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The energy splitting of the low-lying levels has been investigated on two magnetic molecular clugters Fe
and Fe, by means of low-temperature zero-field specific-heat measurements. Significant deviations from the
usualC~T~? law were observed above the maximum of the main Schottky anomalies as a result of non-
negligible contributions from the excited spin states v8th1 and the estimated lattice contributions follow a
phenomenological power la@/R~T* with a~2.7 for both these compounds. The singlet-triplet energy gaps
evaluated by the Schottky anomalljz=19.2 K for Fg and 4.56 K for Fg, are smaller than what we can
estimate by a simplified spin-Hamiltonian approach in the strong exchange approximation and using the energy
levels obtained by the high-field magnetization and susceptibility measurements. This discrepancy asks for a
more complex description of the low-lying states of these molecular clusters, beyond the strong exchange
approximation. At very low temperaturds<1 K, two low-energy Schottky anomalies were also observed in
Fe,, probably due to a small fraction of defected rings or to hyperfine contributions.
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INTRODUCTION niques, such as susceptibiltymagnetizatior?, and nuclear
magnetic resonan®ere; and Fg, molecular crystals, whose
Mesoscopic magnetic systems have attracted much atteshemical formula is
tion for several reasons, including the possibility of observ-

ing quantum phenomena on a macroscopic scale and also to [NaFg(OCHy)15(C17H1504)6ICIO,,  (Fey),
observe the crossover from a genuine quantum to classical
behavior. Thanks to the recent developments of synthetic [Feo(OCHg)20(CH,0.Cl)10l,  (Feyo),

chemistry, large magnetic molecules containing from 4 to 20
magnetically interacting metal ions have recently received @omprise six- and ten-membered rings of ifiti ions, re-
great deal of interest as potential single-molecule magnetsspectively, in a coplanar configuration. The methoxide
The chemical approach to the synthesis of magnetic clusteigjands (OCH) bridge neighboring metal ions and support
embedded in a molecular crystal structure is actually one ofhe cyclic skeleton, which has crystallograpligcsymmetry
the most promising ways to assemble mesoscopic systenms Fe; and idealized 54 symmetry in Fg, Additional bridg-
and so far it has provided magnetic systems which are Verjg chloroacetate ligands are present |r10|'—4er’
appealing from several points of view. These magnetic ob- For the understanding and the control of the magnetic
jects are indeed strictly monodisperse and often highly symproperties of these systems, it is mandatory to have a good
metric and these features actually provide the opportunity tknowledge of the ground state and the interplay among dif-
develop models of reasonable complexity. Moreover, mateferent interactions acting on the metal ions of the cluster. The
rials can be produced in bulk quantity so that several anqbw-temperature physical properties ofNamembered ring
complementary experimental techniques can be used fqfan be described by the Hamiltonian:
their study.

Most studies have been so far focused on clusters like N N N
Mn,, (Ref. 2 and Fg (Ref. 3 which exhibit bistability and H=j> S-S+ 2 Ui(S)+2 U, i(S,S)
macroscopic quantum tunneling of the magnetization at low i=1 i=1 i
temperatures. Synthetic ringlike structures likg Bad Fgg N
are also appealing as model systems due to their high sym- +gugB- E S, 1)
metry and have been investigated by means of different tech- i=1
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which includes nearest-neighb¢XN) Heisenberg interac- 100 g
tions (first term), magnetocrystallinésingle ion anisotropies i
(second term dipolar or anisotropic-exchange contributions 10 L
(third term), and Zeeman interactior{fourth term.* In Eq. b
(1), Sy+1=S; and higher-order terms in the spin variables
have been neglected. Different approaches have been pro-
posed to solve Hamiltoniafill) for antiferromagnetic rings
such as Fgand Feg, In the case of a ring of sig=5/2
spins, for example, the Heisenberg Hamiltonian matrix F
(46656x 46656) can be block factorized by exploiting the 0.01 bu
symmetry properties of the total spin operaB X;S Aln
this way 16 matrices, with size ranging fromx1 to 609 Temperature (K)
X 609 andS values ranging from 15 to 0 must be calculated
and diagonalized numerically. This method eventually gives FIG. 1. Temperature dependence of the molar specific heat, in
a genuine quantum description of the ground state and can e 9as constanR units, of the Fg (circles and Fe, (squares
suitably extended to include non-Heisenberg contributionsSompounds.
A semiclassical approach, based on the istanton method, has
been recently proposédnd applied to clusters containing a laws such a€/R~aT 2+ T2, for instance, can be used to
finite number of spins, such as thegfead the Fg studied in - characterize the specific heat of magnetic molecular clusters
this work. and, second, to get more and complementaiith respect to
In the case of Rgand Fe, clusters, NN Heisenberg inter- measurements performed in magnetic fishformation on
actions represent the dominant term—at least in low magthe energy splitting of the low-lying states of Fand Fe,
netic fields—and lead to a nonmagne8e-0 ground state  molecular magnets.
and a set of multiplets regularly spaced in energy. High-
temperature magnetic susceptibility data recordetl & on
polycrystalline samples were indeed accurately fitted by a EXPERIMENTAL DETAILS, RESULTS,
NN Helsenbefg _Ham|lt0n|an with=20.0 cm_l in Fe; (Ref. AND PRELIMINARY ANALYSIS
4) and 9.6 cm® in Fe,.° However, magnetic ground states
can be achieved by application of a magnetic field strong Low-temperature heat-capacity measurements were per-
enough to partially override the intermolecular antiferromag-formed at the Centre de Recherches sur les Basses Tem-
netic ordering of the spins and at very low temperatufe ( Peratures in Grenoble by means of either a continuously re-
<1K) the magnetization shows characteristic, evenlyfiled “He evaporation cryosta(“1 K pot’) working
spaced quantum steps as we discuss in Ref. 8. In that &vorkpetween 1.6 and 30 K or a dilution refrigeration system for
we show how it is possible to independently evaluate theneasurements below 1 K. In both cases the heat capacity
energy gaps among multiplets and their anisotropy terms aras measured using the transient heat-pulse méthote
consequently to have a “spectroscopic” description of thespecimen was clamped, with the help of a small quantity of
low-lying states from high-field magnetization experimentsApiezonN grease, between two Si plates on which thermom-
performed on single crystal. eter and heater were attached and mounted on the opposite
The energy separation of the ground state from the exsides of the sample. In the case of the low-temperature ap-
cited multiplets gives rise to a Schottky anomaly in the speparatus a P-doped Si chip was used as calibrated thermom-
cific heat. Differently from what is observed in most para-€eter while in tie 1 K pot a Lake Shore Cernox thermometer
magnetic compounds or molecular crystals containingvas used. Rgand Fg, microcrystals were synthesized by
dimers for examplé,the energy gap between the ground andprocedures reported in the literatdre. Polycrystalline
the first excited state in molecular clusters is of the order osamples were pressed, without any additiyieie or Cu pow-
10 K, which makes these systems very appealing also foden, in pellets of 8 or 12 mm diameter and with typical
thermodynamic studies. Despite that, the large nurtigpi-  masses ranging between 50 and 150 mg. Our data acquisition
cally one hundredof atoms contained in one molecule gives System allows to evaluate the relaxation timebetween the
rise to a huge lattice contribution to the specific heat even agample and the thermal bath and the internal relaxation time
low temperatures. For Mg, for instance, the magnetic con- 7, of the sample. We continuously checked that the quasia-
tribution is practically masked by the lattice specific A®at diabatic conditionry>7; was fulfilled. The intensity of the
and only the application of an external magnetic field hasheat pulse was chosen to obtain a temperature variation
recently put in evidence the magnetic tetht? However, <2% of the bath temperature.
zero-field specific-heat measurements are important as they The temperature dependence of the molar specific Geat
allow one to completely neglect the Zeeman energy andlivided by the gas constai is reported in Fig. 1 for both
therefore they provide complementary information to mea+e; and Fggin a log-log scale. At 4 K, th€/R is close to 1
surements performed in a high magnetic field. for both compounds, that is a huge value if compared with
In this paper we report a study of low-temperature spethose typically observed in simple inorganic materials. The
cific heat on Fgand Fg, molecular clusters. Since this ex- C/R vs T curves of the Fgand the Fg, samples are quite
perimental technique has been scarcely used so far to chatlose to each other down to 4 K. The specific heat of Fe
acterize these new molecular magnets, the aim of this workontinuously decreases down to 1.6 K, while the specific
is essentially twofold: To check to which extent conventionalheat of Fe, clearly shows a bump at1.4 K and a rapid

specific heat C/R
—
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FIG. 2. Temperature dependence of the molar specific heat, in  FIG. 3. AC/(RT®) vs T plot of the specific heat measured on
the gas constarR units, of the Fg, compound. Different symbols  Fe; compound. A bump o€/(RT®) at~3.5 K is clearly visible and
indicated two different experiments on two different samples. Solidit can be nicely reproduced by the two-level Schottky curve with
line: “two-level Schottky” model withT,=4.56 K. Dashed line: T,=19.2+1 K. Dashed line: “many-level Schottky"C/(RT?)
“many-levels Schottky” curve calculated by EB) with the mul-  curve calculated by Eq3) with the multiplet levelsE(S) and their
tiplet levelsE(S) and their anisotropy splittingp (S) obtained by  anisotropy splittingD(S) obtained by high-field magnetization
high-field magnetization measurement$Ref. 8, namely measurements(Ref. 8, namely E;=E(S)+D(S)[M3—S(S
Ei=E(S)+D(S[M3-S(S+1)/3] with S=1,...,5 Mg=0, +1)/3] with S=1,...,5; Mg=0,+1,...+S, and E(1)

=1,..., =S and E(1)=6.445K, D(1)=3.223 =21.99K, D(1)=6.216 K, E(2)=65.96 K, D(2)=1.410 K,
K, E(2)=18.39 K, D(2)=0.8619K, E(3)=36.38K, D(3) E(3)=131.93 K, D(3)=0.6087 K, E(4)=219.87 K, D(4)
=0.4187 K, E(4)=60.41K, D(4)=0.2590K, E(5) =0.3166K,E(5)=329.82K,D(5)=0.1770K.

=90.08 K,D(5)=0.1770K.
In this case we found it more convenient to present the ex-

decrease below 1 K. A small bump and an increas€/d®  perimental data in &/(RT%) vs T plot (Fig. 3), which is
are also observed at lower temperatures, i.e., 098K commonly used to show the temperature dependence of the
<0.5K, in this compound. We first consider in more detail |attice contribution in simple inorganic materials. In this kind
the specific-heat behavior of ke of plot, the C/(RT®) vs T curve of Fg shows an anomaly

Two sets of data obtained on different;fFsamples and with a maximum at~3.5 K and a continuous decrease of
by different experimental setups are shown in Fig. 2. TheyC/(RT®) above 4 K. Phonon modes with very low energy
nicely overlap in the 1.6-4.0 K region, showing the goodcould give rise to anomalies i6/(RT) vs T plot of data,
reproducibility (within ~6%) of the experiments. Prelimi- yet a simple combination of Debye- and an Einstein-like
nary information on the anomaly at 1.4 K can be obtained byontributions:
fitting the raw data with a conventional two-level Schottky

: hv\2  exphul/ksT
model: C/R=3( v) phv/kgT) L+ gT?
) kgT/ [exp(hv/kgT)—1]
cre 20 To exp(To/T) @ _ _
g\ T [1+(g0/gl)exp(T0/T)]2’ does not fit the Regdata at the lowest temperature, i.e.,

1.6-10 K. Therefore, we can exclude a trivial lattice contri-
whereg, andg; are the degeneracies of the ground and thebution to the specific heat with such a shape and since mag-
first excited state, respectively, afigy is the energy gap netic measurements clearly show the presence of an energy
between these two states. We assugg=1 (ground gap in this range of temperature, we are lead to consider a
state=single) and g;=3 (first excited statetriplet). The  more realistic magnetic origin for the 3.5 K anomaly of Fig.
position and the height of the bump can be nicely reproduce8. By using the simple two-level Schottky modélq. (2)]
by Eq. (2) by adjusting only one parameter, i.€T,;  with go=1 andg,=3, we have actually found that the po-
=4.56 K. Notice that the estimated lattice contribution, alsosition of the maximum is well reproduced by,=19.2
shown in Fig. 2, is negligible fof <2 K (see next paragraph =1 K (see Fig. 3. It should be noted, however, that the
for further detail$. calculated magnetic contribution accounts for less than 50%

The low-temperature anomalies can be characterized bgf the measured specific heat, implying that the lattice and
the local maximum at 0.2 K and by the increase@fR magnetic contributions have similar magnitudes in the range
below 0.15 K. The latter can be fitted by ti&R=5.5 of liquid He temperature. In Fig. 3 we also plot, in the form
X107 4T 2 curve, as shown in Fig. 2, which, in turn, ap- Cm/T3 vs T, the lattice contribution estimated as the differ-
proximates a two-level Schottky behavior f6&T,. Thus, enceC;;=(C—Cgy) between the raw experimental data
these low-temperature anomalies evidence the presence @) and the magnetic termQs,). It turns out thatC /T3
two further zero-field splittings with energies typical of the decreases as the temperature increases and this implies that
hyperfine or dipole-dipole interactiorfs-0.1 K). C,at increases less rapidly thar in the temperature range

Differently from what is observed for kg the Schottky 1.6—30 K. A rough estimate of the Debye temperai@ye,
anomaly is not evident on the raw data ofsBpecific heat. from the Cp,,/(RT) coefficient (0.005-0.015 K?), would
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give O values ranging between 20 and 40 K. SinceTe the lattice contribution in both the Fand Fg, compounds
Debye law is expected to work well only belo@®, (typi-  as we will further discuss in the following.

cally for T<®p/50) it should not be surprising to find de-
viations from the simpl@2 Debye law. An alternative analy-
sis of the temperature dependenceCf; shows thaC,,; vs

T can be well fitted by a phenomenological power law For a magnetic system with a set of energy lewglsthe
AC/R=0.0218<T?%4 in the temperature range 1.6—-10 K specific heat can be calculated by differentiating the total
(Fig. 4). Such an analysis is supported by the similarity ofenergy with respect t@, i.e., by the expression:

DISCUSSION

2
Z E?exp(—BEoZ exrx—ﬂEo—[Z Eiexq—ﬁEn}

[Ei eXp(—ﬁEi)r

=B , )

piNe

where 8= (kgT) L. In the framework of a simplified spin- simply invoke a temperature change of the exchange cou-
Hamiltonian approach and the strong exchange limit, thelingj to account for the lovil, values obtained by specific
multiplet levels and their anisotropy splitting have been in-heat. One may wonder whether this discrepancy arises from
dependently evaluated by high field magnetizationthe special set of fitting parameters used in the analysis of the
measurement$in Fig. 3 we may compare the experimental torque experiments, for which was assumed a conventional
specific-heat data of gevith the curve(named “many-level triplet splitting, characterized by an anisotropy tefm, in
Schottky”) calculated by Eq(3) and the energy levels ob- contrast to the oversimplified triply degenerated state of the
tained by the torque experimehtsee, also, the caption of two-level Schottky model. Yet, fitting the specific-heat data
Fig. 3 for further details It turns out that the “many-level of Fgin the range 0.5 KT<1.6 K taking into account the
Schottky” curve exhibits a maximum at temperature slightlytriplet splitting, we obtainE;=4.79K (3.33 cmi') and D,
higher than the experimental one. This implies that the=2.01K (1.40 cmY). These values are in agreement with
singlet-triplet splitting is somewhat overestimated by the rethe results of the two-level Schottky, y& is still much
sults obtained by the above-mentioned analysis of the torquiewer than what can be estimated from susceptibility mea-
experiments which provides for the singlet-triplet splitting surements on powdefs. Thus, we are lead to conclude that
E,;=22.0K? instead of 19.2 K obtained by fitting the these discrepancies actually evidence some limitations of the
specific-heat experimental data with a two level Schottky. simplified multiplets scheme and they ask for a more com-

Similarly to what we have done for fein Fig. 2 we  plex description of the cluster's energy levels, beyond the
compare the specific-heat data of,f&ith the curve ob- strong exchange approximation.
tained by Eq.(3) and the multiplet levels, and their anisot-  We discuss in the following further characteristics of spe-
ropy splitting, obtained by the torque experiments on thiscific heat. In Fig. 2 one may compare the two-level Schottky
compound (see also the caption of Fig. 2 for further detpils curve with that obtained by Eq3), namely the many-level
In this case also, E{3) does not reproduce well the position Schottky curve. We note that the two computed curves are
of the 1.4 K maximum, and it turns out that the singlet-tripletquite different above the maximum, i.e., the two-level
splitting is overestimated by using the energy levels evaluSchottky curve falls a2, while the many-level model
ated by the analysis of the torque experiments within thegives C/R values which hold close to 1 up to 20 K, due to
simplified spin-Hamiltonian approadlE;= 6.4 K (Ref. 8]. the fact that multiplets witts>1 give a non-negligible con-

It is interesting to note, generalizing the previous resultsiribution above the maximum. Similar results were obtained
that the zero-field specific-heat data provide values ofor Fe; too, although they are not clearly visible in Fig. 3.
singlet-triplet splitting which are smaller than what obtainedThe comparison with the experimental results op,sBows
by other techniques. Taking the two-level Schottky fittingthat the contribution of multiplets witls>1 cannot be ne-
parametersT,=19.2 and 4.56 K for Reand Feg, respec- glected in order to reproduce the flat temperature dependence
tively, to characterize the specific-heat anomalies, it turns oubetween 1.5 and 4 Ksee Fig. 2 This is a feature of these
that these values are inde€slightly) smaller than those ob- molecular clusters and we learn that the uselof fitting
tained from high-temperature susceptibility measurements iourve may lead to incorrect results in this class of com-
low fields[19.7 K for Fg (Ref. 4 and 5.5 K Fg, (Ref. 5, pounds.
respectively. More strikingly, the singlet-triplet splitting We analyze, hereafter, the lattice contribution to the spe-
was found to be much highél2 K for Fgg and 38 K for  cific heat of Fg,. The lattice specific heat was evaluated by
Fe;) when evaluated by NMR experimeritst is worth not-  subtracting the magnetic contribution to the raw experimen-
ing that magnetization and specific-heat experiments wertal data'* In the temperature range 2—10 K,,; can be
carried out in the same range of temperature; thus one cannoicely fitted by a power lawC,;/R=0.016T7>% that is
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o =0.21, H4=330KOe (Ref. 18] would give a negligible

5: contribution, that i€©/R=0.2x 10" *T~? instead of the mea-
U suredC/R=5.5x10 4T~ 2. In the case of the two Cl spe-
gy WF i E cies, *°Cl (1=3/2, u,=0.82, 75% of natural abundancer
K F Feg C,,,/R=0.0218 T 37Cl (1=3/2, u,=0.68, 25% of natural abundancé all the
£ 10 CI nuclei are active one would obtaki.4~350 KOe,
bS] which seems unphysically large considering their distant po-
s 1F E . :
3 sition from the Fe ions. More reasonable values can be ob-
g . ~ 20 tained for protons. Taking, for instance, the case of protons
g Feg Cran/R=0.0161 T ] H (1=1/2, u,=2.79 in the (OCH) group, we haven
2 o1 b J =60 and this yields a value dfl ;=30 KOe for the ob-

1- — ‘1'0 - served C/R=5.5x10"4XT"2 behavior. With a much

smaller fraction of active protons, say=10, we getH
=75KO0e. TheseH s values estimated for the protons in
FIG. 4. Estimated lattice contributioB,,, to the molar specific ~ Position of next neighbors are reasonable in the case of met-
heat for Fg and Fg, compounds. At low temperature (1.6K  als, yet for an insulator thie o is expected to decrease quite
<10K) the temperature dependence of the lattice contribution canapidly as one moves away from the magnetic ion. It should
be approximated with a power laWC~T* with «=2.64 and 2.69 pe also mentioned that NMR experiments on Bad FQO
for Fe; and Fey, respectively. compound$ have shown that the magnetic field probed by
protons, although in a different time scale with respect to our
quite similar to what we obtained for f€The lattice contri-  experiments, vanishes at the liquid-He temperature. Thus the
bution, evaluated in such a way, is plotted in Fig. 4 with theorigin of the effective magnetic field is not clear if one con-
analogous obtained for fieThe two look very similar. This  sjders the ideal molecular crystal. On the other hand, it is
similarity can appear as a random coincidence, since thes&rtain that a small fraction of the Resample contained
molecular compounds have different crystallographic strucyefect§ and it is likely that some of these defects can give
ture, despite some generic similarities. However, preliminaryse 14 zero-field splitting. This can actually be the origin, for
results on other molecular magriétsuggest that the ob- instance, of the small bump with maximum at 0.2 K. How-
served power laW * with &~ 2.7 fits the lattice contribution oo i we compare the height of the obsen@tR=5.5
better than the commonly usd@d law in this class of mate- ><10’74-|-72 term with a calculated Schottky model we find
rials. Interestlngly,' similar power IavV.“' with a'~2.4—2.8 that a non-negligible fraction of the sample-10% must
was used to describe the lattice specmcGheat in (TMEXF) contribute to give such &/R=5.5x 10-T~2 term. The re-
(X=PFs and Ask) and (TMTTF);Br salté_ and ascribed t0 04y cibility of the specific-heat values on the two samples
special low-dimensional phonon modes in those systems ang, gied and the quantitative agreement with the two-level
similar behavior was also observed for one-dimensional CONSchottky model suggest, however, that the bulk of the
ductor "‘2Pt(CN)4Br0-3'3'2(DZQ)'l7 Alternatively, Gomes  sample was in good condition, therefore further experiments
et al? used a phenomenological combination of a linear and,re needed to clarify whether &/ R=5.5x 10T~ 2 con-

a cubic phonon term to describe the lattice contribution ingjp tion can simply be ascribed to defects or it is an intrinsic
Mny, and it is likely that the power law® simulates a poly-  ta5ture of the molecule.

nomial expansion of a more complex curve whose origin
should be better clarified.

We finally discuss the specific heat behavior observed at
very low temperature on the gcompound, in particular the
T2 increase and the small bump at 0.2 K observed inGhe  Despite the huge lattice contribution, the main Schottky
vs T curve. We already noted that these anomalies show thgnomalies related to the singlet-triplet splitting ofsFend
presence of zero-field splitting within the molecular crystalFe,, magnetic rings have been observed in the low-
with energies which are typical of nuclear hyperfine interactemperature specific heat. We found that the Schottky maxi-
tions. In order to see whether this can actually be the origitmum occurs at temperature lower than what one may esti-
and which nucleus can give such a contribution to the spemate in the framework of simplified spin-Hamiltonian

Temperature (K)

CONCLUSIONS

cific heat, we make use of the simplified Ia: approach and on the basis of the magnetization experifhents
that we performed in parallel to this study. Since specific-
C n(I+1\/mounHer\? 1 heat measurements in zero field provide information in the

R 3\ 1 Kg T2! limit of the vanishing Zeeman contribution, differently from

most of the experimental techniques used so far to study
wherel and u,, are, respectively, the spin and the magnetorthese magnetic rings, we believe that this discrepancy arises
of the nucleugthe latter in units of nuclear magnetgny), n  from the fact that the Zeeman term, as well as the anisotropy,
(i.e., the total number of atoms per molectimesthe iso- cannot be treated in a perturbative way. To corroborate this
tope fraction is the number of active isotope per molecule conjecture, it will be interesting to compare the zero-field
and H.¢ is the mean effective magnetic field acting on thesplitting obtained by the specific heat with other measure-
nucleus(in Oe unit3. We can easily see that tié e isotope ments performed in the zero field such as the outstanding
[I=1/2, u,=0.09, isotope fraction2.1%, n=10x0.021 inelastic neutron-scattering experiments.
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