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First-principles self-consistent spin-polarized electronic structure calculations were performed for the nanos-
cale magnetic molecules MyD;,(CH;CO0);4(H,0), and Fg;05(OH)g(0O,CPh4s. The numerical discrete
variational method was employed, within density-functional theory. Charges and magnetic moments were
obtained for the atoms, as well as density of states diagrams, and charge- and spin-density maps. For
Mn1,0,5(CH;CO0)14(H,0),4, values of the Heisenberg exchange paramekevere derived from the calcula-
tions; Mcssbauer hyperfine parameters were calculated foi0g60H)s(O,CPH,5 and compared to reported
experimental value§S0163-18209)05709-4

[. INTRODUCTION molecular unit, which behaves as one small magnet; on the
other hand, the magnetic interactions between units are prac-
Clusters of nanoscale or mesoscopic dimensions contairtically negligible, due mainly to the crown of ligands sur-
ing transition elements and oxygen have attracted a greabunding and isolating the metal-oxo core. These properties
deal of attention recently, for a variety of reasons. From thanake such system a potential candidate for molecular-size-
biological point of view, clusters comprising transition-metal units data storage devices. Many experimental measurements
ions exist in several metalloenzymes and metalloproteirss, have been reported for this molecule, such as proton NMR
in the water oxidizing compleRVOC), involved in bacterial and muon spin rotatioff neutron diffraction witf* or
photosynthesid, or ferritin, a protein which stores Fe in without® an applied magnetic field, magnetic circular
mammals and consists of a Fe-O core encapsulated in dichroisnt® and high-frequency EPE.A very exciting dis-
polypeptide envelop&Large transition-metal molecular ag- covery has been the observation of steps in the hysteresis
gregates with well-defined structures may be fabricated exoop of the magnetization in a powdered sampler single
perimentally, and serve as models for such biologicak:rystalé9 of Mny, at low temperatures. This was interpreted
systemg’ On the other hand, magnetic transition-metal oxoas a manifestation of quantum tunneling in a macroscopic
clusters present new and exciting properties due to theiproperty.
nanoscale dimensions. These systems are on the borderline The nanoscale molecule felso forms crystals of well-
of the paramagnetic behavior of isolated molecules and coldefined structur® with the molecules containing a Fe-O
lective magnetism of bulk solids, and thus may be consid€ore surrounded by the organic ligands. This structure forms
ered as forming a different magnetic phase. a model for ferritin. There are three crystallographically
We have investigated two important examples of suchdifferent sites for the Fe ions, all in the formal oxidation
nanoscale molecules, the mixed-valence Mn complexstate+3. These molecular aggregates have similar magnetic
Mn;,0,5(CH;C0O0);4(H,0), (which we will refer to hereaf- properties to M, in the sense that the individual Fe spins
ter as Mn,) and Fg;05(OH)5(O,CPh5 (referred to as Rg),  within each molecule couple together strongly resulting
from the point of view of the electronic structure. in magnetic order. Moreover, Nsbauer spectroscopy
Mn;, is a mixed-valence system since it contains Mn ionsmeasurementsof the hyperfine parameters are avaffable.
with formal charge+3 and +4, and as such constitutes a  The results of the electronic structure calculations provide
model for the biological complex WOC of photosystem Il of insight into these nanoscale molecular magnets, and will add
bacterial photosynthes?s® Furthermore, many interesting to the experimental data to provide a more complete under-
magnetic properties have been demonstrated for this mobtanding of their properties. A similar theoretical study has
ecule, which crystalizes in a tetragonal structure as detebeen reported for the mesoscopic cluster
mined by Lis in 198C. ac susceptibility, magnetization, and [Fe(OMe),(O,CCH,Cl)];5, a molecular antiferromagnet de-
EPR measurements led to the conclusion that each molecuf®minated “ferric wheel” due to its circular arrangeméht.
has a total spir6=10;'%this large spin combined with a We have employed the spin-polarized discrete variational
large easy-axis anisotropy leads to superparamagnetic behawethod? (DVM) of density-functional theoR (DFT) to ob-
ior at low temperature, with very long relaxation time which tain energy levels, charge, and spin densities for, /Mmd
results in pronounced hysteresfsThe spins of the indi- Fe;;. Charges and magnetic moments on the ions are also
vidual magnetic ions are coupled strongly together in eacheported. Hyperfine parameters are calculated fqy Bad
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compared to experimental values. Finally, the Heisenberg
spin-coupling parameterd are obtained from the calcula-
tions for Mny,, employing the magnetic transition state
concept?

In Sec. Il we describe briefly the method employed, in
Sec. Il we report the results for Mp in Sec. IV the results
for Fey;, and in Sec. V we briefly state our main conclusions.

Il. THEORETICAL METHOD

The DV method has been extensively described in the
literature???* so here we give only a summary of its main
features. We seek to solve the Kohn-Sham equations o
density-functional theof for a cluster of atoms or a mol-

ecule, in a three-dimensional grid of points:

FIG. 1. Representation of M(CH3COO);4(H,0)40;,, minus
(—V?/2+ Ve + V) @io=EivPic - (1) CHjs ligands. Atoms are represented by spheres according to relative
sizes: Mr>C>0O>H.
In Eqg. (1), V. is the Coulomb potential of nuclei and
electrons, and/y, is the spin-dependent exchange-correlationtion integral, a model potential is constructed by least-
potential, for which we employed the functional of squares fitting the “real” charge and spin densities
Vosko, Wilk, and NusaifVWN).?® The potential is a func- to a multicenter multipolar expansidflin the present calcu-

tional of the electron density of spim, obtained from the lations, terms up tb=1 were included in the expansion. The

molecular one-electron functiorier spin-orbital$ ¢;, by self-consistent criterion in the present calculations was
) <0.01 in the expansion coefficients of the mogél). For
PN =ZiNig| @is(r)]*. (20 magnetic systems such as those considered, spin-polarized

n,, are the occupationé or 1) of the spin orbitals, filled calculations are performed to obtain magnetic moments and

according to Fermi-Dirac statistics. The spin orbitals are ex>PIN densitieg p;(r) —p,(r)]. This is achieved by allowing

panded as linear combinations of numerical atomic orbitalgh.e spin-up orbitals to be different from Spin (_jown, which
(LCAO) y;: will occur as a consequence of the imbalance in the number

of electrons of each spin.

(N=S.vi(r)c . 3 We may comment here on the choice of exchange and
#ai(1)=2,x,(N)Cl, ® correlation potential and the possible utility of hybrid and
Minimizing the error function of the DV method leads to gradient-corrected functionals. First, the VWN exchange-
secular equations analogous to those of the standambrrelation energy and potential has established itself as a

Rayleigh-Ritz variational method: stable and accurate approximation, among the many local
spin-density schemes, both in molecules and solids. On the
([H]-[EI[SDIC]=0, (4 other hand, theoretical developments and empirical fitting

procedures give rise to gradient-correct€dsA) or nonlocal
. ; ) . . functionals, which have proven to increase the accuracy of
overlap matrix and C] is the matrix of the coefficients in

dicted bond lengths, bindi i d oth ti
expansion(3). Since the Hamiltonian depends on the densitypre 1c°ed Dond 1SNgins, binding energies anc ofher propertes

; . ) obtained from total-energy calculations. However, for the
given by Eq.(2), iterations are performed to solve the secular

. if . v in the three-di onal arid roperties derived here, such as magnetic moments, spin
eqyatlons se —conglstent.ylln the three- imensiona 92‘ 0 oupling constants, and hyperfine parameters, no systematic
points. The numerical grid is pseudorandégiophanting

! S < . __knowledge on the possible improvement brought in by non-
in all space except inside spheres containing the nuclei a

I fthe M 9F h . I cal functionals is available. For example, it was shown that
core electrons of the Mn and Fé atoms, where a precise polyssa has |ittle impact on the calculated hyperfine fields of
nomial integration is performed.

. : 27 . . Fe, Co, and Ni metal® in the case of Co and Ni, values
A Mulliken-type population analysi®, in which the

found in fact differ more from experiment than those ob-

atomic orbital occupancy is obtained from the coefficients intained with VWN. More systematic investigations of the ef-
the LCAO expansion, was performed to obtain the configusect of nonlocal potentials on such properties are needed.
rations of the atoms in the molecules. After a cycle of itera-

tions is completed, the atomic configurations obtained are

used in atomic self-consistent numerical DFT calculations to ll. THE MOLECULAR NANOMAGNET
obtain a basis set more adapted to the molecular environ- Mn 1,0415(CH3CO0),¢(H,0),
ment. This procedure is repeated two or three times to opti-
mize the basis. The orbitals included in the valence space are
3s, 3p, 3d, 4s, and 4 for the transition metals,2and 2 As mentioned in the Introduction, the structure of Mn
for C and O, and & for H. The core orbitals are kept “fro- has been determined by x-ray diffractidrine experimen-
zen” throughout the iterations, and the valence orbitals ardally determined atomic coordinates reported in the literature
explicitly orthogonalized to the core in the first iteration. were employed in the present calculations.

To render tractable the Coulomb electron-electron interac- In Fig. 1 is given a representation of the Mmolecule,

where[H] is the Kohn-Sham Hamiltonian matrikS] is the

A. Electronic structure and magnetic properties
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TABLE I. Mulliken populations, charges, and magnetic mo-
ments of Mn,. Charges are defined & minus total population
whereZ is atomic number. The magnetic moment is defined as total
population of spin-up minus total population of spin down. Small
differences from atomic values fos&and 3, included in basis, are
not given here.

Populations
Spin{ Spin] SpinT+Spin] SpinT—Spin|

Mn(1) 3d 3.844 0.795 4.638 3.049

4s  0.008 0.004 0.012 0.005

4p 0.013 0.011 0.023 0.002

Mn(2) 3d 0442 4314 4.755 —3.872

4s 0.009 0.024 0.033 —0.015

4p 0.014 0.016 0.030 —0.002

Mn(3) 3d 0361 4.391 4,752 —4.030

4s 0.008 0.016 0.024 —0.008

4p 0.016 0.017 0.032 —0.001

Charge Magnetic momenju)
Mn(2) 2.34 3.056
FIG. 2. Representation of MCHsCOO0);((H,0),05 minus  Mn(2) 2.20 —3.889
CH; ligands. Atoms are represented by spheres according to relativén(3) 221 —4.039
sizes: M>C>0O>H. Types of Mn and O are indicated. o(1 -1.24 —-0.077
0o(2) —-1.38 0.027
from which the CH ligands have been removed to facilitate O(3) -1.31 0.023
the calculation. This simplification is justified for our pur- O(COO) (average -1.02 +0.039
poses, since the methyl ligands are peripheric, and suffio(H,0) —1.55 —0.010

ciently removed from the magnetic Mn atoms in the core
where our attention is focused. Since the €HCOO bonds
that were truncated are covalent, upon the truncation eaddn(3) have negative. It is seen from this table that the Mn
fragment was assumed to carry one electron of the electroatoms are essentially ionic, with very sma#l and 4p popu-
pair of the bond, thus preserving charge neutrality. lations and large positive charges. However, the charges are
According to a model inferred from experimental far from the valuest4 [Mn(1)] and +3 [Mn(2) and Mn(3)]
evidence!! the spins of the four Mn atomjgabeled Mrf1)] that are generally assumed based on simple chemical
that form the inner cubane structufgee Fig. 1 were con-  arguments:*! The simple picture of configurationsd33d?
sidered to align ferromagnetically among themselves, anébr Mn(1) and 31}‘3d(f for Mn(2) and Mn(3) is found to be
antiferromagnetically to the eight outer Mn atoms, labeledunrealistic, due to significantly higher occupation of both
Mn(2) and Mn(3), and this magnetic configuration was as- spin-up and spin-down orbitals, especially for §h In fact,
sumed throughout the self-consistent calculations(Z¥land  the latter atoms may be expected to mix their wave functions
Mn(3) occupy crystallographically different sites and are lo-more with those of their neighbors, since they occupy inner
cated in different planes, occupying alternate positiongositions in the molecular aggregate. However, in spite of
around the inner cubane. The Mn atoms are linked by triplithe smaller charges, the spin magnetic momentsund are
bridging O atoms f5-O); the Mn(1) are linked to Mit2) by very similar to the expected valueg:3 for Mn(1) and 4ug
one carboxylate bridge, and the & atoms are linked with  for Mn(2) and Mn(3), inferred from the simple model. The
the Mn(3) by three independent carboxylate briddeBne  self-consistent total spin of the molecule is found to be 10, in
water molecule completes the octahedral environment of thagreement ~ with  magnetization and  susceptibility
Mn(3) atom. Since the My molecule hasS, point symme- measurement®:** A further confirmation that the present
try, there are only three crystallographically different Mn spin configuration is correct was given by performing test
atoms. In Fig 2 a top view of the molecule evidencing the calculations for other spin configurations, namely Mn(2)
symmetry is depicted, showing the labels of the atoms. Allspin up and Mfl), Mn(3) spin down;(2) Mn(3) spin up,
Mn atoms have a distorted octahedral coordination. Mn(1), Mn(2) spin down. In both cases, the total spin of the
In Table | are given the Mulliken atomic orbital popula- molecule obtained was considerably smaller than ten dis-
tions (electron occupationof the valence orbitals of M),  agreeing with the experimental finding.
Mn(2), and Mr(3), as well as the net charges on the atoms In Table | are also given the values of the charges and
and magnetic moments wg) of the individual orbitals and magnetic moments of the oxygen atoms of typd)Q0O(2),
the total. The charges are defined(Zaminus total popula- and Q@3) that link the Mn atoms, and of the oxygen atoms of
tion), whereZ is the atomic number, and the magnetic mo-the ligand water molecules and carboxylates. Data on the C
ments are defined as the spin-up population minus spiratoms are not given since these are not very well described,
down. Here we have adopted the convention by which thelue to the truncated bonds with GHAs expected, the nega-
four inner Mr(1) atoms have positive spins, and @nhand tive charges on the O atoms increase with increasing ionicity
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of the bonds which they form, the oxygen in® having the

largest negative charge and the O atoms of the carboxylates,

which form covalent bonds with C, the smallest. An inter-
esting feature obtained is the very small spin magnetic mo-
ments of the oxygens, all having magnitud®.08ug . This

is in complete disagreement with the results obtained from
powder neutron-diffraction experiments performed on;j/n
which give a moment of magnitude @ on O2) and
0O(3).1* We believe that the modeling of the observed mag-
netic diffraction intensities may have induced some error in
the derived moments. Besides the discrepancy with our first-
principles calculations, the observation of such large induced
moments would be an extraordinary event.

In Figs. 3a), 3(b), and 3c) are depicted the projected
density of statedDOS) diagrams for Mil), Mn(2), and
Mn(3), respectively. DOS diagrams may be constructed from
the dense band of discrete energy levels of the molecule by
broadening these levels with Lorentziafls:

ol
DOSiio(e) = ZiPriui ;5 75 2 (5)

whereP}, ; is the Mulliken population of atomic orbitat,

of atom g in the molecular spin orbitab;, and § is the
half-width of the Lorentzian, here taken as 0.14 eV. By sum-
ming overn, | andi the projected DOS of spiar for atomq

is obtained.

The DOS of Mrfl) shows a narrow peak just below the
Fermi level of spin up, and a corresponding spin-down peak
just above the Fermi level. Practically all the levels contrib-
uting are 3, since the 4 and 4p have very small popula-
tions. We can see the splitting induced by the crystal field of
the ligands in the distorted octahedral arrangement, which is
much larger in the spin-down peak. A band of lower DOS
extending to~8 eV below the Fermi energy results from the
bond formation with the oxygens, since the O levels pertain
to this region. To illustrate this point, we show in Figsa$
4(b), and 4c) the DOS diagrams for the valence levels of
0(1), O(2), and Q3), respectively, which also extend to
about 8 eV below the Fermi level; practically only the @ 2
levels contribute to the DOS in this region.

The DOS diagrams for M) and Mn(3) are similar to
Mn(1), except that the lower energy bonding region shows
significantly lower DOS values. This is understandable con-
sidering, as mentioned earlier, that the (#natoms are at
the center of the molecular cluster.

In Figs. 5a) and 3b) are displayed the total electron den-
sity p(r) and the spin densitg,(r)—p (r), in a plane con-
taining two Mn(1) atoms of the cubane center and two (2n
(see Figs. 1 and 2 for visualizatiprin this plane the bonding
between Mii1) and Q1) in the cubane unit results in mix-
ture of the positive spin density of these atoms. In all other
cases, the Mn atoms attract to their vicinity spin density of
opposite sign from the neighboring oxygens. In Fig&) 6
and Gb) are shown the total density and spin density, respec-
tively, in a plane perpendicular to the symmetry axis and
containing two Mrl) and two Mr(2) (see Fig. 2 for better
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FIG. 3. (a Total valence (8+4s+4p) DOS of Mn(1) in

visualization. In this plane, the oxygen spin density in the Mn,,. Fermi level has been shifted to zero energy. Upper part of
vicinity of the spin density of the Mn atoms is always of figure is spin up DOS, lower part is spin dow(i) Total valence
opposite sign. From these maps it becomes clear why thed+4s+4p) DOS of Mn(2). (c) Total valence (8+4s+4p)
oxygen net magnetic moments are so small: they result frorOS of Mn(3). Contributions of 4 and 4p are very small.
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the combination of positive and negativep-Brhital spin
densities on each O atom. The reader must also keep in mind
that the plotting parameters utilized for the contour maps are
such that even very small densities in-between the Mn atoms
are representetsee captions of Figs. 5 and.6

B. Calculation of the Heisenberg exchange parametei

The Heisenberg exchange Hamiltonian is a convenient
representation of magnetic interactions between pairs of
ions, much used to fit experimental susceptibility and spec-
troscopic data. In favorable cases it is capable of giving an
accurate fit to energy differences between different spin
states of rather complex systems. Therefore, it is interesting
to calculate magnetic energy differences from first principles,
and then to project these energies onto the Heisenberg
scheme, in order to compare with experiment and also to
obtain a simple interpretation of the interactions. In Mn-O
systems, indirect superexchange interactions, mediated by
the polarized oxygen ligands, dominate the Mn-Mn spin cou-
pling; nevertheless, well-definetivalues for Mn-Mn pairs
were obtained from experimental susceptibilities for mol-
ecules containing small Mn-O groupsThe complexity of
the present molecule Mphas not allowed the determination
of J values from experimenit: therefore, it is useful to ex-
tract values for this parameter from first-principles calcula-
tions. By treating the M(l), Mn(2), and Mr(3) groups as
rigidly coupled spins we are able to extract the coupling
parametersl;, [for a Mn(1)-Mn(2) pair], J;5 [for a Mn(1)-
Mn(3) pair], andJ,; [for a Mn(2)-Mn(3) pair].

We briefly describe the magnetic transition Ste&tgrS)
procedure used here to calculate magnetic energy differences
from first principles. Details of Slater's transition state
schemé! and the derived MTS proceddfeare given in the
original references. By expanding the density-functional total
energy in powers of the orbital occupation numbers, one ob-
tains the basic equation

AE=3Anief +0O(AN%), (6)
where An; are differences between occupation number in
initial state and final state, anel are the TS eigenvalues,
obtained from a self-consistent-field calculation with occupa-
tion numbers midway between initial and final statef a
variety of applications the TS scheme has been found to give
a rather accurate account of electronic relaxation in the ex-
cited state, although, of course, it does not include geometric
relaxation of nuclear positions as formulated. The TS proce-
dure is highly useful in that it is alifferential procedure
capable of directly determining energy differences in a single
self-consistent calculation, without the need of subtracting
large (and numerically uncertajrtotal energies.

In the case of localized magnetic transitions, further
elaboration of the TS scheme is possible, since the chemical
state of the system hardly changes, and the character of the
changes in occupatiofin; are predetermined. We may now
specialize to the case of a spin flip at a defined atomicssite
gvith the rest of the system undisturbed. This flip requires an
amount of energ\AE, which is given by

AE=3(nfi—n{) (el —¢)). (7)
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(b)

FIG. 5. (a) Electron densityp(r) contours of Mn, in plane
containing molecular axis and including two Kn and two Mr(2)
(see Fig. 1 Contours are from 0.001 to 0.6/&3, with intervals
0.002/a3; from 0.01 to 0.08/a3 with intervals 0.0&/a3; from
0.05 to 0.12/a3 with intervals 0.02/a3; from 0.12 to 0.4/a3 with
intervals 0.08/a3. (b) Spin densityp,(r) —p,(r) contours of Mi,
in plane containing molecular axis and including two (#¥nand
two Mn(2) (see Fig. 1 Contours are from 0.0001 to 0.0ﬂhg,
with intervals 0.000¢/a3; from 0.001 to 0.0&/a3, with intervals
0.002/a3; from 0.01 to 0.&/a3, with intervals 0.02/a3; from
—0.1 to —0.0%/a3, with intervals 0.02/a3; from —0.01 to
—0.00%/a3, with intervals 0.00&/a3; from —0.001 to
—0.000%/a3, with intervals 0.000¢/a3. Full lines are positive
values.

Equation(7) follows from Eq.(6), with niA,, being the occu-
pancy at siteA of orbital (i) in theinitial state This equa-
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(b)

FIG. 6. (a) Electron densityp(r) contours of Mn, in plane
perpendicular to molecular axis and including two (¥nand two
Mn(2) (see Fig. 2 Contours are from 0.001 to 0.6m3, with
intervals 0.002/a3; from 0.01 to 0.08/a3 with intervals 0.0&/a3;
from 0.05 to 0.12/a3 with intervals 0.02/a3; from 0.12 to
0.4e/a with intervals 0.08/a3. (b) Spin densityp(r)—p,(r)
contours of MR, in plane perpendicular to molecular axis and in-
cluding two Mr(1) and two Mn(2) (see Fig. 2 Contours are from
0.0001 to 0.00&/a3, with intervals 0.000&/a3; from 0.001 to
0.0%e/a3, with intervals 0.00&/a3; from 0.01 to 0.%/a3, with in-
tervals 0.02/a3; from —0.1 to —0.0le/a3, with intervals
0.0%/a3; from —0.01 to —0.00%/a3, with intervals 0.00&/a3;
from —0.001 to— 0.000%/a3, with intervals 0.000&/a3. Full lines

tion permits a simple interpretation of the MTS and the reae positive values.

son for its numerical precision: In the MTS Hamiltonian, the

spin flip results in zero net spin on site (the “transition

state” between spin up and spin dowihus the magnetic

energy difference at sit& is due to “external” fields. If we

suppose that the orbital magnetic splitting is nearly constangnd the total-energy difference reduces to the classical result

then

(Si*L_si*T)E:U«BHO’ €)

AE=M"H, with



PRB 59 ELECTRONIC STRUCTURE, SPIN COUPLINGS, AN. .. 6933

TABLE Il. Ground-state magnetic moments, transition-state enthe self-consistent calculatiohds is a well-defined quantum

ergy splittings, and Heisenbedyparameters of Mp. number, while the total spi is undetermined. As is well
known, in both Hartree-Fock and DFT spin-polarized meth-
(NT=NP) (1~ 1)) ods there is a mixture of states wi§®Mg. In general, the
(Ground state, irug) (MTS, in eV) lower value ofS dominates and we simply tak&=|Mg| in
Mn(1) 1+3.056 1+0.2396 the following analysis. .
Mn(2) ~3.889 +0.0871 Let us denote b;(HA} the expectation value dﬂ ex-
Mn(3) 4039 4£0.0756 pressed in terms of the interaction of ion typA™‘with the
other two types, then the magnetic excitation energy for type
Heisenberg exchange paramet@msi *) “A’ is AEA=(HA)™—(H)*M. Here ferromagnetic
Jip -94.3 (FM) and antiferromagnetiCAFM) refer to the two extreme
Ji3 —-50.1 alignments of spins of typ&, with spin moments determined
Jos —-70.8 from the self-consistent-field calculations, for ground state

(AFM) and excited(FM, spin-flip) state. It is important to
note that, different from other workers, we hawat assumed
MA:(N/TL N?)MB, 9) for Mn the formal ionic spins of 3/2 and 2 in this procedure

A o _ S but have used the first-principles moments. Using the trivial

whereN,; is the total initial state population of spinin site  result (Sa-S)™—(Sp- Sp) ™M= 1/ (Sp+ Sg)(Sa+ S

A +1)—|Sa—Sg|(|Sa— S|+ 1)] we obtain three linear equa-

Operationally, the MTS self-consistent calculation is onetions for theJ;; :

for which in each cycle the exchange potential is set to zero

for site A. When the potgntlal of the' mqlecule st.ablllzes, a AE,= _Sle[SFM(SFM+1)_SAFM(SAFM+1)]112

small magnetic moment is left oy which is exclusively the

result of the polarization induced by the moments on the —163;d SM(SM+1) - SAM(SAM 1 1)1, 5,
other sites. For the present complex system, direct applica-

tion of Eq.(7) is cumbersome due to the difficulty in identi- AE,=—8J.J SPM(SFM4 1) — SAFM(GAFM 4 ¢

fying each level in the ground state with its counterpart in the 2 1 S ) ( Mz
MTS, amidst the dense mass of valence levels. Further sim- — 161, SM(SM+1) - SAM(SAM 1 1), 5,

plification reduces Eq(7) to
AE;=—8J1 SM(S™M+1) - S*M(S M+ 1)], 4

_ 16]23[ SFM(SFM+ 1) _ SAFM(sAFM+ 1)]2’3

AE=(NT=N})(ex, —eR)), (10

in which &}, is the center or average energy of the spin
“pand” in the MTS calculation. Projected density of states 12
(PDOS diagrams are extremely useful in identifying the rel- ] ] ] ]

evant magnetic orbitals amidst the sea of valence states. THI the notation of Ref. 11);,is J;, Ji3is J5, andJpzis Ja).

four Mn ions of each magnetic type in fact generateca 3 Subscripts on the square brac_kets denote pairs of spin types
PDOS of significant width, consisting of a “crystal field” 1, 2, and 3, and FMAFM) indicates paralle(antiparalle]

band of width~1.5 eV, bonding structure spread over thecombmatlons of the given spin pairs. Multiplication factors 8
oxygen valence band of width6 eV, and unoccupied anti- and 16 derive from the fact that ea(_:h of the four (¥nhas
bonding structure extending well aboe . The occupation ©ne Mn2) and two M(3) nearest neighbors, and N2) has
numbers in the MTS equation serve to exclude all states V0 Mn(3) (see Ref. 11 for schematjcsThe values of] are
which both spins are initially occupied, or both spins arethen obtained by combining Eqel0) and(12) for each type
initially unoccupied. The result is that the exchange-split?f Mn. The calculated values df;, given in Table Il, are
crystal-field states which brackEt are the only ones which within the range of experimentally fltteq values for other
contribute toAE. We have thus calculated the band center oSmalley Mn-O molecules. Effects of varying the computa-
average energy of the spin| crystal-field bands to define a tional p_rocedure, such as the manner of _detgrmmmg the
single (averagg magnetic energy difference. These energieé“agnet'c band-average energy, and uncertainty in position of

are reported in Table II, along with the ground-state mo-F€rmi energy due to basis set choice, integration mesh of
mentsNA— NA self-consistent field calculations, choice of exchange-

é:orrelation potential, etc. have been considered. We estimate

Next we briefly describe the method used to determin ; . .
0,
3, which is similar to that used by other authors in theoret.@n overall uncertainty ot 20% inJ values, which would not

ical calculations for smaller Mn-O moleculd® in which  alter the sig(all interactions are<0; i.e., AFM in naturg.

linear equations are developed to fit to calculated magneti%: Thedr(ilatlv_e maghr)ltrL]Jdes of ghetpz;urvwse exsgeh%nge mtIT:rac-
energy differences. Taking the definition lons determineé which ground state 1s pre nee a

three values ofl are negative, the spins of Mn in different
H=-2%,_,3;S"S, (12) groups would tend to be paired; howevgr, sin.ce the moI_ecu—
lar geometry does not allow such configurations, consider-
we consider the setd), (2), and(3) each containing four Mn able spin frustration is generated. Due to symmetry con-
with spins rigidly coupled ferromagnetically among them- straints, as mentioned above, we could not obtain the
selves. By considering spin orientatiohbs= = S sufficient  coupling parametei,; for Mn(1)-Mn(1), which may also be
state energies can be obtained to determinelthalues. In  expected to be negative and, as such, induce more frustation
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FIG. 8. Fe atoms in Fg0z(OH)4(O,CPh 5. Dark shade spheres
FIG. 7. Representation of Fe-O core of, f@(OH)s(O,CPh ;s are atoms with positive spin, light shade are negative spin.
Larger spheres represent Fe, smaller spheres represent O.
crystalline form) were used in the present calculations.

in the coupling of Mii1) with Mn(2) and Mr(3). Neglect of In Fig. 7 is depicted the Fe-O core of the moleculg,Fe
J;; will have induced further error in the solution of the which was stripped of all organic ligands to render the cal-
coupled equations. culations feasible. The organic ligands were substituted by

The J values calculated here reflect the superexchangbydrogen, a procedure known as “hydrogen saturation;” this
interactions mediated by the oxygens. Another type of magassures that the valence capacity of the O atoms will be
netic interaction may be considered between ®n@/2) fullfilled. Magnetic and Mesbauer studié¥indicate strong
and MnS=2), that is, between M) and Mn(2,3), usually ~ coupling of the spins within each molecule, which may thus
known as “double exchange” which would induce ferro- be viewed as a nanoscale magnet, and antiferromagnetic
magnetic coupling? However, the chemical environment of alignment of the magnetic moments, for which layers of
the Mn groups are different and this results in somespin-up and spin-down Fe atoms is a reasonable model, as
“quenching” of this effect. represented in Fig. 8. There are three crystallographically

different Fe sites in the molecule, here denomindiEsl in
IV. THE Ee OXO-HYDROXO AGGREGATE Ref._ 20 A (the two atoms gt the top and bottom _of the cluster
Fey,05(0H)s(0,CPh), in Fig. 8, dark shade B (six outermost atoms, light shagle
and C (three innermost atoms, dark shad€he convention

As cited previously, the structure of fFéhas been deter- we adopted assigns positive spins for fhandC layers, and
mined by x-ray diffractior?° the experimentally obtained negative forB.
atomic coordinates reported in the literatyreombohedral In Table IIl are given the populations, charges and mag-

TABLE 1. Mulliken populations, charges and magnetic moments of,FE€harges are defined #&
minus total population whereZ is atomic number. Magnetic moment is defined as total population of spin
up minus total population of spin down. Small differences from atomic valuesd@n8 3o, included in
basis, are not given here.

Populations
Spin T Spin | SpinT+Spin| SpinT—Spin|
Fe(A) 3d 4.873 0.865 5.738 4.008
4s 0.006 0.004 0.010 0.002
4p 0.008 0.005 0.013 0.003
Fe(B) 3d 1.204 4.715 5.919 —3.511
4s 0.033 0.071 0.103 —0.038
4p 0.037 0.058 0.095 —0.021
Fe(C) 3d 4.778 1.359 6.136 3.419
4s 0.072 0.044 0.116 0.028
4p 0.050 0.040 0.090 0.010
Charge Magnetic momenijuig)
Fe(A) 2.25 4.013
Fe(®B) 1.67 —3.570

Fe(C) 1.90 3.457
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netic moments of the Fe atoms. The dnd 4p populations 22—
are quite small, specially for Fe typ®e The charges found
are smaller than the formal value3, and the magnetic mo-
ments have values lower than the(He ion with formal
configuration 81°4s°. In Figs. 9a), 9(b), and 9c) are dis-
played the total valence DOS diagrartonstituted almost
totally of 3d) projected onto Fe site&, B, andC. Consider-
able structure is seen in the DOS, which is more pronounced
for sitesA andB, indicating strong admixture with the oxy-
gen 2 wave functions.

Mossbauer hyperfine paramet@mnay be calculated with
the self-consistent densities obtained with the DV metHod.
The isomer shifi(lS) measured by Mssbauer spectroscopy
is defined as

Fe(A) TDOS(states/atom spin eV)

1S=2/3e*7ZS (Z)A{r®[pa(0)—ps(0)], (13

whereA(r?) is the variation of the mean-square radius of the
nucleus between the excited and ground states of thesMo (@
bauer transitionS’(Z) is a correction for relativistic effects
and the term in brackets is the difference between the elec-
tron density at the nucleus in the absorBeand sources. In
a nonrelativistic approximation, only orbitals containing
Fe-s states contribute t@(0). For °Fe, a correlation be-
tweenp(0)(3s+4s) and IS values for free atom and ions
gave 1S= —0.22&(0)+ 33.638, with IS in mm/s and(0) in
atomic units>®

The quadrupole splittingQS) of the excited state of the
14.4 keV transition of’Fe is given by

QS=1/2eV, Q(1+ 7?/3)Y2 (19

where Q is the quadrupole moment of the nucleus in the
excited statel(=3/2) of the Masbauer transitiorl/,, is the
electric-field gradient andy is the asymmetry parameter,
which is zero for axial symmetry. The components of the .
electric-field gradient tensor are calculated from the self- 6
consistent molecular density by (b) Energy (V)

Fe(B) TDOS(states/atom spin eV)

Vii = _efp(r)(‘?’xixj_ 5ijr2)/r5du
+qug(sxqixqj_5ijr§)/l’g. (15)

The first term is the valence electronic contribution and the
second term is the contribution of the surrounding nuclei of
the cluster or molecular atoms, with effective chargga
equal to the number of protons minus the number of core
electrons. After diagonalization, necessary in the absence of
axial symmetry, the electric-field gradient is defined by the
convention

Fe(C) TDOS(states/atom spin eV)

|sz| > |Vyy| = |Vxx| (16)

with asymmetry-parameten=(V,x—V,,)/V,,. The value
of Q employed was 0.1§ obtained from combination of
first-principles band-structure calculations and experiment in
solids?’

The contact or Fermi componeHi. of the magnetic hy-
perfine fieldHg, which is usually the dominant component,
is given by

(©

FIG. 9. (a) Total valence (8+4s+4p) density of states
(TDOS) of Fe(A) in Fey. Fermi level has been shifted to zero
H.=(8/3 0)—p,(0)], 1 energy. Upper part of figure is spin up TDOS, lower part is spin
e=( )W'LLB[pT( ) pl( )] (17 down. (b) Total valence (8+4s+4p) density of state§TDOS) of
where ug is the Bohr magneton and the term in brackets isFeB). (c) Total valence (8+ 4s+4p) density of state¢§TDOS) of
the spin density at the nucleus. Fe(C). Contributions of 4 and 4p are small.
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TABLE IV. Calculated and experimental hyperfine parameters f.Fe

IS (mm/3 QS (mm/g°® H, (kOe)
Calc. Expt? Calc. Expt? Calc. Expt2
Fe(A) 0.66 0.53 —-0.77 0.49 —668
Fe(B) 0.45 0.46 —0.82 0.87 +505 430
Fe(C) 0.71 0.51 —-1.32 1.10 —400

3 rom Ref. 20; the signs of QS ar}. were not determined.
bvalue of Q=0.16b from Ref. 37.

In Table IV the calculated hyperfine parameters are disthe range of experimentally derived values for smaller Mn-O
played, along with the experimental valif@sThe IS values molecules.
compare reasonably well with experiment. The quadrupole Calculations for the nanoscale molecular aggregatge Fe
splittings are found to be all negatiythe sign was not de- within an AFM configuration revealed charges -of-2 on
termined experimentallyand the magnitudes are in good the Fe ions, smaller than the formal charg®. Magnetic
accord with the measured values. The magnitudes of the calhoments found are 4.0 for Fe(A), —3.57ug for Fe(B),
culated hyperfine fields on Fe sitésandB are higher than and 3.46.5 for Fe(C), far from the conventional g of
the average value 430 kOe found experimentally, for whichFg(lll) ions. Density of states diagrams reveal considerable
no sign was determined but may be expected to be negativaixture of the Fe valence functiorimainly 3d) with the O
for a positive Fe moment. 2p. Calculated hyperfine parameters agree reasonably well

with experimental values.
V. CONCLUSIONS
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