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We report inelastic neutron scattering (INS) studies on a series of Mn;, derivatives, [Mn;,012(0,CCsFs)16(H20)4]%,
in which the number of unpaired electrons in the cluster is varied. We investigated three oxidation levels: z=10
for the neutral complex, z = -1 for the one-electron reduced species and z = -2 for the two-electron reduced
complex. For z = 0, the ground state is S = 10 as in the prototypical Mny,-acetate. For z = -1, we have
S =1, and for z= -2, an S = 10 ground state is retrieved. INS studies show that the axial zero-field splitting
parameter D is strongly suppressed upon successive electron reduction: D = -0.45 cm™! (z = 0), D = -0.35
cm™t(z=-1),and D~ -0.26 cm~! (z = -2). Each electron reduction step is directly correlated to the conversion
of one anisotropic (Jahn—Teller distorted) Mn®* (S = 2) to one nearly isotropic Mn?* (S = 5/).

I. Introduction should have a large spin ground st&tend a large negative
axial anisotropyD < 0 and must be magnetically isolated
from its neighbors. A consequence of these combined
properties is that each molecule possesses an energy barrier
(U~ — DS to magnetization reversal. At low temperatures,
the magnetization is blocked, hysteresis loops are observed,
and the relaxation occurs only by tunneling channels through
the anisotropy barrier.

The mixed-valence (Mti/Mn*") compound Mm,—acetate
S=10,D = — 0.47 cm?) is the best studied SMM, and
numerous experiments have demonstrated its ability to show

remarkable fingerprints of SMM behavib?. However,
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The notion of single-molecule magnets (SMMs) was
coined to describe a macroscopic assembly of identical and
isolated molecules with superparamagnetic behavior. Each
single magnetic molecule (spin cluster) shows magnetization
hysteresis and very slow magnetization relaxation at low
temperature$? SMMs are therefore potential candidates to
develop information storage and computing devices at the
molecular levef# There are several important parameters (
that control the low temperature properties. Each cluster
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into two groups: A central core made up of a tetrahedron
of 4 Mn** (S= 3/,) and an external ring of 8 M (S= 2)
ions. Neighboring Mn ions are coupled in an intricate pattern
via different types ofu-oxo bridges by which both AFM

and FM exchange couplings can be present in this system.

The magnetic ground state has a total spir 10. This is
rationalized by a ferrimagnetic-type arrangement, i.e., the 8
Mn3t pointing “up” and the 4 Mf pointing “down”.
Moreover, each Mp cluster is only weakly coupled to its

neighbors such that there is no long-range magnetic ordering

down to the millikelvin range.
In this context, to obtain a larger spin ground statnd/
or a more negative anisotrop® it is crucial to better

understand the effects of chemical and physical variations
on these parameters. Consequently, we have undertaken an

inelastic neutron scattering (INS) study of three-electron
reduced Mr, complexes. In such systems, INS is a powerful
tool to obtain detailed magnetic information like magnetic
anisotropy parameters (axial, rhombic, and up to the fourth
order) as it does not rely on applying a magnetic field. The
compounds are the pentafluorobenzoate;Msomplexes
[Mn12012(0,CCsFs)16(H20)4]% The electron reduction degree
z can be 0,—1, or —2 without major change in the
structuret®14Previous experiments on Ma-acetaté®>and
other molecular magnéfst®2! have shown that one can
derive the anisotropy parameters with great accuracy.

II. Experimental Section

A. Samples.In the following, [Mn;0;(0,CCsFs)16(H20)4] is
noted samplel, the one-electron reduced [IVWD1(O,CCsFs)16-
(H20)4*~ is noted sample2, and the two-electron reduced
[Mn150:5(0,CCsFs)16(H20)4]% is noted sampl8. Structural details
are given in ref 13. The structure dfis similar to previously
characterized neutral Mp complexes. The MpO;, block is
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Figure 1. View of the molecular complex [MiO1(02CCsFs)16(H20)4]?
with z= 013

virtually identical to Mn,—acetate, and peripheral ligation is
achieved by 16 bridging §£6CO,~ ligands and 4 terminal }O
groups. The M#" ions are octahedrally coordinated and show an
axial Jahn-Teller (JT) elongated axis approximately pointing
parallel toS,, i.e., the easy axis of the molecule. For samiles
and3, the overall structure is preserved, but analysis of the-Kain
bond lengths shows that while the central tetrahedron offNns

is unaffected, the outer Mn are successively reduced to kn
ions upon addition of one and two electrons, respectitly.

Magnetic measurements show that the three compounds retain
the SMM properties of the original complex, Mr-acetate. The
ground states are shown to vary upon electron reduct®: 10
for z= 0 andz = —2, andS = 9, for z= —1.13 The effective
energy barrier shows a clear decrease upon successive electron
reduction.

B. Inelastic Neutron Scattering. The polycrystalline powder
samples were placed under helium into a rectangular flat aluminum
container of dimensions 4% 61 x 5 mn®, with an accessible
sample volume of 36« 50 x 3 mn® for 1 and3 and 30x 50 x
2 mn? for 2. INS experiments were performed on the time-of-
flight spectrometer NEAT at the Hahn-Meitner Institute (HMI) in
Berlin, using cold neutrons of wavelength= 6.0 A. This resulted
in a resolution of about 7@eV (fwhm) at the elastic line. Data
were collected at several temperatures between 1.8 and 20 K and
were corrected for the detector efficiency by means of the spectrum
of vanadium metal. Data reduction was performed using the
program INX. The background of each spectrum was estimated
from a polynomial fit to the baseline of the low temperature spectra
for each compound and then subtracted. The analysis is limited to
the neutron energy loss side due to the experimental setup which
was chosen to have its best resolution on the neutron energy loss
side. Therefore, transitions on the neutron energy gain side could
not be resolved and usefully analyzed.

[ll. Results and Analysis

Figure 2 shows the low temperature neutron energy loss
side spectra 01—3, taken at 1.8 K{ and3) and 2.0 K @),
respectively. In the spectra @éfand2, two peaks could be
observed in each spectrum. Irthe peaks labeled, hnd |
are centered at about 10 and 9.3 émespectively. Ir2, I,
and | are observed at about 7.4 and 6.9 énmespectively.
The spectrum 08 shows no resolved peaks in the observed
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for Mnj,—acetaté® The observation of two peaks in the low
temperature spectra afis attributed to two isomers present
in the sample, either due to Jahheller isomerism known

in Mn, compound®-23or structural isomerg:?> Thus, the
peaks } and |, correspond to transitions fros = +10 to

Ms = 49 energy levels in isomea and isometb, respec-
tively. The ratioa to b is about 3:1 with the assumption the
INS intensities are proportional, within a good accuracy, to
the amount of each isomer in the sample.

The same explanation is valid for compoudvhere the
same kind of observations are made. Here, the two peaks
labeled } and | correspond to the isomersandd (ratio
R R R R R R AR RAR RN RN c/d = 0.7). A closer look at the data in Figure 2 also reveals

intensity [arb. units]

34 5 6 7 8 9 10 11 the existence of two isomers B but in this case higher
energy transfer [cm ] states are already populated at 1.8 K. Thus, hot peaks
Figure 2. Neutron energy loss side INS spectralodnd3 at T = 1.8 K superimpose with the cold ones and lead to the broad band
and2 atT = 2.0 K obtained at an incident neutron wavelengti 6.0 A observed between 3 and 7 cinThe two isomers identified
(NEAT, HMI).

are namece andf. The ratioe/f could not be determined
from the present data.

On the basis of this information, data are fitted with
Gaussians of equal width for each sample, shown as dashed
lines in Figures 2 and 3. The width (fwhm) of the Gaussians
for the elevated temperature data are fixed to the width of
the corresponding transition | at low temperature (about 60
ueV). Exceptions are transitions iV, and VL and Vi,
respectively. For those, it is not possible to locate their four
individual positions, because they are superimposed. Thus,
V4V, and VI/VI, are treated as one transition for their
position with fwhm of about 10@eV. The results of this
procedure are presented in Table 1 fprand the resulting
energy splitting patterns for the two isomersandb in 1
are shown in Figure 4. In the following analysis, the bands
V and VI are not included, due to their overlap problem
mentioned above. The experimental energy patterns in Figure

4 are reproduced by applying the following axial Hamiltonian
Figure 3. Neutron energy loss side INS spectraloind2 at T = 20 K for the magneto-crystalline anisotropy

andT = 9.9 K, respectively, obtained at an incident neutron wavelehgth

= 6.0 A (NEAT, HMI).

IVc,dHIc,dHc,d Id Ic

intensity [arb. units]

|||||||||||||||||!|||||||||

3 4 5 6 7 8,9 10 11
energy transfer [cm |

H= D’é§ ~ g5+ 1)] +B,°0,° 1)
energy region, but weak intensity between about 3 and 6 3
cm L. The asterisk marks the energy transfer position of an
impurity of 2 in 3. Figure 3 shows spectra @fand2 at 20

and 9.9 K, respectively. Fdr, new transitions, labeledatt 1) + 3%(S+ 1)2 Small deviations from tetragonal symmetry

VI, and IL—VIy,, appear at energies between about 3 and 9 ve been nealected in our analvsi th nlv marainall
cm ! as the temperature is increased. Three new peaks appea}?a € been negiecte our analysis as they only marginatly

In 2 upon raising the temperature to 9.9 K, labelagH1V/ ¢ mﬂClZJ:IZSIeattiT)?lslotﬁiﬁneorr?ly 'Itﬁelj;;rameter cannot reproduce
and lly—IV 4. The solid lines in each spectrum in Figures 2 g only the p P

. (O . . .
and 3 correspond to the sum of the Gaussians underlinedthe experimental data. T*.‘“BA Is significant. Th's allows
us to reproduce the deviations of our experimental peak

(dotted lines) in the analysis. . (
The average energy of transitionsahd b of 1 in Figure positions from a pure Larideattern, observed fat and 2.

2 is centered at about 9.8 cfn Assuming that this For 3, the data do not contain enough information to extract

where B is the axial fourth order term to the zero-field
splitting, andO} = 355 — [30S(S+ 1) — 25]F — 65(S+

corresponds to the first allowed transition betw&&r= +10 the B, parameter, and thus, this is neglected in the analysis
andMs = ig_ in theS= 10 ground state, its energy IS gl_VGﬂ (22) Aubin, S. M. J.; Sun, Z.; Guzei, |. A;; Rheingold, A. L.; Christou, G.;
by 19D, which means thab ~ —0.51 cnt. Taking this Hendrickson, D. NChem. Commuri997, 2239.

i iti i (23) Sun, Z.; Ruiz, D.; Rumberger, E.; Incarvito, C. D.; Folting, K;
vglue, th.e Obser.vatlon ol t"YO transitions at 1.8 K t.lom. Rheingold, A. L.; Christou, G.; Hendrickson, D. Morg. Chem199§
Figure 1 is puzzling. According to Boltzmann statistics, just 37, 4758,
the Ms = + 10 state is populated at 1.8 K (99.9%). Thus, (24) Comia, A.; Sessoli, R.; Sorace, L.; Gatteschi, D.; Barra, A. L.;
due to the INS selection rule within a giv&state, AMs = Daiguebonne, CPhys. Re. Lett. 2002 89, 257201,

. . (25) Cornia, A.; Fabretti, A.; Sessoli, R.; Sorace, L.; Gatteschi, D.; Barra,
+ 1, only one transition should be observed, as is the case  A. L.; Daiguebonne, C.; Roisnel, Acta Crystallogr.2002 58, 371.
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Table 1. Experimental (Neutron Energy Loss Side) and Calculated Energies and Relative Intensities of the INS Transitions oflaodhens

[Mn12012(02CCeF5)16(D20)4] (Samplel) at 4; = 6.0 Aa

isomera isomerb
energy [cn?] norm int [arb units] energy [cm] norm int [arb units]
20K 20.0K 20K 20.0K

expt calcd expt calcd expt calcd expt calcd expt calcd expt calcd
la 10.03(2)) 10.01 1.00(3) 1.00 0.37(2) 0.44 p | 9.30(5) 9.28 1.00(8) 1.00 0.35(2) 0.42
Ila 8.48(2) 8.51 0.29(2) 0.41 gl 7.90(1) 7.94 0.29(2) 0.41
Il 4 7.11(2) 7.16 0.24(2) 0.31 Yl 6.69(2) 6.72 0.24(2) 0.33
IVa 5.98(3) 5.94 0.19(2) 0.24 B 5.65(1) 5.61 0.18(2) 0.25
Va 4.86(2) 4.83 0.18 Y 4.86(2) 4.59 0.20
Vla 3.79(2) 3.82 0.14 i 3.79(2) 3.65 0.16

aThe intensities were scaled to a value of 1.0 for transitiqgasitl |, at 2.0 K. For the calculation the following sets of parameters were used: for isomer

a, D = — 0.463 cnt andB] =

x 1074,
Mg
50 Isomer a Isomer b 0
e
40 —Bi
Via +4
Va d VIp 45
g 30 v b 16
[3) a IVp
- ]‘lll +7
2B a i1l
5 [ — +8
1, m
104 5 y +9
Ia Ip
0 +10

Figure 4. Energy level diagram fot calculated using the parameters given
in Table 1.

of 3. Fitting the data with the Hamiltonian (eq 1), the zero-

field splitting parameters for the six isomers are determined.

They are collected in Table 2.
Using INS, one has information not only on peak positions,

but also on their relative intensities. Since the intensity of a

given transition is a function of the underlying wave
functions of the initial and final states, it is very sensitive to

—2.09x 1075 cmrt with 42 = 7.7 x 1074 for isomerb: D = — 0.437 cn! andBj =

—1.69x 105 cmtwith y2=5.4

Table 2. Zero-Field Splitting Parametei3 and BZ (in cm™1) in the
Three Samples

isomers
param [cnm] la 1b 2c 2d 3e 3f
D —0.463 —0.437 —-0.368 —0.332 —0.274 —0.241
BJ[1079] -2.09 -169 -159 -1.80
%?[1079] 0.8 0.5 0.4 3.8 4 7

energy, and¥; and W; are the cluster wave functions with
energiest; andE;, respectivelyg; is theg factor, andF(Q)
is the magnetic form factoR, is the space vector of théh
Mn ion in the cluster, andr and $ stand for the spatial
coordinatex, y, andz. e andm are the charge and mass of
the electron, respectively, is the speed of light, ang =
—1.91 is the gyromagnetic constant of the neutron.

For a powder sample, eq 2 has to be averagégtépace.
For the relative intensities we are then left With

2

~ Zp.mw SR g 3)

dQdE

S is the spin component perpendicular to the scattering

the applied model parameters. Comparing experimental vectorQ, andp; is the Boltzmann factor of levél The results
intensities and calculated ones is therefore an excellent wayof these calculations are given in Table 1 for both isomers

to validate the chosen model.

of compoundL. The overall agreement with the experimental

The differential magnetic neutron cross section for a data is very good.

transition W,

— P is given by?®
Ikl
IK|

=i e
)

x zexd@ﬁ"ﬁi’mﬁﬂwﬁ
]

xp 2MIF%(Q)

deE

@)

In this equation,k and k' are the wavenumbers of the
incoming and scattered neutrogg,s the scattering vector,
exp(—2W) is the Debye-Waller factor,hw is the neutron

x W9 |W,Bho + E — E)

(26) Marshall, W.; Lovesey, S. WLheory of Thermal Neutron Scattering
Clarendon Press: Oxford, 1971.
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IV. Discussion

The S = 10 ground state of the neutral compounds is
empirically understood by considering the ferrimagnetic
arrangement first suggested for Mracetate (see Introduc-
tion). As one MA" is reduced to a M, one would
intuitively expect a spin ground stafe= 2/, instead ofS=
19/,. With one more electron reduction step, we recdver
10 again, but we would naively expest= 11. This pattern
clearly shows that the canonical picture of the iground
state should be handled with great care, as it can easily
predict the wrong ground state. This is due to several
factors: The ground state is extremely dependent on the
competition between the various exchange couplings in the
cluster and any change like swapping one*Mior one Mrf*
can considerably modify the low energy levels. We know

(27) Birgenau, R. JJ. Phys. Chem. Solids972 33, 59.
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0.50 ing thatD; is zero for the MA* ions andD; is equal for all
Mn3* ions, we geD ~ 0.23D; and thusD; ~ 2 cnr? for 1.
0.45 - % The situation is less straightforward for the electron reduced
o compounds because they have different ground states.
0.40 8 We see that the added electron reduction leads to a
- ° decrease of the axial anisotropy paramdierbut it is
50351 i apparent that the anisotropy reduction of the ground state is
E o more important than anticipated assuming a linear relation-
T 0.30 ship between the number of Nihions present in the cluster
8 and the parametdD. In other words, the loss of one (or
0.25 - . two) JT distorted sites not only quenches the single-ion
anisotropy on these sites but affects the whole cluster
020 anisotropy in a collective way.

Finally, the S = 10 value of the [M®,]>~ complexes,
together with an anisotropy that has been decreased but is
. . . ) still reasonably large, explains why th i i
Figure 5. Dependence of the zero-field splitting param@seas a function y 9 P . .y ey sl funCtl.O.n as
of the degree of reduction. The dashed line is drawn to aid in visualization. SMMs at IQW temperaturgs, !-e-! still possess a sufficiently
The parameters were taken from refs 15, 30, 28, 29C)410d the present  large barrier to magnetization reversal to display slow

Reduction Degree

data @). magnetization relaxation rates. The upper limit for the energy
) ) . barrier AE can be evaluated for the three compounds as the
that in Mm,—acetate low energy spin states are lying not following: AE = —$D = 45 cnt for z = 0, AE =

far from the ground state, the first one as low as {10%” (S — YD = 31 cnr for z= —1, andAE = 26 cnr for
and a few percent change in the exchange couplings can aIteE - 2
the energy level ordering.

The anisotropy pare}meteID decreases as our Ivbn. V. Conclusion
complexes get successively reduced, see Table 2 and Figure
5. TheD values given in Table 2 are approximate values  Using INS spectroscopy, we have clearly shown the effect
because the fitting model assumes axial symmetry, and thesef electron reduction in Miz derivatives. The spin ground
complexes are all crystallographically occupying nonaxial state varies frons = 10 for the neutral and two-electron
sites!® The decrease iD of about 25% upon each reduction reduced compounds ®= %, for the one-electron reduced
step is also observed in other Mranalogued#152%30 A species. This result is somewhat counterintuitive but stems
comparison between report€dvalues and the present data from the fact that the ground state is the result of multiple
is shown in Figure 5. Upon one-electron reduction step, the competitive exchange interactions within the clustétOnly
added electron is preferably located on a ring Mn atom. This the knowledge of all the exchange couplings will permit a
process is asserted by Mi® bond length calculations, and  definitive rationalization of the ground state evolution as a
the oxidation levels were estimated by bond valence sumfunction of electron reduction. On the other hand, the
(BVS) calculations? The decrease of the cluster anisotropy anisotropy is clearly reduced upon adding electrons. The
can thus be explained by the decreasing number of"Mn extra electron preferably reduces a Mphence converting
ions from eight in samplé to six in sample3. Removing a them to magnetically almost isotropic ¥n We find an
Mn3* ion results in the loss of one Jahmeller axis in the almost linear relationship between the degree of electron
ring. reduction and the axial anisotropy parameter of the cluster.

The cluster anisotropy parametBr essentially derives  Further theoretical work is needed in order to completely
from the single-ion anisotropy paramerof the individual understand the effect of additional electrons in such single
Mn3* ions. The single-ion anisotropy of the fthand Mrf* molecule magnets.
are assumed to be negligible compared to the strongly-Jdahn ]
Teller distorted M&* ions. The exact relationship between _ Acknowledgment. This work has been supported by the
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