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Low-temperature specific heat of an Fe, molecular cluster
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The pattern of the lowest-lying energy levels of,fea ferric wheel comprisindN=12 antiferromagneti-
cally coupled spins=5/2, 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 exchang¥kz=237.60t0.34 K and the effective on-site anisotropy constiast 0.46
+0.09 K. The high value of the classical tunnel acti§yy/=Ns\2k,/J=4.67 estimated for Re suggests
that favorable conditions for quantum tunneling of theeNeector can be searched in large ferric wheels.
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Critical and quantum phenomena have been observed onlass and co-workers considered the simplest case of constant
macroscopic scaten molecular clusters, solid-state collec- J and a dominant uniaxial anisotropy so that contributions to
tions of identical, nanometer-sized magnets embedded ithe U term may be combined as a single anisotropy term
crystalline organic structures. Ring-shaped clusteosnpris-  —k,=.;s?, and the Hamiltoniar(1) can be mapped to a
ing antiferromagnetically coupled spins are a subgroup oform of the nonlinearc model (NLoM) for the staggered
this family of compounds and they can be considered as gagnetizatiom (Refs. 2 and 1i(the case a with more gen-
prototype of single-molecule antiferromagnets in whicheral form of magnetic anisotropy has been recently consid-
quantum coherenéeor level repulsiod can be directly ob- ered by Luet al® and that with variable] by Meier and
served. Fg (Ref. 4 and Fe, (Ref. 5 were the first ferric  Losg*). Although the description of small clusters ef
wheels to be synthesized and studied by different techniques 5/2 spins in terms of NeM may be questionabléts lim-
such as NMR, torque magnetometrfy,and specific hedt. its are discussed in Ref. 14his semiclassical approach has
Recently the larger molecular rings p€Ref. 9 and Fgg  already been tested on the magnetization and torque results
(Ref. 10 have been synthesized. These successes in sgf Fe, and Fg, rings and it actually provides a good descrip-
pramolecular engineering allow one to study the evolutiontion of cyclic systems with generid in terms of two param-
from small rings to extended one-dimensional spin systemsetersJ andk, of the spin Hamiltoniari1). Furthermore, Nor-

The primary issue from both experimental and theoreticamandet al. provided a simple expression of the lowest-lying
points of view is certainly the determination of the pattern ofenergy levels, and their zero-field splitting and magnetic-
the energy levels. Since the intercluster interactions are ifield dependencisee Eq(5) of Ref. 11 are shown in Fig. 1.

general very weak, the basic Hamiltonian for one ring is  Most importantly, Loss and co-workers pointed out that fa-

N N N

H=2 Jissioat 2, Ui(s)+hh 2 s, (D) 25 '

) o . 2l §=1, M=+1 ]
whereN is the number of spins in the ring,= sy, 1, theJ;’s
are antiferromagnetic Heisenberg interactions, and the final _
term is the Zeeman coupling with—=gugB/%, whereB is & 15
an external magnetic field. The;(5) may contain all the £ S=1, M=0
intraring interactiongnext-nearest neighbor, dipojaand the ) s ]
single-ion anisotropy terms. For small and ewand in the % 5 o1 Mot

limit of a strong exchange interaction, exact diagonalization
of Eq. (1) shows that the singlet ground state, with total spin 5=0
S=0 of the ring, is separated from the excited ste8esl,
2, 3, etc. by energy gapSs that approximately follow the

Landeinterval ruleEs~ S(S+ 1).% However, exact diagonal- '50 5 10 15
ization of Eq. (1) for a system with justN=12 spinss
=5/2 is beyond the possibilities of modern computation fa-
cilities. Schnack and Lubahhave recently extended the va-  FiG. 1. Energy levels of Fgestimated within the framework of
lidity of the Landerule to cyclic systems with an odd number the semiclassical approagfiom Eq. (5) of Ref. 11]. Although the

of sites as well as to all of the polytope configurations, ancpattern of the lowest-lying levels is common for all the antiferro-
they refer to the excitations of a ring as a rotational band tanagnetically coupled ferric wheels, tiieand k, parameters used
stress the similarity with the energy spectrum of a rigid rotor.are those obtained in the present work.

magnetic field (T)
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FIG. 2. Structure of the Recore. Carbon-bonded oxygen atoms

. ) FIG. 3. The specific heat, normalized to the gas condRamif
belong to methoxide groups, the free oneslibon units.

an Fg, molecular cluster in magnetic fields of 0—7 T.

vorable conditions for the coherent tunneling of théeNe . .
vectorn between two degenerate states separated by an el=2/3 Per Fg, molecule. The molar weight is 4173.58
ergy barrief can occur in ferric wheels, so that a search ford/mol. Thin pellets of a few milligrams were prepared by
new candidates or strategies is highly desirable in this fieldPressing dried microcrystals. _ _
In this work we have used specific-heat measurements be- e measured the heat capacity of five different samples
tween 0.5 and 10 K and in magnetic fields up to 7 T toand the results agree with each other both in amplitude
determine the andk, parameters of the spin Hamiltonian of (Within 5%) and in shape. However, it is worth mentioning
Fe,, among the largest ferric wheels reported so far. that the heat capacity of one sample was found to be much
Low-temperature heat-capacity measurements were pehrger(about twice than thqt for the others and we ascribe
formed by using a commercial Quantum Design PPMS witpthis to the fact that t_he drying proced_ure was not completed
a 3He cryogenic insert and a 7-T superconducting coil. Thidor this sample and it probably contained a large amount of
system automatically performs heat-capacity measuremeng®/vent. In the following we concentrate on the set of data
by using the relaxation method and, below 2 Kiw-tau  ©OPtained on a thin pellet of 3.3 mg. 3
fitting method was used to extract heat-capacity values. Fur- The temperature dependence of the specific Hegtr),
ther measurements in zero field were also made by using tHtPrmalized to the gas constaRt=8.314 J/mol K, is plotted
adiabatic method in a homemade cryostat. The backgrounl Fig. 3 for different magnetic fields between 0 and 7 T.
heat capacity of the microcalorimeter with 0.2 mg of Api- Data above~4 K overlap while data obtained in different
ezon N grease used to glue the sample was measured iMagnetic fields differ at low temperature, as a consequence
different magnetic fields and subtracted from the raw data. Of the shift of the main magnetic contribution towards lower

The Fg, compound was prepared as described in Ref. §eémperature as the magnetic field increases. One further fea-
and it has the chemical formula ture is worth noting: the&c(T) curves obtained at low fields,

B=0, 1, and 2 T, show a further increase belevt K. This
suggests the presence of a low-temperature anomaly that
should be taken into account in the data analysis. Bearing
these features in mind, we consider three contributions to the
where dbmis for the anion of dibenzoylmethane ¢dm  specific heat of Fg: the lattice contributiorC,,;;, the mag-
=Cy15H120,). Fep, crystallizes in monoclinic space group netic contributionC,, due to the energy gap between the
P2,/c with unit-cell parametersa=30.530(5) A, b  ground and the excited states of the,Fmolecule, and fi-
=22.780(5) A, ¢=32.050(5) A, =93.405)°, andV  nally a two-level Schottky contributiolCs.p, that accounts
=22251(7) R. The unit cell contains four kg molecules for the low-temperature anomaly, i.e.C=Cju+Cn
related by an inversion center and asZrew axis, so thatthe +Cg,,. We already observed in a previous wbrkhat the

iron clusters are not isooriented even in a single crystal. Th®ebye temperatur®y, is, in general, very low for molecular
molecular core structuréFig. 2) comprises twelve irorflll)  crystals, and correction terms to theT® Debye law are
ions arranged to form a nonplanar ri@aximum departure necessary even at low temperatures. Therefore, we consider
from the mean plane-1.84 A) with a crystallographi€;  the following expression®

point-group symmetry, but an idealiz&, symmetry’ One

can define a& axis perpendicular to the mean plane of the

iron ring but, since the crystal symmetry does not dictate 234713

dominant uniaxial anisotropy, hereafterwill be considered Cian/R= ’

simply as an effective on-site parameter. Theg,Faystal b
lattice also containsn disordered chloroform molecules
which can be partially removed by vacuum treatmentwherer is the number of atoms per molecul471 in our
Chemical analysis on pumped samplepproximately 0.1 case. Values of®y and § are first determined by fitting the
torr for one houy points to a residual chloroform content of C(T) data above-4 K and then refined by the overall best

[Fe&(OCH3),(dbm)J;o-n(CHCly), )
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least-squares fitting procedure. The magnetic te€rgiRB? TABLE I. Results of best-least squares fit of tG¢T) curves

of a system having a set of energy levelsan be expressed obtained in different magnetic fields. For all the curves,

as =150.1 K, 6=0.595 K%, (go/g9;)=12 while y® shows the fit
quality.

Siefexpl — fei)Xiexpl — fe) ~ [Tieiexpl — fei)]?

kg (K) K, (K) To (K) X
[Eiexq_ﬁfi)]z

L . . 37.88 0.550 2.584 0.828
which is essentially the Schottky law extended to a multi- 37.35 0.471 2.550 1.699

T
0
1
level system, with3= (kgT) . We consider the energy lev- 2 37.37 0.584 3.132 1.603
elsE; oandE, ., of the triplet state described in the frame- 38.13 0.491 3.545 1.555
work of the semiclassical modgsee Eq.(S} of Ref. 11 as 4 3772 0.469 5811 1.429
compared to the ground stakg, , while higher levels are 5 37.95 0.295 6.161 1658
neglected since their effects are masked by the lattice contri- 3714 0310 7811 1174
bution at high temperatures. Since we deal with randomly - 37.28 0.480 1'2 05 1.616
oriented rings, we can average the dependence on the angle ' ' ' '

¢ between thez axis and the magnetic-field direction be-

tween 0 andwr, so that

results forB=0 T and 7 T respectively. The individual com-
1 ponent contributions are also plotted in these figures. We
€0=E10-Eoo=4J/N— ENk2521 (3)  note thatfoB=0 T, C,, is comparable t€,, at~3 K but
the latter dominates fof =4 as expected. The hump in
1 Cn(B=0T) atT~3.5 K<J/kg is a characteristic of finite
€:1=E;.1—Ego=4JIN+ —Nk,s°* upggB  (4)  systems, not found in the case of the infinite Heisentserg
30 =5/2 chait” and this is due to the opening of a gap in the
with g= 2. In such a way, the pattern of the low-lying energy energy spectrum. Fd8=7 T, this hump is shifted towards
levels is determined by two parametetsand k, that are  lower temperatures ar@,, is larger tharC,,, below ~3 K.
evaluated by the simultaneous best fit of differ&@¢T) Csc{B=0 T) has its maximum at-1 K and it contributes
curves with differenB values. In practice] andk, are first ~ significantly at lowT and low B, but T, is shifted towards
determined by fitting theC(T) data obtained in zero field high temperatures as the field increases so Dat{B

and B=7 T and further refined fitting th€(T) data ob- =7 T) contributes very little to the total specific heat. The
tained at intermediate-field values. In this way the fittingpPattern of the lowest-lying energy levels thus determined for
procedure rapidly converges. Fe., is plotted in Fig. 1.

The origin of the low-temperature anomaly is probably In a previous work a study of the temperature depen-
related to the presence of magnetic impurities or defectivélence of the magnetic susceptibility between 2.3 and 254 K
rings since spurious paramagnetic contributions have bedgd to the evaluation of an exchange constiik=31.9 K
also detected by the low-temperature susceptiSiitye con-  (J=22.2 cmi') assuming a Heisenberg=5/2 quantum

sider a simple two-level Schottky law: chain model for Fg,. This can be compared with the results
To\? exp(To/T)
CSCh/R:%(_O F( 0 > ~ 10
91\ T/ [(go/91)exp(To/T)+1] 13)
and we allow the parametdry to change as the magnetic _g:“i 1
field increases while thegg/g4) ratio is determined by the &
best fit of low-temperature data &=0-2 T: we found 2 01
(99/91)=11.7=1. Such a high value ofg,/g4) is required &

to account for the small amplitude of the anomaly and it 0.01
could be related to high degeneracy or, more likely, it simply

® o1
indicates that only a small fractionr(10%) of the sample is J 0
involved. The nonlinear field dependencelgf(see Table)l R
points to a nontrivial level splitting reminding the behavior <
of anisotropic paramagnetic defects in a field perpendicular g 01
to the principal molecular magnetic axis. g
The overall best least-squares fit give@g=150.1 K, § * 0.01

=0.595 K1, J/kg=37.60+0.34K, and k,=0.46
+0.09 K. Detailed results are also reported in Table I. It is
worth noting that since both the experimental data and theo-
retical curves are referred to one mole, the comparison is FIG. 4. The specific heat of Eemeasured at zero field) and
direct with no adjustable factors. In Figsiatand 4b) we  at 7 T (b). Data fitting and individual component contributions are
show theC(T) experimental data compared with the fitting also plotted.

temperature (K)
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reported here, taking into account that the evaluatiod of anisotropy configurationswvould provide ambiguous fitting

was obtained at high temperature and it did not account foparameters. In this respect, we may conclude that the ap-
finite-size effects and anisotropy. Although we did not reachproximations used in the semiclassical approach are suitable
the crossing field, we may evaluaBg; by imposingE; _;  to describe the thermodynamic properties of the ferric wheels

=Egyo, i.e., from Eq.(6) of Ref. 11: well. Finally, it is interesting to evaluate the classical tunnel
action So/fi=Nsy2k,/J for Fey, since this must be suffi-

-1017 T (5) ciently large Sp/%>2) in order to have a well-localized
' ' Neel vector along the- direction!* For Fg, we find Sy/%
=4.67 which is the highest value among the ferric wheels

us]

4] k,N2s? 1
cl

_QMBN 4

300 4
This value is in excellent agreement with preliminary mea- ; .
surements of the magnetization up to 50 T performed at 1. tudied so far & /% =2.47 and 3.32 for Rgand Fg, respec-

K on an Fg, polycrystalline sample that directly measured a Ively, see Table I in Ref. ])4Althoygh high quality Fe
critical field By, =10.0-0.5 T2 It is worth noting that crystals with a good alignment of rings and small decoher-

specific-heat measurements in zero field are unable on them;tet:]?tﬁ.rshﬂe /l;inz\g'g:tlg datf(t)r:eFmo;nentégg rtr;]?{ (;,;Jrnc;ude
own to distinguish between positive or negatike values 19N oo : £ sugg 9

since the pattern of the energy levels is equivalent in theSgernc wheels may be good candidates for the tunnel scenario

two cases. Fortunately, this is no longer true once the magqroposed by Loss and co-workers.

netic field is applied(see Fig. 1 so that the sign ok, is We thank A. CorniadModeng, A. Caneschi, and D. Gat-
determined by the magnetic-field dependenc€gf in spite  teschi(Florence for encouraging work on large ferric wheels
of the fact that polycrystalline samples were used. Sibge and sharing results with us. Special thanks also to A. Bilusic
is masked to a large extent I8, we believe that a model (Zagreb for his contribution to the specific-heat measure-
with more parametergconsidering, for instance, different ments.

1See, e.g., A. Caneschi, D. Gatteschi, C. Sangregorio, R. SessolPM. Affronte, J.C. Lasjaunias, A. Cornia, and A. Caneschi, Phys.
L. Sorace, A. Cornia, M.A. Novak, C. Paulsen, and W. Werns- Rev. B60, 1161(1999.
dorfer, J. Magn. Magn. MateR0Q, 182 (1999, and references  °A. Caneschi, A. Cornia, A.C. Fabretti, and D. Gatteschi, Angew.

there_in. Chem. Int. Ed. EngI39, 1295(1999; G.L. Abbati, A. Caneschi,
ZA. Chiolero and D. Loss, Phys. Rev. LeB0, 169 (1998; F. A. Cornia, A.C. Fabretti, and D. Gatteschi, Inorg. Chim. Acta
Meier and D. Lossibid. 86, 5373(2002). 297, 291 (2000.

M. Affronte, A. Cornia, A. Lascialfari, B. Borsa, D. Gatteschi, J. 105 p. Watton, P. Fuhrmann, L.E. Pence, A. Caneschi, A. Cornia,
Hinderer, M. Horvafic A.G.M. Jansen, and M.H. Juliet, Phys. G.L. Abbati, and S.J. Lippard, Angew. Chem. Int. Ed. Er2g,
Rev. Lett.88, 167201(2002. 2774(1997).

4A. Caneschi, A. Cornia, A.C. Fabretti, S. Foner, D. Gatteschi, Rilg Normand. X. Wang, X. Zotos, and D. Loss, Phys. Re\63
Grandi, and L. Schenetti, Chem.-Eur. 2].1379(1996; G.L. 184 409(206])_ ’ ’ '

Abbati, A. Caneschi, A. Cornia, A.C. Fabretti, D. Gatteschi, W. 123 Schnack and M. Luban, Phys. Rev6B 014418(2000).

Malavasi, and L. Schenetti, Inorg. CheB6, 6443(1997. 13 .o . . .
5 . . “”Rong Lu Jia-Lin Zhu, Yi Zhou, and Bing-Lin Gu, Phys. Rev. B
K.L. Taft, C.D. Delfs, G.C. Papefthymiou, S. Foner, D. Gatteschi,
petiy 64, 064423(2001.

and S.J. Lippard, J. Am. Chem. Sdd.6 823(1994. 14 :
5M.-H. Julien, Z.H. Jang, A. Lascialfari, F. Borsa, M. Horvatic F. Meier and D. Loss, Phys. Rev. @), 224411(2003.

Caneschi, and D. Gatteschi, Phys. Rev. L&, 227 (1999. 15M. Affronte, J.C. Lasjaunias, and A. Cornia, Eur. Phys. 1153
’A. Cornia, A.G.M. Jansen, and M. Affronte, Phys. Rev.6B, 16 633 (2900'_ o
12177 (1999; A. Cornia, A.G.M. Jansen, M. Affronte, G.L. __A. Cornia(private communication

Abbati, and D. Gatteschi, Angew. Chem. Int. Ed. Eragl, 2264 - W.J.M. deJonge, C.H.W. Sigte, K. Kopinga, and K. Takeda,
(1999. Phys. Rev. BL2, 5858(1975.

180405-4



