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Molecular Magnets | Bruce Harmon, Chairman

Electronic-structure-based investigation of magnetism in the Fe 8
molecular magnet

Mark R. Pederson®
Center for Computational Materials Science, Code 6390, Naval Research Laboratory, Washington,
DC 20375-5000

Jens Kortus
Max-Planck-Institut fu Festkaperforschung, Heisenbergstr. 1, D-70569 Stuttgart, Germany

S. N. Khanna
Department of Physics, Virginia Commonwealth University, Richmond, Virginia 23284-2000

We have performed density-functional-based electronic structure calculations on a siggle Fe
molecular nanomagnet. Our calculated total moments and local moments are in excellent agreement
with experiment. By including spin—orbit coupling we determine the easy, medium, and hard axes
and find the ordering of the principle axes also agrees with experiment. From our calculated
anisotropy Hamiltonian, we calculate the oscillations in the tunnel splittings and compare to the
experimental results. @002 American Institute of Physic§DOI: 10.1063/1.1450786

Recent experiments on molecular magnetic clust@rs mentioned tunneling resonances, arises because of spin—orbit
have revealed the phenomena of quantum tunneling of magoupling and other relativistic terms. For over a decade, it
netization. For systems with a second-order anisotropyias been recognized that the calculation of magnetic
Hamiltonian [e.g., W= —DS;+E(S;—S{)] there are two anisotropies are, in principle, possible within density-
types of experiments that can be performed. In the first exfunctional theory(DFT)!*® and many researchers have per-
periment, which is primarily applicable to systems that areformed such calculations on solids and filli$®roblems as-
exactly or approximately uniaxide.g.,D>E) with an easy sociated with the accurate density-functional-based
axis (D>0), a magnetic field is applied parallel to the easydetermination of MAE in the solid state have been identified
axis (B,) and states of differeri¥l on opposite sides of the and the role of incomplete orbital polarization has been
barrier are brought into resonance allowing for tunnelingshown to be one issue related to inaccuracies in the solid.
mechanisms. This experiment allows for the direct measure- The electronic and magnetic structure of the
ment ofD since the resonance conditions correspond to magMn,,—acetate molecule has recently been determined within
netic fields which are an integer multiplied Byand funda-  the framework of DFE#*3The resulting electronic structure
mental constants. For nonuniaxial systems, which can alwayshowed an insulating behavior and all magnetic properties
be described bp >0 andE non-negligible, Garg has shown were in reasonable agreement with experiment. In particular,
that a second experiment allows for the measurement dhe total moment, ferrimagnetic ordering, and second-order
[2E(D+E)]*2.2 In this experiment, the anisotropy Hamil- anisotropy parameter matched the experimental data quite
tonian splits the 3+ 1 states intdS two-fold and one non- well. The good agreement for the case of Mmay be rela-
degenerate states. Upon application of a magnetic field alontively unsurprising since the on-site filling of Mnd3} states
the hard axis B,) the pairs of two-fold states cross with a is determined entirely by strong covalent bonding to neigh-
frequency proportional t¢2E(D +E)]*2 which again al- boring ligands or to strong Jahn—Teller distortions. In this
lows for tunneling mechanisms to occur when the resonanceork, we describe recent efforts at deriving the same prop-
condition is satisfied. The Mp—acetate molecule with a mo- erties for the Fg molecule and compare our results to ex-
lecular formula MR,O;5(OOCCH;)14(H,0), is a well stud-  periment.
ied system which fits into the first categomg.g.,D>0 and The DFT calculation discussed herein were performed
E=0).1"2 The octanuclear iron(lll) oxo-hydroxo cluster with the all-electron Gaussian-orbital-basedRLMOL
(Fe;)*~% is another molecular magnet which allows for the program®® All calculations employed the Perdew—Burke—
observation of the second type of tunneling mechanism. Ernzerhof generalized-gradient approximation for the density

As pointed out earlier by van Vleckthe magnetic an- functional'® NRLMOL combines large Gaussian-orbital-basis
isotropy Hamiltonian, which ultimately controls the afore- sets, numerically precise variational integration, and an ana-
lytic solution of Poisson’s equation in order to accurately
dAuthor to whom all correspondence should be addressed; electronic maigetermine the self-consistent potentials, secular matrix, total
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FIG. 2. Total and projected density of states for the fluorinatgdcBmplex
near the Fermi level as calculated within GGA. The hajpid#tates appear at
the Fermi level.

FIG. 1. Optimized geometry and spin configuration of thg Elester. The
large balls show isosurfaces of the spin density+d.08/a.us. Arrows
represent the ferrimagnetic spin ordering in the cluster. On top and bottom,

a fluorine atom can be seen, which also has small spin polarization. In order to make the problem computationally tractable,
we have adopted an isolatedgFgeometry with theD, sym-
metry plus inversion, and replaced the Br anions by F anions.
This leads to a 186 atom fFeomplex with 50 inequivalent

ponents for the single Gaussians have been fully optimizedtoms. In the actual crystal, the halide ions break this sym-

for DFT calculations® The basis set for the fluorinated clus- metry. The magnetic core with iron and the oxo-hydroxo
ter consisted of a total of 1466 contracted orbitals while thebridges is unchanged by our chosen symmetry operations.
basis set for the brominated cluster consisted of a total of The results of our calculation(ig. 1) confirm that there

1562 contracted orbitals. Basis sets are available upon rere two minority spin iron atoms and six majority spin iron

quest. Using x-ray data deposited at the Cambridge Crystaktoms, all of which carry a local moments of approximate

lographic Data Centét we generated the Fecluster. For 5 ug. We find a total spin moment of 205 . The density of
these calculations, we follow the same method used in Refktates for the Recomplex is summarized in Fig. 2. We have

12 to start our calculations with overlapping atomic poten-used a Fermi function with an electronic temperature of

tials. To further allow for the possibility of spin ordering, we 0.001 a.u. for the occupation of states near the Fermi level.

add to this potential an empirical starting potential which  The larger spheres in Fig. 1 are isosurfaces of the spin
favors the spin ordering shown in Fig. 1. After the first itera-density showing that we indeed obtain the same magnetic
tion, this potential is removed and all the electronic and spirordering observed in experiment by Pontillenal?* How-
degrees of freedom are optimized variationally. ever some degree of spin polarization is visible in the region
The structure of the Recluster is shown in Fig. 1. The of the nominally closed-shell fluorine atoms. The minor po-
approximateD , symmetry observed in the molecdfis for-  larization of the halide anions may be quenched in the solid
mally broken by the presence of halide atoms and waters dfy a variety of interactions which include additional Made-
crystallization. The central iron atoms are connected by oxolung stabilization or polarization due to the inclusion of the
hydroxo bridges to the four outer iron ions. The large spherewaters of solvation. Alternatively, additional interactions
show the iron Féll) ions with ad® electron configuration. which may be improperly accounted for within the existing

The ferrimagnetic coupling of spins between the eight Feapproximations to the DFT could be needed. A more detailed

atoms results in a=10 spin ground staf® and is illus-  discussion will appear elsewhere. The recent experiments by

trated by arrows inside the spheres in Fig. 1. The organi®ontillonet al?* confirm not only the ferrimagnetic ordering
tacn rings are very important for stabilizing the magnetic but find smaller local moments on the two minority-spin iron
core of the molecule because the three pairs of nitrogen damtoms than on the six majority-spin iron atoms. In order to
gling bonds complete a quasi-six-fold environment for the Feascertain changes in the local moments as a function of atom
atoms. Further, theacnrings separate the felusters inthe type, we placed a sphere of 1.32 A around each iron, and
crystal, resulting in negligible intermolecular dipole fields calculated the net moment inside each sphere. For the two
which are typically on the order of 0.05%TThe resulting iron atoms with minority spins, we obtain a moment of
formal charge states are nominally®fe (OH) 'O 2, and —3.6ug, Whereas the majority-spin irons have moments
tacn® leading to a molecule with an overall formal charge 3.8 ug and 3.9ug Which is in qualitative accord with experi-
state of +8 which may then be compensated by the eightment. The plot of the spin density also confirms the correct
negatively charged halide ions spin polarization of the irons by showing a spherical spin
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density around the Fe as expected for a closed-shadlec- This work was supported in part by ONR Grant Nos.
tron configuration. N0001498 WX20709 and N0O001400WX2011. Computations

To further address the experiments on this molecule, wavere performed at the DoD Major Shared Resource Centers.
have used a variant of the methodology discussed in Ref. 12
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