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X-ray magnetic circular dichroism investigation of magnetic contributions from Mn„III …
and Mn„IV … ions in Mn12-ac
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We present the results of an x-ray magnetic circular dichroism~XMCD! investigation of the molecular
superparamagnet Mn12-ac. Thanks to an approach based on chemical synthesis of model compounds, the
contributions of Mn~III ! and Mn~IV ! 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 Mn~III ! and Mn~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 Mn~III ! and Mn~IV ! ions.

DOI: 10.1103/PhysRevB.68.064407 PACS number~s!: 75.25.1z, 75.50.Xx, 78.70.Dm
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I. INTRODUCTION

Knowledge of the internal magnetic structure of molec
lar nanomagnets is of great importance for the compreh
sion of the magnetic properties of these new magn
materials.1 The experimental determination of the role of t
transition-metal and rare-earth ions making up the magn
core of the molecule and, in particular, of the spin and orb
contributions to the overall magnetic moment poses sev
problems.

Magnetic diffraction techniques, such as polarized n
tron diffraction and resonant x-ray magnetic scattering,
rectly give the magnetic structure of the molecule. Lo
magnetic properties can also be investigated by mean
x-ray magnetic circular dichroism~XMCD!. In particular, the
strong dichroism at theL2,3 edges of transition-metal ion
andM4,5 edges of rare-earth ions provides information ab
their ground-state magnetic properties. At variance with d
fraction techniques, which need large single crystals, the
vantage of XMCD is the possibility of performing measur
ments on powders or polycrystalline samples. Moreover,
exploiting the chemical sensitivity of x-ray absorption edg
contributions from different transition-metal and rare-ea
ions within the molecule can be easily separated.

In this paper, we present the results of an XMC
investigation of the molecular superparamag
@Mn12O12(CH3COO)16(H2O)24#•2CH3COOH•4H2O ~in
short Mn12-ac!.2 In a simple ionic picture, the magnetic co
of Mn12-ac consists of an external ring of eight Mn~III ! ions
and an internal tetrahedron of four Mn~IV ! ions. The mag-
netic moments of the four Mn~IV ! ions are aligned antipar
allel to those of the eight Mn~III ! ions, resulting in a ferri-
magnetic internal magnetic structure, first assumed
0163-1829/2003/68~6!/064407~7!/$20.00 68 0644
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account for the ground-state magnetic moment of
molecule3 and later demonstrated by polarized neutron d
fraction experiments.4

Although the internal magnetic structure of Mn12-ac
now well established, direct determination of the groun
state magnetic properties of the Mn ions and, in particular
the spin and orbital contributions to their magnetic mom
is still lacking. In a recent experiment, magnetic circular
chroism at the manganeseL2,3 edges of Mn12-ac was
measured.5 Usually, XMCD spectra can be powerfully ana
lyzed by means of sum rules which allow the determinat
of the orbital and spin magnetic moments of the constitu
atoms.6,7 In the case of Mn12-ac, due to the copresence
Mn ions in different oxidation states~and therefore with dif-
ferent occupation numbers for the 3d shell!, this method is
not valid since, in order to obtain information about th
ground-state magnetic properties of Mn~III ! and Mn~IV !
ions, their respective contributions to the XMCD spectra
Mn12-ac must be separated. The impossibility of us
XMCD sum rules in a straightforward manner hampered
determination of the orbital and spin magnetic moments
each Mn ion in the above-mentioned experiment.5

At least in principle, the Mn~III ! and Mn~IV ! contribu-
tions can be separated by exploiting the sensitivity to oxi
tion state of the 2p63dn→2p53dn11 transitions responsible
for x-ray absorption at the manganeseL2,3 edges. Here, we
combine crystal-field multiplet calculations8,9 with the mea-
surement of reference XMCD spectra for Mn~III ! and
Mn~IV ! to determine their ground-state magnetic propert
in Mn12-ac. The reference XMCD spectra, obtained fro
molecular paramagnetic compounds, are reported in Sec
Through simulation of the reference spectra by means
crystal-field multiplet calculations, the atomic and cryst
©2003 The American Physical Society07-1
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R. MORONI et al. PHYSICAL REVIEW B 68, 064407 ~2003!
field parameters entering the calculations have been d
mined~Secs. III A and III B!. This set of parameters has be
used as a starting point to simulate the XMCD spectra
Mn12-ac. This approach, where the synthesis of model
lecular compounds is combined with crystal-field multip
calculations, allowed the separation of the contributions fr
Mn~III ! and Mn~IV ! ions and the extraction of informatio
about their respective ground-state electronic and magn
properties~Sec. III C!. In particular, the orbital and spin
magnetic moments of each Mn ion have been determin
Concluding remarks follow in Sec. IV.

II. EXPERIMENT

XMCD spectra at the manganeseL2,3 edges of Mn12-ac
and of the two reference compounds have been collecte
the SU23 beamline of the Super-ACO storage ring at LU
~Orsay, France!.9 Mn12-ac XMCD spectra, which were a
ready presented by Ghignaet al.,5 have been measured i
order to get all the spectra in the same experimental co
tions ~degree of x-ray polarization and energy resolution!.

Two molecular compounds, containing exclusive
Mn~III ! or Mn~IV ! ions, have been used in order to obta
reference XMCD spectra. The model compounds were c
sen so that the coordination environments of the Mn ions
similar to their respective ones in Mn12-ac. Molecular co
pounds have been preferred to manganese oxides@e.g.,
Mn2O3 for Mn~III ! and MnO2 for Mn~IV !# in order to pre-
vent effects induced by the sensitivity of the total electr
yield detection mode, used to measure the absorption s
tra, to the surface of grains, where metal ions in differ
oxidation states or coordination sites might be found.10,11

MnIII (dbm)3 where Hdbm51,3-diphenyl-1,3-propanedi
one ~hereafter complex 1! was used as reference compou
for Mn~III !. X-ray structure analysis shows deviations of t
coordination polyhedron of the Mn~III ! ion from the ideal-
ized tetragonal (D4h) symmetry expected as a result of Jah
Teller distortion. In spite of such deviations, no evidence
symmetry lower than axial was found in the electron
spectra.12 Moreover, its anisotropic magnetic properties, o
tained by high-frequency and high-field electron param
netic resonance~HF-EPR! measurements, can be account
for at a very satisfactory extent inD4h symmetry and the
estimation of the zero-field splitting parameter changes
less than 1% by lowering the symmetry.

As a reference compound for Mn~IV !, @L2Mn2
IV(O)

(PhBO2)2](ClO4)2•2(CH3)2CO whereL51,4,7- trimethyl-
1,4,7-triazocyclononane~hereafter complex 2! was used. In
this molecule, the two Mn~IV ! ions are in equivalent octahe
dral (Oh) sites as revealed by x-ray crystal structu
analysis.13 Magnetic susceptibility measurements give f
the two Mn~IV ! ions a spin equal to 3/2 and a zero-fie
splitting parameter close to zero.

The x-ray source used for the XMCD experiments is
asymmetric wiggler delivering a high flux of elliptically po
larized photons. The x-ray beam is monochromatized b
plane grating and focused on the sample with a spot siz
131 mm2. At the manganeseL2,3 edges, the circular polar
ization rate is estimated to be about 60% and the ene
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resolution about 0.25 eV.9 X-ray absorption spectra were re
corded in the total electron yield~TEY! detection mode. The
samples were grounded into fine-grained powder in an a
mortar to obtain an isotropic orientation distribution of th
crystallites. In order to prevent sample charging and ens
excellent cooling, the powder samples have been pasted
grid directly carved into the copper sample holder.

During the measurements, the samples have been co
down to 1.5 K and magnetized by a 4 T magnetic field ge
erated by superconducting coils. Such a low-temperature
high-magnetic-field condition is essential to induce a
magnetic moment in the paramagnetic model compou
and to magnetize at saturation the Mn12-ac molecule.
XMCD spectra of complexes 1 and 2 do not show any
tectable degradation of the sample when subjected to
x-ray beam. Mn12-ac, which already showed in previo
experiments5 its sensitivity to x-ray beams under the hig
flux of third-generation synchrotron x-ray sources, does
show any sign of degradation during the time required
collect a complete set of XMCD spectra~four spectra, about
150 min! at Super-ACO. The corrections necessary to c
vert the raw TEY signals into normalized absorption cro
sections have been performed.14

The average absorption cross sectionsm51/2(s11s2)
and the dichroic signalsd5(s12s2)/t5s l2s r were de-
rived by the absorption cross sections measured with
magnetic field parallel (s1) and antiparallel (s2) to the
x-ray propagation vector. The factort50.6 takes the incom-
plete light polarization into account.

Figures 1 and 2 show the average absorption cross se

FIG. 1. Experimental and calculated XMCD spectra of comp
1. Absorption cross sections and dichroic signals are shown in
upper and lower panels, respectively.
7-2
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X-RAY MAGNETIC CIRCULAR DICHROISM . . . PHYSICAL REVIEW B68, 064407 ~2003!
sm and the dichroic signalsd at the manganeseL2,3 edges of
complexes 1 and 2, respectively. Figure 3 showssm andsd
at the manganeseL2,3 edges of Mn12-ac.

III. DISCUSSION

In order to extract information about the electron
ground-state configurations of Mn~III ! and Mn~IV ! ions in
Mn12-ac, the experimental XMCD spectra of the two ref
ence compounds were simulated by performing crystal-fi
multiplet calculations.8 This approach, which is by now gen
erally familiar thanks to the seminal work of Tholeet al.,
takes exactly into account the spin-orbit coupling and
scribes the effect of chemical environment on the 3d states
of the absorbing atom through the crystal-field paramet
Besides them, the parameters used to fit the experime
spectra are the reduction factors of the Slater integrals
the j2p and j3d spin-orbit parameters. Hybridization effec
were included by reducing the Slater integrals and no c
figuration interaction was implemented in the calculatio
presented in this paper. Different reduction factors were u
for the Slater integrals which describe 2p-3d and 3d-3d
Coulomb and exchange interactions (kpd and kdd , respec-
tively!. In particular, since hybridization effects expand t
wave function of 3d electrons without affecting the 2p core
hole, the interactions between 3d electrons are more influ
enced by hybridization than the ones between 2p and 3d
electrons. The correctness of this approach isa posteriori

FIG. 2. Experimental and calculated XMCD spectra of comp
2. Absorption cross sections and dichroic signals are shown in
upper and lower panels, respectively.
06440
-
ld

-

s.
tal
nd

-
s
d

confirmed by the good agreement between calculations
experimental results and by the absence in the meas
spectra of additional satellites not reproduced by calcu
tions, usually induced by hybridization effects.15

In the calculations, a 4 T magnetic field was assumed
the effect of temperature was included by statistically po
lating the low-energy states. In fact, at variance with fer
magnetic or ferrimagnetic materials where the strong
change field is responsible for the Zeeman splitting and
long as the sample is fully magnetized, XMCD spectra
not depend much on temperature, for paramagnetic c
pounds, as complexes 1 and 2, the interplay of tempera
and the intensity of the magnetic field is essential for
magnetization and must be taken explicitly into account
the calculations (mBB/kB50.67 K for an induction B
51 T).

The experimental spectras l and s r were measured on
powder samples with the external magnetic fieldB parallel
and antiparallel to the photon propagation vector. In orde
calculates l and s r , the absorption cross sections for a
possible orientations of the molecules should be averag
An approximate method of integration by Ayantet al.16 al-
lows one to obtain the powder spectrum as a weighted s
of the spectra calculated for some particular orientations
the molecule. By expanding on spherical harmonics the sp
trum as a function of the relative orientation of the magne
field and the molecule and by truncating it to fourth ord
the powder spectra can be approximated by

x
e

FIG. 3. Experimental and calculated XMCD spectra of Mn1
ac. Absorption cross sections and dichroic signals are shown in
upper and lower panels, respectively.
7-3
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TABLE I. Atomic and crystal-field parameters extracted by the fit of the experimental XMCD spec

kpd ~%! kdd ~%! j2p ~eV! j3d ~eV! Dq ~eV! Ds ~eV! Dt ~eV!

Mn~III ! 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~III ! 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
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powder5

1

15S (
i

s l (r )
i 12(

k
s l (r )

k D , ~1!

where i P$@100#iB,@010#iB,@001#iB% and kP$@110#iB,

@11̄0#iB,@101#iB,@101̄#iB,@011#iB,@011̄#iB%. This
method assumes no preferential orientation of the mole
within the powder which, in the case of the Mn12-ac samp
is confirmed by comparing x-ray diffraction from powd
and single-crystal samples.

A. XMCD of Mn „III … ions

Mn~III ! site in complex 1 has tetragonal (D4h) symmetry
and three parameters~usually namedDq, Ds, and Dt! de-
scribe the effect of crystal field on 3d states.

Powder spectra were calculated by means of Eq.~1!
which, in D4h symmetry, reads

s l (r )
powder5

1

15
~2s l (r )

[010]iB1s l (r )
[001]iB14s l (r )

[110]iB18s l (r )
[101]iB!,

~2!

where the@001# direction is parallel to the tetragonalC4 axis.
The reduction factors of the Slater integrals and the sp

orbit and crystal-field parameters were varied in order to
tain the best agreement of the calculated average absor
cross section and dichroic signal with the experimental sp
tra. The parameters corresponding to the best fit show
Fig. 1 are reported in Table I. The crystal-field paramet
are in good agreement with those obtained by means of
EPR spectroscopy12 while the 3d spin-orbit parameter wa
reduced to 75% of the value calculated for the free ion.

In Fig. 4, the results of the calculations of the avera
absorption cross sectionsm and the dichroic signalsd for
the different orientations of the molecule used to evaluate
powder spectra are shown as solid and dashed lines, res
tively. Besidessm and sd , we calculated the isotropic ab
sorption cross sections iso ~dotted lines in Fig. 4! defined as
1/3(s01s l1s r) wheres0 corresponds to the absorption
x rays linearly polarized alongB. The isotropic cross sec
tions for the different orientations of molecule are almo
identical since the Zeeman term in the Hamiltonian is a sm
perturbation (1mBB55.7931025 eV for an induction B
51 T) which does not play a role when the absorption
lection rules, based on the polarization of light, are irr
evant. On the contrary, the calculatedsm andsd show large
differences which are induced by the different degener
lift and allowed electric-dipole transitions in which magne
anisotropy plays a major role. In fact, due to the lar
uniaxial magnetic anisotropy of Mn~III ! in D4h symmetry, if
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the 4 T magnetic field used in experiments and calculati
is parallel to the hardxy plane (@010#iB and@110#iB in Fig.
4!, it is not able to force the magnetic moment parallel to
and the dichroic signal is about one order of magnitu
smaller than the one calculated along the easyz axis
(@001#iB in Fig. 4!.17 This finding is confirmed by the
ground-state expectation values of the projections of the s
and orbital angular moment along the quantization axis
fined by the magnetic field (^Sz& and^Lz&, respectively! re-
ported in Table II.

In spite of the highly anisotropic character of Mn~III ! ion
in complex 1, the correctness of the approximated aver
obtained by means of Eq.~2! is confirmed by the compariso
of sm

powder with the powder isotropic cross sections iso
powder

evaluated analogously to the other powder spectra and
which s iso

powder.sm
powder holds.15,17 The differences between

FIG. 4. Calculatedsm ~solid line, left axis!, sd ~dashed line,
right axis!, ands iso ~dotted line, left axis! for Mn~III ! ion in com-
plex 1. The different sets of XMCD spectra correspond to calcu
tions performed for different orientations of the molecule.
7-4
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TABLE II. Ground-state expectation values of spin and orbital angular moment projections alon
quantization axis defined by the applied magnetic field.

^Sz&/^Lz& ^Sz&/^Lz& ^Sz&/^Lz& ^Sz&/^Lz&
with Bi@010# with Bi@001# with Bi@110# with Bi@101#

Mn~III ! in 1 0.21/,131022 1.97/20.04 0.2/,131022 1.48/20.03
Mn~IV ! in 2 1.5/20.05 1.5/20.05
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powderare smaller than 1%, indicating the valid
ity of Ayant’s development.

B. XMCD of Mn „IV … ions

Mn~IV ! sites in complex 2 have octahedral (Oh) symme-
try and the crystal-field strength is determined by only o
parameter~usually named 10Dq). At variance with the
above reported case of Mn~III ! ion in complex 1, the absorp
tion cross sections atL2,3 edges of Mn~IV ! ions in Oh sym-
metry are highly isotropic. Figure 5 shows the results of
calculation of the average absorption cross section and
dichroic signal for the two symmetry-inequivalent orient
tions of the molecule:@001#iB, @101#iB. The two orienta-
tions correspond to the magnetic field and the photon pro
gation vector parallel to theC4 andC2 axes of the Mn~IV !
site. For the two orientations, the differences insm are about
5% while those insd are smaller than 1%. The difference
are extremely small because of the isotropic character of
magnetization of Mn~IV ! ions in Oh symmetry.18

In Oh symmetry, Eq.~1! reads

s l (r )
powder5

1

15
~3s l (r )

[001]iB112s l (r )
[101]iB!, ~3!

where the@001# direction is parallel to one of the octahedr
C4 axes.

FIG. 5. Calculatedsm ~solid line, left axis!, sd ~dashed line,
right axis!, ands iso ~dotted line, left axis! for Mn~IV ! ions in com-
plex 2. The different sets of XMCD spectra correspond to calcu
tions performed for different orientations of the molecule. For b
orientationssm ands iso are indistinguishable.
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The set of parameters which allow one to obtain the b
agreement between the calculated and experimental c
sections~shown in Fig. 2! is reported in Table I. The 3d
spin-orbit parameter is reduced to 50% of the value cal
lated for the free ion and the Slater integrals must be stron
reduced in order to obtain a reasonable agreement with
experimental spectra. A reduction of about 50% of the Sla
integrals describing 3d-3d interactions was found by mean

of UV-Vis spectroscopy in MnCl 6
22

and a larger reduction is
expected for the more covalent bond between tetrava
manganese and oxygen.19

The strong reduction of the Slater integrals from th
Hartree-Fock values is induced by the strong covalent ch
acter of the bond which is in contrast with the ionic bo
assumed in the crystal-field theory. On the other hand,
attempt to improve the simulation by including hybridizatio
effects through the inclusion of configuration interactio
with low-energy excited configurations was ineffective. T
impossibility of improving the simulation by including con
figuration interaction and the good agreement between
calculated and experimental cross sections indicate tha
this particular case, the covalent character of the bond ca
taken into account by simply reducing the Slater integral

C. XMCD of Mn12-ac

In Mn12-ac, the 12 manganese ions are in th
symmetry-inequivalent sites, the first of which are located
the tetrahedral core of the molecule and the other two fo
the external ring of eight Mn ions. In a simple ionic pictur
the four manganese ions, which form the inner tetrahed
are in the Mn~IV ! state (S53/2) while the eight manganes
ions in the external ring are in the Mn~III ! state (S52).
Magnetization measurements give a total spin equal to 1
the ground state, which can be accounted for by assumin
antiparallel alignment of the magnetic moments of Mn~III !
and Mn~IV ! ions.

Each manganese ion is coordinated to six oxygen i
belonging to them-oxo bridges and the acetate ligands whi
complete the Mn12-ac molecule. In order to simulate
XMCD spectra by means of crystal-field multiplet calcul
tions, the coordination polyhedra of the Mn~III ! and Mn~IV !
ions were, respectively, assumed to have idealized tetrag
and octahedral symmetry. No distinction was made betw
the two sites in the external ring.

The Mn12-ac average absorption cross section was ca
lated as the sum of the Mn~III ! and Mn~IV ! contributions
weighted by their relative abundance in the molecule. In
der to calculate the dichroic signal, the elongated axes of
Mn~III ! ions have been considered parallel to each other

-

7-5
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R. MORONI et al. PHYSICAL REVIEW B 68, 064407 ~2003!
to the easy magnetization axis of the molecule. As for
calculation of the dichroic signal of complex 1, the Mn~III !
contribution to the dichroic signal of Mn12-ac was calc
lated as the average over all possible orientations of the m
ecule with respect to the direction of the applied magne
field by using Eq.~2!. With regard to Mn~IV ! ions, due to the
large superexchange coupling which forces their magn
moments antiparallel to those of Mn~III ! ions, their contribu-
tion was calculated as the average over all photon prop
tion vectors while keeping the superexchange field antipa
lel to the magnetic moment of Mn~III ! ions. In this way, the
anisotropic magnetic environment of Mn~IV ! ions in
Mn12-ac has been taken into account. Due to the isotro
character of Mn~IV ! in Oh symmetry figured out by the cal
culations reported in Sec. III B, their dichroic signal is e
pected to scale with the modulus of the cosine of the an
between the photon propagation vector and the supe
change field.18 The contribution of each Mn~IV ! ion has been
therefore scaled by a factor of21/2 where the minus sign
stands for the antiferromagnetic coupling between the
ions.

In order to fit the experimental XMCD spectra, the para
eters obtained for the reference compounds have been
as a starting point. The calculatedsm and sd which best
simulate the measured ones are shown in Fig. 3. The pa
eters used in the calculations are reported in Table I.

The ground-state expectation values of the projection
spin and orbital angular moment along the easy magne
tion axis of the molecule were deduced from the crystal-fi
multiplet calculations. Orbital angular moment projectio
for the Mn~III ! (u^Lz&u,131022) and Mn~IV ! (^Lz&
50.04) ions are much smaller than spin projections@^Sz&
51.9 and^Sz&521.5 for Mn~III ! and Mn~IV ! ions, respec-
tively# so that the orbital contribution to their magnetic m
ment is negligibly small. The agreement of the calcula
magnetic moment for the Mn~III ! ions (M52mB^Sz&
1mB^Lz&53.81mB) with the results of polarized neutro
diffraction experiments@M53.69mB and 3.79mB for the two
inequivalent Mn~III ! ions in Ref. 4# and calculation@M
53.6mB ~Ref. 20! and M53.52mB and 3.84mB for the two
inequivalent Mn~III ! ions in Ref. 21# is satisfactory. Con-
cerning the magnetic moment of Mn~IV ! ions, a value (M
52mB^Sz&1mB^Lz&522.96mB) larger than the one ob
tained by means of polarized neutron diffraction@M
522.34mB ~Ref. 4!# was found while a good agreeme

*Corresponding author. Present address: Unita` INFM di Genova,
Dipartimento di Fisica dell’Universita` di Genova, Via
Dodecaneso 33, I-16146 Genova, Italy. FAX:139-010311066.
Electronic address: moroni@fisica.unige.it; URL: http
www.fisica.unige.it/~moroni
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with the results of calculations@M522.6mB ~Ref. 20! and
M
522.92mB ~Ref. 21!# was obtained. If compared to the re
sults obtained for Mn~III ! ions, the larger discrepancy of th
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