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Abstract

We report on the magnetic properties of the enneanuclear mixed-valent single-molecule magnet [MnyO;(OAc);(thme)-
(py)3(H20),] (1). Using inelastic neutron scattering (INS) spectroscopy, we have confirmed the S = 17/2 cluster ground state of
1. Furthermore, we have determined accurately the anisotropy parameters of the zero field split ground state. The cluster 1 exhibits
a strong negative axial anisotropy D[S, — S(S + 1)/3] where D = —0.249(5) cm ™. It is necessary to include an axial higher order
term (BY) in the effective spin Hamiltonian to account for the experimental data.
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1. Introduction

Polymetallic cluster complexes of paramagnetic tran-
sition metal ions have attracted intense study since the
discovery that such molecules can display the phenome-
non of single-molecule magnetism (SMM) [1]. There is a
barrier to relaxation of magnetisation in SMMs due to
the combination of a large ground state spin multiplicity
and a significant negative zero field splitting of that
ground state. This imparts a molecular magnetic mem-
ory effect that can be observed as out-of-phase ac sus-
ceptibility signals or as hysteresis loops in M versus H
studies. The last 10 years has seen many attempts to pro-
duce new SMMs in the same mould as the original
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SMM [Ml’llzolz(OAC)]é(Hzo)d . 4H20 : 2CH3C02H
and has led to the discovery of numerous SMMs ranging
in nuclearity from 2 to 84 [2,3]. In most cases, the
clusters have been made, at least initially, via the
serendipitous assembly of metal salts with flexible
organic bridging ligands such as carboxylates or alkox-
ides, and the majority have been clusters containing
Mn" jons.

In this article, we report an inelastic neutron scatter-
ing (INS) study of the mixed valent SMM [MnyO5-
(OAc);1(thme)(py)3(H>O),] (1), which consists of a
[Mn}'Mn}'Oq] ring on which is sitting a smaller
[Mn}¥O] ring [4]. INS is a powerful tool to determine ex-
change couplings and single-ion anisotropies in molecu-
lar magnets [5]. Due to the spin of the neutron, there is a
strong interaction between the magnetic moment of the
neutron and the magnetic field created by the unpaired
electrons in the sample. Measuring the INS intensity
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as a function of momentum and energy transfer pro-
vides useful information on the magnetic scattering
function S(Q, ), which contains the details about the
magnetic exchange interactions and anisotropy split-
tings [6]. The focus of the present study is aimed at the
determination of the anisotropy splitting of the ground
state of 1.

To date no experimental study has provided direct
information on the nature and energies of energy split-
ting in the ground state of 1. As a first approximation
a giant spin model can be used to describe the ground
state, assuming that it is well isolated from the excited
spin states. An effective Hamiltonian then describes the
zero field splitting of the giant spin ground state. The
low C; symmetry of 1 allows for many higher order
crystal field terms in the effective spin Hamiltonian.
The fact that the Jahn-Teller axes of the four Mn"" ions
all lie roughly perpendicular to the plane of the
[Mn}"Mn} Oq] ring justifies the use of an axial Hamilto-
nian in first order

Haia = D[S. — S(S + 1)/3] + B}O, (1)

with O, = 358" — [30S(S + 1) — 25]8” — 6S(S + 1) + 38°
(S+ 1)2. The first term of (1) splits the ground state in
S + 1/2 Kramer’s doublets. For a negative D value the
Mg = %S doublet lies lowest in energy.

A ground state spin of S = 17/2 has been postulated
for 1 on the basis of magnetic powder measurements
[4]. Eq. (1) splits this ground state into nine £ Mg Kra-
mer’s doublets. An alternative solution with S =19/2
has also been postulated, which would give rise to 10
Kramer’s doublets [4]. The INS selection rule
AMg=*1 predicts eight or nine transitions for an
S=17/2 or S=19/2 ground state, respectively. The
intensity for an |[Mg| — |Mg+ 1] INS transition can be
calculated as [7]
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with P(+Mg) being the Boltzmann population of the ini-
tial state + M. The brackets are 3-j symbols.

2. Experimental
2.1. Synthesis

[Mn3O(OAc)s(py)s] - py was dissolved in MeCN with
1 equivalent of the ligand 1,1,1-tris(hydroxymethyl)eth-
ane (Hs;thme) and stirred for 12 h. The solution was then
filtered and Et20 added slowly. Crystals of [MngO5-
(OAc)1(thme)(py)3(H>O),] (1) were obtained after 1
week.

2.2. Physical measurements

The INS experiments were performed on the inverted
geometry time-of-flight spectrometer IRIS at the pulsed
neutron spallation source ISIS at the Rutherford Apple-
ton Laboratory, UK, using the PG002 graphite analyser
with an analysing energy of 1.84 meV. Data were col-
lected at three temperatures 1.6, 12, and 20 K and cor-
rected for the background and detector efficiency by
means of empty cell measurements and a vanadium ref-
erence. The time-of-flight to energy conversion and the
data reduction were done using the program GUIDE.
The instrumental resolution derived from a vanadium
metal reference at the elastic position was 18 eV. On
IRIS, the ZnS detector banks cover the angular range
260 = 20-160° giving access to a momentum transfer
range Q =0.3-1.8 A" at the elastic position.

A 2.5 g fresh polycrystalline sample of undeuterated
[MngO7(OAc);;(thme)(py)3(H,0),] was used. The sam-
ple was placed under Helium in an aluminum hollow
cylinder can with an outer diameter of 23 mm and a
sample thickness of 2 mm. The container was inserted
in a standard ILL orange cryostat.

3. Results and discussion

Fig. 1 shows the INS spectra of 1 measured at 1.6 K
(10h), 12K (31 h) and 20 K (25 h), summed over all
scattering angles. Positive and negative energy transfer
corresponds to neutron energy loss and gain, respec-
tively. The 1.6 K spectrum exhibits one strong band at
3.72cm ™" on the loss side with a second one coming
up as a shoulder at lower energy. A series of hot bands
is observed at 12 and 20 K. At this latter temperature,
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Fig. 1. INS spectra measured on IRIS with an analysing energy of
1.84 meV at 1.6 K (10 h), 12 K (31 h) and 20 K (25 h), summed over all
scattering angles.
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we measured the energy gain and the loss side. The peak
energies are the same on both sides, and we can identify
six distinct maxima and a shoulder on the elastic line on
either side of the spectrum. The peaks exhibit an almost
regular picket fence pattern with decreasing peak sepa-
rations towards higher energy transfer. On the basis of
their temperature and Q-dependence it is possible to as-
sign the 14 observed bands to AMg= *1 transitions
within the ground state multiplet. The progression of
the peak positions is limiting the possible number of
transitions in the ground state multiplet to exactly eight
on either side. Therefore, we can clearly rule out the pos-
sibility of an S = 19/2 ground state. Our data unambig-
uously confirms the S = 17/2 ground state.

Fig. 2(a) shows the spectrum measured at 20 K after
subtracting the non-magnetic background. The peaks
labelled I-VII correspond to the transitions shown in
Fig. 3, which shows the energy splitting pattern of the
S =17/2 derived from our data. Least-squares calcula-
tions using Eq. (1) and the peak positions determined
by INS yield the following best parameter set:
D =-0.249(5)cm ™", B} =7(4) x 107 cm™'. The value

(@) VII VIL -yl

HIHIVVVI Y El !

i i
Fit i
iy .

i
&

(b)

Intensity (arb. units)

Energy transfer (cm™)

Fig. 2. (a) INS spectrum of Mng measured at 20 K and corrected for
background. (b) Calculated spectrum at 20 K using Egs. (1) and (2)
with the parameters D = —0.249 cm™" and B} =7 x 107 cm~!. The
labelling of the peaks corresponds to the transitions in Fig. 3.
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Fig. 3. Calculated anisotropy splitting of the S =17/2 ground state
according to the Hamiltonian of Eq. (1) with parameter values
D=-0249cm ' and B} =7 x 10 cm™' The double arrows corre-
spond to the allowed AMg = %1 INS transitions.

of the axial anisotropy parameter D is in good agree-
ment with the D values of —0.29 and —0.25cm™" de-
rived from powder and single crystal magnetic
measurements, respectively [8]. A Hamiltonian without

the fourth order term BZOE could not account for the
observed decrease of the energy intervals with increasing
energy transfer. The B} parameter must be positive,
which is not without precedent in the spin cluster litera-
ture. Positive BY values have been reported for example
for the classical single molecule magnet Feg and for a
Mn, butterfly single molecule magnet [9,10].

Fig. 2(b) shows a calculated spectrum at 20 K using
Egs. (1) and (2) with the best fit parameters. The peak
positions and relative intensities are in excellent agree-
ment with the experimental data shown in Fig. 2(a).
For energy transfers below 1 cm™' the experimental
data are dominated by the elastic line, and the eighth
peak predicted by the calculations is not observable.
The non-magnetic scattering is orders of magnitude
more intense than the magnetic scattering in the region
of the elastic line, thus swamping the magnetic part.

Physically, the strong central line with the pro-
nounced tails in Fig. 1 originates from elastic and quasi-
elastic non-magnetic scattering processes. Its intensity is
enhanced by the presence of a large number of hydrogen
atoms in the measured sample. Hydrogen is a strong
incoherent nuclear scatterer. This is exploited in molec-
ular vibrational spectroscopy [11]. At the low energy
transfer of our experiment, it leads to an enhanced elas-
tic line including tails as well as a higher background.
For a more accurate determination of the peak VII in
Fig. 2(a), it would be necessary to measure a deuterated
sample. The incoherent nuclear scattering cross-section
of deuterium is 40 times smaller than the one of hydro-
gen; therefore, the effects described above are reduced
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drastically. Deuteration is often considered a prerequi-
site for a successful magnetic INS experiment, but the
present study shows that data of remarkable quality
can be obtained with an undeuterated sample in the en-
ergy transfer range between 1 and 4 cm ™' also. We have
recently studied a number of undeuterated molecular
spin clusters by INS and made similar observations
[12,13]. The energy transfer region, in which magnetic
cluster excitations can be observed despite the presence
of hydrogen atoms, covers the range from about 1 to
30 cm~!. We ascribe this to a low density of vibrational
states with significant hydrogen contribution in this
“lucky window™.

4. Conclusions

INS measurements unambiguously prove the S = 17/2
ground state of 1. Analysis of the INS transitions within
the zero field split ground state lead to a very accurate
determination of the axial anisotropy parameter D and
the crystal field parameter 32. The experimental INS re-
sults of this study are of remarkable quality, despite the
presence of a large number of hydrogen atoms in the
sample.
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