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It has been shown within density-functional theory that in Mn12 acetate there are effects due to
disorder by solvent molecules and a coupling between vibrational and electronic degrees of
freedom. We calculate the in-plane principal axes of the second-order anisotropy caused by the
second effect and compare them with those of the fourth-order anisotropy due to the first effect. We
find that the two types of the principal axes are not commensurate with each other, which results in
a complete quenching of the tunnel-splitting oscillation as a function of an applied transverse
field. © 2005 American Institute of Physics. fDOI: 10.1063/1.1847851g

The observation of resonant tunneling of magnetization
in the single molecule magnet Mn12 acetate1 shereafter Mn12d
with a ground-state spin ofS=10 has led to many experi-
mental and theoretical investigations.2–8 A simple anisotropy
Hamiltonian forS=10 provides an excellent approximation
to the physics occurring at low temperatures. Deriving the
Hamiltonian from density-functionalsDFd calculations is
challenging but possible.5,7,8 For a particular molecular ge-
ometry, a magnetic anisotropy tensor may be calculated con-
sidering spin-orbit coupling within a DF framework. In the
principal-axes coordinates, the lowest-order spin Hamil-
tonian can be simplified to the following form:

H0 = DSz
2 + EsSx

2 − Sy
2d, s1d

whereD andE are the uniaxial and second-order transverse
anisotropy parameters andSz is the easy-axis component of
the spin operatorS. TheS4 symmetry of the ideal Mn12 mol-
ecule causes the value ofE to vanish and the lowest-order
transverse terms to be fourth order. Only transverse aniso-
tropy terms are responsible for the resonant tunneling be-
tween energy levels that are almost degenerate. Magnetic
tunneling measurements, however, showed that some of the
resonant tunnelings occurred at a level lower than the fourth
order.2 To understand this anomaly in the tunneling, Cornia
et al.9 proposed that inherent disorder in solvent molecules
may break theS4 symmetry and provide nonzero values
of E. Recent electron-paramagnetic-resonancesEPRd
experiments10,11 and magnetic tunneling measurements11,12

revealed that the model of Corniaet al.9 needed to be refinedadElectronic mail: park@dave.nrl.navy.mil
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for a quantitative comparison with the experiment. Our DF
calculations8 on the Mn12 showed that the values ofE for
possible configurations of the disordered solvent molecules
are in good quantitative agreement with the experiment.

For the Mn12, the calculatedD value is −0.556 K,5

which agrees well with the experiment. The calculatedsmea-
suredd value of D, however, does not account for all the
measured anisotropy barrier of 65 K.3,10 One needs a longi-
tudinal anisotropy of an order higher than the second order.
In this spirit a fourth-order spin-orbit-vibronsSOVd interac-
tion was proposed by Pedersonet al.13 Ideally, this SOV
interaction can only contribute to modifying the second-
order barrier and to activating two fourth-order transverse
terms in the spin Hamiltonian. At this level a strong SOV
interaction can complicate the tunneling experiments in sev-
eral different ways. The simplest complication is that there
are two different longitudinal fourth-order terms which scale
asS2Sz

2 andSz
4, respectively. If theSz

4 term is dominant, then
at any resonant field only a single pair of states is involved
with tunneling. The fourth-order transverse terms result in
departures of the period of the tunnel-splitting oscillation
from DHx=2Î2EsuDu+Ed /gmB that has been derived by
Garg.14 Such departures were identified by Wernsdorfer.15

and later modified to include the fourth-order transverse
terms by the Kececioglu and Garg and Sêssoli.16 Recent EPR
and magnetic experiments11 suggested that for Mn12 the in-
plane principal axes of the second-order anisotropy may not
be aligned with those of the fourth-order anisotropy so that
the oscillation in the tunnel splitting could be completely
quenched in this material when the magnetic field is applied
along the hard axis of the fourth-order anisotropy, in contrast
to Fe8.

17

In this paper, we perform the DF calculations on a sta-
tistically weighted collection of three differentE values
caused by the solvent disorder and on the fourth-order SOV
interaction. We then combine these two effects to determine
whether DF theorysDFTd can qualitatively account for a
suppression of oscillations in the tunnel splittings that occur
in transverse tunneling experiments.

Our calculations have been performed within DFT using
the NRLMOL program.18 The NRLMOL calculates an accurate
Gaussian-type orbital representation for the self-consistent
occupied and unoccupied molecular orbitals. We use DFT
within the generalized-gradient approximation19 to account
for the quantum-mechanical behavior of the electrons. The
geometries of the molecules are fully relaxed. Considering
the spin-orbit coupling for a relaxed geometry, as discussed
in Ref. 5, the second-order anisotropy Hamiltonian
sSa,b=x,y,zgabSaSbd may be derived from the calculated orbit-
als. Diagonalization of theg matrix provides the second-
order anisotropy barrier and the principal axes.

As shown in Fig. 1, a single Mn12 molecule is sur-
rounded by four acetic-acid solvent moleculessCH3CO2Hd,
each of which is shared by two neighboring Mn12 molecules.
If a Mn12 molecule is hydrogen bonded to four CH3CO2H
molecules, as pictured in Fig. 1, then the symmetry of this
molecule remains the same asS4. Since CH3CO2H can bind
to either of the Mn12 neighbors with the same energy, 1/16

of the Mn12 molecules have theS4 symmetry with hydrogen
bonds and another 1/16 of the molecules have theS4 sym-
metry without hydrogen bonds. The remaining molecules
have different orientations which break the symmetry. As
discussed in Ref. 8, there are a total of six different configu-
rations which have the number of hydrogen bondsn, statis-
tical weights, andD andE values ofs0, 1/16,−0.54, 0.000d,
s4, 1/16,−0.56, 0.000d, s1, 4/16,−0.54, 0.008d, s2, 4/16,
−0.55, 0.000d, s2, 2/16,−0.55, 0.016d, and s3, 4/16,−0.55,
0.008d. The two distinctive cases of two hydrogen bondings
are characterized by having neighboring acetic acidss“cis” d
hydrogen bonded or next neighboring acetic acidss“trans”d
bonded, respectively. TheS4 symmetry suggests that in the
case of significantly small off-diagonal elements in theg
matrix for n=1, the perturbations due to the cis-geometry
should cancel each another and that those due to the
trans-geometry should add constructively. Thus, we find
that 5/8 of the molecules have appreciableE values of
0.008–0.016 K.

The Hamiltonian for a single uniaxial anisotropic spin
coupled to a one-dimensional harmonic oscillator is given by
H=gzzSz

2+ 1
2sP2+v2Q2d+Qoabgab8 SaSb, where P, Q, and v

are the momentum, position, and frequency of the oscillator
and gab8 =dgab/dQ. As shown in Ref. 13, the energy of the
coupled system as a function of an eigenvalue ofSzsMd is
E=v /2+DM2−sA+BM2d2/2v2 where A=SsS+1dsgxx8
+gyy8 d /2 andB=gzz8 −sgxx8 +gyy8 d /2. Generalizing this problem
to the Mn12 requires coupling of all normal modes. In gen-
eral, the fourth-order corrections to the Hamiltonian areH4

=SabcdAabcdSaSbScSd. Only the Raman-active vibrational
modes lead to a change in the fourth-order barrier.

Combining the SOV interaction with the symmetry-
breaking effects of the solvent disorder, we can write the
total spin Hamiltonian as:

H = DSz
2 + Efcoss2adsSx

2 − Sy
2d + 2 sins2adSxSyg

+ A1S
2sSz

2 − S2/3d + A2f3S4 + 35Sz
4 − 30S2Sz

2g

+ B1sSx
4 + Sy

4 − 6Sx
2Sy

2d + B2fSxSysSx
2 − Sy

2dg, s2d

wherea denotes the angle between the medium axes of the

FIG. 1. Geometry of a Mn12 molecule with four hydrogen-bonded acetic
acids molecules. This high-symmetry configuration accounts for only 1/16
of the total concentration. For details, see Ref. 8.

10M505-2 Park et al. J. Appl. Phys. 97, 10M505 ~2005!

Downloaded 18 Sep 2006 to 132.170.55.143. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



calculated second-order and fourth-order anisotropy and
A1, A2, B1, andB2 represent fourth-order anisotropy param-
eters. If one replaces the operatorssSx, Sy, andSzd by classi-
cal spin vectors and recast the fourth-order transverse terms
in spherical coordinates, then the classical potential energy in
the xy planese.g.,u=p /2d becomes

E = E0 + S4FB1 coss4fd +
B2

4
sins4fdG , s3d

whereE0 is a constant term andf is the azimuthal angle.
This shows that the energy surface of a system withS4 sym-
metry, at fourth order, resembles a four-leaf clover in thexy
plane. Furthermore, when the fourth-order terms in Eq.s3d
are accounted for, the in-plane principal axes are determined
to lie along the nodes or antinodes of the classical potential.
In addition, onceB1 andB2 are determined in given coordi-
nates, a rotation by cos−1fB1/ sB1

2+B2
2/16d1/2g allows one to

reexpress the two transverse terms asCsS+
4+S−

4d with C
=fB1

2+B2
2/16g1/2/2. The experimental value ofC is 2.3

310−5 K,10 while our preliminary spossibly undercon-
vergedd SOV contributions toB1 and B2 lead to CSOV

=0.053310−5 K.13

Even with the rotation of theB1 and B2 terms to the
more usual definition, the second-order transverse terms may
not, in general, be simultaneously expressed in the diagonal
form. So the dependence ona is required. To computea we
calculate the separate magnetic anisotropy energies from the
SOV interaction and the solvent disorder as a function off
in the xy plane. For the solvent disorder only three configu-
rationsfn=1, 2stransd, and 3g are considered in the calcula-
tion because the rest of the three configurations do not pro-
duceE. We find thata is 24°. This is a bit smaller than the
experimentally measured value ofa=27°.11 We calculate the
tunnel splitting betweenM =−5 andM =5 with various val-
ues of a in zero longitudinal field from diagonalizing the
quantum-mechanical form of Eq.s2d which takes into ac-
count the noncommutativity of the spin operators. For the
pure Mn12 sample we find that the oscillation in the tunnel
splitting is entirely quenched at the calculated value ofa
=24° for an external field along thex axis, as shown in Fig.
2sbd. Whena=0, as expected from Fe8,

17 the oscillation is
clearly visible. Even for a very small value ofa such as 3°,
the amplitude of the oscillation tends to be mostly damped
out. As the applied transverse field increases, the effect of the
incommensurate transverse anisotropy decreases because the
tunneling is governed by a strong transverse field. Because
of the fourth-order terms in Eq.s2d, the period of the oscil-
lation decreases as the transverse field increases.16

For a naturally occurring collection of Mn12 molecules,
37% of the molecules contain one or two isotopic defects. In
the case of isotopic defects in the Mn12, the SOV interaction
provides additional symmetry breaking in the spin Hamil-
tonian. If the SOV interaction is large enough, this fraction
of molecules would contribute to an almost continuous dis-
tribution of broken-symmetry anisotropy Hamiltonians. We
calculate the same tunnel splitting for the Mn12 doped with
one carbon isotopes13Cd for various values ofa fFig. 2sadg.
We find that even one isotopic defect substantially sup-
presses the oscillation in the tunnel splitting but the period

remains unperturbed. Since the tunneling experiments were
performed in the presence of the longitudinal field that
makesM and M8 almost degenerate whereM +M8Þ0, di-
rect comparison with experiment is not possible. The effect
of the longitudinal field and the different types of isotopic
defects on the tunnel splitting is in progress.

In summary, for Mn12 we have considered the second-
order anisotropy induced by the disordered solvent mol-
ecules and the fourth-order SOV interaction within the DFT
framework. While further details are required, we have
shown that the tunnel-splitting oscillation will depend on iso-
topic disorder if the SOV effect is dominant.
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FIG. 2. Logarithm of theM = ±5 tunnel splitting vs applied transverse field
salong thex axisd for a Mn12 with one 13C isotopic defect and pure Mn12,
calculated with theoretical anisotropic parameter values. Different values for
a s0, 3, 12, and 24°d were used.
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