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Local magnetism in rare-earth metals encapsulated in fullerenes

C. De NadalA. Mirone, S. S. Dhesl, P. Bencok, and N. B. Brookes
European Synchrotron Radiation Facility, BeiPostale 220, 38043 Grenoble, France

. Marenne
Facultes Universitaires Notre-Dame de la Paix, Rue de Bruxelles 61, 5000 Namur, Belgium

P. Rudolf
Materials Science Centre, University of Groningen, Nijenborgh 4 9747 AG Groningen, The Netherlands

N. Tagmatarchis and H. Shinohara
Department of Chemistry, Nagoya University, Nagoya 464-8602, Japan

T. J. S. Dennis
Department of Chemistry, Queen Mary, University of London, Mile End Road, London E1 4NS, United Kingdom
(Received 28 November 2003; published 28 May 2004

Local magnetic properties of rare-eaffRE) atoms encapsulated in fullerenes have been characterized using
x-ray magnetic circular dichroism and x-ray absorption spectros@ops). The orbital and spin contributions
of the magnetic moment have been determined through sum rules and theoretical model calculations, and have
been found to be highly reduced compared to those of the correspofid@BE®" ions. Crystal-field and
hybridization effects have been investigated by the way of calculations to simulate the effect of the carbon cage
on the RE; both hypotheses have reproduced the experimental spectra resulting also in a significant reduction
of the orbital and spin moments. While isotropic XAS spectra have confirmed a roughly trivalent state for the
RE metals, a back electron transfer from the cage to the metal has been quantified. A paramagnetic coupling
has been found between the metal centers from 6 K to 300 K.

DOI: 10.1103/PhysRevB.69.184421 PACS nuntder75.75+a, 71.20.Tx, 73.22:f, 78.70.Dm

I. INTRODUCTION found larger than the theoretical vatfielue to an incomplete
electron transfer from the metal to the caé,appears dra-

Endohedral metallofullereneldl @ C;, are novel materi- matically smaller in heavy RE metallofullerenéd @ G,
als. Their structural, electronic, and solid-states propertiege.g., HoO@ G, 6.3ug; theoretical H3", 10.6ug; Ho?",
have attracted a wide interest not only in physics and chenmd.5u5).12 The general trend is that the higher the RE orbital
istry but also in materials or biological sciences with a largemoment (), the moreu;; is reduced. It is recognized that
variety of promising applications, as has recently beerwhen dealing with magnetism of lanthanide metal-containing
reviewed' ™ In endohedral metallofullerenes, a positively compounds, the orbital angular momentum plays an impor-
charged core metal is off-center in a negatively chargedant role!® Here the carbon cage crystal field and orbital
strong carbon cage, resulting in strong metal-cage interactionybridization may partially quench the RE orbital moment
and intrafullerene charge transfer from the metal to thedue to the very low symmetry.
cage®>*~® The consequent electric dipole moment occuring At present, a direct observation of the local electronic and
along the symmetry axis of thd @ Cg, molecules implies a magnetic structures of the encapsulated metal is essential to
particular molecular arrangement in a “head-to-tail” mannerstudy any intermolecular magnetic ordering and to under-
(linear or ring-shaped configurationsn crystals and on stand the origin of the reducegl.s;, observed even in
metal surface$./® These unusual molecular and electronic Gd@ G, whereL = 0. X-ray absorption SpectroscopyAS)
structures are expected to be at the origin of novel propertieaind x-ray magnetic circular dichroisiXMCD) are ideal

The study of magnetism of these systems has been takeschniques to investigate electronic and magnetic properties
up recently. Some superconducting quantum interference def endohedral metallofullerenes since these high-energy
vice (SQUID) magnetometry and electron spin resonancespectroscopies are able to deal with quite small quantities of
measurements have been madevb@ Cg, (M=La, Ce, Gd, material. This is a significant advantage considering the
and Ey reporting a paramagnetic behavior between 7 andime-consuming nature of the extraction of pure endohedral
300 K712 Nevertheless, intermetallofullerene ferromag-fullerenes from mixedmetallgfullerene soot using multi-
netic coupling has been mentioned at sub-20-K for heavyycle high-performance liquid chromatography and the con-
rare-earth RE) endofullerene$® An interesting evolution of sequent scarcity of the highly pure fullerene material re-
the effective paramagnetic momentd;) has also been re- quired for high-level research. In addition, with these
ported. First in Ce@§ e+t is found to decrease with tem- absorption techniques, it is possible to determine element-
perature from 2.8 at 300 K to 1.Quz at 2 K Then, specific properties in a composite system such as endohedral
whereas in La@ the averageu.s; of La®>* ion has been fullerenes. With the advent of high-brilliance polarized soft
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x-ray sources, XMCD has been developed into a uniquehange parameters used in the present work were taken from

probe of the ground-state spBand orbitalL magnetic mo- Ref. 25 considering the 80% reduction factor of the core-

ments through the use of sum rufés’ valence and valence-valence Slaters integrals to simulate
In the present study, the local magnetism of RE atomssolid effects at the atomic level. Two different models were

encapsulated in fullerenes is investigated. The XMCD suntonsidered, one with a CF splitting and the other with a term

rules are applied toM @ C;, molecules M=Gd, Dy, HQ  describing the hopping from the cage to the REstell. The

and Er@Cy, to extract the orbital contribution of the considered Hamiltonian for the CF model is

encaged-metal magnetic moment. As the applicability of the

spin sum rules in such systems is difficult, the spin moment .

is studied through atomic calculations. Two models are used Hatomic+2 E,fefno @

to reproduce the experimental results in terms of crystal-field "

(CF) and hybridization effects. Thefd. andSmoments and whereH,, ., . describes the electronic structure of the atomi-

the magnetic ordering at low temperature between the metlike RE as in Ref. 25, and the second term represents the CF

centers are discussed in order to clarify the influence of theerturbation. In such CF terniif /f are creation/annihilation
carbon cage on the metal atom and therefore the large redUSperators andy runs over the # orbitals [4f,2 2

tion of the total magnetic moment observed for encapsulategf(s)(z_yz)y U yzr A oo y2)0, A2, 4Fy 2, and 4 . The

heavy-RE. parametersE,, satisfy the constrainE,2=E,z, Eyz_y2),
=Eyyz Exx2-3y2=E(sx2-y2)y t0 ensure axial symmetry
Il. EXPERIMENT along thez axis. In this way we try to simulate roughly the
. ) atomic environment of the off-centered RE ions inside the
The isomer pure metallofullerenes were synthesized agyge with the decentering direction along thaxis. For the
described in Refs. 18-20, or obtained commercial ( ogel with hybridization, a hopping term between the 4
=Ho). Measurements were performed onsitu prepared o pitals of the lanthanide and the valence orbitals of the car-

M@GCg/Cu(111) samples. The QL1 substrate Was pon cage has been considered. The Hamiltonian is described
cleaned by repeated cycles of Asputtering and annealing b

to 700 K in ultrahigh vacuunfUHV). The molecules were

sublimed from an alumina crucible onto @d1) at room

temperature with a base pressure of 10~ ° mbar. For this Hatomict 12 (F1,Co0t Couf po) —AED CuChp, (2)
purpose, a resistively heated effusion cell, operating between no o

873 K and 930 K, has been specially designed to cope with 4 . .
the small quantities of material involved. The relative thick-WNerec"/c are creation/annihilation operators for the cage

ness of the films 3 ML) was followed using the edge orbitals, and the two free parameters are the hopping strength
jump in the XAS spectra and scanning tunneling microscopy @"dAE which governs the ground-state average valence as
calibration. A high flux (10" photon/s/0.1% BW) of explained below. In this model the cage valence orbital in-
~100% polarized soft x rays at the sample was obtained€"acting through hybridization with thef4orbitals is non-
from beamline ID08 which provides full polarization control dégenerate and the transition term does not commute with
using an APPLE Il helical undulator at the European Syn-2ngular moment. in the hybridization model, the ground state
chrotron Radiation Facility ESRP in Grenoble. XMCD  can be described asd¥(4f,c) Vé%eren Is the RE elec-
measurements were performed using a 7 T superconductirjfEbOn number(7, 9, 10, and 11 for Gd', Dy"", Ho”", and

magnet in UHV environment. The XMCD was determined r°* respectively, andc represents the cage orbitals. Calcu-
by switching both the sample magnetizatishand the po- lations are limited to consider configurations where cage or-

larization vector of the incident radiatioR, to remove any Pitals host one or zero electron. The parametgrseparates

l .
systematic errors. The measurements were carried out in t(gh%ciegter of mass of f4c” multiplets from the one of
tal electron yield detection mode, both at normal and grazingjhc c". The large negaltlve_AE value er:]s+ulreos that the
incidence, i.e., with the incident photon beamgat90° and ~ 9round state is mainly #'c” with ans+r£1all 4"""c” compo-
30° from the sample surface in order to study any magneti@€nts. The excited state isiy4f,c)""2. For the CF model,

anisotropy. The pressure in the magnet chamber was f‘ﬂeg gralind and excited configurations are'@f" and

% 10~ 10 mbar with all measurements done in the tempera—sd 4" L respectively. Fpr the calculations of XAS spectra,

ture range fren 6 K to 293 K. two matrices were considered, nameWy, for the ground-
state Hamiltonian andli, for the excited state. The ground
state|g) was found using the Lanczos method, while the

IIl. THEORETICAL MODEL scattering factors were deduced from the dipole-dipole cor-

The ligand-field atomic-multiplet theory has been used td€lation function
calczlflate the multiplet structure of core-td-éxcitations in L
RE " This theory is based on the same essential physical _
assumptions as that of the ligand-field atomic model devel- D‘J(w)_<g|Di(w— Me+il) Dilg). ©
oped by Thole and co-workefs2* with the advantage of
being applicable to any geometry regardless of the ligandwhereD; is the dipole operator anl is the lifetime broad-
field symmetry group. The electrostatic interactions and exening.
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FIG. 1. REM, 5 XAS measured at normal incidence with respect to the sample suidpea circles The spectra are normalized to a
constant edge jump. The atomic calculations for the respective free ioh jRffe shown as solid lines.

IV. RESULTS AND DISCUSSION Dy@ G, is opposite to the expected evolution of the line

A few studies on the charge transfer from the metal to the?hape going from a® towards a 41°_conf|gurat|on—wh|c_h
cage have already been published, mostly for the filled an§oUld explain a larger branching ratio—as can be ssenin the
half-filed 4f shell RE atoms. XAS, electron-energy-loss Multiplet calculations by comparing By and HG'*.* In
spectroscopy, and resonant photoemission measurements &#dition, no broadening of the peaks occurs as would be
Gd@G, have reported a half-filled f4 initial state €xpected in the case of a mixed valence since the energy
configuratior??®?’ Results on the other RE oxidation state resolution(0.6 eV) is lower than the expected shift.7 eV).
are rarer. Dy@ ¢, has been studied with XAS resulting in a This intensity discrepancy is not attributed to a hybridization
Dy®" ion by comparison with DyO3,° and an x-ray photo- effect, but more to a “substrate” effect that has been ob-
emission spectroscopy study of Ho@®as reported Ho ion  served experimentally depending on the coverdgnally,
in an approximately trivalent state by comparison withthe first M5 structure in Es@ Cyg is poorly reproduced by
HoCl;.6H,0.%® the calculation as already observed in the case gDEF

All the endohedral metallofullerene films prepared here In order to determine the local magnetic properties of the
have been first studied with XAS to probe the electronicRE ion within the carbon cage we used XMCD. The top
structure of the encapsulated metal. The isotropicMEs  panels of Fig. 2 show RB,5 XAS spectra recorded at a
edges recorded at normal incidence with respect to theemperature ©6 K with M parallel (open circlé and anti-
samples surface are shown in Fig(dpen circlg¢. Atomic  parallel (solid circle) to P. For all the series, except gado-
multiplet calculations have been used to simulate tde 3 Jinjum that looks atomiclike, the circularly polarized XAS
x-ray absorption lines of the whole series of RE metlle  spectra are rather complicated giving rise to numerous struc-
reproduced in Fig. 1full line) the trivalent lanthanide spec- tures in theM region that are absent in the calculated spec-
tra for direct comparison with the respective encapsulategta of thefree trivalent ions3? The difference between these
ion. The spectra show a multiplet structure due to electrictwo XAS spectra, i.e., the XMCD, is displayed in the respec-
dipole transitions from the @& core level to the unoccupied tive bottom panels of Fig. 2. In the first two bottom panels
4f levels. In all cases, the agreement between experimentahosen as examples, the insets show the integral of the re-
and theoretical spectra is very good and many similaritiespective XMCD spectrum indicating the integral over ke
with the respective RfD; XAS spectra are found in the edge (A As) and the integral over thisl, edge AA,). First
literature®® This confirms the trivalent nature of the RE stud- of all, the intermolecular magnetic coupling between the en-
ied here in monometallofullerenes and dimetallofullerenes inrapped metal centers can be determined by following the
concordance with the previous wotR**~?® Nevertheless, temperature and field dependence of XMCD. All the metal-
three points deserve further discussion. First, for G¢@ C lofullerenes investigated here exhibit a similar behavior. The
and Dy@ G, the branching ratid (Ms)/[1(M4)+1(Ms)]  temperature dependence of the XMCD signalnfré K to
is larger than the calculated one considering the Hund’s rulg00 K, did not shown any evolution of the line shape, but
ground state. Generally a larger branching ratio correspondsnly a decrease of its intensity, indicative of paramagnetic
to a higher spin stat&, but in the particular case of gado- behavior. We have also followed the field dependence of the
linium this is not possible a§ is already maximum$=3  measuredV s dichroism maximum. No open hysteresis loop
for G&**). In addition, the discrepancy in the intensity ratio has been observed for any molecules even at 6 K. Only a
of the two M, peaks has already been observed forparamagnetic coupling can be concluded from these mea-
Gd,0,.2°25%9AIs0 Dy@ G, presents a slightly different line  surements, providing no evidence of any low-temperature
shape from DyO; (Ref. 29 when comparing the intensity ferromagnetic coupling between the entrapped metals as sug-
ratios of the three first structures withivh; edge (Dy@ G, gested by previous studi&®.
0.5/0.83/1; DyO; (Ref. 29, 0.43/0.77/1; Dy" calculation, The sum rules relate the intensity of the XMCD signal to
0.3/0.6/2. The higher intensity of the two first peaks in the ground-state expectation value of the magnetic field op-
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FIG. 2. Top panels: RB, 5 XAS spectra recorded with parallel(open circlg and antiparalle{solid circle) to P at normal incidence
with respect to the sample surface; the spectra are normalized to the same factor as the sum XAS shown in Fig. 1. Bottom panels: the
difference between the two spectra shown in the respective top panels is the XMCD; in the first two panels chosen as examples, the inset
shows the integral of the respective XMCD spectrum indicating the integral ovevithedge AAs) and the integral over thbl, edge
(AA,) used to determiné through sum rules.

erators(orbital (L ,), spin(S,), and magnetic dipol€T,)) of  half-filled 4f shell that yields zero orbital moment. Indeed,
the valence electror$:}” The intensity of the XMCD signal, the integral oveiM 45 €dges returns to zero within the error
integrated over a complete core-level edge and normalized tioars. For the other RE ionél,) is strongly reduced com-
the isotropic XAS spectrum, yields the ground-state expecpared to the theoretical values expected férea REZ* ion,
tation value of the orbital angular momentum per H8l&t  from ~46% to~53% as can be seen in Table I. First this
the REM 4 5 edges, the orbital momentu¢h,)*" is given by  reduction cannot be related to a lack of magnetic saturation
of the films as they were found to be magnetically saturated
at ~95% at the working conditions of 7 T. This value was
determined through fitting of the hysteresis cury&$1CD
=f(H)] using a Brillouin function. Then a similar phenom-
enon concerning the total effective magnetic momegy of

AAs+AA,
(Lz>=—2ﬁnﬁfi 4
wheren; represents the number of holes on tHel@calized
orbital of the RE ion, AAs+AA,) is the integral oveM 5  these molecules has already been repart&iich reductions
edges of the XMCD(as shown in the insets of Fig),2and  of ues; from 20% in Dy@ G, to 47.6% in Ho@ @, and
(As+A,) is the integrated sum spectrum. The strong spin33.5% in Er@ G, have been suggested as arising from a
orbit coupling in the 8 ions makes the spin sum rdledif- partial quenching of. of the metal due to the carbon cage
ficult to apply to these systems because of a rather kafge ~ CF and to a possible back electron transfer from the cage to
term. For this reaso(sS,) has been determined by the way of the metal 8 orbitals®®
atomic calculations. Our work shows indeed thdt ,) is strongly affected by

The (L,)cxp Values extracted from the experiment by ap-the presence of the carbon cage and in the same proportion
plying the sum rules are listed in Table I. The theoreticalas u.¢; for Ho@ G, and Er@G,; in the last case, the per-
values expected for tifeee RE** ions in the atomic limit are  centage of reduction ifiL,) for EF** in the monometallof-
also reported for comparison. Gd@has been used as a ullerene Er@ @, is expected to be smaller than in the mea-
reference here. The trivalent &dis supposed to have a sured dimetallofullerene E@ Cy,. This is a general rule

TABLE |. Experimental and calculated orbital and spin moments for the RE ion encapsulated in the fullerene.

Sum rule Calculations

lon (L) (Loexp Reduction (Lu (Loge (Ld&e — (Sdeac  (Sdac  Reduction  (Sp)y  An

n

h of L, ofL, ofS
Gd@G, —0.01(2) -0.1(2) 0 —-0.04 —-0.03 -—-3.46/-28 —2.86 20% % 0.04
Dy@GC;, —0.53(5) —2.7(3) 46% 5 —243 -245 -1.22 -121 51% 51% 3 0.013
Ho@G, —0.69(7) —2.8(3) 53% 6 —-2.99 -—-3.12 -1.0 —1.01 49% 50% 2 0.008
Er,L@Cy —0.92(9) —2.8(3) 53% 6 —2.80% -—2.642 -0.702 —0.662 55%% 53%? % 0.0072

&Calculations have reproduced.B Cy, spectra while considering a monometallofullerene of Eggtgpe.
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FIG. 3. (Color onling Top panels: theoretical REl,5 XAS spectra calculated considering a crystal-field splittidgtted lineg and
orbitals hybridization between the cage and the(Rdid lines. Bottom panels: the differences between the two XAS spectra shown in the
respective top panel, i.e., calculated XMCD; the parameters used in the calculations are also reported.

observed when going from an isolated atom to clusters anthodel. Then for the other RE metallofullerenes, the line
solids, and it has also been observed in the comparison bghape and intensities of the various structures of the experi-
tween Dy@ G, and Dy@Cy, where 10% more reduced mental spectra have been well reproduced usifig2 eV CF
(L,) has been obtained for the dimetallofulleréhdut in  splitting. This small value reflects the low sensitivity of the
Dy@ G, the reduction found fofL,) is more than double RE to the CF compared to the spin-orbit interaction
compared touess in SQUID measurements. This disagree- (L - S) [wherel;(Dy)=0.246 eV,{;(Er)=0.302 eV at the
ment could partially be explained by the branching-ratioground state Moreover, the calculations have determined
problem observed already with XAS, as a smalley inten-  the splitting to be localized on a particulaf drbital depend-
sity with respect tavl, would give a highefL,). However, ing on the studied RE. Nevertheless, the calculated localiza-
there still remains a question about the origin of these motion of the CF splitting has been found dependent of the
ments’ reduction: can this be a CF quenchind.-afince RE  beam and applied magnetic field direction. Indeed, the rela-
are known to not be very sensitive to CF, andSsalso tive energy positions of then, orbitals reported in Fig. 3
affected by the presence of the carbon cage ? have been calculated considering the applied magnetic field
Theoretical calculations provide a good way of extractingand the light direction along the axis of the 4 orbitals.
L andS and also of understanding the origin of this phenom-When applying a 90° rotation of the beam and magnetic
enon by simulation of CF and hybridization effects. Thefield direction, the splitting follows this rotation: for in-
guenching ofL by the fullerene CF splitting has been testedstance, in the case of Dy the lowest orbitals are found to be
first. The calculated XAS spectra and the respective dichrodf, 2 3,2 and 4f 3,2_y2), (m=3), i.e., the orbitals at 90°
ism for the monometallofullereneBl @ C;, (M=Gd, Dy, of 4f,s (m=0) obtained in the presented calculations. In
Ho, En are shown in Fig. 3dotted line$. Starting from the addition, experimentally the molecules have shown no par-
atomic state of thé/3* ion, the relative energy positions of ticular orientation in the thick films. Indeed additional mea-
them, components have been tested to reproduce the degesdrements at grazing incidencé= 30°) have shown no sig-
eracy breaking of the #orbitals (42— 3y2), 4f(3x2-y2)y, nificant in-plane/out-of-plane anisotropy for all the
Af g, M 2_y2),, 4f,2, 4fy 2, and 4 ,3). The results are molecules’ In fact the molecules are known to interact in a
reported in the respective panéfsryst values. In the spe- head-to-tail mannefring-shaped configuratigrbut they can
cial case of gadolinium, showing atomiclike spectra, the adform orientated domains on the @d1) surface with differ-
dition of any CF splitting did not change the line shape of theent directions resulting in an average orientation within the
spectra, as expected for the spherical symmetry of a fullymeasured area. In this probable configuration no orbital an-
degenerated half-filled f4shell. The resultingL,)<. and  isotropy can be measured. So we believe that the particular
(S,))SF. moments, reported in Table I, show no reductionorientations of the CF splitting should not be interpreted in
compared to the atomiclike moments. Nevertheless, it is imthe present case. More important is the good simulation of
portant to observe that the intensity of the XMCD with re- the experimental spectra and the resulting magnetic mo-
spect to the sum is poorly reproduced by the calculationsnents. The(L,)cx. and (S,)¢i. moments calculated from
showing ~20% difference between the experiment and thethese configurations are reported in Table | for each mol-
calculation when we correct thd 5 edge for the branching- ecule. First(L, SF.is in good agreement WitfL ;) exp, CON-
ratio discrepancy mentioned above. This can be directly refirming the strong reduction observed experimentally. Sec-
lated to a 20% reduce(,) as(L,)=0 and(T,) is supposed ond, (S,)S). also shows a significant decrease compared to
to be zero for G8", but it cannot be explained by this CF the atomiclikeM3* values. It is interesting to note that the
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ratio(L,)/(S,) is equal to the theoretical value, meaning thatof this hybridization model is that, even at zero temperature,
(S,) is as much reduced d&,), and the resulting. andS  the induced magnetic moment was found to vary continu-
stay parallel as expected for heavy RE atoms. This has apusly with the strength of the magnetic field simulating the
ready been demonstrated within sum rulegjircoupled op- Zeeman effect, while experimentally saturation was ob-
erators in the case of lanthanides and actinfdéghe rule  Served. But, by adding the optimal CF model discussed
implies that in intermediate coupling the ratios of ifis), above to this hybridization model, the dependence of the
(S,), and(T,) operators with the same total moment areinduced moment versus magnetic field was stabilized, except

fixed as long as the perturbatiéinere the CFis smaller than again in the Gd case. Interestingly, considering both effects

the electrostatic and spin-orbit interactions. The CF mode‘Ogether gives also a good agreement with the experimental

therefore provides a good way to simulate the experimentaggg;rrgs ?/vhi?r??hcg tgli Otztr?r:nZ?oﬁge\(/:\/trrw?t;strl]g;:rmti:r? t(f;re ones
spectra giving a strongly reducell) in agreement with the equal to the value determined with the hybridization model
sum rules. Howevex,S,) is also reduced. This indicates that aﬂjne iving also equivalent moment re)(;uctions and back
the wes reduction seen by SQUID cannot be explained only » gving q L
. : electron transfer amount. After this limit of the calculated

by a quenching of. by the carbon cage crystal field. . X

In order to understand more fully the reductionSnthe- spectra reproduced poorly the experiment. This shows that

y n for Dy, Ho, and Er, the CF term is predominant on the hy-

oretical calculations were also used to investigate the effect . .°".. . .
of hybridization between the carbon cage and the RE 4(:l§r|d|zat|on one. But both effects are highly influencingnd

orbitals as described in Sec. lll. The resulting calculateqs' The Gd case stays therefore unresolv_ed. Only _the hyb”.d'
A - . ization term allows to reproduce the spin reduction that is
spectra are shown in Fig. Golid lineg with the two free

. . _ probably at the origin of the loweus reported in Ref. 13.
Fi\?;apr:;t:{ss (EJfr;[Irilllz :?1031?31%”[3 ﬁ] E&éfpgggglsnpxr;efv%?g But the hybridization model we have investigated here seems

well reproduced using a charge transfer back from the cag?0 simple to prove it rigorously. More detailed models
to GF*. Despite the XAS intensity discrepancy at thik hould be investigated. One possibility could be to consider

anL conserving hybridization term plus a CF perturbation.

edge that still remains due to the anomalous branching ratioIrhe hybridization term would add af% component to the

the calculated XAS and XMCD spectra aHrsBln good agreesy ground state, rendering it CF sensitive. However, such

ment with the experiment. The resgltnﬁ@z) calc Was found investigations are beyond the scope of this work.
to be 20% smaller than the theoretical valyg,(exactly as
described in the preceding paragraph after direct comparison
of the atomic calculation with the experiment. This unex-

pected(S,) reduction for Gd is probably at the origin of the  The |ocal magnetic properties of RE encapsulated in
Mess reduction observed by SQUID for GA@L™ For all  fyllerenes have been studied using XMCP&K with an
other metallofullerenes, the calculated spectra are very closgoplied magnetic field up to 7 T. The intermolecular mag-
to those calculated with the CF model, and are also in veryetic coupling between the entrapped metal centers has been
good agreement with the experimenand AE were found  found to be paramagnetic and no magnetic anisotropy has
to be strongly correlated and the calculated spectra wergeen observed. The orbital and spin contributions of the
found to depend mainly on the hopping term and the averaggagnetic moment have been determined through sum rules
occupancy JAn of the v orbital, asAn is found to vary  and theoretical calculations using a model Hamiltonian cal-
continuously witht. Indeed, the moments reduction was culation under the effect of a perturbation. Different kinds of
found to be linked to the hopping term value as no reductiorperturbation have been investigated: the carbon cage CF
occurs ift=0 and the reduction increases for incremertted splitting of the metal orbital momentum states and some hy-
The respective values dfn are given in Table | with the bridization of the RE orbitals with the carbon cage orbitals
resulting (L)Me and (S,)t® moments. (L,)ee and  resulting in an electronic back donation cage-RE. These
(S)HHYB are similar to(L,)S). and(S,)Sh.and in agreement models were based on nonspherically symmetric perturba-
with (L,)exp, Showing that hybridization effects play also an tion terms(non-i-conserving at low interaction strengths,
important role in the tremendous reduction of the magnetiso low that the expectation values(@f)? and(S)? and their
moments. The electronic back donation from the cage to thenutual alignment correspond to the pure atomic case. Both
RE obtained with this hybridization is very small of these models considered separately allowed to reproduce
(~0.007-0.041 electrongompared to the transfer of three the experimental spectra of Dy@{ Ho@G,, and
electrons from the RE to the cage. The resulftig® *"*  Er,@ Cyy, whereas for Gd@4 the CF model failed and it
electronic configuration is therefore in agreement with thewas necessary to postulate a weak back electron donation
roughly trivalent state obtained from XAS studies. In addi-from the cage(L,) and(S,) of the encapsulated RE ions
tion, An decreases with the ionic radius within the RE serieshave been found significantly smaller than those of the cor-
following the trend that the higher the number of dlec-  respondingree RE3* ions, whatever the method used. The
trons, the more localized thef4shell and the weaker the evolution of(L,) and(S,) reduction within the RE series has
hybridization. Secondly, the small value &f is surprising been found similar to the one @f.¢; observed by SQUID
compared to the magnitude of momentum reduction anearliet® but to a higher extent, especially in Gd@@nd
shows that the important feature is the spherical symmetrpy@ G, cases where an anomalous branching ratio was ob-
breaking introduced by the interaction. However, a drawbaclserved. Generally this large reduction of the magnetic mo-

V. CONCLUSION
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ments could be explained by a small CF splittif@g2 eV) interaction$. The hybridization model reproduces the experi-
and a weak hybridization \n=~0.007-0.04). The de- mental data but the failure in reproducing the observed mag-
crease ofAn is in agreement with the contraction of thé 4 netization saturation shows that it is necessary to include a
shell within the RE series, and resulting in a®E™* elec-  CF perturbation term in the hybridization model. Finally, the
tronic configuration in agreement with the roughly trivalent carbon cage CF effect on the RE ion and the back electron
state obtained from XAS studies. The hypothesis of a partiaionation cage-RE seems to be closely linked in the interpre-

quenching ofL. by the carbon cage CF cannot be retainedtion of the observed magnetic moments reduction.
since it would not explain the magnetic moment reduction

observed for Gd, and becaué8,) is also reduced. The re-
duction of(S,) can be interpreted in terms of CF taking into
account the spin-orbit coupling that aligBswith L and the
fact the electronic structure is weakly perturd@&f pertur- We thank K. Larsson for his technical expertise and ESRF
bation remains small compared to electrostatic and spin-orbfor excellent operating conditions.
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