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Journal Name

Magnetic chains of Fe3 clusters in the {Fe3YO2} butter-
fly molecular compound†

Javier Rubín,∗a,b Laura Badía-Romano,a,c Fernando Luis,a,c Valeriu Mereacre,d Denis
Prodius,d Ana Arauzo,c,e Fernando Bartolomé,a,c and Juan Bartoloméa,c

The "butterfly" molecule [Fe3Y(µ3−O)2(CCl3COO)8(H2O)(THF)3] (in brief {Fe3YO2}) includes
three Fe3+ ions which build a robust Fe3 cluster with a strong intracluster antiferromagnetic ex-
change J /kB = −50 K and a total spin S = 5/2. It represents the starting magnetic system to
study further interactions with magnetic rare earths when Y is replaced with lanthanides. We
present heat capacity and equilibrium susceptibility measurements below 2 K, which show that
each cluster has a sizeable magnetic anisotropy pointing to the existence of intercluster interac-
tions. However, no phase transition to a long-range magnetically ordered phase is observed down
to 20 mK. The intercluster interaction is analysed in the framework of the one-dimensional Blume-
Capel model with an antiferromagnetic chain interaction constant J/kB =−40(2)mK between Fe3

cluster spins, and a uniaxial anisotropy with parameter D/kB = −0.56(3)K. This is associated to
single chains of Fe3 clusters oriented along the shortest intercluster distances displayed by the
crystal structure of {Fe3YO2}. Ac susceptibility measurements reveal that the magnetic relax-
ation is dominated by a quantum tunnelling process below 0.2 K, and by thermally activated pro-
cesses above this temperature. The experimental activation energy of this single chain magnet,
Ea/kB = 3.4(6)K, can be accounted for by the combination of contributions arising from single-
molecule magnetic anisotropy and spin-spin correlations along the chains.

1 Introduction
Molecular magnets are attracting much attention because of their
potential applications as spintronic elements,1 in quantum in-
formation processing2–6 or in magnetic cooling.7 Among the
plethora of new molecules, the polynuclear magnetic clusters pro-
vide a large class of materials which show single molecule mag-
net (SMM) behaviour, i.e., they show remanence after application
of a magnetic field even though there is no significant interac-
tion between neighbouring clusters. However, many of them un-
dergo thermally activated quantum tunneling of magnetization
(TAQTM) or pure quantum tunneling of magnetization (QTM)
that inhibit the SMM behaviour. The tunneling dynamics is a col-
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lective process, as tunneling probabilities depend very strongly on
the bias fields generated by the neighbouring spins that change
every time one of them flips.8,9 In spite of this, the effect that
magnetic long range order produced by dipolar interactions be-
tween magnetic clusters, as has been observed in Mn12-acetate
and Fe8,10,11 has on magnetic relaxation remains largely unex-
plored.

A class of clusters of special interest is that of bimetallic clus-
ters, which are constituted by transition metals M that provide
most of the cluster magnetization, and rare earth metals Ln that
generate an enhanced magnetic anisotropy via intracluster inter-
actions.13,14 Within this class of {MxLny} clusters, the molecules
[Fe3Ln(µ3−O)2(CCl3COO)8(H2O)(THF)3], in brief {Fe3LnO2},
provide a series of isostructural compounds that allows exploring
how the magnetic properties vary as a function of the different
Ln substitutions.15 All members of this series have a “butterfly”
type {Fe3Ln(µ3−O)2}8+ core. The three Fe3+ ions form a trian-
gle, Fe3, with the Fe(2) atom (Fig. 1) at the body of the butterfly
and the two Fe(1) and Fe(3) atoms at the wings. All Fe ions are in
the S = 5/2 high spin state and the Fe(1)-Fe(2) and Fe(2)-Fe(3)
exchange interactions, J , are antiferromagnetic while that of
Fe(1)-Fe(3), J ′, is negligible, yielding a total spin ST = 5/2 for
the Fe3 subcluster.12 The Fe3−Ln intracluster interaction within
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Fig. 1 Structure of [Fe3Y(µ3−O)2(CCl3COO)8(H2O)(THF)3], the verti-
cal dashed line shows a quasi-symmetry plane of the {Fe3YO2} core.The
{Fe3YO2} core is sketched in the bottom right corner with the Fe3 inter-
cluster interactions J and J ′ as defined in 12.

the “butterfly” molecule (for a magnetic Ln lanthanide) is also
antiferromagnetic.12 The intensity of the intracluster interaction
was also evaluated in a combined study of conventional magne-
tometry and x ray magnetic circular dichroism as a function of
applied magnetic field, both in the case of Kramers ions as Ln =
Gd and Dy16 and of non-Kramers ions as Ln = Tb and Ho.17,18

The goal of the present work is to investigate in detail the in-
teractions and relaxation processes in the absence of a magnetic
rare earth, for which the standard choice of Y as a substitution for
a non magnetic rare earth is made, since the crystal structure is
approximately preserved.15 Focusing on Fe3 clusters as magnetic
units can help to study and understand the role of intercluster in-
teractions, and it will be shown that those interactions take place
along chains. Furthermore, two relaxation processes are revealed
at different temperature ranges, which bring out the rôle of intra
and intercluster interactions on magnetic relaxation.

The paper is structured as follows: Section 2 describes the ex-
perimental techniques and procedures used in the present study.
In Section 3, equilibrium heat capacity and magnetic susceptibil-
ity data measured down to 20 mK are presented and analysed,
in order to search for signatures arising from intercluster inter-
actions. This study shows that such intercluster interactions may
be modelled as a single chain magnetic system. Single-molecule
and chain correlation relaxation processes are investigated by ac
magnetic susceptibility in Sec. 4. Finally the results are discussed
in Sec. 5.

2 Experimental details
The synthesis of the [Fe3Y(µ3−O)2(CCl3COO)8(H2O)(THF)3]
compound has been reported in previous works.15,19 The sample
was in powder form and its purity was checked by X-ray diffrac-
tion. Heat capacity C(T ) under different applied magnetic fields
(0− 40 kOe) was measured on a powder sample embedded in

Apiezon N grease, using a Quantum Design PPMS. Experiments in
the low temperature region (0.35K < T < 10K) were carried out
with the 3He option of the same PPMS, while for temperatures
ranging between 2 K and 20 K, the base system was used. The co-
incident temperature range (2K< T < 10K) was intended to scale
the low T to the absolute high T measurements. Measurements
under zero magnetic field were carried out up to 100 K.

The dynamic behaviour as a function of temperature and mag-
netic field was studied by means of ac susceptibility measure-
ments at varying frequency. Measurements on the present com-
pound were performed, above 1.8 K, using a Quantum Design
superconducting quantum interference device (SQUID) magne-
tometer and the ACMS option of a Quantum Design PPMS to
cover a large range of frequency. Ac measurements were car-
ried out at an excitation field of 4 Oe, and under dc fields be-
tween 0 and 10 kOe, while sweeping the frequency in the range
0.1 Hz−1.5 kHz for the SQUID and 100 Hz−10 kHz for the PPMS.
The sample was soaked in a Daphne oil drop, introduced to fix
the grain orientation at low temperature. Additionally, ac sus-
ceptibility measurements in the region of very low temperature
(0.018K < T < 3K) were performed using a microSQUID sus-
ceptometer and a Leiden Cryogenics 3He-4He dilution refriger-
ator. The voltage signal from the susceptometer was converted
into magnetic units (emu·mol−1) by scaling with data obtained
with the SQUID susceptometer in coincident temperature and fre-
quency.

3 Equilibrium heat capacity and magnetic
susceptibility

The molar heat capacity of {Fe3YO2} measured between 0.3K
and 100K at zero field is shown in Fig. 2-top. The lattice con-
tribution shows up above T ≈ 5K, while below that tempera-
ture a magnetic contribution is clearly observed. The shape of
C(T ) displays a Schottky-type maximum centred at ≈ 0.9K fol-
lowed by a dip at around 2K. The Schottky peak is discussed
below, and it reflects that the SFe3 = 5/2 multiplet is split by a
ligand field effect. Then, the dip provides a temperature range
where the CSch ≈ AT−2 Schottky peak tail at the high tempera-
ture side and the Clatt ≈ BT 3 low temperature dependence of the
lattice contribution meet. Therefore, the dip is expected to show
a dependence CT 2 = A+BT 5, from which B can be obtained.20

Following this procedure for the {Fe3YO2} compound, the value
B = 8.42(8)× 10−3 K−3 was obtained, which yields a Debye tem-
perature of θD = 157(1)K.

In a previous work it has been shown that the magnetic sus-
ceptibility and magnetization of the trinuclear iron cluster in
{Fe3YO2} measured above 2K could be described in terms of the
Heisenberg-Dirac-van Vleck (HDVV) model where the three Fe3+

ions are antiferromagnetically coupled.12 The Fe(1)-Fe(2) and
Fe(2)-Fe(3) (“body-wing”) interaction constant is J /kB =−50K,
while the Fe(1)-Fe(3) (“wing-wing”) coupling is negligible. As a
result, the Fe(1,3) spins are oppositely oriented with respect to
the Fe(2) one. Therefore, at temperatures below 2K the Fe3 clus-
ter can be considered as a unit with SFe3 = 5/2.

The zero field splitting (ZFS) of the SFe3 = 5/2 ground state,
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Fig. 2 Top: Heat capacity of {Fe3YO2} as a function of temperature from
0.35 K to 100 K, along with the estimated lattice contribution Clatt (dot-
ted line), the magnetic contribution from the Fe3 cluster anisotropy Cani
(thin full line) and the total heat capacity Clatt +Cani for T < 10 K (thick full
line). Bottom: Experimental susceptibility χT , along with the calculation
of the parallel, perpendicular and random powder average for Fe3 clus-
ters with cluster anisotropy D/kB =−0.56 K and no intercluster exchange
interaction.

which reflects itself in the Schottky anomaly at zero magnetic
field, can be accounted for by a uniaxial magnetic anisotropy of
the Fe3 subcluster. The energy levels can be calculated using the
spin Hamiltonian:

Ĥ = Ĥex + ĤLF (1)

where Ĥex is the exchange Hamiltonian of the three Fe3+ clus-
ter (intracluster interaction) with spins ~S1, ~S2 and ~S3, in the
Heisenberg-Dirac-Van Vleck approximation

Ĥex =−2J
(
~S1 ·~S2 +~S2 ·~S3

)
−2J ′

(
~S1 ·~S3

)
(2)

and ĤFe3
LF is the ligand field term acting on the spin-orbit perturbed

levels of each individual Fe atom.
At the “butterfly” molecule the three Fe3+ ions occupy the cen-

tres of similar slightly distorted oxygen octahedra. Therefore the

ZFS Hamiltonian can be described with a uniaxial anisotropy with
rhombic distortion

ĤLF =
3

∑
i=1

{
DiŜ2

z,i +Ei

(
Ŝ2

x,i− Ŝ2
y,i

)}
(3)

where Di are the uniaxial anisotropy constants and Ei the rhom-
bocity parameters of each Fe ion i. Assuming that the three Fe3+

ions have ligand fields with uniaxial symmetry that imposes a
common alignment direction, the ligand field term simplifies to

ĤLF = DŜ2
z,Fe3 +E

(
Ŝ2

x,Fe3− Ŝ2
y,Fe3

)
(4)

since it can be proved that in the strong exchange limit the cluster
anisotropy Hamiltonian in terms of the individual spins Si can be
expressed as an effective ZFS Hamiltonian of the total spin SFe3.21

This approximation is valid provided that |J | �Di, which is ful-
filled in {Fe3YO2} (vide infra), since J /kB =−50 K.12 The rhom-
bocity parameter E amounts to a second-order correction in E/D
to the main uniaxial anisotropy.

The magnetic heat capacity was simulated from the energy
eigenvalues of the Hamiltonian (1) using the code MAGPACK,22

and the values of intracluster exchange constants J /kB =−50 K
and J ′ = 0 found previously.12 The temperature of the broad
specific heat maximum observed below 2 K can be accounted for
with an uniaxial anisotropy constant D/kB =−0.56(3)K, which is
much smaller than J . The contribution of the intracluster Fe-Fe
interactions to the heat capacity is negligible in this temperature
range. However, the magnetic anisotropy cannot account, by it-
self, for the width of the Schottky anomaly and, in particular, for
the excess in specific heat observed below 1 K, irrespective of the
value of rhombic distortion parameter E.

The magnetic entropy change was calculated by integration of
Cm(T )/T = (C−Clatt)/T in the temperature range from 0.35 K to
5 K and by extrapolation of the Cm(T ) data to a T−2 law from 5 K
to ∞, yielding to a value ∆Sexp

m /R = 1.56(2). The S = 5/2 ground
sextuplet is split by the anisotropy field yielding to a groundstate
doublet with Sz =±5/2, and two excited doublets Sz =±3/2 and
Sz =±1/2 which are 4|D|/kB = 2.24 K and 6|D|/kB = 3.36 K higher
in energy, respectively. This can only produce an entropy change
of ∆Sm/R = ln3 = 1.10. The next excited multiplet of the Fe3 clus-
ter lays at ≈ 250 K from the ground state and therefore it cannot
contribute to ∆S in the low temperature range.

The excess of heat capacity observed below ≈ 2 K, hence the
excess of entropy, can only be produced by additional degrees
of freedom. These could be provided by interactions between Fe3

clusters that can split the otherwise degenerate spin doublets even
at zero external field. The heat capacity measurements down to
T = 0.35 K(Fig. 2-top), and the equilibrium susceptibility mea-
surements to T = 18 mK show no signature of a phase transition to
a long-range magnetically ordered state (Fig. 2-bottom). There-
fore 2-dimensional (2D) or 3D interactions between Fe3 clusters
are expected to be negligible. Indeed, we perfomed numerical
calculations of the heat capacity using a a 2D rectangular Ising
model,23 which show that the ratio of the two perpendicular in-
teraction constants should be higher than 100 in order to exclude
effects of a transition in the heat capacity in the experimental
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temperature range. Therefore we conclude that the intercluster
interactions must predominantly be of 1D character.

The need for an intercluster interaction in addition to the intr-
acluster ligand field can also be inferred from the low frequency
magnetic susceptibility data measured with the SQUID (1.8 < T <

250K, f = 10Hz) and microSQUID (16mK < T < 2K, f = 1.6Hz)
magnetometers and plotted as χ(T )T in Fig. 2-bottom. This
low frequency susceptibility will be taken as the equilibrium sus-
ceptibility as it will be justified in Sec. 4. Below ≈ 200 K and
down to ≈ 5 K, χT remains approximately constant. This Curie-
Weiss behaviour (χ =C /(T −θ)) in this temperature range yields
C = 4.52(1) emu K/mol and θ = −0.27(4)K, in agreement with
a previous determination.15 This shows the paramagnetic be-
haviour of S= 5/2 spins with all their levels being thermally popu-
lated (the highest level for the cluster spin is 6D/kB = 3.36 K above
the ground state level Sz =±5/2), which predicts a Curie constant
C = 4.375 emu K/mol, and points to the existence of an antifer-
romagnetic coupling between the Fe3 clusters. As temperature
decreases, a downturn to a plateau develops, with an inflection
point at T ≈ 1.8 K, which is caused by the thermal depopulation
of the S = 5/2 sextuplet split by the ligand field anisotropy.

The calculated χT , with D/kB =−0.56 K, intracluster exchange
constants J /kB = −50 K and J ′ = 0, and no intermolecular in-
teractions, is also shown in Fig. 2-bottom for ~H parallel (χ‖) and
perpendicular (χ⊥) to the anisotropy axis and for a random pow-
der χpowder = (1/3)χ‖+(2/3)χ⊥. The upturn in χT for temper-
atures above ≈ 150 K is well reproduced. The effect of a small
Fe(1)-Fe(3) interaction was also explored; it only shows up in the
high temperature upturn reflecting the change from the param-
agnetic susceptibility of the S = 5/2 Fe3 clusters to the paramag-
netic susceptibility of the Si = 5/2 Fe3+ individual ions, but no
effect is found at low temperature. The calculated decrease to
a low temperature plateau is in qualitative agreement with ex-
periment, but the predicted low temperature χT value is at least
two times larger than the experimental one below 1 K. The dis-
crepancy might be due to defective random orientation of grains
placed in the microSQUID sensitive area, but then the experimen-
tal result should also lay below χpowder in the 5−10 K range.

In order to account for the experimental heat capacity includ-
ing 1D intercluster interactions, a 1D Ising model with spin-S
in the presence of a uniaxial crystal field24 (a generalization
of the original S = 1 Blume-Capel model25) will be used (see
ESI†). The model has been worked out using the transfer ma-
trix method.24,26 The calculations for S ≥ 3/2 can be perfomed
numerically, what we have done for the case of an antiferromag-
netic chain of S = 5/2 spins with uniaxial anisotropy from the
Hamiltonian

ĤC =−2J
N

∑
i=1

Sz,iSz,i+1 +D
N

∑
i=1

S2
z,i (5)

starting from a ring of N spins with periodic boundary conditions
Sz,N+1 = Sz,1, and then taking the thermodynamic limit N→ ∞.

Fig. 3 shows that an interaction constant of J/kB = −40 mK,
in addition to an uniaxial anisotropy parameter D/kB = −0.56 K
accounts fairly well for the experimental heat capacity all over
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Fig. 3 Experimental heat capacity of the {Fe3YO2} compound (circles)
and calculated heat capacity for: (a) Infinite chain in the Blume-Capel
model with J/kB = −40 mK, D/kB = −0.56 K (thick full line), (b) Only intr-
acluster ligand field anisotropy (dashed-dotted line), (c) Only chain inter-
cluster interaction with J/kB = −40 mK (dashed line), and (d) Addition of
(b) and (c) (thin full line). For the total heat capacities of (a) and (d), the
lattice contribution was added.

the accessible temperature range. The interaction constant J
proves to be an order the magnitude smaller than the intracluster
anisotropy parameter. In fact, the addition of the contributions
to the heat capacity arising from the anisotropy of the clusters as
calculated from Eq. 4 on one side, and from an Ising model of
S = 5/2 spins interacting along 1D on the other side, taken both
as independent of each other, closely reproduces the full calcula-
tion performed using the Blume-Capel model (compare curves (a)
and (d) in Fig. 3). The entropy change in the Ising linear chain
amounts to R ln2, to be added to the ZFS entropy of R ln3. The to-
tal entropy of R ln6≈ 1.79R is to be compared to the experimental
∆Sexp

m = 1.56(2)R for temperatures above 0.35 K.
Additional measurements of Cp under external magnetic fields

are shown in the Supplemental Information along with Monte
Carlo simulations.† The above proposed model of a clusters chain
with D/kB =−0.56 K and J/kB = 40 mK also reproduces the exper-
imental specific heat when a external field is applied.

The same type of calculation for the powder averaged magnetic
susceptibility is not so straightforward. The parallel susceptibil-
ity can be easily calculated analytically for S ≤ 3/2,24,26 while
for S > 3/2 numerical calculations can be performed.26 Using the
method described by Chatterjee,26 χ‖T for S = 5/2 was calculated
for the values J/kB =−40 mK and D/kB =−0.56 K obtained from
the heat capacity. It shows a maximum at ≈ 3 K and a drop to zero
as temperature decreases. In contrast, the perpendicular suscep-
tibility in the Blume-Capel model is a much more difficult task.27

The perpendicular susceptibility χ⊥T is expected to behave in a
similar way without a maximum, as shown by the calculation for
the case in which only the magnetic anisotropy is present (Fig.
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Fig. 4 Experimental (large circles) and calculated χT of the {Fe3YO2}
compound for: (a) Parallel χT using a Blume-Capel model for an antifer-
romagnetic chain with J/kB = −40 mK and D/kB = −0.56 K and (b) Ising
antiferromagnetic chain with J/kB =−40 mK.

2-bottom).
Alternatively, we have approached the calculation of the pow-

der averaged susceptibility in a different way. On the one hand,
the 1D Ising, and the 1D Heisenberg susceptibility were calculated
(see ESI†). The temperature dependence qualitatively describes
the experimental results, but obviously it does not account for the
non-zero value of χT that is observed at the lowest temperatures.
On the other hand, both χ‖T and χ⊥T were calculated with a
constrained Monte Carlo simulation of a Heisenberg linear chain
of classical spins using the code VAMPIRE.28 None of the calcu-
lations reproduce completely the experimental susceptibility, but
they definitely show that antiferromagnetic intercluster interac-
tions have to be taken into account in order to account for the
experimental results.

4 Magnetic relaxation
The spin dynamics of {Fe3YO2} was explored by ac magnetic sus-
ceptibility as a function of frequency, temperature and external
magnetic field H. The in-phase, χ ′(T ), and out-of-phase, χ ′′(T ),
curves measured for H = 0 display a frequency dependence (see
Fig. 5), but only at very low temperatures, with χ ′′(T ) increasing
for increasing frequency, which reveals a relaxation process. Al-
though at the lowest temperatures (Fig. 5 insets) no maximum
in χ ′′( f ) shows up, an estimation of the relaxation time can be
obtained from the expression

τ ≈ χ ′′(T, f )
2π f (χ ′(T, f )−χad)

(6)

where χad is the adiabatic, or infinite frequency, limit susceptibil-
ity. Since the limited frequency of our experimental window did
not allow us to measure χad, we will assume the approximation

χad = 0 in that temperature range. The relaxation time is very
short (τ f ≈ 3× 10−7 s) and temperature independent within ex-
perimental errors (Fig. 6). We ascribe this process to quantum
tunneling of the magnetization (QTM) of the cluster’s magnetic
moment through the anisotropy barrier between the two states
of the Sz

Fe3 = ±5/2 ground Kramers doublet. Since time-reversal
symmetry forbids tunneling for half-odd spin systems (“van Vleck
cancellation”29,30), this process would here be driven by an in-
ternal transversal magnetic field. At H = 0 applied field such a
fast relaxation process allows the spin system to reach thermal
equilibrium within the time scales of the heat capacity and low
frequency ac susceptibility measurements (Fig. 2), and to estab-
lish 1D spin correlations.
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Fig. 5 Very low temperature ac susceptibility of {Fe3YO2} as a function of
temperature, in the frequency range 1.6Hz < f < 213kHz. Upper panel:
χ ′(T ). Lower panel: χ ′′(T ). Frequency dependence at the lowest mea-
sured temperatures in the insets.

For higher temperatures, the zero-field ac susceptibility χ ′′ be-
comes very small. Possible relaxation processes can be made ap-
parent under the application of an external dc magnetic field,
which will rapidly suppress QTM as a side effect. Indeed, as the
applied field increases (0 < H ≤ 30kOe), the χ ′′( f ) curves show
rounded maxima of increasing amplitude up to a certain value of
H (see ESI†). In order to have a good signal of χ ′( f ) and χ ′′( f ) for
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temperatures above 1 K, H = 6.5kOe was chosen for the measure-
ments of ac susceptibility at frequencies in the 0.1 < f < 104 Hz
range. The data are included in Fig. 7 for temperatures from
1.8K to 5K.

The χ ′′( f ) curves show three main features:

i. A low frequency maximum at f ≈ 0.4Hz, which reveals the
existence of a very slow relaxation process. The relaxation
time of this process, τs, has been estimated either from the
position of the maxima in χ ′′( f ) at each temperature or from
the maxima in Cole-Cole diagrams (χ ′′(χ ′)). The height of
the maximum increases with decreasing temperature.

ii. An increase in χ ′′( f ) at frequencies higher than 1 kHz point-
ing to a maximum lying outside or in the limit of the ex-
perimental frequency range, which reveals some remaining
“fast” processes (∼ 10−5 s). The intensity of this component
decreases with decreasing temperature, i.e., behaves in an
opposite way to that of the slow processes.

iii. Non negligible values in the intermediate frequency range
10−100 Hz. This points to the existence of a third relaxation
process with characteristic time scales intermediate between
those of the “fast” and “slow” processes.

Fig. 6 Low temperature relaxation times τ versus temperature. Right
half: From χac with no dc magnetic field (Fig. 5) and Eq. 6. Left half:
From χac with applied dc magnetic field H = 6.5 kOe (Fig. 7) and Eq. 8.
The size of the open circles denote the evolution with temperature of the
relative intensity of each component.

In order to extract information from the χ ′′(ω) curves, we con-
sidered χ(ω) = χ ′(ω)− iχ ′′(ω), with ω = 2π f as made of three
components χ(ω) = χd(ω)+χin(ω)+χor(or), where the subscript
“d”, “in” and “or” correspond to the slow, intermediate and fast
processes, respectively. Each component was modelled as an in-
dependent generalized Debye process31

χ(ω) = χad +∑
ν

χT,ν −χad

1+(iωτν )
1−αν

(7)

where χT is the isothermal susceptibility and ν = d, in, or. The
slow and fast components were considered as single-process type
susceptibilities, i.e., αd = αor = 0, while the intermediate compo-
nent was assumed to include a distribution of processes to ac-
count for the susceptibility in the intermediate frequency range.
The in-phase and out-of-phase components of the susceptibility

χ
′(ω) = χad +∑

ν

aν

1+ sin(αν π/2)(ωτν )
1−αν

1+(ωτν )2−2αν +2sin(αν π/2)(ωτν )1−αν

χ
′′(ω) = ∑

ν

aν

cos(αν π/2)(ωτν )
1−αν

1+(ωτν )2−2αν +2sin(αν π/2)(ωτν )1−αν

(8)

were fitted simultaneously for each temperature. The values of
τd(T ) and τor(T ) are shown in Fig. 6. The distribution for the
intermediate process shows values of αin ≈ 0.5, except for T > 4 K
where it increases up to ≈ 0.8, and its intensity shows a similar
temperature dependence to that found for the slow process com-
ponent all over the temperature range.

The relaxation time of the slow process is almost temperature
independent with τd ≈ 0.4 s and its intensity increases as temper-
ature decreases (Fig. 6). Such a slow relaxation time is very sim-
ilar to those observed in Ln=Dy and Tb polymeric chains that we
have studied earlier.32–35 Its value was shown to depend strongly
on the He gas pressure of the SQUID sample chamber, i.e., when
the chamber is vented or purged, which modifies the thermal con-
tact between the sample and the cold bath.35 This behaviour is
indicative of a phonon-bottleneck effect which may increase by
several orders of magnitude the measured relaxation time of di-
rect processes at low temperature, where the lattice heat capac-
ity is very low with respect to the magnetic contribution.35 The
intensity of the component in the intermediate frequency range
shows a similar behaviour to that of the slow process: an almost
temperature independent relaxation time ≈ 0.05 s, and increasing
intensity with decreasing temperature.

The “fast” relaxation time turns out to be temperature depen-
dent (Fig. 6) and it could be fitted using an Arrhenius law with
τ0 = 4.4×10−6 s and activation energy Ea/kB = 3.4(6)K. Since un-
der an external applied field the tunneling process is quenched,
the observed relaxation is a thermally activated process over an
anisotropy barrier with possible contributions of the spin chain
correlations.

5 Discussion
The “butterfly” Fe3 cluster shows identical exchange interaction
between each Fe(1) and Fe(3)“wing” Fe(III) ions and the Fe(2)
“body” ion and negligible interaction between the “wing” ions.
Therefore, magnetically it constitutes a symmetric linear triad.36

In the strong exchange limit the individual anisotropy constants
Di can be related to the effective anisotropy constant D of the
Fe3 cluster. Following the procedure described in Bencini & Gat-
teschi36 the relationship D = 1.595Di was obtained. The value
Di/kB = −0.35 K from the present heat capacity measurements
is negative and with absolute value less than half or similar of
those reported for high spin Fe(III) in single-ion compounds from
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Fig. 7 Left panels: χ ′(T ) and χ ′′(T ) at different frequencies and applied field H = 6.5 kOe for the {Fe3YO2} compound. Right panels: χ ′( f ) and χ ′′( f )
for temperatures from 1.8 to 5 K.

M(H) curves,37–41 although in most of the studied molecules the
anisotropy parameter is positive, or there is no unambiguous de-
termination of its sign. However, it should be recalled that only in
the molecule studied by Solano-Peralta et al.41 (Di/kB = 0.28 K)
the Fe(III) ion is coordinated in an O6 octahedron, while in the
other cases the octahedral environment contains several nitrogen
atoms. It is worth mentioning that the Schottky anomaly appear-
ing in the heat capacity unambiguously allows to assign a sign
to D, since its shape greatly depends on the sign of D. Indeed,
since the separation between the m = ±5/2 and m = ±3/2 dou-
blet states is 6D, but that of m = ±3/2 and m = ±1/2 is 4D, the
levels scheme for negative D (ground state m = ±5/2) and posi-
tive D (ground state m =±1/2) gives quite different heat capacity
contribution.

The value of the Fe3 cluster anisotropy constant D/kB =

−0.56(3)K in the present Fe3 cluster is in the range of
those reported in other polynuclear iron clusters from dif-
ferent experimental techniques. In the S = 5/2 trinu-
clear Fe3+ magnetic cluster of [Fe3O(O2CBut)2(N3)3(dmem)2],
D/kB = −0.99K was derived from magnetic measurements
.42 In S = 5 tetranuclear Fe3+ molecular clusters, heat
capacity and neutron inelastic scattering measurements on
Fe4(OCH3)6(dpm)6 (Hdpm=dipivaloylmethane) produced the
value D/kB =−0.28(1)K,43 while in [Fe4(thme)2(dpm)6] D/kB =

−0.64K from HF-EPR spectra44 and D/kB = −0.65K from in-
elastic neutron scattering spectra, albeit with a rhombic term
E/kB = −0.014K.45 In all these cases, as in {Fe3YO2}, the clus-
ter has a negative effective D parameter, and therefore the lowest
level is that of the highest quantum number |m|= 5/2.21

The intercluster interaction disclosed by the excess in entropy

shown in the heat capacity measurements was modelled as anti-
ferromagnetic chains. The dc magnetic susceptibility calculated
with simple models and the anisotopy D and intercluster interac-
tion J parameters obtained from the heat capacity data, is in qual-
itative agreement with the experimental results (Fig. 4). Since
this type of “butterfly” molecule compounds were not expected
to show magnetic single chain magnetic behaviour because of the
structural distribution of its Fe3 clusters, it is of interest to show
how are the chains conformed where spin correlations are ob-
served. The {Fe3YO2} compound crystallizes in the monoclinic
system (S.G. P21, Z = 2) with cell parameters a = 13.0515(10)Å,
b = 14.5745(11)Å, c = 20.0068(16)Å, and β = 93.882(1)◦.15 The
simplified structure of Fe3 clusters can be viewed as formed
by two sets of Fe3 clusters whose planes are at approximately
90◦ and the distances between centroids of clusters range from
11.85 Å to 20.01 Å (Fig. 8). The minimum intercluster dis-
tances depict a zig-zag line of Fe3 clusters with alternating per-
pendicular cluster planes, and the next closest neighbour cluster
centroids are at least at distances 10% larger. Perfect antifer-
romagnetic alignment is realized for anisotropy direction along
[hk l] ≈ [101], which is a direction close to one on the Fe3 planes
and joining the “body” Fe(2) ion and the midpoint of the “wing-
to-wing” Fe(1)-Fe(3) bond (Fig. 8). Second neighbour interac-
tions along the crystallographic b axis or small deviations from
the proposed anisotropy direction would give rise to a weak ferro-
magnetic component perpendicular to the antiferromagnetic spin
correlations. This can produce a non-zero χT value at the low
temperature limit, as experimentally observed (Fig. 2-bottom),
although an additional effect arising from a not fully random easy
axes orientation within the powder sample cannot be precluded.
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Fig. 8 Chain of Fe3 clusters along a zig-zag line with minimum interclus-
ter distance. Cluster magnetic moments are depicted by arrows along
the anisotropy axis contained in the cluster’s plain. Only the triangular
Fe3 clusters are shown along with lines connecting the cluster centroids
in the antiferromagnetic chain; the rest of the atoms, except Y (faded),
are hidden for sake of clarity. Bottom figure: the centroids of the Fe3
clusters which compose the spin chains are contained in planes (one is
depicted). Top figure: a single chain viewed from the top of its plane with
antiferromagnetic coupling. The magnetic moments point out of and into
the chain’s plane.

The “fast” relaxation process observed in the ac susceptibility
measured between 2 to 5 K shows an Arrhenius’ type tempera-
ture dependence with an activation energy Ea/kB = 3.4(6)K. It
is well known that the relaxation time in single chain magnets
contains two additive contributions.21,46,47 On the one hand, a
thermally activated “single ion” (here, single Fe3 cluster or single
molecule) process over the anisotropy barrier (Orbach process).
The energy barrier is ∆A = |D|

(
S2− 1

4
)

for a half-integer spin S
with uniaxial anisotropy; this amounts to ∆A/kB = 3.36 K in the
present case. However, since the relaxation times were obtained
with ac suscetibility with a dc magnetic field of H = 6.5 kOe, the
three doublets of the S = 5/2 multiplet are split, which reduces in
the single-molecule activation energy.21 For a single crystal, the

corrected activation energy is ∆′A =

[
S− gµBHz

2|D|

]2
, where Hz is the

magnetic field along the anisotropy axis.∗ Assuming a random
powder sample under an applied field H, an average activation

energy is obtained ∆′A/kB =
|D|
kB

[
S2−S

gµBH
2|D|

+
1
3

(
gµBH
2|D|

)2
]
≈

2.52 K, where H is the applied dc magnetic field.
On the other hand, the intercluster interaction in the chains

produces domains of length 2ξ , with ξ the correlation length,
which diverges at T = 0 since it is a 1D system. Relaxation

∗This result is the same for integer and half integer spin.

in the chain reflects the thermal motion of domain walls. For
D/J > 4/3 (J as defined in eq. 5), which is our case, domain
walls are very narrow, the limit being a single spin and a domain
wall energy ∆ξ = 4JS2 ≈ 1 K, hence likely to compete with single-
molecule relaxation. The activation energy for the infinite chain
is 2∆ξ = 8JS2. However, defects in the structure limits the average
length L of the chains and in the low temperature limit the cor-
relation length can be so large that 2ξ > L (finite chain limit); in
that situation the activation energy decreases to ∆ξ = 4JS2. Con-
sequently, the total activation energy (∆τ as obtained from the
measured relaxation time τ) when no dc magnetic field is applied
will be ∆ = ∆A + 8JS2 or ∆ = ∆A + 4JS2 (≈ 3.5K < ∆/kB < 4.5K)
with a crossover depending on the temperature and defect con-
centration (determining the chain length L). In either case, the
single molecule anisotropy activation energy ∆A is expected to be
increased by the chain correlations.

It should be stressed that the above account of the contribu-
tions of the chain correlations to the activation energy is valid
for vanishing applied field. When a dc field is applied, as in the
present ac susceptibility measurements, this field will affect the
relaxation time and hence the total activation energy. For fer-
romagnetic chains, Coulon et al.47,48 have modelled this effect
in the framework of Glauber’s theory of the 1D Ising model dy-
namics.49 For finite chains they have found that the activation
energy depends on the the probability law used and the rela-
tive strength of the applied field with respect to the domain wall
energy, h = µH/∆ξ with µ = gµBS the magnetic moment of the
magnetic unit. The “probability law” is the function that repre-
sents the transition probability of a spin at a site in the chain to
flip to its opposite direction while the others remain momentar-
ily fixed. While ∆ is independent of h for Glauber’s probability
law,49 it decreases for other models as an external magnetic field
is applied (see ESI†).47 For the antiferromagnetic case, no similar
calculations are available yet. However, we may note that finite
antiferromagnetic Ising-like chains are expected to be fully polar-
ized by the external dc field for µH > |J|50 (i.e h > 0.04) and the
relaxation behaviour can then be expected to be similar to that of
ferromagnetic chains. In the present case, h≈ 1.

The present experimental activation energy ∆τ = 3.4(6)K is
clearly accounted for by a single-molecule process with activa-
tion energy ∆′A/kB = 2.51 K under the external applied magnetic
field H = 6.5 kOe plus chain correlations with activation energy
4JS2/kB ≈ 1 K unaffected by the field, which points to Glauber’s
probability law as governing the relaxation process.

6 Conclusions
The present work shows that the heat capacity and dc susceptibil-
ity of the butterfly molecules compounds {Fe3YO2} allow to give
a good estimation of the ligand field anisotropy constant as well
as its sign for polynuclear iron clusters with effective spin value
SFe3 = 5/2. Additionally intercluster interactions that are realized
as an antiferromagnetic single chain magnet system are disclosed.
The chain interaction constant J is an order of magnitude smaller
than the single ion uniaxial anisotropy constant D.

At very low temperature, temperature indenpendent quantum
tunneling of the magnetization of the magnetic moment of the
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Fe3 clusters is observed. In a slightly higher temperature range, a
relaxation process with an exponential temperature dependence
and relaxation times of the order of 10−5 s is revealed by apply-
ing an external dc magnetic field on the ac susceptibility measure-
ments. The applied magnetic field affects the measured relaxation
times, which is reflected in the single-molecule activation energy.
However the chain intercluster relaxation process is not affected
by this applied magnetic field pointing to Glauber’s probability
law as the one describing spin flips in this single chain magnetic
system. Therefore, the present example contributes to explore
the properties of single chain magnets in the narrow wall limit
(D/J > 4/3) with “high dc field”, where very few results are still
available.47
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