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Fine-structure analysis of GdM 45 near-edge EELS on the valence state of Gd@C82 microcrystals
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Transmission electron energy-loss spectroscopy has been performed on a crystalline Gd@C82 endohedral
metallofullerene. Measurements of the chemical shift and the branching ratio of the GdM45 near-edge fine
structure have revealed unambiguously the trivalent Gd atom (8S7/2! encapsulated in the carbon cage. The
results indicate that the encaged Gd atom is subject to a strong electronic field of the carbon cage.
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The electronic properties of endohedral metallofullere
in the solid state have been studied by ultraviolet photoem
sion spectroscopy~UPS! and x-ray photoemission spectro
copy~XPS! ~Refs. 1–6!. In particular, the valence state~such
as 12 or 13! of encaged metal atoms has been one of
central topics in studies on the metallofullerenes in relat
to intrafullerene charge transfer that drastically alters
magnetic and electronic properties of these fullerene-ba
materials. For example, the trivalent La~Ref. 1! and divalent
Tm ~Ref. 4! encapsulated in C82 cage have been suggest
by the UPS and XPS studies so far. However, the dir
observation of the electronic structure for the encapsula
metal is indeed necessary to understand the interaction
tween the encaged metal and the carbon cage.

Moreover, it is fascinating to compare the electron
structure of the encapsulated metal atom with that of the b
material. Because the highest spin state is expected fo
isolated magnetic atom that is free of the crystal field,
experimental information for spin pairing of the encapsula
metal atom is quite important. Even though this encapsula
metal atom is not an ideal free atom~which is free-standing!
but indeed subject to the electronic field of the carbon ca
its electronic structure can be viewed as a good compar
with that of the bulk metal or of a small cluster. It is intrigu
ing to know whether the encapsulated atom can be viewe
‘‘atomic’’ or ‘‘ionic’’ in terms of spin state.~ 9D2 for Gd60

or 8S7/2 for Gd31.!
Electron-energy-loss spectroscopy~EELS! and x-ray ab-

sorption spectroscopy~XAS! are efficient techniques to in
vestigate electronic structure of new materials since the
structure of these absorption-type spectra clearly reflects
unoccupied state of selected elements. Especially, the E
is able to be performed in an electron microscope with a h
spatial resolution by using a tiny incident electron be
~typically the size of a nanometer!. This enables us to obtai
rich information of local electronic structure at the desir
spot during electron microscopic observation.

Here, we report the first fine-structure analysis ofM45
edge of electron energy-loss spectrum recorded from Gd
oms encapsulated in carbon cages. In general, theM45 edges
of rare-earth metals show prominent peaks dominated by
transition of 3d electrons to unoccupied 4f states (3d104 f n

→3d94 f n11) and reflect the 4f unoccupied density of states
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therefore can be very useful to determine the valency and
amount of charge transfer for the element.7 Because the di-
pole selection rule strictly governs this transition, the tw
peaks~M5 and M4! correspond to the 4f inoccupancy with
different angular moments: (M5 :3d5/2→4 f 7/2, M4 :3d3/2
→4 f 5/2). The relative intensity of theM5 and M4 peak,
therefore, represents thef-hole ratio betweenj 57/2 and j
55/2. In fact, a larger branching ratio~the intensity ratio of
the M5 to M4 peak! corresponds to a higher spin state8

Moreover, the amount of charge transfer can be measure
the chemical shift of the peak positions. Consequently, m
direct information about the electronic structure of encag
metallic atoms can be derived from the fine structure anal
of the M45 near-edge.

The preparation and separation of Gd@C82 has been de-
scribed previously.9 A few droplets of Gd@C82 solution
were put on a holey carbon micro-grid and then heated
;423 K in a vacuum for 30 min to remove the solvent mo
ecules (CS2!. EELS analysis has been performed with a G
tan spectrometer~Gatan Imaging Filter! in an electron micro-
scope~JEOL 2010F! operated at 120 or 200 kV. When usin
a typical nanometer probe~;2 nm!, the convergence and
collective angles for the transmission EELS analysis are
to 7.5 and 10 mrad, respectively.

Figure 1 shows a high-resolution electron microgra
~HREM! of a crystalline Gd@C82. The typical size of the
microcrystals ranges from 10 to 40 nm in diameter. As se
in the inset Fourier transformed image~right!, the metallof-
ullerene molecules are close-packed in a hexagonal lat
The nearest-neighbor separation is;1.1 nm and very similar
to those of the other metallofullerene crystals, Sc@C82,

10

Y@C82,
11 and La@C82.

12 The detailed study in its crysta
structure and possible orientational disorder resulting from
nonspherical feature of the Gd@C82 molecule is not in the
scope of this paper and will be described elsewhere.

Figure 2~a! shows an EELS spectrum taken from a simi
microcrystal shown in Fig. 1. A finely focused probe of;2
nm in diameter is used, and a typical acquisition time is 1
sec.13 The spectrum involves both the GdN- and CK-edge,
indicating that the crystal contains Gd and C together, a
that two species are not decomposed. Normalization of
intensities for both edges using the proper cross sections
ter the background subtraction gives the atomic ratio of
1627 ©2000 The American Physical Society
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to C as;(2.261.5)31022, which is fairly close to the ex-
pected one of 1.231022 ~for Gd:C51:82!.14 No other ele-
ment has been detected in this chemical analysis.

Energy loss near-edge structure~ELNES! of the CK-edge
is shown in Fig. 2~b!. In spite of the general trend of thep*
splitting reported by ELNES~Ref. 15! and NEXAFS~near
edge x-ray absorption fine structure! ~Refs. 16 and 17! stud-
ies for the empty fullerenes such as C60, C70, C76, and C84,
there is only one peak inp* region found at;285 eV for the
present Gd@C82 crystal. Although a better energy resolutio

FIG. 1. A HREM image of a Gd@C82 crystal whose diameter is
about 20 nm. The Gd@C82 molecules are close-packed in a he
agonal lattice with its parameter of;1.1 nm ~see also the inse
Fourier image!. An inset image~left! taken at Schertzer defocu
represents the cage structure~a model inserted!.

FIG. 2. ~a! An EELS spectrum taken from the Gd@C82 crystal
containing the GdN-edge~;140 eV! and CK-edge~;285 eV!. ~b!
Fine structures of CK-edge shows ap* peak at;285 eV ands*
peak at;299 eV with a shoulder peak~;292 eV!.
than 1.5 eV achieved with the current technique might
solve more peaks if they exist, one prominentp* peak found
here is a similar feature to that reported for another endo
dral metallofullerene Ca@C82.

17 In contrast, thes* reso-
nance peak at;299 eV with a small shoulder peak at;292
eV is commonly observed for the other fullerenes.

The GdM45 is a deeper edge in energy~;1185 eV! and
requires 5 sec for the acquisition time to achieve enou
counting statistics. As shown in Fig. 3~a!, two prominent
peaks with weak features are obtained. They are the so-ca
white-lines that result from the dipole transition of 3d elec-
trons to empty 4f states (M5 :3d5/2→4 f 7/2,M4 :3d3/2

→4 f 5/2). A detailed analysis of the edge, therefore, offe
relevant information on the unoccupied 4f subbands. The
experimental spectrum has been simulated as a superpos
of a power-law background, a set of Lorentzian profiles
account for the white-lines, and a continuum term cor
sponding to the transitions to empty continuum states m
eled by a Hartree-Slater function provided through t
GATAN ELP 3.0 software. The detailed procedure of the fin
structure analysis for the edges with the white-lines has b
described in our previous paper.18 This procedure provides
an excellent fitting result. The fitting curve is shown as
solid line in Fig. 3~a!, while the experimental data are show
by open circles. The peak positions giving the best fit
summarized in Table I.

A reference spectrum of XAS for Gd2O3 and a calculated
profile for a Gd31 ion are also taken from the literature19 and

FIG. 3. ~a! Gd M45(M5 :3d5/2→4 f 7/2,M4 :3d3/2→4 f 5/2) near-
edge structure recorded from the Gd@C82 crystal, and its fitting
result with the Hartree-Slater cross section and Lorenzian cu
after the power-low background subtraction. Arrows indicate pe
positions.~b!, ~c! Reference spectra of the XAS from Gd2O3 and of
the calculation for the Gd31 ~Thole et al.!. The excellent match
among them indicates unambiguously the trivalency of the enc
sulated Gd atoms~see text!.



y
th
-

ir
th

ar
ed

r
n
th
ul

,
nd
n

u

on-

ec-

tate

to
ch-

e a
eak

al in
d.
fect

-
the
car-
the
as a
ce-

usly
of

ely
pro-
ion

re

atio

r
ta

PRB 62 1629BRIEF REPORTS
shown in Figs. 3~b! and 3~c!, respectively. They show ver
good agreement with the EELS spectrum recorded from
crystalline Gd@C82. In spite of a slightly poor energy reso
lution for the EELS spectrum in the present study~typically
seen as the broaderM5 peak!, the peak positions and the
intensity ratios are very similar to each other, except for
peak intensities within theM4 white-line for the calculated
spectrum. In fact, the peak positions shown in Table I
completely identical to those for the XAS and calculat
profiles within 1.5 eV accuracy.

Although we are unable to find reference spectrum fo
nontrivalent Gd, since the Gd in the other valence state is
chemically stable, the accessible spectra in literature of
other lanthanides with various valence states can be usef
have an analogy for the valency dependence of the GdM45
edge structure. TheM5 peak position of Eu, for example
shifts ;3 eV between the divalent Eu and trivalent Eu, a
an anomalous core-level shift;4 eV has been also found i
the TbM5 peak position between Tb31 and Tb41 ~Refs. 19,
20, and 21!. Therefore, the fact that the GdM4,5 edge of the
recorded EELS spectrum from the Gd@C82 show the quan-
titative fit with the reference spectra within the 1.5 eV acc

TABLE I. The peak positions of~a! Lorentzian curves used fo
the modeling that provide the best fit with the EELS experimen
spectrum.~b! XAS for Gd2O3, and~c! calculated spectrum for Gd31

ion from the reference~Thole et al.!.

Peak position~eV!

Edge ~a! ~b! ~c!

M5 1184.6 1184.3 1184.3
1189.4 1189.0 1189.0

M4 1213.9 1213.1 1213.1
1216.0 1215.0 1214.8
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racy in the peak positions, can unambiguously lead to a c
clusion of the trivalent Gd atoms encapsulated in C82 cages.
Moreover, the branching ratio obtained from the EELS sp
trum for the Gd@C82 (M5 /M4;2.060.2) is identical to that
of XAS spectrum for Gd2O3 (M5 /M4;2.0). This means
that both exhibit a similar spin state and that the ground s
for the Gd31 ion (8S7/2! in Gd2O3 can be kept even in the
Gd@C82. The ideal free-standing Gd atom is supposed
exhibit the higher spin state, consequently the higher bran
ing ratio. However, the crystal-field difference might caus
slight difference in the edge shape and/or in the exact p
positions between two spectra. While the Gd ion in Gd2O3 is
in the trigonal crystal field, the Gd encaged in C82 may be in
nearly one-dimensional field because the endohedral met
the fullerene structure is shown to be severely off-centere11

Because the asymmetry of the crystal field does not af
substantially the spin state for the 4f metals~it is much more
important for the case of 3d metals!, it is difficult to ascribe
this to the crystal-field dependence of theM45 fine structure.

The experiment of the 3d core-level spectroscopy de
scribed above thus offers a direct study of the valency for
various endohedral lanthanide metals encapsulated with
bon cages and is, therefore, very useful to corroborate
UPS and XPS studies. Moreover, the present technique h
great advantage over the other core- and/or valen
spectroscopy studies for the endohedral metals previo
reported2,4,22,23because the structural analysis by means
HREM,24,25as well as the elemental analysis using the fin
focused probe can be simultaneously feasible and, thus,
vides a useful correlation between the spectral informat
and the topography of the specimen.

In conclusion, we have performed the fine-structu
analysis of GdM45 edge taken from the Gd@C82 microcrys-
tal and examined the core-level shift and the branching r
with respect to the reference spectrum for Gd2O3. The results
indicate the Gd31 ion (8S7/2! is encapsulated in Gd@C82.
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