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Abstract: Alternating current (ac) magnetic susceptibility data are presented for six distorted cubane complexes of
the composition [MIYMn'"'305X]. Each of these complexes has a well isolage: %, ground state. There is
zero-field splitting (ZFS) in the ground states whérethe axial ZFS parameter, is found to be in the range @27

to —0.38 cntl. As a result of the big spin ground state and appreciable magnetic anisotropy, an out-of-phase ac
magnetic susceptibility signal is seen for each of the six Bbmplexes. The out-of-phase ac susceptibility signal
reflects slow magnetization relaxation which is taken to indicate that individual molecules are acting as magnets.
Alternating current susceptibility data are presented for a frozen glass of one of theoplexes to confirm that

the out-of-phase ac signal is associated with isolated molecules. The factors that influence whether a given complex
can function as a single-molecule magnet are described. The abayveodkhplexes represent only the second type

of molecules that exhibit enough magnetic anisotropy to function as single-molecule magnets.

Introduction

There is considerable ongoing research directed at the

preparation of molecule-based magriet®aramagnetic mol-

ecules are used as building blocks to make compounds that
magnetically order as a ferromagnet or ferrimagnet. These

molecular building blocks may be organic or inorganic. The

as a result of intermolecular magnetic exchange interactions.
Hysteresis and other phenomena are due to large collections of
spin-correlated paramagnetic molecules sluggishly changing
their magnetic moment orientation in response to a perturbation
from an external magnetic field.

In a related active area of research the focus has been on

first molecule-based magnet was reported in 1967 by Wickman nanoscale magnetic materidlsln this case magnetic species

et al* They found that [Fe(dtgLl], monochlorobis(dieth-
yldithiocarbamato)iron(lll), has & = 3/, ground state and in

are prepared in such a small size such that each crystallite
behaves as a single domain. Nanoscale magnets can be prepared

the crystalline state ferromagnetically orders at 2.46 K. There py fragmenting bulk ferromagnets or ferrimagnets. For ex-

was not much further activity in this area until in 1987 Miller,
Epstein, and their co-workérseported that decamethylferro-
cenium tetracyanoethenide, [Fe(GH TCNE], ferromagneti-

cally orders aff; = 4.8 K. A hysteresis loop with a coercive
field of 1.0 kG is observed for this ferromagnet at 2.0 K. In

the short time since this 1987 report several other molecule-
based magnets have been reported, including some that orde

at room temperaturée.

In the above molecule-based magnets the ferro- or ferrimag-

ample, crystallites of magnetite (§8y) can be broken down to
such a small size that each microcrystal is a single domain. This
fragmentation of bulk samples unfortunately generally gives a
distribution of particle sizes. New constructive techniques have
been devised to build up a small magnet that is of one size;
}hese techniques are based on scanning tunneling micrdscopy
and biomineralizatiof.

Very recently it also has been found possible to prepare single

netic ordering results from magnetic exchange interactions molecules that have ground electronic states with a relatively
occurring between neighboring paramagnetic molecules in thelarge number of unpaired electrons and with large enough
solid state. In the crystal of these paramagnetic molecules theremagnetic anistropy to function as single-molecule magnets. Taft

are large regions, called domains, that have their spins correlateckt all® and Papaefthymiddi employed>’Fe Mdssbauer spec-
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troscopy to demonstrate the presence of superparamagnetism
in Fe, and Fg; molecular complexes. Four dodecanuclear
manganese complexes, [M15(0CR)¢(H20)4] [R = Me (1),
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been show#18 to function as single-molecule magnets. For dc magnetic susceptibility measurements, polycrystalline samples
Substantiating data comes from several experiments. Each ofwere restrained in vaseline (compléxor parafilm (complexes, 7,
these four Mmz Comp'exes exh|b|ts an Out_of_phase ac magnetlc 8, 9, 10) to preVent tOqulng n hlgh fleldS Ac magne“c Susceptlblllty
susceptibility signal with the ac field oscillating in the 25 measur_ements were collected on mlcrocrystalllne samples. Dc and ac
1000 Hz range. The maximum in the out-of-phase ac signal is magnetic susceptibility measurements were carried out on a frozen glass
. ’ . of complex6 in a mixture of CRCI, and tolueneds. In an inert
found m. the 4_7. K range and s fr_equency dependent. A tmosphere (Ar) glovebox, a sample of compewas dissolved in a
hysteresis loop with a large coercive field has also been_obsferveoﬁﬂxture of CD.C, (0.4 mL) and toluene (0.2 mL), filtered, and pipeted
for each of the four Mp complexes. The slow magnetization ni a sealed quartz tube. Background correction data obtained from
relaxation in these My complexes is not only due to the fact  ac and dc magnetic susceptibility measurements on the sealed quartz
that they have high-spin ground state$,= 10 or 9 for tube containing only CBCl, and tolueneds were subtracted from the
complexesl—3 and19, for 4, but also reflects their relatively =~ magnetic susceptibility data for the frozen glass sample of conéplex
high magnetic anisotropies. The origin of the anisotropy is the Pascal’s constarffsvere used to estimate the diamagnetic correction
single-ion zero-field splitting at the several Mrions in the for each complex, which was subtracted from the experimental molar
complex. susceptibilities to give the paramagnetic molar susceptibilities. The
. . . computer program GENSP!lwas used to analyze variable field

In this paper we report single-molecule magnet behavior for 5 netization data. The spin of the ground state is set at a value, and
a second type of polynuclear manganese complex. The then the spin Hamiltonian matrix is diagonalized at each magnetic field
preparation and characterization of several distorted-cubaneto least-squares fit the experimental data.
[MNVMn!"303X] (X = CI or Br) complexes have been
reported'®20 The central [Mn(us-O)s(us-X)]&" core of these

complexes consists of a Mpyramid with the M’ ion at the Zero-Field Splitting in the Complexes Magnetic suscep-

apex, ausX " ion bridging the basal plane, andua0?" ion tibility results are presented for the following six distorted-
bridging each of the remaining three faces. Bridging carboxylate . ,pone [MRO3X]®* complexes:

and/or terminal ligands complete the ligation at each metal ion.
Direct current (dc) magnetic susceptibility data established that

Results and Discussion

all known [MnyO3X] 8+ complexes have a well-isolat&= %, [Mn,O5Cl,(O,CMe),(py)] ©)
ground state experiencing axial zero-field splitting. The mag-
netic anisotropy has been confirmed with EPR d&aln this [Mn,O,CI(O,CMe);(dbmy)] (6)
paper we show that these complexes exhibit slow magnetization
relaxation. [Mn,O5F(O,CMe),(dbm)] (7
Experimental Section
_ _ _ [Mn,O4(N3)(O,CMe);(dbmy;] (8)

Sample Preparation Analytically pure samples of all six Mf
Mn''3 complexes were prepared by literature methi§de.

Physical Measurements Direct current (dc) magnetic susceptibility [Mn,O4(NCO)(C,CMe);(dbm)y] ©)
measurements were carried out on a Quantum Design MPMS SQUID
susceptometer equipped with a 55 kG magnet and operating in the range [Mn ,O04(OC(0O)Me)(QCMe),(dbm)] (10)

of 1.7-400 K. At fields less than or equal to 5000 G, a precision of
0.1 G is obtained, while above 50@ a precision bl G is obtained. . o . .
The error in measurement of temperature 85%. Alternating current N these complexes py is pyridine and dbris the anion of
(ac) magnetic susceptibility experiments were carried out on a Quantum dibenzoylmethaneyiz.
Design MPMS2 SQUID ac susceptometer. The ac field strength can
be varied from 0.001at 5 G atfrequencies ranging from 0.0005 to 0. _.0
1512 Hz. The temperature can be varied from 1.7 to 400 K. C:-C.ﬁ-lc
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plexes can be described as a distorted cubane unit:
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365, 141. Mn
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Hendrickson, D. NJ. Am. Chem. Sod 995 117, 301. o P o
(16) Villain, J.; Hartman-Boutron, F.; Sessoli, R.; Rettori,2urophys. ‘7 \\*\‘
Lett 1994 27, 159. M "'»ME;" Mn
(17) Paulsen, C.; Park, J.-G.; Barbara, B.; Sessoli, R.; CanescHi, A. H
Magn. Magn. Mater1995 140-144, 1891. é/
(18) Barra, A. L.; Caneschi, A.; Gatteschi, D.; SessoliJRAm. Chem. X

Soc 1995 117, 8855.
(19) (a) Hendrickson, D. N.; Christou, G.; Schmitt, E. A.; Libby, E.;

Bashkin, J. S.; Wang, S.; Tsai, H.-L.; Vincent, J. B.; Boyd, P. D. W.;
Huffman, J. C.; Folting, K.; Li, Q.; Streib, W. E.. Am. Chem. S0d 992
114 2455. (b) Wemple, M. W.; Adams, D. M.; Folting, K.; Hendrickson,
D. N.; Christou, G.J. Am. Chem. Sod 995 117, 7275. (c) Wemple, M.
W.; Adams, D. M.; Hagen, K. S.; Folting, K.; Hendrickson, D. N.; Christou,
G.J. Chem. Soc., Chem. Commad895 1591. (d) Wang, S.; Folting, K.;
Streib, W. E.; Schmitt, E. A.; McCusker, J. K.; Hendrickson, D. N.; Christou,
G. Angew. Chem., Int. Ed. Endl99], 30, 305. (e) Wang, S.; Tsai, H.-L.;
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Chem In press.
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In complexes and6 the bridge X is CI- and in7 itis F~. In
complexes8, 9, and10 the X~ bridging function is provided
by one atom of either afN, NCO™, or O,CMe™ ligand. Single-
crystal X-ray structures have been determined for all of the
complexes: 5;192 6;19d.e 7,190 g-19¢ 9:19¢ and 10,90

All of the complexess—10 have been showf < to have a
S = 9, ground state. This likely results from “spin frustra-

(21) Theory and Applications of Molecular Paramagneti®oudreaux,
E. A., Mulay, L. N., Eds.; J. Wiley and Sons: New York, 1976.
(22) Schmitt, E. A.; Hendrickson, D. N. Unpublished results.
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tion”,23 wherein an intermediate-spin ground state results due 9
to the competition between different magnetic exchange interac-
tions in complexes with certain topologies. In the above
complexes the MM---Mn"" antiferromagnetic exchange interac-
tions dominate and this “frustrates” the spins of thre€'Mons
to be aligned parallel. Th8= 9, ground state is well isolated, 6
which means that the lowest-lying excited spin state 15180
cmt at higher energy.
As will be shown below, ars = %, [Mn40.X]®" complex
can function as a single-molecule magnet if there is appreciable
magnetic anisotropy associated with tBe= %, ground state.
The origin of this anisotropy is zero-field splitting in ti8=
%> ground state. Axial zero-field splitting (ZFS) is parametrized
with the spin Hamiltonian@S?), whereD is a parameter that
gauges the magnitude of the splitting. Each'"Mion in a
complex possesses an appreciable single-ion ZFS; that for the 0 . :
Mn'V ion is smaller. Since the Mhion and three MH ions 0 10 20 30
in a given molecule are exchange coupled, it is the vectorial HT [ kG/K | ————- >
addition of the single-ion zero-field interactions at each of the Figure 1. Plot of reduced magnetizatioh)/Nug (N is Avogadro’s
four metal ions in [MO3X]6*" that determines the magnitude number angg is the Bohr magnetonys H'T for [Mn4OsCl(O.CMe)s-
of the ZFS for theS= 9, ground state. (dbm)] (1). Data were measured in the 2.0.0 K range for the
If the Jahn-Teller distortion in a monomeric Mh complex magnetic fields of ) 40.0, (v) 30.0, @) 20.0, @) 5.00, () 3.00,
is such that there is tetragonally elongated six coordination, then(Y) 2-00, €) 1.00, and ©) 0.50 kG and in the 2:830.0 K range for
the ground state is%B; state inC,, symmetry. The degeneracy fields of (4)_50.0 and Q) 1Q.O kG. The sol_ld'llnes resulted from least-
. : g - squares fitting of the data; see text for fitting parameters.
of this state is further removed by spiprbit coupling between
the 5B; ground state angE, 5E, and®B; excited states. These
spin—orbit interactions split théB; state into three states in
zero magnetic field and if this ZFS is parametrized g2,
then the®B; state splits as follows:

M Ny ———~>

fields for a complex would superimpose. Since these complexes
have aS = 9, ground state, the saturatidvi/Nug value is
expected to be 9 wheg = 2. As can be seen in Figure 1,
even at 50.0 kG and 2.0 K thd/Nug value for comple6 falls
below the saturation value of 9. This was also foundSand

. il D 7—10. Furthermore, for all of the complexes thENug versus
By e F H/T plots determined at different fields do not superimpose.
A D Clearly theS = 9, ground states of these complexes are zero-
+2 field split.

TheM/Nug versus HT data for complex were least-squares
fit. For each setting of the parametegsand D the spin
Hamiltonian matrix for &8 = 9, state was diagonalized. Two
different minima were located in this fitting process. In one fit
the parameters were found to Be= 0.48 cnT! andg = 2.00;
in the other fit the parameters aie= —0.35 cnt! andg =
1.99. The solid lines shown in Figure 1 correspond to the fit
with a negativeD value. In Figure 2 is shown a plot of the
least-squares fit error plotted as a function of thealue, where
theg value was held fixed a = 1.995. Two minima are seen.
The fit with D < 0 shows a somewhat sharper (better defined)
minimum. It should be noted that in fitting of magnetization
data for a polycrystalline sample two minima are generally
found, one withD < 0 and the other witld > 0. Two such
minima were found in fitting the field-dependent magnetization
for each of the complexes—10. Table 1 summarizes all of
the fitting parameters for these complexes. The fits \litk
0 give D values in the range 6£0.27 to—0.38 cnT?, whereas
the fits withD > O give D values in the range of 0.32 to 0.59
cm L. For some of the complexes the fit with > 0 is better
than that withD < 0, and for others it is the other way.

It is difficult to determine which of the two fits of polycrys-
talline-sample magnetization data is correct for a given complex.
Definitive magnetization or EPR experiments could be carried

(23) (a) Hendrickson, D. N. IResearch Frontiers in Magnetochemistry — out if a relatively large single crystal could be grown. High-
O’'Connor, C. J., Ed.; World Scientific Publishing Co.: Singapore, 1993. field EPR experiments on polycrystalline samples can determine

(b) McCusker, J. K.; Schmitt, E. A.; Hendrickson, D. N. Magnetic - ’ )
Molecular Materials Gatteschi, D., Kahn, O., Miller, J. S., Palacio, F., the sign ofD. However, in the case of the distorted-cubane

Thus, for a M ion in a tetragonally elongated coordination
geometry the parameté’ is negative. TheéB; state is split
into three levels with theMs = +2 level lying at the lowest
energy. Variable-temperature and variable-field susceptibility
measurements have been reported for several monometic Mn
complexes. Kennedy and Murrgfit data for polycrystalline
samples of five-coordinate Schiff-base Mcomplexes to find
D values in the range 0f1.0 to—3.8 cnt. Mn'" porphyrin
complexes have been reportetb haveD values in the range
of —1.0 to—3.0 cnT.

Variable-field magnetic susceptibility data have been collected
for the distorted cubane complexgs 10 in the range of 0.5
50 kG at low temperatures (230 K). Polycrystalline samples
were embedded either in parafilm or vaseline to prevent any
torquing of magnetically anisotropic samples. In Figure 1 is
given a plot for comple of the reduced magnetizatiod/Nug
whereN is Avogadro’s number andg is the Bohr magneton,
versus the ratio of the magnetic field divided by the absolute
temperatureH/T). In the absence of zero-field splitting and at
temperatures where only the ground state is populated, the
M/Nug versus HT plots would follow the Brillouin function,
which has a maximunM/Nug value ofgS It would also be
expected that th®1/Nug versus HT plots determined at different

Ed(s.; ;(Iuwer: dBostin, 1991; pp 297319. A complexes it is possible to examine the results of the X-ray
24) Kennedy, B. J.; Murray, K. Snorg. Chem 1985 24, 1552. i it

(25) (2) Dugad, L. B.. Behere. D. V.- Marathe. V. R Mitra, Ghem. s_tructure analzses carried out 610 and to conclude it is
Phys. Lett1984 104, 353. (b) Behere, D. V.; Mitra, Snorg. Chem198Q likely that D < O for the ground state of these complexes.

19, 992. (c) Kennedy, B. J.; Murray, K. $norg. Chem 1985 24, 1557. Complex6 crystallizes in monoclinic space grol2i:/n. The
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Figure 2. Plot of the error of fitting (least-squares$ the axial zero-
field splitting parameter[§) for the S = %, ground state of [MOs-
Cl(O.CMe)(dbm)] (6). The data shown in Figure 1 were analyzed to
give this plot of errows D with theg value held constant gt= 1.995.

Table 1. Parameters from Fitting Reduced Magnetization Data for
Complexess—10

fitl fit 2

complex g D(cm™) g D(cm™)
5 1.95 —0.32 1.94 0.32

6 2.00 —0.35 2.00 0.48

7 1.99 —0.29 2.00 0.43

8 1.95 —0.38 1.96 0.54

9 1.84 —0.27 1.96 0.59

10 1.94 —-0.32 1.98 0.53

complex possesses a [Mns-O)s(us-Cl)] distorted cubane core
and a M#Mn"'; trapped-valence oxidation state description.
The asymmetric unit contains only the entire tetranuclear
molecule and the crystallographic symmetry is tRysalthough

the virtual symmetry of each molecule@s, with the pseudo-

Cs axis passing through the Mnand CI ions. The three MH

ions are JahnTeller distorted (elongated) and the JT axes fall
along the CH-Mn''—-0O (acetate) directions.

With the above structural information about compkeit is
reasonable to conclude that the principal axsXis) of the
susceptibility tensor for each molecule lies along the molecular
pseudocs axis. Also, the local principal axis of the susceptibil-
ity tensor at each Mhion very likely lies along the JT distortion
axis. Each of three Mhions in a molecule have B 0 because
the coordination geometry is tetragonally elongated. Table 2
gives the approximate angle between the JT axis at ea¢h Mn
ion and theCs axis for the complexe5—10. It can be seen
that this angle ranges from 45 to%Sr all of the complexes.
The three MHA' ions and the one MW ion (small ZFS) are
magnetic exchange coupled to give e %, ground state. It
is probable thaD < 0 for this ground state sinc® < 0 at
each M ion and theD value for the ground state results from
a vectorial coupling of thé® values for the three Mt ions.

Magnetization Relaxation The distorted-cubane complexes
5—10all have aS = 9, ground state with axial ZFS such that
D = —0.3 cnTl. In the absence of an external magnetic field
there is a potential-energy barrier associated with flipping the
spin of an individual complex, see Figure 3. Te %, ground
state of a complex is split inte:%, +7/,, £5/,, +3/,, and+1/,

J. Am. Chem. Soc., Vol. 118, No. 33, 15p®

Table 2. Mn'""'=X—Mn" Angles and AC Magnetic Susceptibility
Data for Complexe$—10

Mn'—X—Mnv  temperature (K)of out-of-phase signal
complex anglé (deg) 250 Hz 499 Hz 997 Hz

5 45.9 <1.80 1.90 2.00

6 45.1 <1.73 1.80 1.90

7 54.2 <1.72 <1.72 <1.72

8 52.6 <1.72 1.83 2.00

9 51.4 <1.72 <1.72 1.80
10 53.5 <1.72 <1.72 1.80

2 This is the average of three Mr-X—Mn"V angles for each
complex. It is an approximate gauge of the angle between the local
Jahn-Teller axis at a Mhion and the principal axisi.., pseudoCs
axis) of the susceptibility tensor of the moleculeThis is the
temperature at which there is a maximum in the out-of-phase ac
magnetic susceptibility signal at three different frequencies for oscil-
lation o a 1 G acfield.

m=1/2 m=-1/2
Z_D\ m=3/2 A m=-3/2 J
! |
} e m=5/2 m=-5/2
|
| -6D
N
E? o m=7/2
Q -20D
N
Q
-8D
m=9/2
Magnetization Direction ————>

Figure 3. Plot of potential energys the magnetization direction for

a single molecule with &= %, ground state. Axial zero-field splitting
(D%? splits theS= %, state intot®/, +7/5, £5/,, +3/,, and+'/; levels.

The potential-energy barrier height is|RQ for the thermally activated
process involving converting the magnetic moment of the molecule
from the “spin up”Ms = %, level to the “spin down'Ms = —9%; level.

levels. In zero field there are two states with the same lowest
energy value (20 D lower in energy than thé/, levels), the

Ms = —9%; and theMs = —9% states. TheVls = %, state could

be viewed as the case where the magnetic moment of a molecule
is “up” and theMs = —9, state where the moment is “down”.
The double well shown in Figure 3 represents the change in
potential energy as a given complex converts from spin up to
spin down by changing between the intermediate quantized
levels. The potential-energy barrier is of heigibt[S,?|4%/>>

— SA+Y%,>] = |D|(®Y4 — Y4) = 20|D|. SinceD < 0 for each
Mn"" ion in these distorted-cubane complexes, Bhealue for
theS= 9, ground is also negative. This leads to a2Marrier
between the spin-up and spin-down states.

If a given complex is cooled to low enough temperatures so
that KT < 20|D|, then it is possible to observe a sluggish
magnetization relaxation phenomenon. If all the molecules in
a sample could be positioned in thé = —9%, state in zero
magnetic field and at low temperatures, then the rate at which
molecules converted to thds = 9/, state could be determined.
Eventually there would be equal amounts of molecules in both
the Mg = —9, and %, states if these were the only states
populated. Molecules can convert from thig = —%, to the
Ms = 9, state either by direct quantum mechanical tunneling
or by a two-phonon Orbach spiifattice relaxation process. In
the latter case a given molecule interacts with the phonon modes
of the lattice to convert from thtls = —9%, to —7/, to =5/
state, etc., to go over the barrier.
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It is interesting to note that relaxation data have been
presented for [MpO1(O,CMe)e(H20)4]-2(MeCQH)-4H,0
(2) to show that thisS = 10 molecule tunnels from thils =
—10 to the Ms = 10 state at very low temperaturgss
Relaxation data were measured down to 0.175 K. Above 2 K
the plot of the logarithm of the relaxation time the inverse
of the temperature (Arrhenius plot) is linear. At temperatures
below 2 K it was found that there is a deviation from a linear

response and the relaxation time becomes independent of

temperature. When the temperature is lesa th& each Mn,
complex tunnels from this = —10 state to théls = 10 state.
Complexl is the only molecular species for which a tunneling

of magnetization has been observed. Quantum mechanical

tunneling has been reporté€dor single-domain ferromagnetic

particles. The reversal of magnetization in such systems is
complicated because of the range of particle sizes and the range

of interaction strengths between patrticles.

The first evidence that the Mpcomplexesl—4 have an
appreciable barrier (10D] = 50 cnt?) for flipping their
magnetic moments came from ac magnetic susceptibility
experiments. In the ac susceptibility experiment the direction
of the magnetic field is varied at a known frequency (G
1000 Hz). There are in-phasg’yy) and out-of-phasey('u)

components to the ac susceptibility. The magnetic moment of

a simple paramagnetic molecule can flip from spin up to spin
down very rapidly (nanosecond or faster) even in thel@ K
range. The~50 cnt! barrier for flipping the spin of the M
complexesl—4 leads to slow rates for magnetization reversal.
Out-of-phase ac susceptibility signals have been repBriééP

for the Mn, complexes1—4. Furthermore, a frequency
dependence of''w was seen for these same complexes.

Magnetic relaxation effects are evident in the ac magnetic
susceptibility data for all of the distorted cubane complexes
5—10. Ac susceptibility data were collected for polycrystalline
samples 06—10in the 1.7-50 K range with zero dc field and
a 1.0 G ac field oscillating at either 250, 499, or 997 Hz. For
all of the complexes there is a plateau in thigT versus
temperature plot in the-10—50 K range. The values ¢gfuT
in the plateau range are consistent witB & 9, ground state.

As can be seen in Figure 4A, at temperatures beted6 K
there are clear signs of magnetic relaxation effects inthe
vs T data for complex6. The value ofy'mT decreases from
10.96 cri K mol~1 at 2.70 K to 2.72 cfhK mol~1 at 1.70 K.
This significant sudden decreaseyfimT is only explicable in
terms of magnetic relaxation. As the temperature of /Ol
CI(O,CMe)(dbm)] (6) is decreased below~2.6 K, the
magnetization of each molecule in the polycrystalline sample
cannot keep in phase with the ac field oscillating at-2907
Hz. At the fastest rate of field oscillation the decreasg' T
is the greatest.

In Figure 4B it is shown that when there is a decrease in
x'mT for complex6 at low temperatures, an out-of-phase ac
signal y"v appears. The magnitude of the'y response
becomes comparable §0v . Such a large/" v response was

(26) Barbara, B.; Wernsdorfer, W.; Sampaio, L. C.; Park, J.-G.; Paulsen,
C.; Novak, M. A.; Ferfe R.; Mailly, D.; Sessoli, R.; Caneschi, A.;
Hasselbach, K.; Benoit, A.; Thomas, L.Magn. Magn. Mater1995 140—

144, 1825.

(27) (a) Loss, D.; Di Vincenzo, D. P.; Grinstein, G.; Awschalom, D. D;
Smyth, J. FPhysical993 B189 189. (b) Awschalom, D. D.; Di Vincenzo,

D. P.Physics Todai995 April 43. (c) Tejada, J.; Balcells, LI.; Linderoth,
S.; Perzynski, R.; Rigau, B.; Barbara, B.; Bacri, JJCAppl. Phys1993

73, 6952. (d) Chudnovsky, E. M.; Gunther, Bhys. Re. Lett 1988 60,

661. (e) Gider, S.; Awschalom, D. D.; Douglas, T.; Mann, S.; Chaparala,
M. Sciencel995 268 77. (f) Paulsen, C.; Sampaio, L. C.; Barbara, B.;
Tucoulou-Tachoueres, R.; Fruchart, D.; Marchand, A.; Tholence, J. L.;
Uehara, M.Europhys. Lett1992 19, 643.
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Figure 4. Ac magnetic susceptibility data for a parafilm-restrained
polycrystalline sample of [MiOs;CI(O.CMe)(dbm}] (6). In the top

part is given a plot of/'wT vs temperature, wherg'y is the in-phase

ac magnetic susceptibility. In the lower part is given a plog'af vs
temperature, wherg'y is the out-of-phase ac magnetic susceptibility.
The lines are drawn to guide the eyes. Data were collected in zero dc
field with a 1.0 G ac field oscillating a®) 997, (0) 499, and 4) 250

Hz.

also seen for polycrystalline samples of idoomplexesl—4.
They''m signal for complex6 is also frequency dependent, as
noted for the Mr, complexes. The maximum in'y vS
temperature for compleg shifts from~1.98 K at 997 Hz to
~1.83 K at 499 Hz, and finally to a temperature below 1.70 K
at 250 Hz. The M 4Mn''g complexesl, 2, and3 exhibit two
peaks in their'm vstemperature plots, one peak in the BK
range and another much less intense peak in th@ K
ranget21> The MnYMn';Mn'" anion in complex shows only
oney''w peak in the 4.45.2 K (50-499 Hz) rangé?

In Figure 5 are given plots gf T vs Tandy''m vs Tfor a
polycrystalline sample of complex Again, the onset of slow
magnetic relaxation is seen in the plot of the in-phase response.
This occurs together with the appearance of a frequency-
dependent out-of-phase ac signal. Tffe signals observed
for complex5 are smaller in magnitude compared to those
observed for comple®. However, the plot of''m vs Tfor the
nhuz-N3~ and tus-OCN--bridged® complexes8 and 9,
respectively, show' v peaks of similar magnitude to those
observed for comple®, see Figure 6. Thg''y vs Tdata for
complex10 that has one acetate anion bridging with only one
oxygen atort?® are similar to those for thl-cyanate-bridgeld®
complex9.

Finally, as can be seen in Figure 7, the-sridged complex
7 has itsy''m ac signals occurring at the lowest temperatures.
With the ac field oscillating at 997, 499, or 250 Hz the peaks
in the y"'m vs T plot apparently occur at temperatures below
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Figure 5. Ac magnetic susceptibility data for a parafilm-restrained
polycrystalline sample of [MiOsCl,(O.CMe)(py)s] (5). In the top part

is given a plot ofym' T versustemperature, whergy is the in-phase

ac magnetic susceptibility. In the lower part is given a plotytf
versus temperature, where/'y is the out-of-phase ac magnetic
susceptibility. The lines are drawn to guide the eyes. Data were collected
in zero dc field with a 1.0 G ac magnetic field oscillating @) 97,

(m) 499, and 4) 250 Hz.

Figure 6. Plots of the out-of-phase component of the ac magnetic
susceptibility §''m) versustemperature for polycrystalline samples of
[Mn4O3(i%:13-N3) (O.CMe)(dbm)] (8) (top), and [MnOs(ntius-
OCN)(O.,CMe)(dbm)] (9) (bottom). Data were collected in zero dc
field and 1.0 G ac field at three frequencie®) (997, @) 499, and

(a) 250 Hz. The lines are visual guides.

dependence of the out-of-phase ac susceptibility signal fap Mn

1.70 K. In Table 2 are summarized the temperatures at which complex1 has been showfto be explicable in terms of the

"' peaks are seen for the distorted-cubane complBxa behavior expected for a superparamagnetic material. Third, a
Dc susceptibility experiments were carried out on polycrys- [70Zen solution of compled gives the same dc hysteresis and
talline samples of complexésands6 to see if they exhibitany &€ susc;eptlblllty responses as observed for a polycrystalline

hysteresis at 1.7 K. Each complex was cooled in zero field sample? Fourth, a samfle of Mia complex3 was doped at
and then the magnetization measured as the dc field was3:6 Wt. % in polystyrené? The above results indicate that the
increased to 50.0 kG, decreaseed to zero, and then cycled tglow magnetization relaxation does not result from intermo-
—50.0 kG and back to zero field. No hysteresis could be lecular magnetic exchange interactions. Individual molecules
detected. This was anticipated, for the temperatures at which@re functioning as magnets.

the five distorted-cubane Mrcomplexes are exhibiting slow The cubane complef is the most soluble of the six cubane
relaxation in response to an oscillating ac field are low compared complexes studied. Initially we tried to dope compkinto
with those for the four M complexes. polystyrene. It was concluded that the solubility of compex

Complex 5 in a Frozen Glass It is important to establish ~ in convenient solvents was appreciably less than that for
whether the slow magnetic relaxation process observed for polystyrene. It was not possible to prepare a polymer-doped
complexes5—10 is due to a relaxation process involving sample in such a way that we could be assured that part of the
individual molecules or a process involving large collections sample was not just crystallizing as non-doped material.
(domains) of molecules. Does an isolated molecule function A glassing medium was then sought to isolate the molecules
as a magnet? , in complex6. It was found that a~1-mg sample of complex

A variety of data have been reported to substantiate the factg ¢oid be dissolved in a mixture made from 0.4 mL of £D
that the Mn, complexesl—4 are behaving as single-molecule ¢}, and 0.2 mL of toluenels. This solution was prepared under
magnets. Novalet al?® have determined the heat capacity of o Ar atmosphere and filtered with a fine frit to remove any
a sample of compled at low temperatures. No heat capacity h4icles. Cooling of this solution in a quartz cell gave an

effect was seen |_n_t_he temperature region where the out-of- optically clear glass. Variable-temperature dc susceptibility data
phase ac susceptibility signal was seen. Second, the frequencyovere run for this glass at 10.0 kG. As can be seen in Figure 8,

(28) Novak, M. A.; Sessoli, R.; Caneschi, A.; Gatteschi,JDMagn.
Magn. Mater 1995 146, 211. (29) Sessoli, RMol. Cryst. Lig. Cryst.1995 274, 145.
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Figure 7. Ac magnetic susceptibility data for a parafilm-restrained Figure 9. Plots ofy'uT versustemperature for [MgOs;CI(O,CMe)s-
polycrystalline sample of [MiDsF(O,CMe)(dbmy] (7). In the top part (dbm] (6), wherey'w is the in-phase ac magnetic susceptibility. In
is given a plot ofy'mT versustemperature, wherg'y is the in-phase the top figure data are presented for a microcrystalline sample of
ac magnetic susceptibility. In the lower part is given a plott complex®6. In the lower figure data are shown for a frozen £/
versus temperature, where/'y is the out-of-phase ac magnetic tolueneds glass of complexs. In both cases, data were collected in
susceptibility. The lines are drawn to guide the eyes. Data were collectedzero dc field with a 1.0 G ac field oscillating 2@) 997, @) 499, and

in zero dc field with a 1.0 G ac magnetic field oscillating @) @97, (a) 250 Hz.

(m) 499, and 4) 250 Hz.

In Figure 9 the in-phase ac susceptibility results measured
for a polycrystalline sample (A) of complékare compared to
those for a frozen glass (B) of the same complex. It can be
PP I IR b seen that the decrease T occurs at a hi.gher temperature
o 7 for the frozen glass sample. The decreasgyT for the frozen
glass sample also occurs more gradually than for the polycrys-
talline sample. In both cases there is an appreciable frequency
dependence. For the frozen glass sample the fall off wT
starts at~4.5 K with a frequency of 997 Hz, whereas the fall
off starts at~3.5 K with a frequency of 250 Hz. At the higher
frequencies the magnetic moment of the complex has the most
difficulty keeping in phase with the oscillating field.

The decreases iy T are mirrored in the appearances of out-
of-phase gm'') signals, see Figure 10. For the polycrystalline
sample (A) of complex6 the ym" signal first appears at3.5

0 L L L L K at a frequency of 997 Hz. There is a maximumyn' at
0 22 44 66 88 110 1.90 K. The relative intensity and shape of thg"" versus
temperature curve observed for polycrystallhare not only
7 1K= > similar to those obtained for polycrystalline samples of the other
Figure 8. Plot of yuT versustemperature for [MgOsCI(O,CMe)s- cubane complexes but also quite similar in shape and frequency
(dbm}] (6) measured in a 10.0 kG dc magnetic field. Data are presented dependence to thgy'' versustemperature data for polycrys-
both for a parafilm-restrained polycrystalline samp®) @nd for a talline samples of the Mn complexesl—4. Two observations

15 T T T T
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T <@ ALET *FY T
[ )
410
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frozen COClz/tolueneds glass @) of complex6. can be immediately made of thg" versus Tdata for the frozen
theymT versustemperature data for the glass sample of complex glass (Figure 6B) of comple& First, the temperatures at which
6 exhibit essentially the same plateau valud at ~10 K that a maximum inym'" occurs are higher for the frozen-glass sample
was found for the polycrystalline sample of compléx compared with the polycrystalline sample. At 997 Hz the

Molecules isolated in the glass still hav&a °/, ground state. frozen-glass sample gives a maximum at 2.7 K, compared to
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| Figure 11. Plot of logarithm of the relaxation timeversustemperature
— B for [Mn4OsCI(O.CMe)(dbm)] (6). The line represents the least-squares
BT Jo, ] fit to eq 1.
o
g ¥ 'z\k\. . . .
- / ' S, Origin of Relaxation Process The presence of the potential-
N PR SR NN i energy barrier shown in Figure 3 leads to slow magnetization
- .H'I ,” \ ‘\ ‘.\ relaxation for the distorted cubane comple&esl0. The Mn»
s s L Tad ‘\k‘ L3 ] complexesl—4 have a similar potential-energy diagram with a
N ' ¢ % \1‘,\ larger barrier. The temperature (0-18.0 K) and magnetic field
- *::;:1, (0—80 kG) dependence of the magnetization relaxation time
00 L P L ek have been studiéd2éfor a collection of single crystals of the
15 20 25 30 35 40 45 50 Mn1, acetate complek. Magnetization relaxation experiments
indicated that there was a single relaxation process present. As
7 (K- > the temperature is decreased below 2.5 K, the magnetization

Figure 10. Plots ofy"w versustemperature for [MEOsCl(O,CMe)- changes from rglatlvely fast relaxation with= 10°s to a
(dbm}] (6), wherey"'w is the out-of-phase ac magnetic susceptibility. Very slow one withr = 6 x 10’ s.

In the top figure data are presented for a polycrystalline sample of ~ The ac-susceptibility and magnetization experiments for
complexé. In the lower figure data are shown for a frozen B/ complex1 clearly indicate superparamagnetic behavior with a
tolueneds glass of comple»6. In both cases, data were collected in  single relaxation time given by eq 1:

zero dc field with a 1.0 G ac field oscillating 28 997, @) 499, and

250 Hz.
) z T=71, exr{%/) (1)
the 1.9 K maximum seen for the polycrystalline sample at the
same frequency. The second observation is thagtHeversus In this equationK is the anisotropy constant (for magnetic

temperature curves are much broader for the frozen-glassexchange interactions in a superparamagnetic microcrystallite),
sample. The broader curves might simply reflect a greater V is the volume of the particle, arldis Boltzmann’s constant.
distribution in environment experienced by compléxn a The relaxation time1) is proportional to the Boltzmann's factor
frozen glass compared to that in a crystalline sample. In the € VX" because this exponential gives the probability that a
frozen glass solvent molecules could be frozen in different particle has enough thermal energy to overcome the energy
arrangements about the presumably isolated complexes. If therddarrier AE = KV) required for reversal of its magnetization.
were any microcrystals present approaching the size of the The magnetization requatlon data for complewere shown
crystallites in the polycrystalline sample, a sharper peak t© follow eq 1, where it was found thatV = 62 K at zero
superimposed on this broad curve might have been expectedMagnetic field andro = 5.5 x 10 s. For an individual

. . molecule such as compldxthe anisotropy energy arises from
The shift to higher temperatures ob§erved for the frozen-glassZFS, thusKV = |D|S. The above value of the anisotropy
sample compared to the polycrystalline sample could reflect a

. . . ; ) energy for complexl agrees with the value obtained in other
change in the potential-energy barrier height (Figure 3). The experiments. From EPR data it was foéihthatD = —0.5

barrier height scales wittD|S~. The data (10.0 kG field) in cm for complex 1, which together withS = 10 from
Figure 8 and variable-field magnetization data (not shown) susceptibility experiments give®|S2 = 50 cnr! = 71.9 K.
strongly indicate that the ground state of the complex in the  The relaxation data for cubane complewere examined to
frozen glass still has = 9. Possibly there is some increase  gee if they could be accommodated by eq 1. There is limited
in the ZFS parameteD for the complex frozen in the glass  data available to characterize the relaxation in this Mimplex
compared to that in the crystal environment. In the case of the pecause the relaxation is faster than seen for the,Mn
Mn1, complex2, doping the complex into polystyrene leads to  complexes. Only ac susceptibility data in the 2507 Hz

a shift to lower temperatures compared to the polycrystalline range are available. In the 1.7#3.0 K range the relaxation
sample'® Finally, it should be noted that thgw' versus time 7 for complex6 is taken as equal to ! at the temperature
temperature curves observed for polystyrene-dopeg Elm- of the maximum in the out-of-phase ac susceptibilipy'()
plex 2 were not broadened relative to the curves for polycrys- versustemperature plot (part B, Figure 4). Sincai2= w,
talline 2. the temperature corresponding to the three relaxation frequencies
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of 997, 499, and 250 Hz can be determined. In Figure 11are 10——F———F——T—T T T+ T 7T
plotted the logarithms of these three relaxation times for complex
6 versusthe temperature. A least-squares fit of the three points
to eq 1 giveKV = 18.7 K andrp = 1.17 x 108 s for complex

6. This is to be compared with the barrier height calculated as
20|D| = 7.0 cnm! = 10.1 K, which is evaluated by taking the

D value from fitting the variable-field magnetization datéde I u
suprg. With the limited amount of data available the two i |
evaluations of the anisotropy energy are in reasonable agree- ™

—

ment. Additional relaxation data are needed for com@gx < |
however, this will require either ac susceptibility experiments —
carried out at higher frequencies or magnetization relaxation AR -
studies at temperatures less than 1.7 K.

Obviously the susceptibility experiment carried out with a 1
G field oscillating at 1000 Hz can detect a magnetization
relaxation process in the temperature range where the frequency 2 ' ]
of the relaxation is near to 1000 Hz. For the Miomplexes
only one out-of-phase ac signal is seen. In the case of the three
Mn"Mn''s complexesl—3 one large out-of-phase ac signal T
is observed in the 68 K range together with one much less Oo 10 20 30 40 50 60 70 80 90 100
intense signal in the-23 K range. The one MAsMn'gMn'! Energy barrier [ K |
complex4 shows only ongy" signal. In Figure 12 it is shown

that there is a correlation of the temperature at which the '9ure 12. Plot of the temperature at which there is a maximum in
xm'" (the out-of-phase ac signal) versus the calculated potential-energy

(dominant) r_naxmum N z/ersusyempe_rature CUIVe OCCUTS o rier for reversal of magnetization. Data are presented for fivé-Mn
at 997 Hz with the calculated barrier height|S? for the four Mni'; complexes @: 5, 6, and8—10), three MA,Mn'ls complexes

Mnj, complexesl—4 and the M complexess, 6, and8—10. (m; 1-3) and one MF,Mn"-Mn" complex @; 4).
Thus, as the potential-energy barrier height increases there is
an increase in temperature at which #¢' versus Tmaximum build considerable ZFS into the ground state of the complex.

occurs in the ac experiment with a 997 Hz oscillating field. ~ The ZFS in the ground state needs to be suchhat0. When

The above correlation has implications about what things are this is the case the two minima in the potential-energy double
needed to have a molecule that exhibits slonl@00 Hz) well will correspond to “spin up” and “spin down”. The ground-
magnetization relaxation at higher temperaturesymif is to state ZFS results from the vectorial addition of single-ion zero-
show a maximum at liquid nitrogen temperature (77 K) for the field splitting at each of the metal ions. Each Wion that
ac experiment with a 1000-Hz field, then the molecular has a tetragonally elongated six-coordinate ligation will have
anisotropy energy has to belO times the value found for the  at each M#' ion ZFS withD < 0. However, the MH ions in
Mni. complexes. This could be achieved by increasing both a given molecule have to be oriented so that ZFS at each ion

IDJ and/or theSvalue for the ground state. Tig=10ground  add together constructively to give appreciable ZFS in the
state for the Mi, complexesl—3 is not the record spin fora  ground state.

ground state. This record is held by a polynuclear Fe complex
that has been report&do haveS= 16Y/,. The design principles

for constructing a single-molecule magnet that functions at _ . .
relatively high temperatures are as follows: (1) employ spin Science Foundation grants CHE-9420322 (D.N.H.) and CHE-

frustration or other approaches to achieve a léBgalue for 9311904 (G.C.) and NIH grant GM39083 (G.C.). The ac

the ground state: (2) only the ground state of the complex should magnetic susceptibility measurements were performed with a

be thermally populated at the operational temperature: and (3)MPMS2 IT SQUID susceptometer in the Center for Interface
and Materials Science, funded by the W. A. Keck Foundation.
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