by the V. G.
ADES 400-photoelectron spectrometer. Its vacuum
chamber could be evacuated down to 4 x i0 "Torr.
A single crystal of LaB, was grown by the floating
zone method, ' and a thin sample parallel to the
(001) plane was cut from it, and was polished me-
chanically. In order to clean the sample surface,
argon-ion bombardment (1 keV) and electron-beam
heating from behind (-1300-1500'C) were repeated
several times in the vacuum chamber, and flash
heating (-1300 C) was done before taking each
spectrum. The cleanliness of the surface was
confirmed by XPS and low-energy-electron dif-
fraction (LEED); C 1s and 0 1s XPS peaks were
not detected at all, and a 1 x 1 LEED pattern was
clearly observed (the LEED experiment was done

by a different apparatus). Combined rotations of
the sample and the electron analyzer made it pos-
sible to measure a spectrum of photoelectrons

emitted in any (9, P) direction, where 9 and 4 are
defined in the usual way by taking the Z and X
axes as the surface normal ([001]), and the [100]
axis of the sample, respectively.

Figure 1 shows UPS spectra taken at various
8's in the (010) plane (Q = 0 ') using He I (hv =21.2
eV) as exciting light. Spectra in the (1TO) plane

(P =45'} were also measured (not shown). The
incident angle of the exciting light a was 20' from
the surface normal (refer to Fig. 2). Most peaks
in the spectra are due to bulk energy bands, but
the sharp peak appearing at -2 eV below the Fer.—

mi level E~ is attributable to a surface state for
the following reasons. First, this peak disap-
peared by oxygen exposure of -7L (I. == 10 '
Torr sec). Second, this peak was observed at
fairly high intensity even. at large 8 such as -80'.
Third, according to energy-band calculations of
LaB„"'no bulk peak is expected from -1 to -3.5
eV below E~; these energy-band calculations are
reliable since the shape of the Fermi surface pre-
dicted by the calculations shows a good agreement
with experimental one." This surface- state peak
was also observed when HeII, Ne I, or Ne II (hv
= 40.6, 16.8, or 26.9 eV, respectively, ) was used
as exciting light.

The 9 dependences of the intensity (area) of the
surface-state peak, f(8), are shown in Figs. 2(a)
and 2(b) by filled circles. According to a theory by
Gadzuk, ' I(8) is proportional to (cos'y)

~
Y(8, P) ~',

where y is an angle between the vector potential X
of the exciting light and the direction of the elec-
tron analyzer, ( ) denotes the average over all
directions of X, and Y(8, p) is the angular part of
an atomic orbital appearing in a tight-binding
Bloch function which is used to describe the sur-
face state. If this picture is appropriate, since
in our experimental condition (cos'y) ~ sin'(n+ 9}
holds, the curves representing f(8)/sin'(o. +8) in

Figs. 2(a)and2(b} are proportional to
~
Y(9, $) ~'

and can be called electron angular distribution
(EAD) curves. However, since backscattering
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FIG. 1. UPS spectra for
the LaBB(001) surface as a
function of ~ for $= 0't
p anel. The incident angle
of the exciting light (He i,
her=21. 2 eV) n is 20'from
the surface normal.
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FIG. 3. Structure of two-
dimensional energy bands of
the LaB&(001) surface. The
experimental points shown
by open circles have been
reduced from higher Bril-
louin zones to the first
zone.
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If we plot the experimental points straightforward-
ly, some of them go into higher Brillouin zones
beyond the first zone. The experimental points
shown by open circles have been reduced from the
higher zones to the first zone, and they show a good
agreement with those in the first zone shown by
filled circles. This is a beautiful demonstration
of the extended-zone nature of the state. At the
same time, the conservation of the electron mo-
mentum parallel to the surface is demonstrated.

By noticing that each experimental point in Figs.
2(a) and 2(b) corresponds to that of Fig. 3, it is
found that the main lobe at 8 =0 and the side lobe
at 8-50 of the EAD curve in Fig. 2(a) correspond
to the upper and lower energy bands in Fig. 3, re-
spectively. This statement is also substantially
true for the EAD curve in Fig. 2(b), although in
this case the main lobe inclines at -8', and the
side lobe suddenly diminishes as 8 increases.

A possible model of the LaB, (001) surface
which is consistent with these experimental re-
sults is shown in Fig. 4. As to the bulk electron-
ic structure of LaB„ it is known that the boron
framework takes up electrons from lanthanum
atoms so as to complete its B-B covalent bonds. "
It is therefore reasonable to think that the surface
states under consideration associate with electrons
of surface boron atoms at such positions as P,
P', P, . . . . The upper energy band in Fig. 3 and
the main lobes of the EAD curves in Figs. 2(a) and
2(b) are supposed to arise from dangling-bond elec-
trons of such surface boron atoms. However, if the
upper energy band were formed only by the boron
dangling bonds, the band width in the I'M direction
would be smaller than that in the I'X direction be-
ing in conflict with the experimental result of Fig.
3, since the coupling between the boron dangling

bonds along P-P" is expected to be weaker than
that along P-P'. This conflict can be removed if
we assume the existence of surface lanthanum ions
at such a position as R, and consider the coupling
P R P' (B--L-a-B). This coupling means that elec-
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FIG. 4. Possible model of the LaB6(001) surface which
is consistent with the experimental results; the upper
side is the surface.
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trons of the boron dangling bonds partly enter lan-
thanum-ion orbitals. This is probably the reason
why the EAD curve in the (1TO} plane shown in Fig.
2(b} has the inclined main lobe. It is expected that
photoelectrons emitted from the surface boron atom
atom at P are shielded by the surface lanthanum
ion at R in directions near the direction PB. Al-
though this "shadowing effect" has still not been
theoretically studied, this may be the reason why
the EAD curve in the (ITO) plane shown in Fig. 2(b)

exhibits the sudden dimmutxon as 8 mcreases. The
origin of the other surface state corresponding to
the lower energy band in Fig. 3 and the side lobes
of the EAD curves in Figs. 2(a) and 2(b) is not
clear, but as a possibility, we can think of back
bonds such as P-Q. Finally, the origin of the
low work function of LaB, is probably electric di-
pole moments produced by the surface lanthanum
ions as proposed by Lafferty" and by Swanson
and Dickinson. '

'A. N. Broers and M. Hatzakis, Sci. Am. 227, 34
(1972); H. Ahmed and A. N. Broers, J. Appl. Phys.
43, 2185 (1972); R. T. Miller, Solid State Technol.
7, 25 (1973); J. D. Verhoeven and E. D. Gibson,
J. Phys. E 9, 65 (1976).
L. W. Swanson and f. Dickinson, Appl. Phys. Lett.
28, 578 (1976).

ST. Tanaka, T. Akahane, E. Bannai, S. Kawai,
N. Tsuda, and Y. Ishizawa, J. Phys. C 9, 1235
(1976).

4T. Tanaka, E. Bannai, S. Kawai, and ¹ Yamane,
J. Cryst. Growth 30, 193 (1975).

~A. J. Arko, G. Crabtree, J. B. Ketterson, F. M.
1

Mueller, P. F. Walch, and, L. R. Windmiller, Intern.
J. Quantum Chem. Symp. No. 9, 569 (1975).

6A. Hasegawa and A. Yanase, J. Phys. F (to be pub-
lished).

7Y. Ishizawa, T. Tanaka, E. Bannai, and S. Kawai,
J. Phys. Soc. J. 42, 112 (1977).
J. W. Gadzuk, Phys. Rev. B 10, 5030 (1974).

9A. Liebsch, Phys. Rev. Lett. 32, 1203 (1974).
~ N. V. Smith and M. M. Traum, Phys. Rev. B 11,

2087 (1975).
H. C. Longuet-Higgins and M. de V. Roberts, Proc. R.
Soc.Lond. 224, 336 (1954).

~2J. M. Lafferty, J. Appl. Phys. 22, 299 (1951).


