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We present the results of an x-ray magnetic circular dichrai¥MCD) investigation of the molecular
superparamagnet Mnl12-ac. Thanks to an approach based on chemical synthesis of model compounds, the
contributions of Mrlll) and Mr(1V) ions to the absorption spectrum and the dichroic signal of Mn12-ac have
been separated. The two contributions have been analyzed by simulating the XMCD spectra of Mn12-ac by
means of crystal-field multiplet calculations. The ferrimagnetic structure of Mn12-ac has been confirmed, and
the individual magnetic moments of M ) and Mr(IV) ions are in good agreement with the values obtained
by means of first-principles calculations and polarized neutron diffraction experiments. The orbital and spin
contributions to the magnetic moment have been evaluated for each manganese ion, providing the evidence of
negligible orbital magnetic moments for both §h) and Mn(1V) ions.
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[. INTRODUCTION account for the ground-state magnetic moment of the
moleculé and later demonstrated by polarized neutron dif-
Knowledge of the internal magnetic structure of molecu-fraction experiment.
lar nanomagnets is of great importance for the comprehen- Although the internal magnetic structure of Mnl12-ac is
sion of the magnetic properties of these new magnetinow well established, direct determination of the ground-
materialst The experimental determination of the role of the state magnetic properties of the Mn ions and, in particular, of
transition-metal and rare-earth ions making up the magnetithe spin and orbital contributions to their magnetic moment
core of the molecule and, in particular, of the spin and orbitais still lacking. In a recent experiment, magnetic circular di-
contributions to the overall magnetic moment poses severalhroism at the manganese,; edges of Mnl2-ac was
problems. measured. Usually, XMCD spectra can be powerfully ana-
Magnetic diffraction techniques, such as polarized neudyzed by means of sum rules which allow the determination
tron diffraction and resonant x-ray magnetic scattering, di-of the orbital and spin magnetic moments of the constituent
rectly give the magnetic structure of the molecule. Localatoms®’ In the case of Mn12-ac, due to the copresence of
magnetic properties can also be investigated by means ofin ions in different oxidation state@nd therefore with dif-
x-ray magnetic circular dichrois®iXMCD). In particular, the  ferent occupation numbers for thel Zhel), this method is
strong dichroism at thé, ; edges of transition-metal ions not valid since, in order to obtain information about the
andM, s edges of rare-earth ions provides information abouground-state magnetic properties of Mh) and Mn(IV)
their ground-state magnetic properties. At variance with dif-ions, their respective contributions to the XMCD spectra of
fraction techniques, which need large single crystals, the advin12-ac must be separated. The impossibility of using
vantage of XMCD is the possibility of performing measure- XMCD sum rules in a straightforward manner hampered the
ments on powders or polycrystalline samples. Moreover, byletermination of the orbital and spin magnetic moments of
exploiting the chemical sensitivity of x-ray absorption edges,each Mn ion in the above-mentioned experintent.
contributions from different transition-metal and rare-earth At least in principle, the Mfll) and Mr(1V) contribu-
ions within the molecule can be easily separated. tions can be separated by exploiting the sensitivity to oxida-
In this paper, we present the results of an XMCDtion state of the p®3d"—2p>3d"*! transitions responsible
investigation  of the  molecular  superparamagnetor x-ray absorption at the manganedsg; edges. Here, we
[Mn;50;5(CH3;CO0);4(H,0)54]- 2CH;COOH-4H,0  (in combine crystal-field multiplet calculatioh¥with the mea-
short Mn12-ag“ In a simple ionic picture, the magnetic core surement of reference XMCD spectra for Wh) and
of Mn12-ac consists of an external ring of eight Mh) ions  Mn(lV) to determine their ground-state magnetic properties
and an internal tetrahedron of four Mx) ions. The mag- in Mnl2-ac. The reference XMCD spectra, obtained from
netic moments of the four MiV) ions are aligned antipar- molecular paramagnetic compounds, are reported in Sec. Il.
allel to those of the eight Miil) ions, resulting in a ferri- Through simulation of the reference spectra by means of
magnetic internal magnetic structure, first assumed tarystal-field multiplet calculations, the atomic and crystal-
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field parameters entering the calculations have been deter- RN L R L L
mined(Secs. Il Aand Il B. This set of parameters has been
used as a starting point to simulate the XMCD spectra of
Mn12-ac. This approach, where the synthesis of model mo-
lecular compounds is combined with crystal-field multiplet
calculations, allowed the separation of the contributions from
Mn(lll) and M1V) ions and the extraction of information
about their respective ground-state electronic and magnetic
properties(Sec. Il ©. In particular, the orbital and spin
magnetic moments of each Mn ion have been determined.
Concluding remarks follow in Sec. IV.

G,, (arb.un))

Il. EXPERIMENT
r —— EXp ]

XMCD spectra at the manganeke ; edges of Mn12-ac - N — Cale. 4
and of the two reference compounds have been collected at
the SU23 beamline of the Super-ACO storage ring at LURE
(Orsay, France®’ Mn12-ac XMCD spectra, which were al-
ready presented by Ghigret al,®> have been measured in
order to get all the spectra in the same experimental condi-
tions (degree of x-ray polarization and energy resolution

Two molecular compounds, containing exclusively A I B I D
Mn(lll) or Mn(lIV) ions, have been used in order to obtain 640 645 650 655 660
reference XMCD spectra. The model compounds were cho- Photon energy (eV)
sen so that the coordination environments of the Mn ions are
similar to their respective ones in Mn12-ac. Molecular com-  FIG. 1. Experimental and calculated XMCD spectra of complex
pounds have been preferred to manganese oxjdeg, 1. Absorption cross sections and dichroic signals are shown in the
Mn,O; for Mn(lll) and MnQ for Mn(IV)] in order to pre- upper and lower panels, respectively.
vent effects induced by the sensitivity of the total electron
yield detection mode, used to measure the absorption spegesolution about 0.25 e¥/X-ray absorption spectra were re-
tra, to the surface of grains, where metal ions in differenicorded in the total electron yieldEY) detection mode. The
oxidation states or coordination sites might be fodthtf. samples were grounded into fine-grained powder in an agate

Mn"'(dbm); where Hdbn* 1,3-diphenyl-1,3-propanedi- mortar to obtain an isotropic orientation distribution of the
one (hereafter complex)lwas used as reference compoundcrystallites. In order to prevent sample charging and ensure
for Mn(lll). X-ray structure analysis shows deviations of theexcellent cooling, the powder samples have been pasted on a
coordination polyhedron of the M#il) ion from the ideal- grid directly carved into the copper sample holder.
ized tetragonal,,) symmetry expected as a result of Jahn-  During the measurements, the samples have been cooled
Teller distortion. In spite of such deviations, no evidence ofdown to 1.5 K and magnetized by a 4 T magnetic field gen-
symmetry lower than axial was found in the electronicerated by superconducting coils. Such a low-temperature and
spectrat’> Moreover, its anisotropic magnetic properties, ob-high-magnetic-field condition is essential to induce a net
tained by high-frequency and high-field electron paramagmagnetic moment in the paramagnetic model compounds
netic resonanceéHF-EPR measurements, can be accountedand to magnetize at saturation the Mn12-ac molecule. The
for at a very satisfactory extent iD4, symmetry and the XMCD spectra of complexes 1 and 2 do not show any de-
estimation of the zero-field splitting parameter changes ofectable degradation of the sample when subjected to the
less than 1% by lowering the symmetry. x-ray beam. Mnl2-ac, which already showed in previous

As a reference compound for NIV), [LzMn'ZV(O) experiments its sensitivity to x-ray beams under the high
(PhBG,),](ClO,),- 2(CH;),CO whereL=1,4,7- trimethyl-  flux of third-generation synchrotron x-ray sources, does not
1,4,7-triazocyclononanéhereafter complex)2was used. In  show any sign of degradation during the time required to
this molecule, the two M(tV) ions are in equivalent octahe- collect a complete set of XMCD spectffour spectra, about
dral (O,) sites as revealed by x-ray crystal structure150 min at Super-ACO. The corrections necessary to con-
analysist® Magnetic susceptibility measurements give forvert the raw TEY signals into normalized absorption cross
the two Mn(IV) ions a spin equal to 3/2 and a zero-field sections have been perform¥d.
splitting parameter close to zero. The average absorption cross sectigh=1/2(c, +0_)

The x-ray source used for the XMCD experiments is anand the dichroic signaby= (o, —o_)/7=0,— o, were de-
asymmetric wiggler delivering a high flux of elliptically po- rived by the absorption cross sections measured with the
larized photons. The x-ray beam is monochromatized by anagnetic field parallel €,.) and antiparallel §_) to the
plane grating and focused on the sample with a spot size of-ray propagation vector. The facter 0.6 takes the incom-
1x1 mnt. At the manganesk; ; edges, the circular polar- plete light polarization into account.
ization rate is estimated to be about 60% and the energy Figures 1 and 2 show the average absorption cross section

G, (arb.un)
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FIG. 2. Experimental and calculated XMCD spectra of complex FIG. 3. Experimental and calculated XMCD spectra of Mn12-
2. Absorption cross sections and dichroic signals are shown in thac. Absorption cross sections and dichroic signals are shown in the
upper and lower panels, respectively. upper and lower panels, respectively.

o and the dichroic signaty at the manganeds, ;edges of  confirmed by the good agreement between calculations and
complexes 1 and 2, respectively. Figure 3 shawsand oy experimental results and by the absence in the measured
at the manganede, ; edges of Mn12-ac. spectra of additional satellites not reproduced by calcula-
tions, usually induced by hybridization effedts.

In the calculations, a 4 T magnetic field was assumed and
the effect of temperature was included by statistically popu-

In order to extract information about the electronic lating the low-energy states. In fact, at variance with ferro-
ground-state configurations of Mil) and Mn(IV) ions in  magnetic or ferrimagnetic materials where the strong ex-
Mn12-ac, the experimental XMCD spectra of the two refer-change field is responsible for the Zeeman splitting and, as
ence compounds were simulated by performing crystal-fieldong as the sample is fully magnetized, XMCD spectra do
multiplet calculationg. This approach, which is by now gen- not depend much on temperature, for paramagnetic com-
erally familiar thanks to the seminal work of Tho#t al., pounds, as complexes 1 and 2, the interplay of temperature
takes exactly into account the spin-orbit coupling and deand the intensity of the magnetic field is essential for the
scribes the effect of chemical environment on thiks2ates  magnetization and must be taken explicitly into account in
of the absorbing atom through the crystal-field parametershe calculations g4gB/kg=0.67 K for an induction B
Besides them, the parameters used to fit the experimentail T).
spectra are the reduction factors of the Slater integrals and The experimental spectra&; and o, were measured on
the &,, and &34 spin-orbit parameters. Hybridization effects powder samples with the external magnetic fiBlgparallel
were included by reducing the Slater integrals and no conand antiparallel to the photon propagation vector. In order to
figuration interaction was implemented in the calculationscalculate o, and o,, the absorption cross sections for all
presented in this paper. Different reduction factors were usegossible orientations of the molecules should be averaged.
for the Slater integrals which describg-3d and 3d-3d An approximate method of integration by Ayaet all® al-
Coulomb and exchange interactions, and xqq4, respec- lows one to obtain the powder spectrum as a weighted sum
tively). In particular, since hybridization effects expand theof the spectra calculated for some particular orientations of
wave function of 8l electrons without affecting the@core  the molecule. By expanding on spherical harmonics the spec-
hole, the interactions betweerd 3lectrons are more influ- trum as a function of the relative orientation of the magnetic
enced by hybridization than the ones betwegnghd 3  field and the molecule and by truncating it to fourth order,
electrons. The correctness of this approacta iposteriori  the powder spectra can be approximated by

Ill. DISCUSSION
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TABLE I. Atomic and crystal-field parameters extracted by the fit of the experimental XMCD spectra.

kpd (%) Kgq () &zp (€V) €34 (eV)  Dg(eV) Ds(eV) Dt(eV)
Mn(lIl) in 1 65 50 7.1 0.035 0.22 0.2 0.05
Mn(IV) in 2 35 30 7.45 0.026 0.23
Mn(lll) in Mn12-ac 65 50 7.1 0.035 0.21 0.15 0.035
Mn(IV) in Mn12-ac 35 30 7.45 0.026 0.25

1 _
o =15 Z ‘Ti(r)+2§k: ol (1)
where i {[100]||B,[010]|B,[001]|B} and ke{[110]|B,

[110]|B,[101]|B,[101]|B,[011]]B,[011]|B}. This

the 4 T magnetic field used in experiments and calculations
is parallel to the haraty plane (010]||B and[110]||B in Fig.

4), it is not able to force the magnetic moment parallel to it

and the dichroic signal is about one order of magnitude
smaller than the one calculated along the easwxis

method assumes no preferential orientation of the moleculd 001]|B in Fig. 4.1" This finding is confirmed by the
within the powder which, in the case of the Mn12-ac sampleground-state expectation values of the projections of the spin
is confirmed by comparing x-ray diffraction from powder and orbital angular moment along the quantization axis de-

and single-crystal samples.

A. XMCD of Mn (Il ) ions

Mn(lIl') site in complex 1 has tetragondD ;) symmetry
and three parametefsisually namedDq, Ds, and Dt) de-
scribe the effect of crystal field ond3states.

Powder spectra were calculated by means of &j.
which, in D4, symmetry, reads

powder_

010]/|B
o2 fo10]

1
001](B 110]|B 101]|B
1_5(20|(r) +("I[(r) I +4"'I[(r) . +80'|[(r) ®),

2
where thg 001] direction is parallel to the tetragon@l, axis.

The reduction factors of the Slater integrals and the spin-
orbit and crystal-field parameters were varied in order to ob-
tain the best agreement of the calculated average absorption
cross section and dichroic signal with the experimental spec-
tra. The parameters corresponding to the best fit shown in
Fig. 1 are reported in Table I. The crystal-field parameters

are in good agreement with those obtained by means of

EPR spectroscopy while the 3 spin-orbit parameter was

reduced to 75% of the value calculated for the free ion.

In Fig. 4, the results of the calculations of the average

absorption cross sectiom,, and the dichroic signaby for

the different orientations of the molecule used to evaluate the
powder spectra are shown as solid and dashed lines, respec-
tively. Besideso,, and o4, we calculated the isotropic ab-

sorption cross sectionrg, (dotted lines in Fig. #defined as

1/3(0g+ o+ 0,) wherea corresponds to the absorption of
x rays linearly polarized alon®. The isotropic cross sec-
tions for the different orientations of molecule are almost
identical since the Zeeman term in the Hamiltonian is a small

perturbation (ugB=5.79x10 ° eV for an induction B

=1 T) which does not play a role when the absorption se-
lection rules, based on the polarization of light, are irrel-

evant. On the contrary, the calculateg, and oy show large

fined by the magnetic field(S,) and(L,), respectively re-
ported in Table II.

In spite of the highly anisotropic character of Nih) ion
in complex 1, the correctness of the approximated average
obtained by means of EQ) is confirmed by the comparison
of ¢Po"d" with the powder isotropic cross sectiarfoee"
evaluated analogously to the other powder spectra and for

which gPoVdet sPowder ho|4s1517 The differences between

[01][B ]

HF-

G, (arb.un.)
(‘un ‘que) Po

640 645 650 655 660
Photon energy (eV)

differences which are induced by the different degeneracy FiG. 4. Calculatedr,, (solid line, left axi3, o4 (dashed line,
lift .and allowed electr|c-<_j|pole transitions in which magnetic right axis, and o, (dotted line, left axis for Mn(lll ) ion in com-
anisotropy plays a major role. In fact, due to the largeplex 1. The different sets of XMCD spectra correspond to calcula-

uniaxial magnetic anisotropy of Mhl) in D4, symmetry, if

tions performed for different orientations of the molecule.
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TABLE Il. Ground-state expectation values of spin and orbital angular moment projections along the
quantization axis defined by the applied magnetic field.

(SH/{Ly) (SH/{Ly (Spl{Ly) (Sp/{Ly)
with B||[010] with BJ|[001] with B||[110] with B||[101]
Mn(lll) in 1 0.21K1X 102 1.97/-0.04 0.2K1X 102 1.48/-0.03
Mn(IV) in 2 1.5/~0.05 1.50.05

%Owdefandaipsgwdefare smaller than 1%, indicating the valid- ~ The set of parameters which allow one to obtain the best

ity of Ayant's development. agreement between the calculated and experimental cross
sections(shown in Fig. 2 is reported in Table I. The @B
spin-orbit parameter is reduced to 50% of the value calcu-
lated for the free ion and the Slater integrals must be strongly
Mn(IV) sites in complex 2 have octahedr&y) symme- reduced in order to obtain a reasonable agreement with the
try and the crystal-field strength is determined by only oneexperimental spectra. A reduction of about 50% of the Slater
parameter(usually named 1Dq). At variance with the integrals describing @-3d interactions was found by means

above reported case of Mit) ion in complex 1, the absorp- ¢ yy.vis spectroscopy in Mn@l 4 and a larger reduction is

tion cross sections af, ; edges of MlV) ions inOp, Sym- oypected for the more covalent bond between tetravalent
metry are highly isotropic. Figure 5 shows the results of themanganese and oxygéh.

calculation of the average absorption cross section and the o strong reduction of the Slater integrals from their
dichroic signal for the two symmetry-inequivalent orienta- yariree-Fock values is induced by the strong covalent char-
tions of the moleculef001]|B, [101][B. The two orienta-  zcter of the bond which is in contrast with the ionic bond

tions correspond to the magnetic field and the photon propasssymed in the crystal-field theory. On the other hand, any
gation vector parallel to th€, andC, axes of the MAV)  4tempt to improve the simulation by including hybridization
site. For the two orientations, the differencessig are about  gffects through the inclusion of configuration interactions
5% while those inoy are smaller than 1%. The differences \yith |ow-energy excited configurations was ineffective. The
are extremely small because of the isotropic character of thig,yossibility of improving the simulation by including con-

B. XMCD of Mn (IV) ions

. . . . 8
magnetization of MflV/) ions in Oy, symmetry- figuration interaction and the good agreement between the
In O, symmetry, Eq(1) reads calculated and experimental cross sections indicate that, in
1 this particular case, the covalent character of the bond can be
taken into account by simply reducing the Slater integrals.
O-F(?‘;Vdele_&_)(ga-l[?gl]\\3+ 120'I[(1r0)1]”8)- (3) y ply g g

. L C. XMCD of Mnl12-ac
where the[001] direction is parallel to one of the octahedral ) _
C, axes. In Mnl2-ac, the 12 manganese ions are in three

symmetry-inequivalent sites, the first of which are located in
T the tetrahedral core of the molecule and the other two form
[001])|B the external ring of eight Mn ions. In a simple ionic picture,
the four manganese ions, which form the inner tetrahedron,
are in the MiilV) state &= 3/2) while the eight manganese
ions in the external ring are in the M) state §=2).
Magnetization measurements give a total spin equal to 10 in
the ground state, which can be accounted for by assuming an
antiparallel alignment of the magnetic moments of (Mn
and Mr(IV) ions.
Each manganese ion is coordinated to six oxygen ions
belonging to theu-oxo bridges and the acetate ligands which
A ~ complete the Mnl12-ac molecule. In order to simulate the
SERRYAY - 1 XMCD spectra by means of crystal-field multiplet calcula-
’ . tions, the coordination polyhedra of the Mih) and MA(IV)
640 645 650 655 660 ions were, respectively, assumed to have idealized tetragonal
and octahedral symmetry. No distinction was made between
the two sites in the external ring.
FIG. 5. Calculateds, (solid line, left axi3, oy (dashed line, The Mnl12-ac average absorption cross section was calcu-
right axig, andes, (dotted line, left axisfor Mn(IV) ions in com-  lated as the sum of the Mitl) and Mr(IV) contributions
plex 2. The different sets of XMCD spectra correspond to calcula\veighted by their relative abundance in the molecule. In or-
tions performed for different orientations of the molecule. For bothder to calculate the dichroic signal, the elongated axes of the
orientationso,, and o, are indistinguishable. Mn(lll') ions have been considered parallel to each other and

G, (arb.un.)
L L B I i
(-un ‘qre) Po

Photon energy (eV)

064407-5



R. MORONIl et al. PHYSICAL REVIEW B 68, 064407 (2003

to the easy magnetization axis of the molecule. As for thewith the results of calculationgVl = —2.6ug (Ref. 20 and
calculation of the dichroic signal of complex 1, the Wh) M

contribution to the dichroic signal of Mn12-ac was calcu- =—2.92ug (Ref. 21)] was obtained. If compared to the re-
lated as the average over all possible orientations of the mobkults obtained for M¢ll) ions, the larger discrepancy of the
ecule with respect to the direction of the applied magnetianagnetic moment of MtV ) ions extracted by XMCD data
field by using Eq(2). With regard to MiflV) ions, due to the and polarized neutron diffraction might be induced by the
large superexchange coupling which forces their magnetimadequacy of the ionic model for describing the electronic
moments antiparallel to those of MH ) ions, their contribu-  properties of tetravalent manganese where stronger hybrid-
tion was calculated as the average over all photon propagdeation effects are expected.

tion vectors while keeping the superexchange field antiparal- The magnetic moment of the molecule is smaller than the
lel to the magnetic moment of MHl) ions. In this way, the one obtained by means of magnetization measurements.
anisotropic magnetic environment of MW) ions in  Such discrepancy might originate from either the above re-
Mn12-ac has been taken into account. Due to the isotropiported overestimation of the magnetic moment of (M
character of MflV) in O,, symmetry figured out by the cal- ions or the ionic model used to simulate the XMCD spectra.
culations reported in Sec. Ill B, their dichroic signal is ex- In fact, the presence of polarization density on oxygen at-
pected to scale with the modulus of the cosine of the anglems, which is foreseen bgb initio calculationé®?* and not
between the photon propagation vector and the superexacluded in the ionic model adopted in crystal-field multiplet
change field® The contribution of each MiiV) ion has been calculations, cannot be excluded.

therefore scaled by a factor of 1/2 where the minus sign
stands for the antiferromagnetic coupling between the two
ions.

In order to fit the experimental XMCD spectra, the param- XMCD was used to investigate the internal magnetic
eters obtained for the reference compounds have been usstlucture of Mn12-ac and, in particular, to determine the or-
as a starting point. The calculatet}, and o4 which best bital and spin contributions to the magnetic moments of the
simulate the measured ones are shown in Fig. 3. The parardifferent manganese ions making up its magnetic core. In
eters used in the calculations are reported in Table I. order to separate the Mifi ) and Mn(1V) contributions, the

The ground-state expectation values of the projection ofynthesis of model compounds to obtain reference XMCD
spin and orbital angular moment along the easy magnetizaspectra has been combined with crystal-field multiplet calcu-
tion axis of the molecule were deduced from the crystal-fieldations.
multiplet calculations. Orbital angular moment projections The magnetic moment of MHI) and Mn(IV) ions in
for the Mn(ll) ([(L,)|<1x10?) and MnIV) ({(L,)  Mnl2-ac are in good agreement with those found by means
=0.04) ions are much smaller than spin projectif0S,)  of polarized neutron diffraction. The orbital and spin contri-
=1.9 and(S,)=—1.5 for Mn(lll) and Mr(IV) ions, respec- butions to the magnetic moments of the two ions were also
tively] so that the orbital contribution to their magnetic mo- extracted by the XMCD spectra of Mn12-ac and, for both of
ment is negligibly small. The agreement of the calculatedhem, a negligibly small orbital contribution was found. The
magnetic moment for the MHI) ions (M=2ug(S,) results of this experiment provide direct evidence of the
+ up(L,)=3.81ug) with the results of polarized neutron quenching of the orbital magnetic moment of Mh) and
diffraction experimentfM =3.69ug and 3.7%g for the two ~ Mn(IV) ions in Mn12-ac.
inequivalent Mrilll) ions in Ref. 4 and calculation| M
=3.6ug (Ref. 20 andM =3.52ug and 3.84g for the two
inequivalent Mrlll) ions in Ref. 2] is satisfactory. Con-
cerning the magnetic moment of MN) ions, a value ¥ The authors thank Davide Bonacchi and Andrea Caneschi
=2up(S,)+ug(L,)=—2.96ug) larger than the one ob- for synthesizing the compounds used in the experiment.
tained by means of polarized neutron diffractigiM R.M. is grateful to the Fondation de kBle Normale Supe
=—2.34ug (Ref. 4] was found while a good agreement ieure for financial support.
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ACKNOWLEDGMENTS

*Corresponding author. Present address: UmiaM di Genova, and S.M.J. Aubin, J. Phys.: Condens. Matt@r 2805(2000.
Dipartimento di Fisica dell'Universita di Genova, Via 5P. Ghigna, A. Campana, A. Lascialfari, A. Caneschi, D. Gatteschi,
Dodecaneso 33, 1-16146 Genova, Italy. FAX39-010311066. A. Tagliaferri, and F. Borgatti, Phys. Rev. @, 132413(2001).
Electronic address: moroni@fisica.unige.it; URL: http:// 6B.T. Thole, P. Carra, F. Sette, and G. van der Laan, Phys. Rev.
www.fisica.unige.it/~moroni Lett. 68, 1943(1992.
1D. Gatteschi, A. Caneschi, L. Pardi, and R. Sessoli, Scié6se ’P. Carra, B.T. Thole, M. Altarelli, and X.D. Wang, Phys. Rev.
1054 (1994. Lett. 70, 694 (1993.

2R. Sessoli, D. Gatteschi, A. Caneschi, and M.A. Novak, Nature B.T. Thole, G. van der Laan, and P.H. Butler, Chem. Phys. Lett.
(London 365 141 (1993. 149 295(1988.

SA. Caneschi, D. Gatteschi, R. Sessoli, A.L. Barra, L.C. Brunel, °M.A. Arrio, A. Scuiller, Ph. Sainctavit, Ch. Cartier dit Moulin, T.
and M. Guillot, J. Am. Chem. Sod.13 5873(1991). Mallah, and M. Verdaguer, J. Am. Chem. S&21, 6414(1999.

4R.A. Robinson, P.J. Brown, D.N. Argyriou, D.N. Hendrickson, 1°S.A. Chambers and S.A. Joyce, Surf. $t20, 111(1999.

064407-6



X-RAY MAGNETIC CIRCULAR DICHROISM. .. PHYSICAL REVIEW B68, 064407 (2003

1J3.A. Mejias, V. Staemmler, and H.J. Freund, J. Phys.: Condens. 100, 4679(1996.
Matter 11, 7881(1999. 18y, Ayant, E. Belorizky, M. Guillot, and J. Rosset, J. PhyRarig
12p.L. Barra, D. Gatteschi, R. Sessoli, G.L. Abbati, A. Cornia, A.C. 26, 385(1965.
Faretti, and M.G. Uytterhoeven, Angew. Chem., Int. Ed. Engl.17J. van Elp and B.G. Searle, J. Electron Spectrosc. Relat. Phenom.
36, 2329(1997). 86, 93 (1997.
'3U. Bossek, H. Hummel, T. Weyheritier, K. Wieghardt, S. Rus- 1844 A Diirr and G. van der Laan, Phys. Rev.58, 760(1996.
sell, L.V. der Wolf, and U. Kolb, Angew. Chem., Int. Ed. Engl. 195 g p Lever, Inorganic Electronic Spectroscopy2nd ed.
» 35, 1552(1996. (Elsevier, New York, 198/
R. Nakajima, J. Stohr, and Y.U. Idzerda, Phys. Re\6®B 6421 20M.R. Pederson and S.N. Khanna, Phys. Red0B9566(1999.

15|\/(|:f92.' Bh. Sainctavit. Ch. Cartier dit Moulin. Ch. Broud 21p.W. Boukhvalov, A.l. Lichtenstein, and V.V. Dobrovitski, Phys.
A. Arrio, Ph. Sainctavit, Ch. Cartier dit Moulin, Ch. Brouder, "o "5 sx 1844352002,

F.M.F. de Groot, T. Mallah, and M. Verdaguer, J. Phys. Chem.

064407-7



