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Low-temperature specific heat of an Fe12 molecular cluster
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The pattern of the lowest-lying energy levels of Fe12, a ferric wheel comprisingN512 antiferromagneti-
cally coupled spinss55/2, has been determined by specific-heat measurements between 0.5 and 10 K and in
magnetic fields up to 7 T. Within the framework of a semiclassical model, we evaluated the parameters of the
spin Hamiltonian: the exchangeJ/kB537.6060.34 K and the effective on-site anisotropy constantkz50.46
60.09 K. The high value of the classical tunnel actionS0 /\5NsA2kz /J54.67 estimated for Fe12 suggests
that favorable conditions for quantum tunneling of the Ne´el vector can be searched in large ferric wheels.
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Critical and quantum phenomena have been observed
macroscopic scale1 in molecular clusters, solid-state colle
tions of identical, nanometer-sized magnets embedded
crystalline organic structures. Ring-shaped clusters1 compris-
ing antiferromagnetically coupled spins are a subgroup
this family of compounds and they can be considered a
prototype of single-molecule antiferromagnets in whi
quantum coherence2 or level repulsion3 can be directly ob-
served. Fe6 ~Ref. 4! and Fe10 ~Ref. 5! were the first ferric
wheels to be synthesized and studied by different techniq
such as NMR,6 torque magnetometry,7 and specific heat.8

Recently the larger molecular rings Fe12 ~Ref. 9! and Fe18
~Ref. 10! have been synthesized. These successes in
pramolecular engineering allow one to study the evolut
from small rings to extended one-dimensional spin syste
The primary issue from both experimental and theoret
points of view is certainly the determination of the pattern
the energy levels. Since the intercluster interactions ar
general very weak, the basic Hamiltonian for one ring is

H5(
i 51

N

Jisis• i 111(
i 51

N

Ui~si !1\h•(
i 51

N

si , ~1!

whereN is the number of spins in the ring,s15sN11, theJi ’s
are antiferromagnetic Heisenberg interactions, and the fi
term is the Zeeman coupling withh5gmBB/\, whereB is
an external magnetic field. TheUi(si) may contain all the
intraring interactions~next-nearest neighbor, dipolar! and the
single-ion anisotropy terms. For small and evenN and in the
limit of a strong exchange interaction, exact diagonalizat
of Eq. ~1! shows that the singlet ground state, with total sp
S50 of the ring, is separated from the excited statesS51,
2, 3, etc. by energy gapsES that approximately follow the
Landéinterval ruleES;S(S11).4 However, exact diagonal
ization of Eq. ~1! for a system with justN512 spinss
55/2 is beyond the possibilities of modern computation
cilities. Schnack and Luban12 have recently extended the va
lidity of the Landérule to cyclic systems with an odd numb
of sites as well as to all of the polytope configurations, a
they refer to the excitations of a ring as a rotational band
stress the similarity with the energy spectrum of a rigid rot
0163-1829/2002/66~18!/180405~4!/$20.00 66 1804
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Loss and co-workers considered the simplest case of con
J and a dominant uniaxial anisotropy so that contributions
the U term may be combined as a single anisotropy ter
2kz( i 51

N si ,z
2 and the Hamiltonian~1! can be mapped to a

form of the nonlinears model (NLsM) for the staggered
magnetizationn ~Refs. 2 and 11! ~the case a with more gen
eral form of magnetic anisotropy has been recently con
ered by Lüet al.13 and that with variableJ by Meier and
Loss14!. Although the description of small clusters ofs
55/2 spins in terms of NLsM may be questionable~its lim-
its are discussed in Ref. 14!, this semiclassical approach ha
already been tested on the magnetization and torque re
of Fe6 and Fe10 rings and it actually provides a good descri
tion of cyclic systems with genericN in terms of two param-
etersJ andkz of the spin Hamiltonian~1!. Furthermore, Nor-
mandet al. provided a simple expression of the lowest-lyin
energy levels, and their zero-field splitting and magne
field dependence@see Eq.~5! of Ref. 11# are shown in Fig. 1.
Most importantly, Loss and co-workers pointed out that

FIG. 1. Energy levels of Fe12 estimated within the framework o
the semiclassical approach@from Eq. ~5! of Ref. 11#. Although the
pattern of the lowest-lying levels is common for all the antiferr
magnetically coupled ferric wheels, theJ and kz parameters used
are those obtained in the present work.
©2002 The American Physical Society05-1
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vorable conditions for the coherent tunneling of the N´el
vectorn between two degenerate states separated by an
ergy barrier2 can occur in ferric wheels, so that a search
new candidates or strategies is highly desirable in this fi
In this work we have used specific-heat measurements
tween 0.5 and 10 K and in magnetic fields up to 7 T
determine theJ andkz parameters of the spin Hamiltonian o
Fe12, among the largest ferric wheels reported so far.

Low-temperature heat-capacity measurements were
formed by using a commercial Quantum Design PPMS w
a 3He cryogenic insert and a 7-T superconducting coil. T
system automatically performs heat-capacity measurem
by using the relaxation method and, below 2 K, atwo-tau
fitting method was used to extract heat-capacity values.
ther measurements in zero field were also made by using
adiabatic method in a homemade cryostat. The backgro
heat capacity of the microcalorimeter with 0.2 mg of Ap
ezon N grease used to glue the sample was measure
different magnetic fields and subtracted from the raw da

The Fe12 compound was prepared as described in Re
and it has the chemical formula

@Fe~OCH3!2~dbm!#12•n~CHCl3!, ~2!

where dbm is for the anion of dibenzoylmethane (Hdbm
5C15H12O2). Fe12 crystallizes in monoclinic space grou
P21 /c with unit-cell parameters a530.530(5) Å, b
522.780(5) Å, c532.050(5) Å, b593.400(5)°, and V
522251(7) Å3. The unit cell contains four Fe12 molecules
related by an inversion center and a 21 screw axis, so that the
iron clusters are not isooriented even in a single crystal.
molecular core structure~Fig. 2! comprises twelve iron~III !
ions arranged to form a nonplanar ring~maximum departure
from the mean plane61.84 Å) with a crystallographicC1
point-group symmetry, but an idealizedD2 symmetry.9 One
can define az axis perpendicular to the mean plane of t
iron ring but, since the crystal symmetry does not dict
dominant uniaxial anisotropy, hereafterkz will be considered
simply as an effective on-site parameter. The Fe12 crystal
lattice also containsn disordered chloroform molecule
which can be partially removed by vacuum treatme
Chemical analysis on pumped samples~approximately 0.1
torr for one hour! points to a residual chloroform content o

FIG. 2. Structure of the Fe12 core. Carbon-bonded oxygen atom
belong to methoxide groups, the free ones todbmunits.
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n52/3 per Fe12 molecule. The molar weight is 4173.5
g/mol. Thin pellets of a few milligrams were prepared b
pressing dried microcrystals.

We measured the heat capacity of five different samp
and the results agree with each other both in amplitu
~within 5%! and in shape. However, it is worth mentionin
that the heat capacity of one sample was found to be m
larger ~about twice! than that for the others and we ascrib
this to the fact that the drying procedure was not comple
for this sample and it probably contained a large amoun
solvent. In the following we concentrate on the set of d
obtained on a thin pellet of 3.3 mg.

The temperature dependence of the specific heat,C(T),
normalized to the gas constantR58.314 J/mol K, is plotted
in Fig. 3 for different magnetic fields between 0 and 7
Data above;4 K overlap while data obtained in differen
magnetic fields differ at low temperature, as a conseque
of the shift of the main magnetic contribution towards low
temperature as the magnetic field increases. One further
ture is worth noting: theC(T) curves obtained at low fields
B50, 1, and 2 T, show a further increase below;1 K. This
suggests the presence of a low-temperature anomaly
should be taken into account in the data analysis. Bea
these features in mind, we consider three contributions to
specific heat of Fe12: the lattice contributionClatt , the mag-
netic contributionCm due to the energy gap between th
ground and the excited states of the Fe12 molecule, and fi-
nally a two-level Schottky contributionCSch that accounts
for the low-temperature anomaly, i.e.,C5Clatt1Cm
1CSch. We already observed in a previous work15 that the
Debye temperatureQD is, in general, very low for molecula
crystals, and correction terms to the;T3 Debye law are
necessary even at low temperatures. Therefore, we con
the following expression:15

Clatt /R5
234rT3

~QD1dT2!3
,

where r is the number of atoms per molecule~471 in our
case!. Values ofQD andd are first determined by fitting the
C(T) data above;4 K and then refined by the overall be

FIG. 3. The specific heat, normalized to the gas constantR, of
an Fe12 molecular cluster in magnetic fields of 0–7 T.
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least-squares fitting procedure. The magnetic termCm /Rb2

of a system having a set of energy levelse i can be expresse
as

S ie i
2exp~2be i !S iexp~2be i !2@S ie iexp~2be i !#

2

@S iexp~2be i !#
2

,

which is essentially the Schottky law extended to a mu
level system, withb5(kBT)21. We consider the energy lev
els E1,0 andE1,61 of the triplet state described in the fram
work of the semiclassical model@see Eq.~5! of Ref. 11# as
compared to the ground stateE0,0 while higher levels are
neglected since their effects are masked by the lattice co
bution at high temperatures. Since we deal with random
oriented rings, we can average the dependence on the a
c between thez axis and the magnetic-field direction b
tween 0 andp, so that

e05E1,02E0,054J/N2
1

15
Nkzs

2, ~3!

e615E1,612E0,054J/N1
1

30
Nkzs

26mBgB ~4!

with g52. In such a way, the pattern of the low-lying ener
levels is determined by two parametersJ and kz that are
evaluated by the simultaneous best fit of differentC(T)
curves with differentB values. In practice,J andkz are first
determined by fitting theC(T) data obtained in zero field
and B57 T and further refined fitting theC(T) data ob-
tained at intermediate-field values. In this way the fitti
procedure rapidly converges.

The origin of the low-temperature anomaly is probab
related to the presence of magnetic impurities or defec
rings since spurious paramagnetic contributions have b
also detected by the low-temperature susceptibility.9 We con-
sider a simple two-level Schottky law:

CSch/R5
g0

g1
S T0

T D 2 exp~T0 /T!

@~g0 /g1!exp~T0 /T!11#2

and we allow the parameterT0 to change as the magnet
field increases while the (g0 /g1) ratio is determined by the
best fit of low-temperature data atB50 –2 T: we found
(g0 /g1)511.761. Such a high value of (g0 /g1) is required
to account for the small amplitude of the anomaly and
could be related to high degeneracy or, more likely, it sim
indicates that only a small fraction (,10%) of the sample is
involved. The nonlinear field dependence ofT0 ~see Table I!
points to a nontrivial level splitting reminding the behavi
of anisotropic paramagnetic defects in a field perpendic
to the principal molecular magnetic axis.

The overall best least-squares fit givesQD5150.1 K, d
50.595 K21, J/kB537.6060.34 K, and kz50.46
60.09 K. Detailed results are also reported in Table I. It
worth noting that since both the experimental data and th
retical curves are referred to one mole, the compariso
direct with no adjustable factors. In Figs. 4~a! and 4~b! we
show theC(T) experimental data compared with the fittin
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results forB50 T and 7 T respectively. The individual com
ponent contributions are also plotted in these figures.
note that forB50 T, Cm is comparable toClatt at ;3 K but
the latter dominates forT*4 as expected. The hump i
Cm(B50 T) at T;3.5 K!J/kB is a characteristic of finite
systems, not found in the case of the infinite Heisenbers
55/2 chain17 and this is due to the opening of a gap in t
energy spectrum. ForB57 T, this hump is shifted towards
lower temperatures andCm is larger thanClatt below;3 K.
CSch(B50 T) has its maximum at;1 K and it contributes
significantly at lowT and low B, but T0 is shifted towards
high temperatures as the field increases so thatCSch(B
57 T) contributes very little to the total specific heat. Th
pattern of the lowest-lying energy levels thus determined
Fe12 is plotted in Fig. 1.

In a previous work9 a study of the temperature depe
dence of the magnetic susceptibility between 2.3 and 25
led to the evaluation of an exchange constantJ/kB531.9 K
(J522.2 cm21) assuming a Heisenbergs55/2 quantum
chain model for Fe12. This can be compared with the resul

TABLE I. Results of best-least squares fit of theC(T) curves
obtained in different magnetic fields. For all the curvesQD

5150.1 K, d50.595 K21, (g0 /g1)512 while x2 shows the fit
quality.

T J/kB ~K! kz ~K! T0 ~K! x2

0 37.88 0.550 2.584 0.828
1 37.35 0.471 2.550 1.699
2 37.37 0.584 3.132 1.603
3 38.13 0.491 3.545 1.555
4 37.72 0.469 5.811 1.429
5 37.95 0.295 6.161 1.658
6 37.14 0.310 7.811 1.174
7 37.28 0.480 12.05 1.616

FIG. 4. The specific heat of Fe12 measured at zero field~a! and
at 7 T ~b!. Data fitting and individual component contributions a
also plotted.
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reported here, taking into account that the evaluation oJ
was obtained at high temperature and it did not account
finite-size effects and anisotropy. Although we did not rea
the crossing field, we may evaluateBc1 by imposingE1,21
5E0,0, i.e., from Eq.~6! of Ref. 11:

Bc15
4J

gmBN F11
kzN

2s2

30J

1

4G510.17 T. ~5!

This value is in excellent agreement with preliminary me
surements of the magnetization up to 50 T performed at
K on an Fe12 polycrystalline sample that directly measured
critical field Bc1510.060.5 T.16 It is worth noting that
specific-heat measurements in zero field are unable on
own to distinguish between positive or negativekz values
since the pattern of the energy levels is equivalent in th
two cases. Fortunately, this is no longer true once the m
netic field is applied~see Fig. 1! so that the sign ofkz is
determined by the magnetic-field dependence ofCm , in spite
of the fact that polycrystalline samples were used. SinceCm
is masked to a large extent byClatt , we believe that a mode
with more parameters~considering, for instance, differen
s
ns

J.
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R

W
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anisotropy configurations! would provide ambiguous fitting
parameters. In this respect, we may conclude that the
proximations used in the semiclassical approach are suit
to describe the thermodynamic properties of the ferric whe
well. Finally, it is interesting to evaluate the classical tunn
action S0 /\5NsA2kz /J for Fe12 since this must be suffi-
ciently large (S0 /\@2) in order to have a well-localized
Néel vector along thez- direction.14 For Fe12 we find S0 /\
54.67 which is the highest value among the ferric whe
studied so far (S0 /\52.47 and 3.32 for Fe6 and Fe10 respec-
tively, see Table I in Ref. 14!. Although high quality Fe12
crystals with a good alignment of rings and small decoh
ence factors are unavailable at the moment, we may conc
that the highS0 /\ estimated for Fe12 suggests that large
ferric wheels may be good candidates for the tunnel scen
proposed by Loss and co-workers.

We thank A. Cornia~Modena!, A. Caneschi, and D. Gat
teschi~Florence! for encouraging work on large ferric whee
and sharing results with us. Special thanks also to A. Bilu
~Zagreb! for his contribution to the specific-heat measur
ments.
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