Single-Molecule Magnets
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Mn,,-acetate is the prototype of a class of polynuclear
transition metal complexes known as single-molecule mag-
nets (SMMs). These spin clusters exhibit new phenomena
such as slow relaxation and quantum tunneling of magnet-
ization (QTM) at low temperature,? and this discovery,
about a decade ago, triggered a flurry of interdisciplinary
research in physics and chemistry. Mnj,-acetate was the first
SMM discovered, and its properties have been thoroughly
studied by many different techniques. As shown in Figure 1, it
is composed of a tetrahedral core of oxygen-coordinated
Mn** ions, which are surrounded by a ring of eight Mn** ions
with oxo and acetate coordination.”) Dominant antiferro-
magnetic interactions between the Mn** and Mn** ions lead
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Figure 1. Structure of the core of Mn,,-acetate (view along the S, axis).
For clarity only the first coordination sphere of the Mn ions is drawn.
The single-ion Jahn—Teller (JT) axes are represented by thick bonds.
Mn**: white, Mn®*¥: black, p,-O*": dark gray, OAc: medium gray, H,O:
light gray. The two specific sites 1 and 2 are used in the data analysis
and discussion.

to an S =10 ground state.! The Mn** coordination environ-
ment is Jahn-Teller-distorted; the elongated Mn—O bonds are
emphasized in Figure 1. The concerted action of the resulting
Mn** single-ion anisotropies leads to an overall easy-axis-type
anisotropy of the §=10 cluster ground state, which can be
expressed by Equation (1).

Hyes = DIS*/,S(S +1)] + BSOY
where
0 =358-305(S +1)8? + 25826 S(S + 1) +35*(S + 1)

1)

As a result the S =10 ground state splits in zero field into
eleven 4+ Mg sublevels, of which Mg=+410 are lowest in
energy. An energy barrier between the plus and minus Mg
sublevels is thus built up (Figure 2). Inelastic neutron
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Figure 2. Axial anisotropy splitting and energy barrier A of the S=10
ground state. The double arrows correspond to the observed
AMgs==1 INS transitions.

scattering (INS), for which AMg= =+ 1 transitions are allowed,
is eminently suited for the direct measurement of this splitting
pattern in zero field.’) The physical properties of Mn,,-acetate
can be tuned by chemical variation®” or by physical
perturbations such as an external magnetic field or pres-
sure.*?) Here we report the first spectroscopic study of the
anisotropy splitting of Mn,-acetate under hydrostatic pres-
sure up to 12 kbar. From magnetization experiments it was
earlier concluded that the anisotropy barrier increases with
increasing pressure.’) From the observed acceleration of the
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magnetization relaxation it was further postulated that
pressure induces partial conversion of the normal, slow-
relaxing (SR) Mnj,-acetate molecules into a faster relaxing
(FR) species.”! Since INS allows the identification and
quantitative characterization of individual species, we
expect to clarify and quantify these points, which are
important for understanding the mechanism and structural
origin of slow magnetic relaxation in Mn,,-acetate.

Figure 3 shows the relevant section of the 2.5K INS
spectrum of a fully deuterated sample of Mn,,-acetate for the
full accessible pressure range, measured on INS at the ILL in
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Figure 3. INS spectra at 2.5 K of Mn,,-acetate for the indicated pres-
sures. The spectra correspond to the sum of all the scattering angles
and are normalized to the elastic intensity. The upper four spectra
were obtained with the clamp cells. The lower signal-to-noise ratios in
the clamp-cell data originate from the higher background. The labels |
and [ refer to the +10— =+ 9 transition (Figure 2) of the majority and
minority species, respectively. The asterisk marks a spurion.

Grenoble. At 2.5 K the only allowed INS transition is Mg=
+10 to +9. Besides the major peak I around 1.25 meV, we
observe a weaker peak 7 around 0.92 meV. The intensity ratio
of the two peaks is clearly pressure dependent, and we assign
the weak peak to a minority species. Its fraction increases
from 3.8 % at ambient pressure to 11.1 % at 5 kbar, and this
conversion is reversible. Above 6 kbar the minority peak is no
longer observable in our spectra, most likely due to inhomo-
geneous broadening and the lower signal-to-noise ratio in the
high-pressure clamp cells. Furthermore, a shift of the INS
peak positions to higher energies with increasing pressure is
evident for both species. Figure 4 shows the pressure depend-
ence of the INS spectrum at 23 K. At this temperature all
levels are thermally populated and seven transitions (labeled
I to VII in Figure 4) within the zero-field split (ZFS) S=10
ground state are observed. The 5 kbar pattern was measured
at four temperatures from 2.5 K to 23 K, and this allowed the
peaks originating from the two different species to be
identified (cf. Supporting Information). The pressure depen-
dent peak positions of the majority and minority species are
listed in Tables S1 and S2, respectively, in the Supporting
Information.
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Figure 4. INS spectra at 23 K of Mn,-acetate for the indicated pres-
sures. The spectra correspond to the sum of all the scattering angles
and are normalized to the elastic intensity. The lower signal-to-noise
ratios at 8 and 12 kbar originate from the higher background of the
clamp cells. The labeling of the peaks corresponds to the scheme
adopted in Figure 2. The data at ambient pressure are taken from
ref. [5]. The asterisk marks a spurion.

It is straightforward to assign the majority species in our
INS spectra to the normal, SR Mn,-acetate molecules with
the structure shown in Figure 1. The minority species with a
significantly smaller anisotropy is assigned to a FR isomer
with a different structure. The observed fraction of 3.8 % at
ambient pressure is in good agreement with the value of 5%
derived from ac susceptibility measurements."”!

For ambient pressure the ZFS of the majority species has
been studied previously in great detail by INS with higher
instrumental resolution.”! In addition to the D and B!
parameters in Equation (1), it was possible to quantify two
higher order terms which lead to deviations from the pattern
in Figure 2. In the present study we concentrate on transitions
I-1V, and these are essentially unaffected by the higher order
terms and are sufficient to determine both D and B
accurately. The results of least-squares fits of the eigenvalues
of Equation (1) to the experimental energies are given in
Tables S1 and S2 in the Supporting Information. The variation
of D as a function of pressure for both species is shown in
Figure 5. In analogy to other Mn,, systems,®”] we assume an
S§ =10 ground state for the minority species, which is in good
agreement with our INS data. The pressure dependence of D
of the SR species is in good agreement with the values given in
ref. [8]. The 2.1 % increase in | D | between ambient pressure
and 12 kbar is significant. B is pressure-independent within
experimental accuracy, and thus this parameter was kept
constant in the analysis.

D in Equation (1) can be related to the anisotropy of the
individual Mn** ions by Equation (2) where the projection

2
D=2 Z a; Dy ;(3 cos’a;—1) (2)

i=1
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Figure 5. Variation of D as a function of hydrostatic pressure for a) the
majority species and b) the minority species.

coefficient a;=0.02845"! and a; is the projection angle of the
respective single-ion anisotropy axis (Jahn-Teller axis) on the
cluster-anisotropy axis (S, axis). The two distinct Mn’™ sites
with i=1 and 2 (Figure 1) have values of a;=11° and a,=
37°, respectively, and thus contribute differently to D. In a
recent pressure study of another SMM containing Mn*',
[Mn,O;Br(OAc);(dbm);] (dbm = dibenzoylmethane) or Mn,
in short, |D| was found to decrease by 3.8% between
ambient pressure and 12 kbar."!l This was ascribed to a tilting
of the Jahn-Teller axes under pressure, which leads to a
decrease in the (3cos’a;—1) factor in Equation (2). The
situation is different in Mn,,-acetate, where the observed
increase in | D | can be explained by an increase in | Dygps, | -
Using the angular overlap model (AOM) as in ref. [12] and
assuming the same compressibility for all Mn**~O bonds
(d 2 xvarl doirar = 0.9975),1 we can calculate the pressure
dependence of Dy,; by scaling the AOM parameters with
the Mn—O distances. Assuming constant «; in Equation (2)
(isotropic compression), we calculate an increase in |D | of
2.2% between ambient pressure and 12 kbar. The excellent
agreement with the experimental value of 2.1 % is fortuitous,
but the calculation clearly reveals that an increase in the
single-ion anisotropy under pressure can explain the observed
pressure dependence. As seen in Figure 5b, |D| increases
about twice as strongly with pressure in the minority species,
but here, too, the main effect is an increase in single-ion
anisotropies with increasing pressure.

For a number of Mn,,-acetate derivatives FR minority
species have been identified and studied in detail. In all cases
the activation energy for the magnetization relaxation 4, is
reduced by about 40 % compared to the SR species, but with
regard to the anisotropy barrier 4 (Figure 2), two different
groups can be distinguished. In the first group the reduction of
A is about an order of magnitude smaller than the reduction
of A,,,.1° This is ascribed to a switching of the Jahn-Teller axis
of one of the Mn*" ions on site 2 towards the ps;-oxo bridge
(Figure 1). In the second group the reduction of A is similar to
that of 4,,,” and a rather unusual coordination geometry
(compressed octahedron) at one Mn** ion on site 2 was
proposed. From our INS data we derive 4 =5.75 and 3.7 meV
at ambient pressure for the SR and FR species, respectively.
The reduction of A is thus similar to the reduction of the
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relaxation barrier from A4,,=5.6 meV for the SR to 4,,=
3.5 meV for the FR species.!’® This would place Mn,,-acetate
in the second group, but additional structural information on
the FR species in Mnj,-acetate would be desirable.

High-resolution INS allows the simultaneous direct mea-
surement of the anisotropy splitting and its pressure depend-
ence in the § = 10 ground state of the two molecular species in
Mn,,-acetate. From the INS data we clearly see a trans-
formation of the SR into the FR species under pressure. The
axial anisotropy of both species increases with increasing
pressure, in striking contrast to the situation found in Mn,, for
which a decrease is observed. Apparently, there are no
general rules for the pressure dependence of the axial
anisotropy in SMMs, though we could provide a consistent
explanation for both Mn,,-acetate and Mn,.

Experimental Section
A fully deuterated, polycrystalline sample of Mn,-acetate was
synthesized according to ref. [14].

INS measurements were performed on the high-resolution time-
of-flight spectrometer INS5 at the Institut Laue-Langevin in Grenoble,
France. A neutron wavelength of 2,=5.9 A (FWHM =57 pueV) was
used. Data treatment involved the calibration of the detectors with a
vanadium spectrum. The time-of-flight to energy conversion and data
reduction were performed with the standard program INX at the ILL.

A standard ILL continuously loaded high-pressure He gas cell,
loaded with 4.3 g of Mn,-acetate, was used for pressures p =0.16(1),
1.5(1), 3.0(1), and 5.0(1) kbar. For p =5.0(5), 6.0(5), and 8.0(5) kbar
the standard ILL 10 kbar high-pressure clamp cell (0.6 g sample) and
for p=12.0(5) kbar the standard ILL 15 kbar high-pressure clamp
cell (0.4 g sample) were used with FC-75 (fluorinated hydrocarbon,
3M) as pressure-transmitting medium. An ILL orange cryostat was
used for cooling.
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