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Interaction between Er atoms and the carbon cage &
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The study of Es@ G, by using amab initio discrete-variational method based on the local-density approxi-
mation is reported. The trapping of two erbium atoms has caused significant rearrangement of the energy levels
of the cage throughout the band. Due to the localized characteristi¢ elettrons of erbium, the on-site
Coulomb interaction, “Hubbartl term,” is taken into consideration and the local-spin-density approximation
+U method is used to investigate the behavior bfelectrons of Er and the electronic structure of @1Cs,.

The description of the electronic structure of this system is greatly improved after taking on-site Coulomb
interaction into consideration, and thé 4tates are split into lower occupied states and higher unoccupied
states and the splitting is 4.9 eV. Four new peaks appear below the Fermi level, and this result is in agreement
with absorption spectra of E& Gs,. It is shown that the valence of Er ions inE G, is divalent and in G,

cage the Er ion has a magnetic moment of @&.59 The characteristics of the states near the Fermi level are
discussed.

[. INTRODUCTION consistent multicenter-multipolar representation of the den-
sity is introduced. The Hamiltonian matrix elements and the
Endohedral fullerene is a new material that provides averlap matrix elementgéand therefore, the wave function
good prototype to study some encapsulated metal atomand the charge densjtare all given by numerical values on
Since the first endohedral fullerene was confirmed by X-ray, set of sampling points. The wave functions of the cluster
experiments, endohedral metallofullerenes have 'attracteﬁre expanded variationally in symmetrized atomic basis
wide attention. Alkaline, lanthanide, and transuranic meta %nctions, which are generated self-consistently in numerical

:;021; @? rCz trlag(;:)ze(g) (l:ntoz gye@r)%ze;:gg %3 (g)dgsz;ergué?g’ SUESrm. The detailed description of this method can be found in
yir] T4y 21 3 -

duced and investigated widely. Many new and interestinéhe Iitgratgres". The von Barth—Hedin exchange_—correlation
phenomena are found in these new materials. Recemmotentlalé are adopted. In the present calculations, tlie 4
Er,@ Cg, was made by vaporizing a mixture of carbon rodsd, and & electrons of Er atom and thesand 2p electrons

and Er oxide, and 1. infrared fluorescence of the of the carbon atom are treated as valence electrons. The start-

Er,@ Cs, was observed® Studies on the fine structure show ing valence configurations of Er and C aré*¥%d'6s? and
that there exists an exchange interaction between the Er ior&s!2p®, respectively.

and the G, cage. Actually the g, cage provides an excellent  The model for Es@ Gy, is an isolated cluster. This system
setup to investigate the interaction of the Er-ion paintil in our calculation ha€,, symmetry. Due to the fact that the
now, as far as we know, no theoretical study on the elecéymmetry of E5@ Csy is not clearly known experimentalfy,

tronic structure of BEX@ G, was reported. Thus it is interest- :
ing to study the geometry and electronic structure ofthe symmetry of G, is taken as the symmetry Of £ Gy,

En@ Gs,. According t.O a th.eoretical study t?y NagalseaLll on G,
To investigate endohedral fullerenes theoretically, botﬁherfzel‘ge nine §; isomers that satisfy the isolated pentagon

the cage structure and the location of the encapsulated atorfige, ™~ and their symmetries ar€;, Cs, Cs,, andCy, .
should be optimized so that the electronic properties ofSeven of them are used to interpret the NMR analysis by
Er,@ Gy, can be determined. However, for lanthanide met-Achiba and co-worker&"*>The stability of these isomers is
als, there is one difficulty that the conventional local-densitywell discussed by Nagaset al!! Their calculation shows
approximation(LDA) method cannot work well in calculat- that the isomer witflC, symmetry is the most stable isomer,
ing the electronic structure off4electrons. In the present but the stability of endohedral fullerene is different from
work, a local-spin-density approximation (LSDA)J empty fullerene. According to another theoretical calculation
method, in which the on-site Coulomb interaction is takenof Nagaseet al. on theM @ G, system M =La, Y, Sc), the
into consideration, is used to Study the ele?tronic structure qfnost stable monometa”ofu”erenc%@ C82 has sz sym-
4f electrons of encapsulated Er atoms. This method has begRetry. CertainlyM @ Gg, is different fromM ,@ Cs,. In this
prove_d _by many authof$ to be effectlve_and successful in aper,C,, symmetry is adopted to investigate the geometry
describing localized electro_ns_ of transition _metals and rarend electronic structure of F@ Gy, The two doping erbium
ear_th_metals. The method is incorporated into the discretes; .« are put on the Gxis. The C-C bonds are 1.399 and
variational(DV) cluster program of the present work. 1.433 A. The bonds of the pentagon are long bonds, while
hexagons have both long bonds and short bonds according to
whether the adjacent polygons are pentagons or hexagons.
The method used in this work is the DV self-consistentThis structure is shown in Fig. 1. The top of this cage is a
multicenter-multipolar method. In this DV method, a self- C-C bond and four adjacent hexagons, and the bottom is a

IIl. METHOD AND MODELS
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FIG. 1. Geometry of the & cage withC,, symmetry. G is ears L
along theZ axis. TheX-Z plane is a vertical mirror plane.
hexagon. Since the bottom hexagon has two pentagons and  "54%°
four hexagons as its neighbors, it has four short bonds and
two long bonds. The Laxis passes through the center of the
top C-C bond and the bottom hexagon. Thaxis is along

the G axis. TheX-Z plane is the vertical mirror plane of the
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FIG. 2. Change of total binding energy vs the distance between

cage. two Er atoms.
In order to investigate the electronic structure of trapped
Er atoms, both LDA and LSDA U method§6 are adopted. . RESULTS AND DISCUSSION
Due to the strong localized character of électrons, the
LDA method is not good enough to describe the correlation A. The geometric structure of Er,@ Cg,

interaction. Here the LSDAU method is incorpora_tted in To optimize the positions of Er atoms in the carbon cage,
the DV cluster method. The total energy functional of the two Er atoms are p|aced on th@ &is and moved a|ong

LSDA+U is given as® the G, axis, and the most stable positions of these two Er
atoms are found. The upper Er atom is 2.210 A from the

E=ESPA+L > U(ng,,—n(ng _,—n° center of the top bond of the cage, and the lower Er atom is
mm’ o ' ' 2.240 A from the center of the bottom hexagon plane. The

distance between the two Er atoms is 3.262 A. Figure 2

+1 > (U=3)(Npo—n°) (N o—NO), shows the change of total energy versus the distance of the

mm’ (m#m’),o ’ ’ two Er atoms. The C-Er bond length between the upper atom

1) and the nearest carbon atoms are 2.407 and 2.734 A, while
the C-Er bond length between the lower atom and the nearest
whereE"S"* is the conventional LSDA total energy,andJ  carbon atoms are 2.607 and 2.656 A. According to the cal-
are the on-site Coulomb energy and the exchange energyylation of Nagaset all’ the bonds between the encapsu-
respectivelymandm’ are the localized molecular orbitals, |ated metal atoms of dimetallofullerenes and the carbons are
andn, , is the occupancy of the localized molecular orbital 2 470—2.489, 2.433-2.475, and 2.567-2.589 A for
m with spin o. For simplification and as an approximation Sc,@ Gy, Y,@ Cso, and La@ Gy, respectively, and the dis-
we assume that) and J are independent of the orbital pa- tances between the two caged metal atoms are 3.655, 3.922,
rameterm. Here the average occupation of localized orbitalsand 3.631 A for Sp@ Gy, Y,@ Ggo, and La@ Cgo, respec-
is approximated as® and can be calculated by the following tively. The results of the present work show that it is similar
equation: to the case of BI@ Cg,. The distance between the two Er
atoms is shorter than the atomic diame®#168 A of Er but
n°=2 N o /K, 2) anger thqn the covalent diar_net(étlZO A of the Er atom._
om Figure 3 is the charge-density contour plot on the vertical
mirror plane of empty &, which contains five C-C bonds
and the marked numbers are the charge density in units of
10 3e/a.u® Figure 4 is the charge-density contour plot of
%rz@ Cs, 0n the same plane and the marked numbers are also
the charge density in units of 18e/a.u® After trapping two
Er atoms, the charge contours near the Er atoms and neigh-
Vino=VSPALU Y (ngy —,—nO) boring carbon atoms are distorted. No obvious distortion for
m’ the charge distributions is found in other carbon atoms. The
charge density between the pair of Er atoms is weaker com-
+U-J) > (Npr.o—n9), (3 pared with that within the region of C-Er bonds. It means
m#m’ that there exists a relatively weaker interaction between the
where VSPA is the conventional LSDA potentia| corre- pair of Er atoms. This also indicates that the Er-C interaction
sponding to the charge density with the numbef eiectrons ~ plays a dominant role in describing the characteristics of the
given byn;==, ,nm .. The parametet); andJ of Er at- electronic structure of E@ C;,. The binding energy of one
oms are chosen to be 6.50 and 0.70 eV, respectively, whickr atom in the G, cage is defined as
are obtained fromU.s and J of Anisimov, Zaanen, and
Andersont® E=3{E(Er,@Cy) —[E(2EN+E(Cgy1}. (4)

where thek is the total number of localized molecular obit-
als. Similar to the formulation of conventional LSDA, the
single-particle potential can be derived from the total energ
equation(l) in the following form:
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FIG. 3. Charge contour plot on the mirror plane gf, €ontain- FIG. 5. Density of states of & The inset is the XPS of &.

ing five C-C bonds. The charge density is given im @a.u®

the density-of-state€©0OY9) plots of the calculation result of
the LDA for Cg, and Es@GCs,, respectively. Figure 5 gives a
comparison of the calculated total DODOS of the
empty cage with the x-ray photoelectron spectrosd{iRS)
ﬂf an empty cagé® The inset is the XPS of &. By com-

According to the LDA calculation, the binding energy per Er
atom in the optimized structure of fJ@Cg, is 9.50 eV. Com-
paring with the calculation of Nagase and Kobay&sbin
the dimetallofullerene S&GC,,, which shows that the bind-
ing energy of per Sc atom is 6.68 eV, the heavier rare earth’ © . . _ L
mgtal Ergr?/as aplarger binding energy than the transition-metd2"'So": it can be seen that the five main peaks within 10 eV
Sc atom, despite the fact that double Sc atoms are trapped §|°W th_e Fermi Ieve_l are clearly presented an_d can be com-
smaller cage . The two Er atoms are also put on other pared with the experimental data. In the experimental results

axes that are perpendicular to tg axis and parallel to the

X orY axis, and the optimization process is carried out. It is 104
found that the Er atoms on the, @xis is the most stable B
situation. 3
o) 5d
B. The electronic structure of Er,@Cg,
The result of the LDA calculation shows that the valence w (@)
configuration of Er is 4'14%5d%6%6s%% The Er atoms lose T s s us29812354556
their two 6s electrons, and the b orbital can keep 0.6%, 20 E,

while 0.42 is backtransferred to f4orbitals. This configu-
ration indicates that the valence electrons mainly shdw 4 5]
and 5d-like character in EI@GC;,. The valence bandwidth is
21.00 eV, and the gap between the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) is 0.15 eV after doping. Figures 5 and 6 are
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FIG. 6. Density of states of E®Cg, from the LDA calculation.
(a) Partial DOS(PDOS of Er 5d with a scaling factor of 3{b)

FIG. 4. Charge contour plot of E®Cg, on the same plane as PDOS of Er & with a scaling factor of 20(c) PDOS of Er 4; and
Fig. 3. The charge density is given in T&/a.u® (d) TDOS of Ep@GC;,.

X (atomic unit)
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FIG. 7. Comparison of TDOS of & and Es@GC, in the LDA 3 x10
calculation. The solid line and the dashed line show the TDOS of a]
the empty cage and that of J@GC;,, respectively. 54
there is a small shoulder labeled by “s” on the right-hand LA,/T'\-\‘ ©
side of the first peak, whereas in the calculated result there is R T

a peak also labeled as “s” on the right-hand side of the first
peak. The gap between the HOMO and LUMO of the empty
cage is very small, only 0.01 eV. Figure&@g 6(b), and &c)
show the partial density of states ofi 56s, and 4 orbitals, 1l
respectively. Figure 7 gives a comparison of the calculated
DOS of G, with that of EL@GC;,. The solid line is the
TDOS of the G, and the dashed line is the TDOS of
Er,@GCs,. It shows that, after encapsulating two Er atoms
and the formation of the E@C;,, the TDOS of the cage
changes throughout the whole band. This change is quite FIG. 8. Density of states of E®GC;, from the LSDA+U cal-
different from the cases of fullerenes doped with alkali-metalculation. The dashed and solid lines represent the spin-up and the
atoms, which shows rigid band-filling character. In the casespin-down states, respective(g) TDOS of Ep@GCs;,; (b) PDOS of
of rigid band filling only slight changes appear in the posi-Er 4f; (c) PDOS of Er & with scaling factor 10(f) PDOS of Er &
tions of the levels after doping. Theoretical and experimentavith a scaling factor of 3.
results have shown that there exists rearrangement of energy
levels of the cage valence band in La@&® In the present Coulomb interaction into consideration. The valence con-
case, there are two atoms encapsulated in tfec@ge, so figuration of Er is 413%5d°8%6s%1°. By comparing with the
there are more charges transferred from dopant atoms corhDA calculation it can be seen thaf 4tates lose a charge of
pared with La@@,. These charges have to be rearranged ir).04e and 5 and 6 states gain charges of 0d.4nd 0.0@,
the cage valence levels. This is the reason that there exiggspectively. As a result of the on-site Coulomb interaction,
considerable changes in the band after trapping two Er atontbe occupied 4 orbitals move deeper into the lower valence
in the Go. band and the unoccupied 4rbitals move higher up to the
Figure 7 also shows that the most obvious change aftetonduction band.
trapping is that there exist double narrow and sharp peaks Figure 8 is the DOS calculated by using the LSBA
near the Fermi leveldashed ling It is shown in Fig. &c) method. Figures @), 8(b), 8(c), and 8d) are TDOS of the
that the main part of this double peak is from the Hr 4 En@G;,, the partial density of staté®DOS of the Er 4f,
states. These localized states are located at the upper edgetaf6s, and Er 5, respectively. The dashed line represents
the valence band and extend across the Fermi level, whickpin-up states and the solid line represents spin-down states.
means that the states near the Fermi level havé ehdrac- No obvious changes have been found for the valence band-
teristic. However, experimental results show that there existvidth 21.13 eV after using the LSDAU calculation. It can
some new cage states around the Fermi level that are causked seen from Fig. 8 that the description of states around the
by charge transfer from the Er atorhhis discrepancy be- Fermi level has been greatly improved. Due to the rearrange-
tween the experimental results and calculated results is dueent of energy levels, a 0.8-eV HOMO-LUMO gap ap-
to the fact that the system has localizededectrons, but the peared. The narrow and sharg 4lectronic states for the
LDA method is not effective in treating localized electrons. LDA calculation are split into the lower occupied states and
So the on-site Coulomb interaction is taken into considerthe higher unoccupied states with a splitting of 4.90 eV.
ation to improve the description off4electrons. There are four peaks with thef Z£haracteristic in the occu-
The LSDA+U calculation is performed on the basis of pied states, which are located at 1.84, 2.79, 4.15, and 5.71
the geometry optimization by the LDA calculation. The va- eV, respectively, below the Fermi level as shown in Fig.
lence configuration changes slightly after taking the on-site8(b). The occupied # states distribute within an energy

0 8 6 -4 2 0 2 4 6 8 10
Energy (eV)
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FIG. 9. Comparison between absorption spectra @b, C
Er,@GCgs, and the TDOS of E@GC,, from the results of LSDA FIG. 10. (a) Experimental results of XPS and BIS of 4tates of
+U. The inset is the absorption spectra gf,@nd Es@C,,. The  the solid Er;(b) 4f PDOS of Er in the g, cage from the LSDA
dashed and solid lines represent spin-up and spin-down states, ré-U calculation. The dashed and the solid lines represent spin-up
spectively. The peaks labeled 1, 2, 3, and 4 in the TDOS ofind spin-down states inf4PDOS of the LSDA-U calculation,
Er,@GCg, correspond to the absorption peaks 1, 2, 3, and 4, resped¢espectively.
tively.

shift to high energies, there still remain some emptlyds-

range of 4 eV, whereas for the LDA calculation there arebitals in the vicinity of the Fermi level. This means that
only very sharp doublépeaks. This change off4states has electronic hopping from occupied states to unoccupied 6
caused a significant effect in the total density of states ofind & states are more favorable in energy than unoccupied
Er,@Cs,. Several new peaks appear below the Fermi level4f states.
Figure 9 is a comparison of the absorption spectra of In the solid states the valence of Er is trivalent; however,
Er@Gs, Csy° and the calculated TDOS of F®Cy, by  in the present LSDA U calculation the charge transfer of Er
using the LSDA-U method. The upper and lower lines of is 1.7e, which means that Er in E®@C;, is close to divalent.
the inset are the absorption spectra ob@€;, and G, Figure 10 shows the comparison of the XPS and the brems-
respectively. Figure 9 shows the calculated TDOS of thestrahlung isochromat spectroscaB}S) of 4f states in solid
Er,@GCs,, in which the dashed line represents spin-up state&r (Ref. 20 and the calculated 4 states by using the
and solid line represents spin-down states. From the inset iSDA+U method in Es@Cg,. Figure 1@a) gives the XPS
can be seen that the obvious difference of absorption spectemd BIS of the 4 states of solid Er, and Fig. 1) is the
between EX@GC;, and G, is that three peaks, at 650, 900, calculated DOS of # states in EX@C;,.%? It can be seen that
and 1100 nm, which correspond to energies of 1.91, 1.38he 4f states of Er are located at higher energies @,
and 1.13 eV, respectively, appear after trapping two Er atthan in the Er solid. Unfortunately, as far as we know, there
oms into the cage. There is also an absorption tail from 150& no experimental result for the DOS of J@C;,. As a
to 1700 nm in the spectra of @ Cg, that corresponds to an comparison, the XPS of f4 states of Tm doped in &
energy about 0.80 e¥In the results of the present LSDA (insed®® is shown in Fig. 11. According to the f4XPS
+U calculation there exist four peaks, located 80.65, Tm@G;,, the 4f states distribute from 1 to 6.5 eV in the
—0.83, —1.15, and—1.76 eV, labeled as 1, 2, 3 and 4, re-
spectively, in the valence band of the TDOS of@Cs; in 10
Fig. 8@). The first peak in conduction band is located at 0.15 [
eV above the Fermi level. The electron transition from
—0.65 to 0.15 eV corresponds exactly to the absorption tail
mentioned above. Peaks 2, 3, and 4 correspond to the 1.13_ 7
1.38-, and 1.91-eV absorption peaks, respectively. Howevers
in the LDA calculation, the states near the Fermi level are &
mainly of 4f character and the first conduction-band peakg
also showsf character. The result of the LDA calculation & *T
does not agree well with the experimental results in this re-8 [
spect; on the other hand, the description of the electronic®
structure in the vicinity of Fermi level is considerably im-
proved by the LSDA-U calculation. I

The unoccupied #orbitals, which in the LDA calculation 0 —t— P —
distribute near the Fermi level, are now located around 3.00
eV above the Fermi level. In the LSDAU calculation, the
unoccupied 4 states shift to higher energy levels above the FIG. 11. LSDA+U results of Er in G, compared to experimen-
6s and & conduction orbitals. Although thedsorbitals also  tal XPS spectrdfrom Ref. 23 of Tm in Cg, (insed.

9 | Tmspin Tm 4f

4f states of Er
in Er,@C,,

ARSRARRAR} Ty T
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Energy (eV)
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valence band. Though thef 4tates of the Tm atom encap- fact that in the carbon cage, there exists considerable Er-C
sulated in G is different from that of Er atoms encaged in interaction in Es@GC;,. This Er-C interaction has caused the
Cgy, these results show that the LSBAJ calculations are rearrangement of the carbon-cage energy levels throughout
reasonable. the whole energy band. The LSBAU method is used to

In rare earth metals, one important characteristic is thastudy the interaction between the Ef #lectrons and the
atoms have large magnetic moments. The experimental rearbon environments. The result of the LSBA calcula-
sult of the value of the Er magnetic moment is @g9in the  tion shows that there exist new states in the vicinity of the
Er solid. From the present LSDAU calculation the mag- Fermi level of the carbon cage after being doped by two Er
netic moment of each Er atom in the carbon cage is@s59 atoms and that these new states correspond to the absorption
in which the contribution from # electrons, 8 electrons, peaks in the infrared and visible absorption spectra of
and 6 electrons are 8.79z, 0.73ug, and 0.0%g, respec- Ern,@GCs,. In the present calculation, the magnetic moment of
tively. This is reasonable, since no obvious magnetic moeach Er atom in BE@GC;, is found to be 9.58y, which is
ment exists for the fullerene cage. The Er atoms is@&E;,  less than but close to that of atom in Er solid. The LSDA
still have large magnetic moments, but they are less thar U gives a considerable improvement on the description of
those in the Er solid. the electronic structures of g C;, compared with the LDA

calculation.
IV. CONCLUSION
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