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Properties of low-lying excited manifolds in Mn12 acetate
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Most experimental properties of the single-molecule magnet Mn12 acetate have been successfully explained
by the assumption that Mn12 acetate has an effective ground-state spin ofS510. However, the effect of the
low-lying excited manifolds caused by interactions between Mn spins has not been well understood. To
investigate the features of the low-lying excited manifolds, the intramolecular exchange interactions are cal-
culated using density-functional theory~DFT!. With the calculated exchange parameters, the energy gap
between theS510 ground state and the first-excited-state manifold is calculated by diagonalization of the
Heisenberg Hamiltonian. The upper limit on the energy gap is about 40.5 K which is likely to be overestimated
due to an incomplete treatment of the Coulomb potential within DFT. It is found that there are severalS59
low-energy excited-state manifolds above theS510 ground-state manifold. The magnetic anisotropy barriers
for the low-lying spin excitations are calculated using DFT. Based on the calculations, it is found that the
anisotropy barriers for the low-lying excited manifolds are approximately the same as that for the ground-state
manifold.
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I. INTRODUCTION

Single-molecule magnets~SMM’s! have been extensivel
studied for the past decade because of both scientific
practical reasons: macroscopic quantum phenome1

and possible utilization as magnetic storage devices.2 A
prototype of the SMM’s is@Mn12O12(CH3COO)16(H2O)4#
•2(CH3COOH)•4(H2O) ~hereafter Mn12),

3 which is a
three-dimensional array of identicalS510 molecules. Very
recently, derivatized Mn12-type molecules were successful
deposited on a gold film,4 which further enhances the pro
pects for storing magnetic information in a single molecu
A single molecule of Mn12 has four ferromagnetically
coupled Mn41 ions (S53/2) in the cubane and eight ferro
magnetically coupled Mn31 ions (S52) in the crown as
schematically shown in Fig. 1. In the ground state, the m
netic moments of the eight Mn31 ions are antiparallel to
those of the four Mn41 ions which leads to a total spin o
S510.

So far many interesting features of the SMM Mn12 such
as magnetization steps in the hysteresis loops,5,6 electron
paramagnetic resonance~EPR! transitions,7,8 and low-energy
excitations in inelastic neutron scattering9–11 have been well
understood by considering each molecule as an object
an effective spin ofS510. However, magnetic susceptibilit
measurements12–14 have demonstrated that some experim
tal data are not consistent with theS510 single-spin picture
and suggest that the first excited-state manifold may be
cated at 35–40 K above theS510 ground-state manifold
which lies within the energy barrier to magnetization rever
of 65 K in zero field. Since the first-excited-state manifo
overlaps with the ground-state manifold above 35–40 K,
internal many-spin structure within a molecule should
included to explain the high-energy experimental data. T
dimension of the Hilbert space of this SMM is so large tha
simplified eight-spin model with strong Dzyaloshinsk
Morya interaction was first proposed to include many-s
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effects by dimerizing two strongly bonded Mn spins.15 Al-
though this eight-spin model explained some experime
data, it was limited to features below 50 K. At higher tem
peratures the dimerization scheme breaks down. Later
twelve Mn spins were included in the Heisenberg Ham
tonian and excited-state manifolds were clarified by dia
nalization of the Hamiltonian within the constraint of a fixe
energy gap~35 K! between the first excited-state and t
ground-state manifold.16,17 Nonetheless, there is still a bi
controversy over the energy gap between the first-exci
state and the ground-state manifold, and there has been
exploration of high-energy features caused by many-spin

FIG. 1. Schematic diagram of the exchange interactions with
single molecule for the SMM Mn12. The empty circles denote
Mn41 ions, the filled circles denote Mn31 ions, and each Mn ion is
numerically labeled. The bond length between spin 1 and 9
shorter than that between spin 1 and 6. The thick solid lines
for J1, the thick dashed lines are forJ2, the thin solid lines in the
inner cubane are forJ3, and the thin solid lines in the outer crow
are forJ4.
©2004 The American Physical Society16-1
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TABLE I. Here Ms562c denotesMs56, whereMs is an eigenvalue of the total spin operator projected along the easy axis an
is attached to distinguish between different types ofMs56 states. From the second column, shown are flipped spins to create low-e
spin excitations relative to theS510 ground-state labeled in Fig. 1, Ising energy expressions, DFT-calculated energies relative to the
state,DE ~in units of eV!, the energy differences between DFT results and least-square-fit~LSF!, EDFT2ELSF, and the magnetic anisotrop
barriers~MAE! ~in units of Kelvin!.

Ms Flipped spins Ising energy DE(eV) EDFT2ELSF (eV) MAE ~K!

10 E0224J1248J2127J3164J4 0 20.0049 54.1
6-c 9 E0212J1248J2127J3132J4 0.0352 20.0064 54.8
9-b 1, 9 E0224J1224J2136J4 0.0598 20.0134 54.5
6-b 5 E0224J1224J2127J3132J4 0.0780 0.0095 55.2
5-b 1, 5, 9 E0224J1224J2132J4 0.0902 0.0171 54.8
5-a 1, 7, 9 E0224J1 0.1328 20.0045 55.4
8-b 1, 4, 5, 9 E0212J1224J229J3136J4 0.1361 0.0014 54.1
8 1, 4, 9, 12 E0224J129J3 0.1377 20.0012 54.9
9-c 4, 5 E0212J1224J2136J4 0.1445 0.0114 54.9
13 1 E0212J1224J2164J4 0.1496 20.0064 53.6
8-c 1, 8, 9 E0212J129J3 0.1929 20.0057 54.8
9-d 4, 9 E0224J2132J4 0.1955 0.0027 55.0
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fects. Here ‘‘high energy’’ means low-lying excited man
folds above theS510 ground-state manifold. Recent hig
energy inelastic neutron-scattering measurements exhibit
broad anomalous peak at 10 K, which may have a magn
origin ~not due to phonons! and could not be rationalized b
the S510 single-spin picture because the first allowed pe
within a single-spin picture is about 14 K.9 Additionally,
there have been many attempts to determine the signs
magnitudes of the exchange couplings between Mn i
from different approaches16–19 but no consensus has arise

To resolve the above issues, we calculate the energy
and examine properties of the low-energy excited manifo
using density-functional theory~DFT!. In Secs. II and III, we
present our DFT method and calculations of the excha
interactions between Mn spins. Our calculated values
compared with those from other groups.16–19 In Sec. IV, we
discuss excited-state manifolds and energy gaps between
ferent manifolds. These are obtained by diagonalization
Heisenberg exchange Hamiltonian with our calculated
change constants using the Lanczos method.20,21 In Sec. V,
we present the magnetic anisotropy barriers for the lo
energy excited manifolds and compare to that of the grou
state manifold. In Sec. VI, we present our conclusions.

II. DFT CALCULATIONS

Our DFT calculations22 are performed with spin-polarize
all-electron Gaussian-orbital-based Naval Research Lab
tory Molecular Orbital Library~NRLMOL! ~Ref. 23! which
is ideal for studying a single molecule. Here we use
Perdew-Burke-Ernzerhof~PBE! generalized-gradient ap
proximation ~GGA! in the exchange-correlation potential.24

Since the SMM Mn12 has fourfold symmetry for fully sym-
metrized calculations the total number of inequivalent ato
to consider is reduced to 176/4544. To save geometry
optimization time without losing interesting physical prope
ties, the following simplified form of the SMM Mn12 is used:
@Mn12O12(HCOO)16(H2O)4#. Molecules of crystallization
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(4H2O and two acetic acids! are not included, and 16 ac
etates, CH3COO, are replaced by 16 formates, HCOO. T
zero-field total anisotropy barrier for theS510 ground-state
manifold does not change much within this simplificatio
The total magnetic moment for the ground state was c
firmed to be 20mB , which is in good agreement with exper
ment and it is stable. Details of the optimization schemes
electronic properties of the optimized geometry for t
ground state were discussed elsewhere.25 Hereafter, unless
specified, our calculations have been carried out for
above simplified form.

III. INTRAMOLECULAR EXCHANGE INTERACTIONS

The fourfold symmetry and the geometry of a single Mn12
molecule indicate that there are three symmetrically
equivalent Mn sites and four different exchange interactio
between Mn spins as shown in Fig. 1. To calculate the
change constants using DFT, it is assumed that the magn
moments of all Mn ions are aligned along a particular dire
tion ~collinear!. Eleven distinctive spin configurations ar
constructed by reversing magnetic moments of a few
ions simultaneously from theS510 ground state~see Table
I!. For example, anMs59 state (Ms is an eigenvalue of the
total spin operatorSprojected along the particular direction!
can be built by flipping both one Mn spin in the cubane a
another Mn spin in the crown within theS510 ground state:
Ms523/23(321)123(721)59. There are severa
ways to constructMs59 states with collinear spins that ar
labeled as 9-b, 9-c, and 9-d in Table I. None of the examin
collinear spin configurations are eigenstates ofS2. Mean-
field calculations are not directly applicable to optimizin
excited states such asuS59,Ms59& in Mn12, because those
eigenstates are represented by linear combinations of m
single Slater determinants. The geometries for the distinc
spin configurations are taken to be the same as that for
ground state except for the proper spin arrangements.
6-2
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PROPERTIES OF LOW-LYING EXCITED MANIFOLDS . . . PHYSICAL REVIEW B 69, 014416 ~2004!
confirmed that a slightly different initial geometry for th
collinear spin configurations does not significantly alter o
calculated values of the exchange constants. Since four
symmetry is broken for the spin configurations consider
unsymmetrized calculations are required with a total num
of 100 atoms. The energies of the spin configurations
self-consistently minimized with a small basis set and fi
mesh.26 Our calculations show that the minimized energ
range from 0.04 eV to 0.2 eV above the ground-state fe
magnetic structure. From Ref. 25 it is known that for theS
510 ground state the lowest electronic excitation is a ma
ity spin excitation between theeg levels in Mn(3d) states,
which is about 0.44 eV@majority lowest unoccupied molecu
lar orbital–highest occupied molecular orbital~LUMO-
HOMO! gap#,27 and that the energy gap between minor
LUMO and majority HOMO is;0.89 eV. Comparison o
the minimized energies to the LUMO-HOMO gaps indica
that these different spin configurations are lower-energy
citations than those obtained by moving an electron from
majority HOMO to the unoccupied majority~or minority!
orbital. Thus they will be called low-energy spin excitation
There are twelve equations to solve for five unknowns~the
background energyE0, four exchange constantsJ1 , J2 , J3,
andJ4) so a least-square-fit~LSF! method28 is used.

Our calculated values ofJ’s are shown in Table II in
comparison with results of other groups. When the mi
mized energies of the low-energy spin excitations are re
culated using the calculated values ofJ’s, it is found that
they are in good agreement with the DFT-calculated ener
as indicated in Table I. Let us briefly review the essence
the different approaches used by different groups. In Ref
the value ofJ1 was first determined from the experiment
data, and thenJ2 andJ3 were varied with the fixed value o
J450 to reproduce theS510 ground state. In Ref. 16 th
values ofJ’s were slightly varied from the previously re
ported values18 using diagonalization of Heisenberg e
change Hamiltonian to provide theS510 ground state and
the energy gap of 35 K between the ground state and thS
59 first-excited-state manifold. In Ref. 17 the exchange
rameters were obtained to reproduce their megagauss ex
mental data with a constraint of the energy gap of 35 K.
Ref. 19 the LDA1U method was used to include electro
correlations between Mn ions, and the values of the in
atomic Hund’s exchange parameterJ and the average Cou
lomb parameterU were determined to obtain the corre

TABLE II. Comparison of our DFT-calculated intramolecula
exchange couplings with those from LDA1U calculations~Ref.
19!, diagonalization of the Heisenberg model~Refs. 16 and 17! and
experimental results~Ref. 18! in units of Kelvin. A positive sign
denotes an antiferromagnetic coupling.

DFT
LDA1U
@Ref. 19# Ref. 17 Ref. 16

Expt.
@Ref. 18#

J1 115 94 119 430 432
J2 84 52 118 170 173
J3 24 60 28 170 166
J4 17 14 23 2129 0
01441
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magnetic moment for theS510 ground state. Then the ex
change constants were calculated from the values ofJ andU.
Our calculations show that the coupling between one
spin in the cubane and another Mn spin in the crown clos
to the Mn spin in the cubaneJ1 is confirmed to be the stron
gest antiferromagnetic coupling, although its absolute m
nitude does not agree among different groups. Our calcula
value of J1 agrees somewhat with those from Refs. 19 a
17. The antiferromagnetic coupling between a Mn spin in
cubane and the other type of Mn spin in the crownJ2 is
confirmed to be weaker thanJ1. But the ratio ofJ2 to J1
does not agree among different groups. Our value ofJ2 is
between the values obtained from Refs. 19 and 17. The c
pling between Mn spins in the cubaneJ3 turns out to be the
weakest and is ferromagnetic. The coupling between
spins in the crownJ4 is weakly antiferromagnetic. Overal
the DFT calculated values are closest to the results obta
from Ref. 17, and they are 20–40 % larger than those fr
the LDA1U method except for the weakestJ3. However,
they are significantly smaller than the other two repor
results from Refs. 16 and 18. Our calculated values ofJ’s
may be overestimated compared to experimental data for
following reasons. It has been found from other SMM’s su
as Mn4 @Ref. 29# and V15 @Ref. 30# that the DFT-calculated
exchange interactions were overestimated by a factor o
and 3 compared to the experimental data, respectively.31,32

These overestimated exchange interactions are due to the
that the PBE generalized-gradient approximation does
fully treat self-interaction corrections of the localizedd states
in the Coulomb potential. Self-interactions cause 3d elec-
trons slightly more diffusive resulting in an overestimation
exchange interactions. Proper treatment of the electron
relations in Mn atoms may improve our DFT calculations
the exchange interactions. This is supported by the fact
the LDA1U method produces 20–40 % smaller exchan
interactions than our DFT calculations and that the excha
interactions decrease with increasingU in the LDA1U
method.19 The assumption that all Mn spins are collinear
valid as long as the local magnetic anisotropy of the Mn s
is much smaller than the low-energy collinear spin exci
tions. The Mn ions in the outer crown have local magne
easy axes canted from thez axis and local anisotropy barrier
of 10 K. The Mn ions in the inner cubane have local ea
axes in thexy plane and local anisotropy barriers of 1 K. Th
energy of the lowest collinear spin-excitation is 408 K. Thu
the anisotropy does not compete with the spin configurati
predicted by low-energy collinear spin excitations. Nonc
linear ordering would provide modest refinements on the
change constants.

IV. HEISENBERG EXCHANGE HAMILTONIAN

To calculate the energy gap between the ground state
the first-excited manifold, we use the following isotrop
~i.e., no anisotropy! Heisenberg exchange Hamiltonian

H5(
i , j

Ji j SW i•SW j , ~1!
6-3



n

a

in

rg
f a

ith

if
en

2

2
l

gy
r
ed

e

-
ay

sons
ced
alf.
de

are
d by
ol-
it-
-
the
sed
r-

s
o-
e

o-

PARK, PEDERSON, AND HELLBERG PHYSICAL REVIEW B69, 014416 ~2004!
where the sum runs over all pairs connected by the excha
interactions and the values of the coupling constantsJi j la-
beled in Fig. 1 are in Table II. The total Hamiltonian is
1083108 matrix. Using the fact thatMs is a good quantum
number, we classify the total number of the 108 states into 45
different constantMs states such asMs5622, 621,
620, . . . , 610, 69, . . . , 61,0. Since we are interested
low-lying excited manifolds, we examineMs5212, Ms5
211, Ms5210, Ms529, andMs528 states only. If the
S510 manifold is the ground state, then the lowest-ene
eigenstate of the exchange Hamiltonian with a basis set o
Ms5210 states corresponds touS510,Ms5210&. Addi-
tionally the lowest-energy eigenstate of the Hamiltonian w
a basis set of allMs529 states corresponds touS510,Ms
529& and it should have the same energy asuS510,Ms5
210&. The eigenstates with the sameSmust be degenerate
they belong to the same manifold. The first-excited eig
state of the Hamiltonian with the basis set of allMs529
states corresponds touS59,Ms529& if the S59 manifold
is the first-excited manifold above theS510 ground state.
There are a total number of 269 148Ms512 states, 484 144
Ms5211 states, 817 176Ms5210 states, and 1 299 63
Ms529 states, 1 954 108Ms528 states.

We diagonalize the full Hamiltonian matrices for theMs
5212, Ms5211, Ms5210, Ms529, and Ms528
states using the Lanczos method.20,21 A few calculated low-
lying energy eigenvalues are shown in Table III and Fig.
The lowest energy for theMs5210 states is identica
to those for theMs529 and Ms528 states, but it is
much lower than the lowest energies for theMs5211 and
Ms5212 states. The lowest energies for theMs,212
states will increase with increasinguMsu. This indicates that
the ground state hasS510. Next higher energies are from
the Ms529 andMs528 states. The three excited ener
eigenvalues for theMs529 states coincide with those fo
the Ms528 states which are much lower than the excit
energies for theMs5210, Ms5211, andMs5212 states.
This suggests that the three excited states for theMs529

TABLE III. Several lowest-energy eigenvalues of the Hamilt
nians for a total number ofN Ms5212, Ms5211, Ms5210,
Ms529, andMs528 states.

Ms N Energy~K!

212 269148 22574.2988
211 484144 23034.6061

22926.5083
210 817176 23464.9569

23034.6061
29 1299632 23464.9569

23424.4283
23417.4348
23384.2171

28 1954108 23464.9569
23424.4283
23417.4348
23384.2171
01441
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(Ms528) states belong toS59 manifolds. So the first-
excited-state manifold hasS59 located at 40.5 K above th
S510 ground state, and there are two moreS59 excited
manifolds located at 7 K and 40 K above theS59 first-
excited manifold~Fig. 2!. Our calculated values of the en
ergy gaps are upper limits because DFT calculations m
overestimate the exchange interactions due to the rea
discussed in Sec. III. If the exchange constants are redu
by a half, then the energy gaps will be also reduced by a h
Single-ion anisotropy parameters which we did not inclu
in Eq. ~1! does not significantly affect the energy gap.

V. MAGNETIC ANISOTROPY BARRIER

The magnetic anisotropy barriers~MAE! for the eleven
low-energy spin excitations as well as the ground state
calculated with the assumption that the barriers are cause
the spin-orbit interaction only. Other effects such as nonc
linearity of the magnetic moments of Mn ions and spin-orb
vibron coupling33 on the anisotropy barrier will not be in
cluded in our study. However correlation effects due to
addition of multideterminantal wave functions are addres
in part by the forthcoming discussion. The spin-orbit inte
actionVLS can be decomposed into one-electron operatorf i
related to the electric fields caused by nuclei and tw
electron operatorsgi j related to the electric fields due to th
rest of electrons as follows:

VLS52
1

2c2 (
i

SW i•~pW i3¹W F i ! ~2!

5(
i

f i1(
iÞ j

gi j , ~3!

F i5(
n

Zn

urW i2RW nu
1(

j Þ i

1

urW i2rW j u
, ~4!

f i5
1

i (
n

Zn

2c2
SW i•S ¹Wi3

~rW i2RW n!

urW i2RW nu3D , ~5!

FIG. 2. Calculated low-lying excited manifolds for the SMM
Mn12.
6-4
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gi j 5
1

i

1

2c2
SW i•S ¹Wi3

~rW i2rW j !

urW i2rW j u3
D , ~6!

where the summation fori (n) runs over all electrons locate
at rW i ~all nuclei located atRn with nuclear numberZn), c is
the speed of light,SW i is the spin operator of thei th electron,
andpW i is the momentum of thei th electron. Within the self-
consistent field~SCF! approximation, we have calculated th
wave function C is5c is(rW)xs satisfying HuC is&
5e isuC is&, where H is the many-electron Hamiltonia
without spin-orbit coupling,c is is a spatial function andxs

is a spinor. Therefore, the energy shiftD2 due toVLS using
second-order perturbation theory is written by25

D25 (
s,s8

(
i j

^C isuVLSuC j s8&^C j s8uVLSuC is&

e is2e j s8

, ~7!

wheree is is the energy of the occupied state with spinors,
and e j s8 is the energy of the unoccupied state with spin
s8. The summation runs over all occupied and unoccup
states of all atoms within a certain energy window and o
up and down spinor states. The contributions for the ca
that both ofi and j are occupied~or unoccupied! to the en-
ergy shift cancel each other out. For uniaxial systems suc
Mn12 the second-order energy shift is simplified as follow

D25D^Sz&
2, ~8!
ls

s

n
e-

ro

it

n-
d

01441
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:

whereD is the uniaxial anisotropy parameter which can
calculated from Eq.~7!. For the S510 ground state, as
shown in Table I the uniaxial parameter is about 0.54
which is in good agreement with experiment.7

An eigenstateuF& of the many-electron Hamiltonian tha
belongs to an excited-state manifold can be written in ter
of a linear combination of many Slater determinants:uF&
5(mCmuFm&, whereuFm& is a single Slater determinant~or-
thonormal basis function!, and some ofuFm& correspond to
our examined low-energy spin excitations, all of which a
excitations involving three or more spin orbitals. Therefo
the expectation value of the spin-orbit couplingVLS with
respect touF& is decomposed into diagonal and off-diagon
elements such as

^FuVLSuF&5(
m

Cm* Cm^FmuVLSuFm&

1 (
mÞn

Cm* Cn^FmuVLSuFn&, ~9!

where the summations run over spatial coordinates and
variables of all electrons in Mn12. VLS is made of one-
electron and two-electron operators as shown in Eq.~3!. To
facilitate calculations of the diagonal and off-diagonal e
ments, the off-diagonal elements of the one-electron oper
( i^Fmu f i uFn& are explicitly written in terms of single-
electron spin orbitals.34
(
i

^Fmu f i uFn&5
1

i (
i
E d3r 1•••d3r N (

s1 ,•••,sN

c1s1
* ~rW1!xs1

* c2s2
* ~rW2!

3xs2
* •••cNsN

* ~rWN!xsN
* (

n

Zn

2c2
SW i•S ¹Wi3

~rW i2RW n!

urW i2RW nu3DU c1s1
8 ~rW1!xs1

8 ••• c1s1
8 ~rWN!xs1

8

A � A

cNsN
8 ~rW1!xsN

8 ••• cNsN
8 ~rWN!xsN

8
U , ~10!
ita-
e
of

ri-
xi-
ote
iers
54
the
-
-

han
where¹Wi is only applied to the single-electron spin-orbita
and the square of the normalization factor 1/N! cancels out
N! permutations of theN single-electron spin-orbitals in
^Fmu. As can be seen from Eq.~10!, because all spin-orbital
c1s1

xs1
, . . . ,cNsN

xsN
, c1s1

8 xs1
8 , . . . , cNsN

8 xsN
8 are ortho-

normal to each other, the off-diagonal elements of the o
electron operatorf i are nonvanishing when only one singl
electron spin-orbital is different betweenuFm& and uFn&.
The off-diagonal elements of the two-electron operatorgi j
are nonvanishing when no more than two single-elect
spin-orbitals are different betweenuFm& and uFn&. Single
Slater determinants which differ by three or more spin orb
als ~i.e., the low-energy spin excitations! are not connected
by the one- or two-electron operators, so^FmuVLSuFn&50
for mÞn. Hence, the off-diagonal contributions to the e
ergy shift D2 is zero. As shown in Table I, the calculate
e-

n

-

magnetic anisotropy barriers for the low-energy spin exc
tions are almost the same as that for the ground statS
510 manifold. This indicates that the diagonal elements
the spin-orbit interaction@Eq. ~9!# do not vary much with
different spin excitations:̂FmuVLSuFm&;^FnuVLSuFn& for
mÞn. Then ^FuVLSuF&;^FmuVLSuFm&((muCmu2), where
(muCmu251 by definition. So the magnetic anisotropy bar
ers for low-lying excited-state manifolds must be appro
mately the same as that for the ground-state manifold. N
that we have calculated second-order anisotropy barr
only so that the barriers shown in Table I are all between
K and 55 K. The results of this discussion suggest that
DFT-based determination of MAE is valid under the follow
ing conditions:~i! single-electron and two-electron excita
tions cost an order of electron volt,~ii ! considered collinear
spin excitations cost an order of magnitude less energy t
the single-electron and two-electron excitations.
6-5
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VI. CONCLUSION

We have calculated the intramolecular exchange inte
tions among Mn spins in the single-molecule magnet M12
(@Mn12O12(HCOO)16(H2O)4#) considering localized low-
energy spin excitations using density-functional theory. O
calculated values of the exchange constants agree with
results from Refs. 17 and 19. With our calculated excha
constants, we have diagonalized the isotropic Heisenb
Hamiltonian using the Lanczos method. We have confirm
that the ground state isS510 and that there is anS59
first-excited manifold located 40.5 K above theS510
ground-state manifold. This energy gap~40.5 K! is an upper
limit to the experimental gap due to the self-interactions
the calculations. This indicates that the first-excited manif

*Electronic address: park@dave.nrl.navy.mil
†Electronic address: pederson@dave.nrl.navy.mil
‡Electronic address: hellberg@dave.nrl.navy.mil
1E.M. Chudnovsky and J. Tejada,Macroscopic Quantum Tunnel

ing of the Magnetic Moment, Cambridge Studies in Magnetism
~Cambridge University Press, Cambridge, 1998!, Vol. 4.

2C. Joachim, J.K. Gimzewski, and A. Aviram, Nature~London!
408, 541 ~2000!.

3T. Lis, Acta Crystallogr., B36, 2042~1980!.
4A. Cornia, A.C. Fabretti, M. Pacchioni, L. Zobbi, D. Bonacchi, A

Caneschi, D. Gatteschi, R. Biagi, U. Del Pennino, V. De Ren
L. Gurevich, and H.S.J. Van der Zant, Angew. Chem., Int. E
42, 1645~2003!.

5R. Sessoli, D. Gatteschi, A. Caneschi, and M.A. Novak, Nat
~London! 365, 141 ~1993!.

6J.R. Friedman, M.P. Sarachik, J. Tejada, and R. Ziolo, Phys. R
Lett. 76, 3830~1996!.

7A.L. Barra, D. Gatteschi, and R. Sessoli, Phys. Rev. B56, 8192
~1997!.

8S. Hill, J.A.A.J. Perenboom, N.S. Dalal, T. Hathaway, T. Stalc
and J.S. Brooks, Phys. Rev. Lett.80, 2453~1998!; J.A.A.J. Per-
enboom, J.S. Brooks, S. Hill, T. Hathaway, and N.S. Dalal, Ph
Rev. B58, 330 ~1998!

9M. Hennion, L. Pardi, I. Mirebeau, E. Suard, R. Sessoli, and
Caneschi, Phys. Rev. B56, 8819~1997!.

10R. Caciuffo, G. Amoretti, A. Murani, R. Sessoli, A. Caneschi, a
D. Gatteschi, Phys. Rev. Lett.81, 4744~1998!.

11I. Mirebeau, M. Hennion, H. Casalta, H. Antres, H.U. Gu¨del, A.V.
Irodova, and A. Caneschi, Phys. Rev. Lett.83, 628 ~1999!.

12A. Caneschi, D. Gatteschi, L. Pardi, and R. Sessoli, inPerspec-
tives on Coordination Chemistry, edited by A. F. Williams, C.
Florani, and A. E. Merbach~VCH, Basel, 1992!.

13A.A. Mukhin, V.D. Travkin, A.K. Zvezdin, S.P. Lebedev, A. Can
eschi, and D. Gatteschi, Europhys. Lett.44, 778 ~1998!.

14A.M. Gomes, M.A. Novak, R. Sessoli, A. Caneschi, and D. G
teschi, Phys. Rev. B57, 5021~1998!.

15M.I. Katsnelson, V.V. Dobrovitski, and B.N. Harmon, Phys. Re
B 59, 6919~1999!.

16C. Raghu, I. Rudra, D. Sen, and S. Ramasesha, Phys. Rev.64,
064419~2001!.
01441
c-

r
he
e
rg
d

d

may be situated much lower than the high-energy lev
within theS510 ground-state manifold. We have also calc
lated the magnetic anisotropy barriers for the low-ene
spin excitations using DFT and the second-order perturba
theory with the assumption that the spin-orbit coupling is
most important interaction. Our DFT calculations show th
the anisotropy barriers for the low-energy spin excitatio
are approximately the same as that for theS510 ground
state.

ACKNOWLEDGMENTS

K.P. was funded by W. M. Keck Foundation, MRP an
CSH were supported in part by ONR and the DoD HP
CHSSI program.

i,
.

e

v.

,

s.

.

-

17N. Regnault, Th. Jolicoeur, R. Sessoli, D. Gatteschi, and M. V
daguer, Phys. Rev. B66, 054409~2002!.

18R. Sessoli, H.-L. Tsai, A.R. Schake, S. Wang, J.B. Vincent,
Folting, D. Gatteschi, G. Christou, and D.N. Hendrickson,
Am. Chem. Soc.115, 1804~1993!.

19D.W. Boukhvalov, A.I. Lichtenstein, V.V. Dobrovitski, M.I.
Katsnelson, B.N. Harmon, V.V. Mazurenko, and V.I. Anisimo
Phys. Rev. B65, 184435~2002!.

20J.K. Cullum and R.A. Willoughby,Lanczos Algorithms for Large
Symmetric Eigenvalue Computations~Birkhauser, Boston,
1985!.

21C.S. Hellberg, W.E. Pickett, L.L. Boyer, H.T. Stokes, and M
Mehl, J. Phys. Soc. Jpn.68, 3489~1999!.

22W. Kohn and L.J. Sham, Phys. Rev.140, A1133 ~1965!.
23M.R. Pederson and K.A. Jackson, Phys. Rev. B41, 7453~1990!;

K.A. Jackson and M.R. Pederson,ibid. 42, 3276 ~1990!; D. V.
Porezag, Ph.D. thesis, Chemnitz Technical Institute, 1997~un-
published!.

24J.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.77,
3865 ~1996!.

25M.R. Pederson and S.N. Khanna, Phys. Rev. B60, 9566~1999!.
26D. Porezag and M.R. Pederson, Phys. Rev. A60, 2840~1999!.
27J.M. North, D. Zipse, N.S. Dalal, E.S. Choi, E. Jobiliong, J.

Brooks, and D.L. Eaton, Phys. Rev. B67, 174407~2003!.
28W.H. Press, B.P. Flannery, S.A. Teukolsky, and W.T. Vetterlin

Numerical Recipes~Cambridge University Press, Cambridg
1986!.

29D.N. Hendrickson, G. Christou, E.A. Schmitt, E. Libby, J.
Bashkin, S. Wang, H.-L. Tsai, J.B. Vincent, P.D.W. Boyd, J.
Huffman, K. Folting, Q. Li, and W.E. Streib, J. Am. Chem. So
114, 2455~1992!.

30A. Müller and J. Do¨ring, Angew. Chem., Int. Ed. Engl.27, 1721
~1988!.

31K. Park, M.R. Pederson, and N. Bernstein, J. Phys. Chem. So
~to be published!.

32J. Kortus, C.S. Hellberg, and M.R. Pederson, Phys. Rev. Lett.86,
3400 ~2001!.

33M.R. Pederson, N. Bernstein, and J. Kortus, Phys. Rev. Lett.89,
097202~2002!.

34J.C. Slater,Quantum Theory of Atomic Structure~McGraw-Hill,
New York, 1960!, Vol. 1, pp. 291–295.
6-6


