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Abstract. The effects of the internal guest substitution within hexa-iron molecular rings (Na:Fe6 and
Li:Fe6) have been investigated by means of low temperature specific heat (LTSH) measurements. By
changing Na to Li as central metal ion, the Schottky anomaly shifts towards lower temperatures. The data
analysis is supported by the study of the LTSH of the non-magnetic Na:Ga6 compound which has the
same core structure as the iron rings. For the non-magnetic Na:Ga6, significant deviations from the simple
C ~ T? Debye law were found and the use of conventional C' ws. T fitting curves is critically discussed.
The singlet-triplet energy gap (E1/ks = 12.1 £ 0.5 K) and its zero-field splitting (D:/kg = 1.5 £ 1 K)
evaluated from the magnetic contribution of the Li:Fe6 LTSH are compared to values estimated by high

field torque magnetometry.

PACS. 75.40.Cx Static properties (order parameter, static susceptibility, heat capacities, critical
exponents, etc.) — 75.50.-y Studies of specific magnetic materials

1 Introduction

The (supra-)molecular approach to the synthesis of large
transition-metal clusters has recently provided a variety of
new nanomagnetic materials [1]. Large magnetic clusters
can now be synthesized in bulk quantities, so that their
magnetic and thermodynamic properties can be studied
in detail by conventional solid-state techniques. A great
deal of work is nowadays devoted to magnetic clusters
with high spin, such as the Mnjgs-acetate [2] or Fe8 [3],
that exhibit quantum tunneling of magnetization at low
temperatures. Another class of molecular magnets made
by almost coplanar metal (Fe, Cr) rings is also attracting
increasing interest due to their high symmetry. Among
them, rings made by even number (6, 10, 12, 18) of an-
tiferromagnetically coupled Fe?* ions have been found to
have a non-magnetic (S = 0) ground state at low temper-
ature [4,5]. Most of the low-temperature physical proper-
ties of such ferric wheels can be well described by includ-
ing in the Hamiltonian nearest-neighbour (nn) Heisenberg
interactions, magneto-crystalline (single ion) anisotropies,
dipolar or anisotropic-exchange contributions and Zeeman
interactions when an external magnetic field is applied.
Different approaches [5,6] have been successfully used to
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solve such a hamiltonian and these have actually shown
how the non-magnetic ground state is separated from the
excited magnetic multiplets by gaps regularly spaced in
energy. One of the most intriguing challenge is however
the control of the magnetic characteristics of these clusters
by means of structural and chemical changes. The cyclic
hexa-iron clusters have shown strong tendency to trap
alkali-metal ions that, in turns, control the topology of the
oxygen bridges between Fe ions. This suggested the pos-
sibility of tuning the magnetic properties of these materi-
als by simply changing the internal guest [7]. This work,
carried out in parallel to studies of magnetic anisotropy
by a torque magnetometer in high magnetic field [8,9],
is actually devoted to the study of the effects of the Na
substitution by Li in the hexa-iron molecular rings.

Since the energy gap between the lowest-lying levels is
typically of the order of a few (5-20) K, the study of spe-
cific heat seems to be particularly suitable for measuring
the energy gap between the lowest-lying levels. Schottky
anomalies, with unique shape, are indeed observed at few
K [10]. Moreover, low temperature specific heat (LTSH)
measurements do not need the application of an exter-
nal magnetic field. From this point of view, LTSH mea-
surements are complementary to other techniques used so
far to study the molecular magnets. These metal clusters
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are, however, embedded in a molecular matrix that typi-
cally contains a few hundreds of atoms. This implies that
the lattice contribution to the specific heat (C) is huge
even at low temperature, obscuring, in general, the Schot-
tky anomaly (this issue is encountered each time one tries
to apply solid state techniques to molecular materials or,
more in general, to nano-particles embedded in amorphous
or organic matrix). Moreover, significant deviations from
the conventional Debye C' ~ T3 law have been already
observed for molecular magnets [10,11], so that a detailed
investigation of the lattice term seems now mandatory.
These facts motivated the study of the temperature de-
pendence of the specific heat of the non-magnetic Na:Ga6
rings, recently synthesised in our laboratory. On the ba-
sis of extended Debye’s and Einstein’s models, we propose
C vs. T fitting expressions that we will use to evaluate the
lattice contribution of magnetic Li:Fe6.

2 Experimental techniques and sample
features

Low temperature heat capacity measurements were per-
formed by means of a continuously refilled *He evapora-
tion cryostat and by using the quasi-adiabatic method.
Polycrystalline samples were pressed, without any addi-
tive (glue or Cu powder), in pellets of 8 mm diameter and
with typical mass of ~100 mg. The specimen was clamped,
with the help of a small quantity of Apiezon N grease, be-
tween two Si plates on which thermometer (Lake Shore
Cernox) and heater were attached and mounted on differ-
ent sides of the sample. The intensity of the heat pulse
was chosen to obtain a temperature variation AT < 2%
of the bath temperature.

Microcrystalline powders have been prepared by the
procedure described elsewhere [7]. The molecular crystals
studied in this work have chemical formula:

[LiFeG(OCH3)12(015H11 OQ)G]PFG (LlFeG)

[NaGaG(OCHg)lg(C17H1504)6]ClO4 (Na:GaG)
and they are often compared to:

[NaFeG(OCH3)12(C17H15O4)6]C104 (Na:FeG)

whose LTSH was studied in a previous work [10]. Li:Fe6,
Na:Fe6 and Na:Ga6 crystallize in a trigonal R3 space
group and they have similar core structure which com-
prises six-membered rings of Fe3™ or Ga?* ions in a
coplanar configuration (see Fig. 1). The methoxide lig-
ands (OCHjs) bridge neighbouring metal ions and support
the cyclic skeleton. The guest alkali-metal ion (either Li
or Na) is placed in the centre of the metal crown and
it contributes to tune both the nearest neighbour Fe-Fe
distance (3.2152 A and 3.140 A for Na:Fe6 and Li:Fe6
respectively) and the geometry of the bridging oxygen lig-
ands [7]. Each metal ion is further coordinated by chelat-
ing (-diketonate ligand, either the dbm (C15H1103) or
pmdbm (C17H1504). The crystal lattice also contains vari-
able amounts of disordered solvent molecules (CHCl3 and
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Fig. 1. Molecular structure of Li:Fe6. Black full circles: Fe ions;
circle with cross at the centre of the crown: Li ion; dashed cir-
cles: oxygen ions; empty circles: carbon ions. Hydrogen atoms
have been omitted for clarity.
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Fig. 2. Temperature dependence of specific heat (C' normal-
ized to the gas constant R = 8.314 J/moleK) of magnetic
Li:Fe6 and non-magnetic Na:Ga6.

CH3OH) which are partially or totally removed during the
drying procedure. The number of the atoms per cluster,
estimated by chemical analysis, is ca. 242, 288, and 313
for Li:Fe6, Na:Fe6 and Na:Ga6, respectively.

3 Results

In Figure 2 the specific heat (C') of Li:Fe6 normalized to
the gas constant R = 8.314 J/moleK can be compared
with that of the non-magnetic Na:Ga6. It can be noticed
that between 10 K and 20 K the specific heats of these
molecular rings look similar, although the C/R values of
Na:Gab is slightly higher than that of Li:Fe6. In this tem-
perature range the lattice contribution dominates and it
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Fig. 3. Temperature dependence of C/(RT?®) for magnetic
Li:Fe6 and non-magnetic Na:Gag.

is not surprising to find this similarity. Differences are ev-
ident below ~10 K where the specific heat of Na:Ga6 falls
much faster than the C/R of the iron-based compound.
This evidences the presence of an additional magnetic
contribution at the lowest temperatures in the LTSH of
Li:Fe6. A comparison between the different behaviour of
these compounds can be also observed in the C/(RT?)
vs. T plot of Figure 3. In the magnetic Li:Fe6 compound,
the Schottky anomaly is evidenced by the maximum of
the C/(RT®) vs. T curve (hump) at ~2.2 K. A broader
anomaly of the C'//(RT?) vs. T curve is also present in the
data of Na:Ga6 and it should be ascribed to the lattice
since there is no magnetic ion in this compound. More-
over, the C'//(RT?) data of Na:Ga6 — as well as those
of Li:Fe6 — have non-monotonic temperature dependence
above 10 K indicating that corrections to simplified Debye
T3 law have to be considered.

4 Analysis of the specific heat data of Na:Gab6

The huge number of ions per molecule (a few hundreds)
and the lack of additional information on the lattice dy-
namics do not allow to develop a detailed and rigorous
model for the lattice contribution of the LTSH. However
we present here an analysis of the LTSH data of non-
magnetic Na:Ga6 based on conventional models [12]. Al-
though structural differences exist among these molecular
rings, we propose to consider the specific heat of Na:Ga6
as a model for the lattice contribution Ci. to the LTSH
of this class of molecular compounds.

We first assume that samples are in a perfectly crys-
talline form [13] thus we consider two contributions to the
lattice specific heat: a Debye’s term Cp and an Einstein’s
term Cg that account for the acoustic and the optic-like
modes respectively:

Chatt = Ce + Cp
with:
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rg is the number of free Einstein-like modes in one
molecule and, since the fraction of such oscillators are not
known, it is left as a free fitting parameter. In the cases in
which non-linear dispersion relation has to be taken into
account, the Debye’s term Cp may assume two different
— but equivalent — polynomial forms [14] i.e.:

1) SR S
R
234rpT3
2) CD: 37“[)

R~ [0p +eT2 + 6T

Within the framework of the Debye’s model and in the
limit of vanishing temperature, rp = 1 and only the lowest
order T2 should remain in the polynomial laws thus the a
coefficient can be written as:

4
a:EW—[wg a in K~2 units
505" 0% ’
with 0p defined in a strictly acoustic sense. Specific heat
data of Na:Ga6 between 1.6 K and 17 K can be well fitted
by using the parameters reported in Table 1.

The quality of the fitting procedure is equivalent (same
x?) for expressions (1, 2), although it should be noted that
the presence of the 7 term in (2) does not seem to signif-
icantly improve x2. Therefore it is also possible to simplify
curve (2) by omitting this term for the temperature range
analysed here. In Figure 4a the C'/R vs. T of Na:Ga6 is
plotted with the best fit (curve (2)). We also plot both the
estimated Einstein’s and Debye’s contributions in order to
show the weigh of each term in the different temperature
range. In Figure 4b the specific heat data and the fitting
curve are plotted in a C/(RT3) vs. T? form. It is clear
from this plot that the Einstein’s contribution Cg is nec-
essary to account for the hump at T' ~ 4.5 K while, at
the highest temperatures, C/(RT?) slightly decreases in-
dicating that the increase of C'//R is slower than T'3. This
feature can be also seen in the results of the fitting pro-
cedure: The polynomial law (1) contains a 7° term with
a negative coefficient and in curve (2) the e coefficient of
T? is positive. These are anomalies for a Debye lattice
contribution since in simpler materials the sign of these
coefficients is reversed [14].

The fitting curve (2) allows a somewhat deeper inter-
pretation of the results. fp represents the Debye tem-
perature in the limit of the low temperature. We found
Op ~ 27 K which is a very low value, quite close to the
temperature range in which the C/R vs. T curve is stud-
ied. It is clear that, within the framework of the Debye
model, we deal with an intermediate temperature regime
(T < 0p) whereas a purely T° regime should be obeyed
only for T' < 0p/50. In this case, it can be more convenient
to put rp close to the number of ions in the molecule (313,
in the case of Na:Ga6) fixing, in this way, Cp close to the
Dulong-Petit value, i.e. the limit of Cjaty at high temper-
ature. Fixing rp = 313 (and rg = 1.50, T = 22.2 K), we
obtain fp = 184 K and e = 0.169 (see Tab. 1). This fp
value can be regarded as an average over all the phonon
modes active below 20 K and it seems to be more realistic.
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Table 1. Parameters obtained by the best fit of the Na:Ga6 LTSH data with expressions (1, 2) reported in the text. The relative

chi-square x? parameter is evaluated taking all data between

1.6 and 17 K with the same statistical weight.

Debye’s term Cp /R Einstein’s term Cg/R x>

a=0.01149; b = —2.719 x 107%; ¢ = 2.6115 x 1078 rg = 1.46; Tg = 21.59(K) 2.97

b =269 K; e =0.027; § = —56x10"% rp =1  rg=150; Tg = 22.2(K) 2.76

Op =184 K; € = 0.169; 6 = 0; rp = 313 rg = 1.50; Tz = 22.0(K)  2.80
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Fig. 4. (a) Best fit of the low temperature specific heat of Na:Ga6 with the Cg + Cp (curve 2) reported in the text. Fitting
parameters are reported in Table 1. (b) Comparison of experimental data with the best fit in a C//(RT?) ws. T plot.

For what concerns the Einstein-like contribution, we
note that rg is of the order of the unity indicating that
very few low-frequency oscillators are active at low tem-
perature. The Einstein-like contribution Cg may account
for optical phonon branches as well as for branches with
flat dispersion. It should be noted however that Tg is un-
usually low for a crystal and it is likely that the hump in
the C/T? vs. T can be due to localized oscillators rather
than collective modes. Moreover it is worth to remind that
a hump in the C/(RT?) vs. T similar to what reported in
Figure 4b is also observed in amorphous materials [15,16].
Generally in these cases data can not be well fitted by an
Einstein’s curve since the hump is broader in amorphous
than in crystalline materials. However, since there can be
small amount of amorphous solvent in the sample, we can
not rule out this origin of the hump.

We finally note that if we restrict our attention to data
below 10 K, a sufficiently good quality of fitting procedure
can be also obtained with a small number of free parame-
ters. The simplest way is to use a phenomenological power
law for the acoustic contribution. For Na:Ga6 we found
that Cp/R = 0.01577%%4, in addition to Cg, fits well
data below 10 K. Note that a very similar power law fits
quite well LTSH data of Na:Fe6 (Cp/R = 0.02187%64)
and Fel0 (Cp/R = 0.016172%%) [10] and this supports
the validity of this simple phenomenological law in a short
temperature range.
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Fig. 5. Comparison between the specific heat of Na:Fe6 (from
Ref. [10]) and that of Li:Fe6. The continuos line is the best fit
of the Li:Fe6 data with a simple Schottky law plus a power law
that accounts for the lattice contribution.

5 Analysis of the Li:Feb specific heat data

The LTSH of Li:Fe6 can be compared with data of
Na:Fe6 in Figure 5. The C'/R values overlap each other at
T > 8 K, where the lattice contribution Cy,;; dominates,
while below ~6 K the drop of the Li:Fe6 specific heat,
which mostly includes the magnetic contribution C,, is
clearly shifted towards lower temperatures as compared to
that of Na:Fe6. This evidences, without the help of any
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quantitative analysis, the effects of the internal guest sub-
stitution (Na by Li) on the energy levels of the iron rings.
The presence of the smallest Li guest slightly reduces the
Fe-Fe distance and, most importantly, displaces the oxy-
gen bridges between metal Fe ions [7]. It turns out that
the antiferromagnetic exchange coupling reduces by sub-
stituting Na by Li and the magnetic anisotropy changes
too as a consequence of the more regular topology of the
oxygen atoms in Li:Fe6 as compared to the arrangement
in Na:Fe6 [7].

A simple quantitative analysis of LTSH can be per-
formed by fitting the C'/R vs. T curve of Li:Fe6 with a
Schottky law [12]:

exp ()

Cs _ (E)Z
R g \T 7\ 12
e (7))
g1 T

where go and ¢ are the degeneracies of the ground and
the first excited state respectively and Ty is the energy
gap between these two states. We take go = 1 (ground
state = singlet) and gy = 3 (first excited state = triplet).
The continuous line in Figure 5 is the best fit of the Li:Fe6
data below 6 K obtained with Ty = 14.5 + 0.5 K and a
lattice contribution Cie = 0.0538 T2-2. For Na:Fe6 we
found Ty = 19.2 K [10] i.e. a larger energy gap between
the lowest-lying levels.

With the simple model used above, the error in the
determination of Ty is mainly due to the rough evalua-
tion of the lattice contribution Ci,¢ moreover we have no
information on the zero field splitting of the lowest-lying
levels. We proposed in the following a more sophisticated
analysis of the Li:Fe6 data.

For a magnetic system with a set of energy levels Ej;,
the magnetic contribution to specific heat C, can be cal-
culated by differentiating the total energy, i.e. by the ex-
pression:

Con
w7

i Brexp(—BE:) 3, exp(—BE;) — [32; Biexp(~E)]”
32, exp(—BE;))?

where 3 = (kgT)~!. For Li:Fe6 we assume that the hexa-
iron rings keep the axial symmetry and that the Heisen-
berg interactions is the dominant one. The pattern of
low-lying energy levels can be consequently sketched as
follows:

E; = Es + Ds(M2 — S(S+1)/3)

where S = 0,1, 2, etc. is the total-spin quantum number
and Mg =0,£1,...+ 5. Eg and Dg are respectively the
energy gap and the axial zero-field splitting parameters of
the different multiplets. We choose Ey and D; as free pa-
rameters, keeping fixed Fs and D> to the values obtained
by torque magnetometery experiments (Es/kp = 41.46 K
and Dy /kp = 0.425 K respectively [8]) and neglecting con-
tributions of higher excited states. Taking a simple poly-
nomial law for the lattice contribution and omitting the
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Fig. 6. Best fit of the specific heat of Li:Fe6 with the Cr, + Clats
law presented in the text. The estimated magnetic and the lat-
tice contributions are separately plotted for comparison as well
as the magnetic contribution estimated from the parameters
obtained by high field torque magnetometry experiments.

Einstein’s contribution we obtain
F;=1424+05K and D;=38+1K.

Further improvement can be achieved by considering a
more realistic lattice contribution. We previously showed
that a combination of conventional Debye’s and Einstein’s
laws may well account for the lattice contribution of the
LTSH of non magnetic Na:Ga6 and we assume that this
holds for Li:Fe6 (and Na:Fe6) too, although these crys-
tals are not wholly isomorphic. We also found that the
main Debye’s parameters should be regarded as an average
over several oscillators rather than an intrinsic features of
the acoustic branches while the Einstein’s contribution ac-
counts for specific — probably localized — oscillators. Since
Na:Ga6 contains more atoms (313) than Li:Fe6 (242) and
Na:Fe6 (288), it is not surprising to found that the C/R of
Na:Gab rises more rapidly above 10 K (see Fig. 2) since it
should saturate to higher value at high temperature (the
Dulong-Petit law) as compared to the specific heat of the
iron-based compounds. We fixed rp = 242 for Li:Fe6 (and
rp = 288 for Na:Fe6) and we determine the Op, €, rg
and Tg parameters by fitting data above ~8 K firstly. In
this temperature range the lattice contribution is much
higher than the magnetic one and we may safely take a
preliminary estimation of Cy, by using, for instance, the
energy levels obtained by torque magnetometery [8]. Once
the lattice parameters have been determined, Cy, can be
estimated by fitting data below ~8 K. This procedure can
be iterated and it converges after few times. Results for
Li:Fe6 and Na:Fe6 are summarized in Table 2.

As preliminary check, we first note that by apply-
ing this procedure to Na:Fe6 data we obtain E;/kp and
D7 /kp values quite close to those we got by a simpler anal-
ysis [10]. In Figure 6 the best fit is compared with C/R
data of Li:Fe6. In this figure we also plot both the lattice
and the magnetic contributions. It can be noticed, as we
already anticipated, that the lattice specific heat actually
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Table 2. Lattice and magnetic parameters obtained by the best fit of the LTSH data as described in the text. The Debye’s
contribution is curve (2) mentioned in the analysis of Na:Ga6 data.

Debye’s term Cp/R Einstein’s term Cg/R  Ei/ks (K) Di/ks (K)
Li:Fe6 0p =2178 K; £ =10.142; rg=1.70; T =21.97 K 12.14+0.5 15+1
rp = 242
Na:Fe6 0p =209.8 K; e =0.172; rg=1.05; Tx =21.59 K 202+1 8.6=x15
D = 288
Na:Gab  0p = 184 K; £ = 0.169; g = 1.50; Tk = 22.0 K
rp = 313

dominates above ~10 K, while C}, and C,t; are of the
same order of magnitude at the liquid helium tempera-
ture. This is a typical feature of these antiferromagneti-
cally coupled iron rings [10].

It is worth to briefly discuss the accuracy of the pre-
vious results. The error reported for F; and D; are esti-
mated by considering the mutual dependence of these pa-
rameters. In other words, by slightly changing the energy
gap E; (or alternatively Dy) it is possible to obtain a fit of
comparable quality (same x?) with an anisotropy param-
eter D; (or E7) determined within the error reported in
Table 2. A different source of error arises from the evalua-
tion of the lattice contribution. The different data analysis
reported above give an idea on how much the F; and D,
values depend on the choice of the Ciai vs. T expression.
Note that the presence of the Einstein’s term, suggested
by the analysis of the Na:Ga6 data, slightly changes the
FEy and the D parameters.

Finally it is worth to compare the results of
Table 2 with those obtained by measurements of mag-
netic anisotropy (Ei1/kp = 13.9 K and Dy /kp = 1.4 K)
on Li:Fe6 single crystals [8]. For a visual comparison, we
plot in Figure 6 the magnetic contribution to C/R es-
timated by using the parameters obtained by the above
mentioned magnetic measurements. The agreement with
the specific heat analysis is quite good, yet we may notice
that the E; value evaluated by the specific heat experi-
ments is slightly smaller (14%) than that obtained by mea-
surements in high magnetic field. Although this difference
is within the accuracy of the analysis of the LTSH data,
it is worth to remind that also for FelO rings the Schottky
anomaly appears at temperatures lower than what one
may expect from the results obtained by measurements of
magnetic anisotropy. The outstanding neutron scattering
experiments on Li:Fe6 will better clarify the origin of this
discrepancy.

In conclusion, we used LTSH experiments to show
the effects of internal guest substitution on the lowest-
lying energy levels of magnetic hexa-iron clusters. We have
also reported the study of the LTSH of the non-magnetic
Na:Ga6 molecular clusters and we believe that our analy-
sis can be successfully used to estimate the lattice contri-
bution of other molecular magnets. By comparing results
of different analysis, we have also estimated the accuracy
with which the energy gap and the zero field splitting
can be determined in these class of materials by specific
heat measurements. Finally, we found that the singlet-

triplet energy gap estimated here by LTSH measurements
is slightly weaker than what obtained by high field torque
magnetometry data [8], confirming what we already noted
for the FelO ferric wheels [10]. This issue still needs to be
clarified.

This work has been in part carried out within the framework
of the Progetto di Ricerca Avanzata MESMAG supported by
the Istituto Nazionale per la Fisica della Materia.
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