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Low-Energy Magnetic Excitations of the Mn12-Acetate Spin Cluster Observed
by Neutron Scattering
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We studied Mn12-acetate by inelastic neutron scattering and diffraction. We separated the
energy levels corresponding to the splitting of the lowestS multiplet (S � 10 ground state).
The irregular spacing of the transition energies unambiguously shows the presence of high-ord
terms in the spin Hamiltonian [D � 20.457�2� cm21, B0

4 � 22.33�4� 3 1025 cm21]. The relative
intensity of the lowest energy peaks is very sensitive to the small transverse term that is respo
sible for quantum tunneling, providing the first determination of this term in zero magnetic field
�B4

4 � 63.0�5� 3 1025 cm21�.

PACS numbers: 75.25.+z, 75.45.+ j, 78.70.Nx
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Among molecular nanomagnets, the most attracti
clusters consist of a few (typically 10–20) paramagne
ions coupled by exchange interactions at the borderline
tween quantum and classical behavior. Besides their gr
theoretical interest, the study of these magnetic molecu
could help to determine the size limit for information
storage. Mn12-acetate (Mn12-ac) is the best studied spin
cluster so far. In a simple ionic picture, an external rin
of eight Mn III ions �S2 � 2� surrounds a tetrahedron o
four Mn IV ions �S1 � 3�2�, giving the molecule a plate-
like shape with tetragonal symmetry [1]. Above 10 K,
reversal of the molecular magnetization occurs by the
mally overcoming the energy barrier due to uniaxial anis
tropy (superparamagnetic behavior) [2]. Below 2 K, th
reversal is governed by macroscopic quantum tunneli
(MQT) mechanism as shown by a finite relaxation time
the magnetization atT � 0 [3]. Mn12-ac also exhibits, as
a spectacular effect, regular steps in the hysteresis cy
[4]. The thermally assisted tunneling process, whic
occurs within the molecular ground state, is govern
by extremely small high-order spin interactions [5–7
Mn12-ac is usually described as a single spin withS � 10
ground state, split by anisotropy terms into sublevels w
�210 # M # 10�. This picture assumes that the aniso
tropy energy is much smaller than the exchange ener
The S � 10 ground state corresponds to a ferrimagnet
spin arrangement of the two types of Mn ions [2,8]. O
this basis, high-field–high-frequency EPR measureme
were analyzed by considering spin Hamiltonian param
ters up to fourth order [9]. This gave the first experiment
evidence of the transverse term which was searched fo
order to explain the MQT. However, depending on th
range of frequency or applied field considered, differe
sets of parameters were reported [9,10]. Very recently,
position of the first three excited sublevels of theS � 10
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ground state was determined by optical spectroscopy
the far infrared (IR) range [11].

In this paper, we present a detailed study of the ener
sublevels of the ground state by inelastic neutron scatter
(INS). Neutron scattering is the most powerful tool used
investigate spin structure and spin excitations. In contr
to EPR, it is a zero-field experiment, which requires n
assumption about the Landé factorg. The INS has been
used to measure exchange and anisotropy splittings
numerous clusters [12] and very recently to determine t
zero-field splitting in a Fe8 cluster [13]. In Mn12-ac, we
previously studied spin excitations up to12 meV [14].
We observed several excitations attributed either to t
anisotropy or to the exchange terms, and determined th
dynamical form factor. The position of the anisotrop
level at low temperature�1.24 meV� agreed with the EPR
determination, but we were not able to resolve the detai
structure of the other sublevels at higher temperature.

Here we present results obtained with a very high e
ergy resolution, which enable us to separate the sublev
of the ground state. The irregular spacing of the tran
tion energies unambiguously shows the presence of hi
order terms in the spin Hamiltonian. We determine the
parameters up to fourth order within the singleS � 10
ground state model. Interestingly, the intensities of th
lowest energy excitations, associated with levels near
top of the barrier, are very sensitive to the value of th
transverse fourth-order term, allowing the first determin
tion of this very small term without any field perturbation

A �Mn12O12�CD3COO�16�D2O�4� ? 2CD3COOD? 4D2O
powder sample was synthesized using deuterated solve
since hydrogen has a large incoherent cross section wh
is the main background in neutron experiments. A deut
ation of 93% was achieved, as shown by the analysis of
neutron diffraction data. The crystal structure was test
© 1999 The American Physical Society
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between 10 and 290 K on the neutron diffractometer G6.1
at the Laboratoire Léon Brillouin. Data were analyzed
with the FULLPROF program [15]. The structure keeps
the tetragonal symmetry in the whole temperature range.
Above 130 K the framework of the molecule, consisting of
Mn, C, and O atoms, practically coincides with that deter-
mined by single crystal x-ray diffraction [1]. Only slight
displacements of the acetic acid and water molecules of
solvation were found. We precisely stated the positions of
the H�D atoms, using common constraints for interatomic
distances H-O and H-C, and angles H-O-H and H-C-H.
Moreover, we determined the unknown H positions in the
acetic acid molecules of solvation. Only the water mole-
cules contain hydrogen (about 33.5%), whereas the rest of
the cluster is fully deuterated. Below 130 K, we found a
slight distortion of the cluster framework caused by dis-
placements of the bridging acetate ligands. This reduces
the local symmetry of Mn III with respect to room tempera-
ture, the environment of Mn IV being preserved (besides
the usual lattice contraction).

The INS measurements were performed with the high-
energy resolution time-of-flight spectrometer IN5 at ILL,
in the temperature range 1.5–35 K. The incident wave-
length was 5.9 Å, and the resolution at zero-energy trans-
fer HWHM was 27.5 meV. In the energy range studied
�21.5, 1.5� meV, we checked that the Q dependence of
the neutron cross section is the same for all of the inelastic
transitions. It varies very little with temperature and agrees
with the previous determination on a triple axis spectrome-
ter [14]. We therefore added the contributions of all de-
tectors, which strongly increased the statistical accuracy.

Typical spectra are shown in Fig. 1. At 1.5 K, a well-
defined excitation is observed at 1.24 meV on the sample
energy gain side �h̄v . 0�, with a peak width limited by
the experimental resolution. It is readily attributed to an
excitation from the lowest energy level �M � 610� to
the first excited level �M � 69�. The peak at 0.9 meV
was already studied in [14], and its strong variation be-
low 2.5 K suggested a close connection with the MQT.
It likely arises from a fast relaxing isomer of the main
Mn12-ac species [16], recently used as a probe to study
the dynamics in the bulk material [17]. Here this isomer
is present in a very small amount(1%–2%), and its signal
is neglected. The spurious temperature independent signal
at the foot of the elastic peak was fitted by a Gaussian and
subtracted. As the temperature increases, higher energy
levels are populated, so that new excitations appear on both
sides of the spectrum. At 23.8 K, we distinctly observe 14
well-separated peaks, together with much smaller ones at
about 60.2 meV (see the inset of Fig. 1). The position of
the well-resolved peaks is temperature independent. Their
width, close to the resolution limit, increases with tem-
perature of about 25% between 1.5 and 25 K, suggesting
a finite lifetime. The energy intervals between adjacent
peaks in the spectrum show a small but significant decrease
with decreasing energy transfer. Below 25 K, the tempera-
-1.4 -1.0 -0.6 -0.2 0.2 0.6 1.0 1.4
0.00

0.50

1.00

1.50

2.00

In
te

ns
it

y

T=14.1K

-1.4 -1.0 -0.6 -0.2 0.2 0.6 1.0 1.4
0.00

0.25

0.50

0.75

1.00

  I
nt

en
si

ty
 

T=23.8K

-1.4 -1.0 -0.6 -0.2 0.2 0.6 1.0 1.4
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 I
nt

en
si

ty T=1.5K

-0.6 -0.4 -0.2
hω(meV)

0.2

0.3

0.4

hω (meV)

hω (meV)

hω (meV)

FIG. 1. Energy spectra at three temperatures (raw data). The
intensity units are the same but the scales are different for
all spectra. In the inset, the low-energy range on the sample
energy loss side.

ture evolution of the peak intensities reflects the depopula-
tion of the lowest level at the benefit of the excited levels
within the ground state manifold. Above 25 K, all peaks
broaden and the total inelastic intensity decreases, as the
levels attributed to higher spin states become populated.

In the approximation of a S � 10 single spin Hamilton-
ian, the magnetic intensity is written as [18]

S�Q, h̄v� � N�gNre�2�2g2f2�Q�

3
X

i,f

pij� fjS�ji�j2d���h̄v 2 �Ef 2 Ei���� ,
629



VOLUME 83, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 19 JULY 1999
with
j� fjS�ji�j2 � 1�3�2j� fjSzji�j2 1 j� fjS1ji�j2

1 j� fjS2ji�j2� . (1)
S� is the spin component perpendicular to the scattering
vector Q. pi � exp�2Ei�kBT��

P
i exp�2Ei�kBT � is the

Boltzmann factor of the level i. The delta function is
convoluted by the experimental resolution function. The
eigenstates ji� have the energies Ei obtained by a diagonal-
ization of the spin Hamiltonian. We adopt the spin Hamil-
tonian used to interpret EPR [9], magnetization [19], and
far-IR experiments [11],

H � D�S2
z 2 1�3S�S 1 1�� 1 B0

4O0
4 1 B4

4O4
4 , (2)

with O0
4 � 35S4

z 2 �30S�S 1 1� 2 25�S2
z 2 6S�S 1 1� 1

3S2�S 1 1�2 and O4
4 � 1�2�S4

1 1 S4
2�.

From Eq. (1), it follows that only the transitions with
DM � 0 or 61 are allowed. When only the diagonal
terms are considered in Eq. (2) �B4

4 � 0�, the S � 10
manifold splits into 11 sublevels corresponding to M �
610, 9, . . . , 0. The 6M degeneracy is not lifted, and when
all possible levels are populated we expect to observe nine
DM 6 1 transitions on either side of the spectrum. Seven
of these correspond to the well-resolved peaks observed at
15 and 23.8 K in Fig. 1. The decreasing energy spacing
with decreasing energy transfer arises mainly from the
fourth-order B0

4 term.
As a first step in our quantitative data analysis, in

terms of Eqs. (1) and (2), we neglected the transverse
term B4

4 which is known to be small. The positions and
relative intensities of the five most intense excitations are
well reproduced, and the fitted values of the parameters
[D � 20.457�2� cm21, B0

4 � 22.33�4� 3 1025 cm21]
agree with the determination of Barra et al. by EPR [9]
and Mukhin et al. by far-IR spectroscopy [11]. However,
this simplified model overestimates the intensities of the
excitations below 0.3 meV, which involve energy levels
close to the top of the anisotropy barrier.

In a second step, we therefore took the off-diagonal term
B4

4 into account. A nonzero B4
4 induces a mixing of en-

ergy levels with different M that becomes more and more
effective on approaching the top of the barrier. This is il-
lustrated in Fig. 2, where the positions of the energy levels
Ei are plotted versus B4

4, for given B0
4 and D. The energies

of the highest excited states strongly depend on B4
4, and

the degeneracy of the M � 62 and 64 levels is lifted for
nonzero B4

4. At the top of Fig. 3, we show the calculated
intensities at 23.8 K for three different B4

4 values, using
the experimental energy resolution, in the energy transfer
range �20.5, 0.5� meV. In this range the position, shape,
and intensities of the inelastic peaks strongly depend on B4

4,
whereas the other peaks remain unaffected. Depending on
the B4

4 value (3 or 4 3 1025 cm21), the energy transfer at
0.2 meV corresponds either to a minimum or to a maxi-
mum intensity, respectively. Therefore, only B4

4 values in
a very narrow range can explain the experimental behav-
630
FIG. 2. Energy sublevels of the S � 10 ground state ver-
sus B4

4, as calculated for D � 20.457 cm21, B0
4 � 22.33 3

1025 cm21.

ior. We find that B4
4 � 63.0�5� 3 1025 cm21 gives the

best agreement with the data. This value is slightly lower
and more accurate than the one reported by Barra et al.
�B4

4 � 64�1� 3 1025 cm21�. The sign of B4
4 is unde-

termined, owing to the symmetry of the Hamiltonian.
In Fig. 3, we present the results of the model calcula-
tion with the best fitted values D � 20.457 cm21, B0

4 �
22.33 3 1025 cm21, and B4

4 � 63.0�5� 3 1025 cm21.
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FIG. 3. Energy spectra: filled circles are data corrected for the
Gaussian signal observed at 1.5 K near zero energy transfer.
The intensity calculation (thin line), Lorentzian background
(dashed line), elastic intensity (long-dashed line), and the sum
of all components (thick line) are also plotted. At the top of
the figure, intensity calculations for three B4

4 values are shown.
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To compare with experimental data at 23.8 K, we added
a Lorentzian quasielastic background, probably due to hy-
drogen. The agreement with experiment is excellent. The
small reduction of the observed intensities near 1.2 meV
is ascribed to a partial population of higher-energy cluster
spin states. The single spin S � 10 model breaks down
above 30 K [11].

The main result coming out of our analysis is the precise
determination in zero field of the coefficient B4

4 in the trans-
verse term. The presence of nondiagonal terms in the spin
Hamiltonian has been searched for by many theoreticians
and experimentalists, since only components which do not
commute with Sz could induce tunneling. In zero field,
a term C�S4

1 1 S4
2� is the lowest-order spin Hamiltonian

allowed by tetragonal symmetry. Such a term allows tun-
neling with DM � 64, as observed experimentally in the
magnetization. In a recent model calculation [20], the re-
laxation data by Thomas et al. [4] were better reproduced
by our new B4

4 value than the old one in literature, allowing
a better quantitative understanding of the dominant tunnel-
ing process. However, other transverse terms are required
to explain the tunneling transitions with DM � 61. Politi
et al. [5] have also argued that if only this fourth-order
transverse term was involved, a very small field such as
the earth field would destroy tunneling. Other transverse
terms deriving from dipolar coupling [21], hyperfine inter-
actions [19,21] or a spin-phonon coupling mechanism [5]
have been suggested in addition to the previous one. Up to
now, they have not been certified, and our results provide
no evidence for their existence.

The analysis presented above is based on the assump-
tion of a “single spin” ground state. This simple model
describes the low-energy excitations presented in this work
very well. However, our earlier INS experiments at higher
energies [14] show that excitations involving other spin
states are rather close to the S � 10 ground state. Recent
measurements by magnetization [19] or heat capacity [22]
also point out the influence of excited states with different
S values. Several microscopic descriptions of the S � 10
ground state have been proposed [2,9,23], which involve
different coupling schemes between the individual spins.
Because of the large number of cluster spin states, 108

in the general case, simplifications must be made by con-
sidering the hierarchy of interactions between individual
spins. Very recently, a new formalism for the energy was
proposed [24]. Following the Florentine coupling scheme
[2], Mn12-ac is described by four dimers Mn31-Mn41

with spin s � 1�2, and four Mn31 ions �S � 2�, cou-
pled by isotropic exchange interactions. The dominant ex-
change coupling is between the spins inside a dimer, as
first suggested by [2], and in agreement with recent mag-
netic measurements in the megagauss range [25]. The
Hamiltonian includes relativistic anisotropic interactions,
the Dzyaloshinskii-Moriya ones being the most important.
This model qualitatively explains the spin excitations pre-
viously measured by INS up to 12 meV [14]. We believe
that our new experimental results will be a crucial check-
point for further theoretical work.
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