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Investigation of epitaxial arrangement and electronic structure
of a La@ Cg, film grown on an MoS, surface
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Molecular arrangement and electronic structure of a La@filn epitaxially grown on an Mog surface
have been studied using reflection high-energy electron diffraction and electron energy-loss spectroscopy
(EELS). It was revealed that La@gmolecules form a close-packed hexagonal lattice on a cleaved face of
MoS, with the intermolecular distance of 1.£8.03 nm. EELS of the La@4 film in the valence excitation
region indicated seven peaks coming fram- 7* transitions together with ther-plasmon excitation. The
absence of a distinct band gap means that the Lg@gitaxial film is not semiconducting, but metallic or
semimetallic. From the EELS result, we propose an electronic structure diagram of thegh af@itéxial film.

[. INTRODUCTION molecular arrangements of the grown film using reflection
high-energy electron diffractioRHEED). The intermolecu-
Endohedral metallofullerene La@gs an attractive ma- lar distance of the La@4 film was compared with that of a
terial because of its unique molecular structure and novebulk single crystal of La@§;. The epitaxial relationship
electronic properties? Since the discovery of synthesis and between the La@4; film and the Mo$ substrate was also
separation methods of a milligram-scale amount La@¥C determined.
various physical and chemical properties have been exten- As for the electronic structure of La@g ultraviolet
sively studied"" To the best of our knowledge, however, the Photoelectron spectroscofyyPS and x-ray photoelectron

past studies on La@gwere carried out using a very small spectroscopy have been measured for a_morphous films to
bulk single crystal or a deposited amorphous film. If theknow the filled state structure’ Few experimental results,

growth of an epitaxial film of La@g is achieved, it be- however, have been obtained for the electronic structure of

comes possible to investigate in detail such physical an{f:e empty state. In this study we measured low-energy elec-

chemical properties as electric conductivit hotovolatic, o7 energy-loss spectroscopEELS) for the epitaxial

¢ P F; ity with vari i Y, 5 I.La@C.‘Bz film on MoS, in order to elucidate both the filled
property, reactivity with various gases, €lc., and New applliqie and the empty state structures. Low-energy EELS mea-
cation fields will be opened.

o sured in the reflection geometry is a powerful technique to
In order to prepare a well-ordered thin film of La@C gty surface electronic structures of various materials, be-
molecular beam epitaxyMBE) is thought to be the most c4y5e it can reveal not only optically allowed dipole transi-

promising method. Actually epitaxial films of not only{or  tions, but also optically forbidden monopole, quadruple, or
C7o, but also many other kinds of higher fullerene films havespin-flip transitions. It also probes plasmon excitations with a
been grown by the MBE method. As the substrate for thenigh surface sensitivity*'2 The combination of MBE and
epitaxial growth of La@ €, a cleaved surface of such lay- low-energy EELS is useful for studying the electronic struc-
ered materials as MgSGaSe or mica is suitable. They have ture of such materials as endohedral metallofullerene, which
a two-dimensional lamellar structure, and each unit layer igould not be prepared with a bulk amount. The EEL spectra
bound together via weak van der Waals force. This structuref the La@ G, epitaxial film also give information on its
results in a cleaved surface without dangling bonds. In preelectrical character. From the EELS result, we will propose
vious works, we have reported thagf@and G films grow  the electronic structure diagram of the La@ €pitaxial film
epitaxially on cleaved surfaces of various kinds of layeredtogether with the assignment of energy-loss peaks.
materials$>® and that interactions between a,Gnolecule
and these surfaces are wedkThus it was expected that
La@ G, molecules grow epitaxially on the layered material
substrate, too. La@ G, mixed with soot was produced by an arc dis-
In the present work, we have succeeded in growing epieharge of LaOs-loaded carbon composite rods under a par-
taxial La@ G, films on MoS substrates, and studied the tial atmospheré200 torp, followed by a two-step extraction

II. EXPERIMENT
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via refluxing, first in orthodichlorobenzene and then in pyri-
dine. The La@ G, was isolated by a high performance liquid
chromatography with toluene as an eluent. Lag@ @is-
solved in C$ solution was transferred into an alumina cru-
cible, and C$ was vaporized by heating at 70 °C in the
atmosphere. After this process, the crucible was introduced
into an ultrahigh vacuuntUHV)-MBE chamber with a base
pressure of X108 Pa. It was carefully heated at 300 °C
for 24 h in order to remove the residual solvent.

The MoS substrate with a size 0f»610x0.1 mn? was
cut from a natural molybdenite crystal. It was cleaved in
atmosphere just before loading into the MBE chamber, and
thermally cleaned by heating at 400 °C for 30 min. Then
La@ Gz, molecules were evaporated from the crucible heated
at 430 °C. During the growth of La@g, the substrate tem-
perature was kept at 200 °C. Surface structures of the sub-
strate and the grown film were monitored by RHEED with
an incident electron energy of 20 keV.

The grown film was transferred into an analysis chamber
with a base pressure of810 ° Pa without breaking UHV.
Before the EELS measurement, Auger electron spectroscopy
(AES) measurement was carried out in order to check for the
absence of contamination and the presence of La atoms.
These spectra were measured with a double-pass cylindrical
mirror-type electron energy analyz€dLVAC-PHI model
15-255Q. Typical primary electron energie€kf) for AES
and EELS measurements were 3000 and 20 eV, respectively.
In the EELS measurement, the full width at half maximum of
the elastic peak was as narrow as 0.5 eV. All spectra were
obtained by the pulse-counting method, and then the first-
and the second-derivative ones were numerically calculated

for AES and EELS measurements, respectively. [1010]
FIG. 1. RHEED patterns of submonolayer La@g 6n the MoS
lIl. RESULTS AND DISCUSSION substrate. The incident electron beam is parallel tof ft#20] ori-
entation of the Mogsubstrate in(a), and to thg 1010] orientation
A. RHEED observation in (b).

Figures 1a) and Xb) show RHEED patterns of the
La@ G, film grown on the Mo$ substrate with about one solvent-free hcp bulk La@4 single crystal; 1.116 nrt
monolayer equivalent coverage. The incident electron beamwithin an error. Therefore the lattice constant ratio of MoS
was parallel to thg 1120] and[1010] axes of the Mog  to La@ G, is not close to an integer. Namely, the hexagonal
substrate, respectively. Bright streaks in Fig&) and 1b)  lattice of La@ G, molecules is incommensurate with that of
come from the Mo§substrate. Since the MgSurface has a the topmost sulfur atoms of the MgSubstrate. The pro-
sixfold symmetry, the streak interval of the substrate in thegposed arrangement of La@£molecules on the MoSsub-

[1010] direction[Fig. 1(b)] is y/3 times larger than that of Strate is illustrated in Fig. 2.

S . In our previous workdit was found that G, molecules
the [1120] |nC|denie[F|g. @), and the same pattern ap- form a hexagonal latticea=1.08 nm on the Mo$ substrate
pears at every 60° azimuth when the substrate is rotate{? - L . . N
around the surface normal a=0.316 nm with its principal axis rotated by 30° from
) that of the substrate. In this case two lattices come to have

When La@ G, molecules were evaporated from the alu- . _
mina crucible, new streaks with much narrower intervals ap_commensurate points (0.3%@3=1.09). In contrast, &

peared between streaks of the substrate, as marked by arrowgle_cules.for.m a h(_axagonal lattica 1.00 nm on MoS;
(1) in the photograph, which indicates the epitaxial growthw'th its principal axis parallel to that of the substrate, be-
of La@ Gy, molecules ,The interval of streaks from La@C cause no commensurability can be achieved for the rotation

) T . around the surface normal. On other layered material sub-
observed in th¢1010] direction is/3 times larger than that strates such as MoSeGaSe, or InS&4the principal axis of

in the [1120] incidence. This indicates that La@£mol-  the hexagonal lattice of fullerene molecules was found to
ecules form a close-packed hexagonal lattice with the prinrotate from that of the substrate only when it is commensu-
cipal axis parallel to th¢1120] axis of the Mo$ substrate. rate with the substrate lattice. In the case of Lag (o
The intermolecular distance of the La@@pitaxial film  commensurability is achieved with the MpSubstrate by the
grown on the Mo$ substrate calculated from the streak in- rotation, and it results in the epitaxial growth with the prin-
terval was 1.13:0.03 nm. This value agrees with that of the cipal axis of the film parallel to that of the MgSubstrate.
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FIG. 2. Suggested arrangement of La@ @olecules on the %
MoS, substrate. Large circles represent La@ @olecules, and )
small circles are the surfac®atoms on the Mosgsubstrate. NZ
=]
B. AES measurement .

Figure 3 shows the first-derivative Auger electron spectra 012345678910
of a clean Mo$ surface(a) and the epitaxial La@4 film Energy Loss (eV)
on the Mo$ substrateb). In the spectrum of Mo the peak FIG. 4. EEL spectra of the epitaxial La@ilm on the MoS

at 149 eV is derived from the BLL transition, and peaks at sypstrate.(a) Intensity and (b) the second-derivative spectra
184 and 219 eV come from the MEINN transitions. NO  _42N(E)/dE2 are shown in the upper and lower parts, respec-
trace of contamination, such as oxygen or carbon, was dejvely.

tected. In the spectrum of the epitaxial La@ @lm, weak

signals at 60 and 78 eV and a strong signal at 267 eV were i ) ,
additionally observed, which indicates the existence of lanfuré of the La@; film can be obtained. There are five

thanum and carbon atoms. There was no signal of impurityenergy-loss peaks at 0.9, 1.3, 3.1, 5.4, and 6.7 eV, and some
so that we can conclude that a clean epitaxial film ofshoulders can be seen. No band gap region with small inten-
La@ G, was obtained. sity of backscattered electrons is seen in Fi)4which
suggests that the La@&film has a metallic character. The
second-derivative spectrum is shown in Figh)4 Eight
) ) .. energy-loss peaks were found at 0.9, 1.3, 1.9, 2.5, 3.1, 4.3,
Lagg(.‘:reﬁIi(na)oih%vgsh/?ogpsliilsii_eSrﬁggtsrtlgdorfvtigi i?';%x'al 5.4, and 6.7 eV in the EEL spectrum. These peaks are la-
2 X . ; beled A-G and P in the order of the loss energy. The
g\g Irr:]%p\rl\?ﬁg? gegrt:aﬂglrﬂfhl‘asnv,\['r'lfp dci);ri%tee\r/glzslfatgg m-plasmon excitation is observed around 6-7 eV in the
X ' EELS of the m-electron system such asgf; C;o, Or

molecule. Thus only the information on the electronic struc- . ’ .
y graphite'®1’ Thus the pealP is considered to come from the

m-plasmon excitation. Ther-plasmon excitation energy of
the La@ G film is slightly higher than those of 5 (6.4 eV)
and Gy (6.3 eV).}” PeaksA—G are thought to correspond to
a-ar* transitions.

From this spectrum, we propose an energy diagram of the
epitaxial La@ G, film as shown in Fig. 5, taking account of
the theoretical calculation on the molecular orbital of
La@ Gs,. %1% Since the energy interval between the lowest-
unoccupied molecular orbital and singly occupied molecular
orbital is 3.8 eV in Ref. 18, we consider two stategthe
lowest-unoccupied molecular orbitalnd S (singly occupied
molecular orbital, 0 ey, which are separated by 3.8 eV.
Energies are taken to be relative to le@ekorresponding to
T T T T T the Fermi level. Five peaks with loss energies less than 3.8
0 100 200 300 400 500 600 eV should be related to leveS, while peaksF and G are
related to level. As a result, five occupied energy levels are
consideredH (the highest-occupied molecular orbital0.9
FIG. 3. Auger electron spectra of a clean MaSirface(a) and ~ €V), 1(—1.3 eV), J(—1.9 eV), K(—2.5 eV), andM(—3.1

the epitaxial La@ @, film on the Mo$ substratgb). Primary elec- eV). PeaksA,B,C,D, and E can be assigned tbl—S, |
tron energy is 3000 eV. —S, J—S, K—S, andM — S transitions, respectively. Con-

C. EELS measurement

dN(E)/dE (arb. units)

Energy (eV)
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4 transitions from theM state is optically forbidden, it is not
] L unreasonable that pedk appears in EELS in spite of the
3F absence ofM state in UPS. Therefore EELS is useful to
i~ observe the whole electronic structures of the Lag@fm.
O In the case of a g molecule, we can discuss the selection
& rules of EELS for some electronic transitions because of its
L;é N high symmetry [(},). For example, HOMO and LUMO of §5
v are indicatech, andt,,, respectively. This HOMO-LUMO
g OF L1 3 3 S transition is not a dipole transition but a monopole one. Then
E 4Lk H optical measurements cannot observe this transition, but
I EELS can. In contrast with 5, a La@ G, molecule has a
Py J lower symmetry (G as a G, cage and the character of its
orbitals is yet unknown. In Fig. (), peaksA(H—S),
3k I\I/([ E(M—S), andG(l —L) are strong versus all the other ones.

What makes probabilities of these tansitions large is not
4 clear. A detailed theoretical investigation is expected to ad-
dress this problem.

FIG. 5. Energy diagram of the epitaxial La@.Gilm proposed

from the EELS measurement. Lev8lcorresponds to the singly IV. CONCLUSIONS
occupied molecular orbital; SOMO and the Fermi level. Energies ) ) S
are taken to be relative to the Fermi level. We have succeeded in growing a La@ @pitaxial film

on a cleaved Mossurface, and revealed its electronic struc-
ture using EELS. From the RHEED observation, it was elu-
cidated that La@ & molecules form a close-packed hexago-
nal lattice on the Mo$ surface with an intermolecular
distance of 1.130.03 nm, which agrees well with that of the
In the UPS resuff,we can see peaks at 0.9 @, 1.6 ¢ entfree bulk La@$ single crystal. The crystal axis of
eV(p), 2.1 eV, and 3.3 eV. Reference 6 insists thaind e epitaxial La@@, film was found to be parallel to the
peaks correspond to SOMO and HOMO, respectively. If 1150] axis of the Mo$ substrate
SOMO is fixed at 0 eV, other peaks also have to shift b A finite band gap was not obs'erved in the EELS of the
+0.9 eV. Therefore, we should consider the binding energieﬁ Jand gap R . X
a@ G, epitaxial film, which indicates that it is not semi-

as follows: 0.0 eVa), 0.7 eMpB), 1.2 eV, and 2.4 eV. Com- ducting b . i lic. The-ol
paring our energy diagram with the UPS result, it is obvious®®" ucting but semimetallic or metallic. -plasmon

thatS H, andl states correspond to peaks at 0.0, 0.7, and 1_§ansition is observed at the loss energy of 6.7 eV. We have
eV in the UPS result, respectively. Because the UPS peak glro_pos_ed an energy (_:Ilagram_ derived from the EELS result,
2.4 eV is broad, we consider this peak correspondsaad wh[ch is consistent with previous works on the UPS obser-
K states. As a whole, the energy diagram in Fig. 5 agree¥ation and on the theoretical calculation.

well with the UPS result except the occupied ststeThis

state was not observed by UPS. However, ifthstate does
not exist, the pealE cannot be explained. We consider the  This work has been supported by the Grant-In-Aid for
reason of the absence of tMestate in UPS as follows: The Scientific Research on the Priority Area “Fullerenes and
UPS process is related to the electronic transition excited bjlanotube” by the Ministry of Education, Science, and Cul-

ultraviolet photons, so that UPS can observe only dipole alture of Japan. Y. Iwasa would like to acknowledge the sup-
lowed transitions. In contrast, EELS can reveal not only di-port by the Japan Society for the Promotion of Science
pole transitions but also optically forbidden transitions. If (RFTF96P00104, MPCR-363/96-03262

sidering the energy between these levels, the weak peak
and peakG are ascribed to thél—L and|—L transition,
respectively.
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