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Abstract: We report the spin dynamic properties of non-
substituted ferrocenium complexes. Ferrocenium shows a
field-induced single-molecule magnet behaviour in DMF
solution while cobaltocene lacks slow spin relaxation neither
in powder nor in solution. Multireference quantum mechan-
ical calculations give a non-Aufbau orbital occupation for
ferrocenium with small first excitation energy that agrees
with the relatively large measured magnetic anisotropy for a
transition metal S=1/2 system. The analysis of the spin
relaxation shows an important participation of quantum
tunnelling, Raman, direct and local-mode mechanisms which

depend on temperature and the external field conditions. The
calculation of spin-phonon coupling constants for the vibra-
tional modes shows that the first vibrational mode, despite
having a low spin-phonon constant, is the most efficient
process for the spin relaxation at low temperatures. In such
conditions, vibrational modes with higher spin-phonon cou-
pling constants are not populated. Additionally, the vibra-
tional energy of this first mode is in excellent agreement with
the experimental fitted value obtained from the local-mode
mechanism.

Introduction

Considerable effort by many research groups has been made in
the last decades to produce molecular materials that could
behave as small nanomagnets (single-molecule magnets,
SMMs).[1] Basically, the spin in SMMs has a strong tendency to
be aligned in one direction resulting in a behaviour similar to
traditional magnets.[2] An additional application of magnetic
molecules is to generate qubits as their spin magnetization can
be oriented in any space direction.[2–4] For spin qubits magnetic
anisotropy is also required but is not as significant as in the

SMMs. Usually, the figure of merit for the SMMs is the blocking
temperature (below this temperature the system behaves like a
magnet) while for qubit molecules is the coherence time (which
must be longer than clock time of the quantum computer).[2,4]

The molecules with the longest coherence times are mono-
nuclear S=1/2 transition metal complexes, usually VIV and CuII

complexes, with moderate/low magnetic anisotropy that also
avoid any electronic and/or nuclear spin coupling.[3–6] Recently,
titanium cations have been also proposed as qubits[7] or for
quantum sensing devices.[8,9] In many cases qubit molecules
show field-induced slow spin relaxation, where a small external
field suppresses quantum tunnelling of magnetization (QTM)
relaxation and the molecular-based material shows slow spin
relaxation.

In the field of molecular magnetism, the normal procedure
was the use of N- and O-based ligands to coordinate the
metals.[10,11] Those studies were also extended to some organo-
metallic systems as well,[12,13] being the [FeII(iPr5C5)(2,6-iPr2C6H3)]
complex one of the first reported mononuclear transition metal
SMM.[14] Regarding metallocene complexes, those with DyIII ions
are especially remarkable as they show the highest blocking
temperature (open hysteresis) among the SMM compounds to
date.[15,16] Herein, we want to focus on the ferrocenium
molecule, one of the most studied families in organometallics.
Static magnetic susceptibility,[17,18] EPR[19,20] and Mossbauer[21–25]

experiments have been employed to analyze the ground state
of ferrocenium which was found to be 2E2g [(a1g)

2(e2g)
3]. The

relative energy order of the a1g and e2g orbitals, and
consequently the Aufbau or non-Aufbau configuration of
ferrocenium, it was also a controversy from the first papers of
the neutral ferrocene molecule.[26,27] Recently, some of us have
reported a study of the magnetic properties of some sub-
stituted ferrocenium molecules showing slow spin relaxation.[28]
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The analysis of the experimental dynamic susceptibility allows
to determine the main spin relaxation mechanism of the spin-
lattice contribution (usually quantified using T1 or τ). However,
the goal of this work is to provide insight into the spin
relaxation processes of non-substituted magnetic S=1/2 metal-
locene molecules, ferrocenium and cobaltocene, especially
focusing on the role of the spin-phonon relaxation mechanism
and the link between theory and experiments.[29]

The usual way of quantifying magnetic anisotropy in single
molecule magnets (for systems with S>1/2) is by the D value,
zero-field splitting (ZFS), and the diagonal components of the g
tensor.[30–32] The D and g values can be determined with the
expressions that depend on the low-lying energy excitations.
Hence, the orbitals involved in the electronic excitation will
have significant contributions to the k-integrals with the k-
component of the angular momentum operator. The calculation
of the ZFS parameters was previously discussed[31,32] and similar
expression for the g components can be obtained [Eq. (1)]:

gkl¼geþ
zeff
2S

X

i;p

hfijlkjfpihfpjlljfii

ep� ei
�

zeff
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X

p;a
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where zeff is the spin-orbital coupling constant, lk is the k-
component of the angular momentum operator and φ are the
molecular orbitals (with orbital energies ɛ ) with the subindex i,
p or a to indicate double-occupied, singly-occupied or empty
orbitals, respectively. The “textbook” orbital splitting of the d
orbitals of the ferrocene molecule is show in Figure 1.

In such electronic structure, the oxidized form of ferrocene,
ferrocenium, should have an unpaired electron in the dz2
orbital. The excitations that provide effective contributions
(considering non-zero angular momentum integrals) are those
involving transition from the SOMO dz2 orbital to the empty dxz

and dyz orbitals, providing low magnetic anisotropy values.
However, for the d7 cobaltocene the unpaired electron should

be placed in one of the close to degeneracy dxz and dyz orbitals;
the excitations involving these two orbitals should result in
large anisotropy values. In this communication, we studied,
using SQUID measurements, the magnetic properties of non-
substituted ferrocenium and cobaltocene molecules. Consider-
ing the above premises, we present unexpected results,
showing ferrocenium field-induced SMM behaviour and lacking
cobaltocene of SMM features, for which we provide a rational
explanation for the observed behaviour. Additionally, a proper
description of the role of the spin-phonon coupling in the spin
relaxation of these ferrocenium is presented showing its
relevance in the spin relaxation.

Experimental Section

Magnetic susceptibility measurements

Susceptibility measurements (direct (DC) and alternating (AC)
current) were carried out with a Quantum Design SQUID MPMS
device. Static susceptibility measurements were carried out be-
tween 2 and 300 K with an applied DC field of 1000 G. An
oscillating ac field of 4 Oe was used in the AC measurements
together with frequencies ranging from 1 to 1500 Hz and the
external DC field indicated. Polycrystalline samples were grinded
and introduced in a gelatine capsule that was mounted in a
capillary tube made of polyimide. Different samples were measured,
and the quantities oscillate between 30 and 50 mg. Solution
samples were prepared by dissolving around 10 mg of the solid in
biotechnological grade DMF in around 100–200 mg and sonicating
the mixture in a bath. The solution was sealed in a tube of
polyimide and immediately after introduced in the MPMS device.
The cobaltocene solid sample and solution samples were prepared
under Argon atmosphere. For the capsule and DMF blank measure-
ments were performed and their diamagnetic contribution cor-
rected. Diamagnetic corrections for the measured compounds were
estimated from Pascal Tables.

Computational details

To give some insights about the unexpected magnetic behaviour of
the studied metallocene molecules, theoretical calculations were
performed with CASPT2 or NEVPT2 methods. Two software pack-
ages were employed, MOLCAS (8.0 version, ANO-RCC basis set with
[6 s5p4d2 f] for Fe and Co, [4 s3p1d] for C and [2 s] for H
contractions)[34,35] and Orca (4.0.1.2 version, def2-TZVP basis set)
codes.[36] The results with both programs are consistent and the
small differences are due to the different basis set and some minor
alternatives in the theoretical approaches. Different experimental
and symmetric structures as well as different active spaces were
studied,[37,38] see Supporting Information for details. Although the
effect of the active space has been studied the active space with
only the five d orbitals was selected for the main discussion
because it provides the right multiplicity for the ground state at
NEVPT2 level (CASSCF provides a wrong S=5/2 spin value of the
ground state with such active space) and also, it allows to analyse
the orbitals with the AILFT (Ab initio Ligand Field Theory)
approach.[39]

The calculation of the vibrational frequencies was performed using
Gaussian09 code[40] with the B3LYP functional[41] using a TZVP basis
for iron atoms and lighter atoms were described using the QZVP
basis set.[42,43] The calculation of the spin-phonon coupling for the
first 31 lowest vibrational modes was done with the NEVPT2

Figure 1. “Textbook” orbital splitting of the d orbitals in the ferrocene
molecule.[33]
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approach implemented in the Orca code using the vibrational
modes calculated with DFT making shifts until the range �0.8 Å
with steps of 0.2 Å.

Results and Discussion

Magnetic characterization

The DC magnetic data for ferrocenium agrees with a S=1/2
ion, low spin FeIII,[18,44] with a considerable spin-orbit coupling,
Figure S1. The χT value at 300 K is 0.98 cm3 Kmol� 1, larger than
the expected (0.375) for a spin-only S=1/2 system. When
decreasing temperature χT product decreases in a linear way
until 100 K and rapidly afterwards, down to a value of
0.69 cm3 Kmol� 1 at 2 K. The magnetization achieves 1.21 μB at
5 T and it could be fitted to a Brillouin function with an average
g value of 2.6. These results indicate a large anisotropy of the
molecule. In the case of cobaltocene,[45,46] the χT value at 300 K
is 0.376 cm3 Kmol� 1, expected value for a spin-only S=1/2
system, Figure S2. The χT product decreases with temperature
to a value of 0.262 cm3 Kmol� 1 at 8 K and slightly increases
afterwards. The magnetization achieves 0.72 μB at 5 T and it
could be fitted to a Brillouin function with an average g value
of 1.7, indicating small anisotropy for the molecule. The data
agreed with similar systems and previous published data;[45,46]

and it also concords with the results of the calculations, see
below.

The AC magnetic susceptibility of [CoCp2] in the solid state
and in solution at low temperatures was investigated under the
absence and presence of external DC fields, however in all the
cases no out-of-phase signals were observed (see Figures S3
and S4). On the other hand, the ferrocenium complex [FeCp2]
PF6 shows a frequency dependence of χ“Μ with an external field
either in solid samples (see Figures S5 and S7) or in DMF
solutions (see Figure 2). The frozen solution sample shows
slower spin relaxation than the solid one. It is probably due to
the decrease of the tunnelling contribution which depends on
the dilution of the sample, where the most diluted samples
present smaller magnetic dipolar interactions and consequently,
less efficient tunnelling relaxation.[47] The spin-lattice relaxation
rate parameter τ was determined, at each given DC magnetic
field and temperature, by fitting the Cole-Cole plots to a Debye
function using the CC-FIT program (see Supporting
Information).[48] For the solid sample, field dependence was
measured at 2 K and temperature dependence at 5000 Oe.
However, the maxima of the curves are very close to the
maximum frequency value we can employ in our SQUID
magnetometer and therefore the maxima were only observed
for a couple of fields and temperatures. In addition, the curves
displayed at least two processes and the α values obtained
from the fit (Tables S1–S3) show a wide distribution of
relaxation times. In view of these results, no further analysis was
done using the solid sample data.

For the DMF ferrocenium solution, field dependence AC
measurements were acquired at 2 K and temperature depend-
ence was measured at 500 Oe, Figure 2. The results from the fit

Figure 2. Imaginary susceptibility versus frequency at (top left) 2 K and different external fields and (top right) at 500 Oe external DC field and different
temperatures of [FeCp2]PF6 complex in DMF solution. Lines are the result of the fit using the CC-FIT program. (bottom left) Plot of τ� 1 versus field for the
[FeCp2]PF6 complex in DMF solution. (bottom right) Plot of τ� 1 versus T for the [FeCp2]PF6 complex in DMF solution. The black solid line represents the fit of
the experimental data (black dots) with the terms of Equations (3) and (4), respectively. In the inset of the field dependence, green, blue and red lines
correspond to the direct, Raman and tunnelling contributions. In the temperature dependence (right), green, blue, red and orange lines correspond to the
direct, Raman, tunnelling and local mode contributions.
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with the Cole-Cole expressions using the CC-FIT program.[48]

and the Cole-Cole diagrams are available in the Supporting
Information (Tables S4 and S5). Using the obtained τ values, the
spin relaxation mechanism can be studied by analysing the
dependence of τ-1 with T and the magnetic field using the
following equation [Eq. (2)]:[49]

t� 1¼ aH4Tþ
B1

1þB2H2þd
1þeH2

1þfH2

� �

TnþCð
e� w=T

ðe� w=T� 1Þ2
Þ (2)

The terms in Equation (2) refer to direct relaxation, tunnel-
ling, field-dependent Raman and local-mode relaxation mecha-
nisms, in that order. Here, Orbach phenomena were not
considered due to the S=1/2 nature of our system, lacking
three states to define an energy barrier. The Raman term is a
field-dependent term using the Brons-van Vleck equation,[50] it
has a field dependent prefactor and also the typical exponential
dependence with the temperature. In the field-dependent
Raman term, the d parameter corresponds to the zero-field
relaxation (equivalent to the tunnelling rate in systems with
higher spin values), the e parameter strongly depends on the
paramagnetic centres concentration and introduces the relaxa-
tion of the interacting spins; finally, the f parameter accounts
the effect of the external field to suppress the spin relaxation.
Usually, such field-dependent Raman expression was only
employed in S=1/2 systems despite that the original van
Vleck’s paper was devoted to S=1/2 and S=3/2 compounds.[50]

The local-mode term[51] directly relates to the spin-phonon
coupling of the vibrational modes of the molecule,
w in K units in Equations ð2Þ and ð4Þ, and this relaxation mech-
anism is not included in the other three terms. Thus, the spin
relaxation is promoted through an excited vibrational state of
the electronic ground state and depends exclusively on the
applied temperature to increase the population of the excited
vibrational state [Eq. (3)].

t� 1¼ aH4Tþ
B1

1þB2H2þd
1þeH2

1þfH2

� �

Tn (3)

The fitting of the τ-1 versus field and temperature depend-
ence is a difficult task, due to the large number of parameters
in Equation (2). However, the analysis of the τ-1 with the field
dependent terms using Equation (3) shows that there are three
regions (also noticed in lanthanide systems[52]): i) the high-field
region, clearly governed by the H4 term of the direct
contribution; ii) the low-field region, controlled by the quantum
tunnelling term which decreases the τ-1 value, breaking the
degeneracy of the ground state; and finally, iii) the intermediate
region, where the field-dependent Raman contribution is the
dominant term. The local-mode term was not included in this
fit as it will be constant with the applied DC field and it is
expected to have a very small value at the experiment
temperature. Thus, each region was independently fitted (0–
0.05, 0.05–0.4 and 0.4–1 T) with the corresponding terms, and
the obtained set of parameters was employed as starting point
for the fitting of the whole set of data [Eq. (3)]. The obtained
final values were a=4800 s� 1 T� 4 K� 1, B1=17692 s� 1, B2=

151340 T� 2, dTn=11967 s� 1, e=2819 T� 2 and f=15085 T� 2.
Following such procedure, the parameters obtained in the
previous fit were fixed and the curve of τ-1 versus temperature
was fitted allowing the variation of only three parameters
(Eq. (4)): the n exponent of the Raman term and the two
parameters of the local-mode relaxation. Obtained fit values
are, n=1.62, C=1.034×107 s� 1 and ω=34.2 K (23.7 cm� 1).

t� 1¼ AðHÞTþ KðHÞþDðHÞTnþCð
e� w=T

ðe� w=T� 1Þ2
Þ (4)

In the temperature dependence fitting, the direct term is
almost negligible due to the low employed magnetic field, like
the constant tunnelling contribution (see Figure 4). The n
exponent of the Raman term is relatively low, but similar to
other S=1/2 mononuclear complexes.[28,53] Although the Raman
and local-mode terms have different dependence with temper-
ature, the curves are quite similar and the inclusion of the local-
mode term reduces the obtained n value. At low temperatures
the local-mode term has a very small value (as it was expected),
however it becomes very important at high temperatures due
to the participation of additional vibrational modes in the spin
relaxation. The importance of the local-mode has been already
noticed in many experimental papers providing a fitting of the
experimental data.[54,55] However, in the next section we want to
stress the correlation between the fitted frequency and the ab
initio calculated spin-phonon coupling constants.

Electronic structure calculations

In this section, the goal is to use CASSCF-type calculations to
determine the origin of the magnetic anisotropy in the studied
S=1/2 metallocene systems and also, to calculate the spin-
phonon parameters of the ferrocenium molecule to analyse
which are the vibrational modes that can induce the spin
relaxation.

To corroborate the accuracy of the theoretical description of
the magnetic properties of both systems, we provide the
comparison between theoretical and experimental χT versus T
and M versus H curves for ferrocenium (Figures S1 and S2).
Different experimental structures[56–58] (see Section S3.1, for the
reported systems in the Cambridge Structural Database[59,60])
were calculated with a (5,5) active space and the results show a
strong dependence with the employed structures (Table S6).
The calculated gi components at CASPT2-RASSI level are gz=
5.94 and gx=gy=0.02 with the z direction aligned perpendicu-
lar to the Cp rings for the KEXKOU08_A system[58] and slightly
higher than those obtained at NEVPT2 level (gz around 5.7), see
Table S6 and Figure S15. The degree of distortion of the five
calculated ferrocenium molecules has been analysed with the
help of the Shape code[61,62] (Table S6). These results show that
small distortions have a great impact on the g values. Thus, the
two KEFXUO molecules with a relatively small distortion (Shape
values 0.10 and 0.14 from the staggered non-distorted mole-
cule) have a calculate gz value around 3.3 while for the two
almost staggered molecules (KEFXUO01_A1 and KEFXUO08_A
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Shape values 0.01 and 0.02) the gz values are around 5.7. Thus,
the experimental values[19] (gz=4.35 and gx=gy=1.30) seem an
average of the calculated values for the experimental structures
or that corresponding to an intermediate structure. The NEVPT2
spin-orbit coupling for the KEFXUO08_A system is ζ=399 cm� 1.
The ζ0 value for a Fe

III low-spin is not usually reported in the set
of spin-orbit values as they focused on high-spin systems. Thus,
we have calculated the FeIII cation by using the same approach
than for the molecule (NEVPT2) and the ζ0 value is 470 cm� 1.
The calculated covalent orbital reduction factor is k=0.84 in
nice agreement with that proposed by Prins, k=0.82, for a
family of ferrocenium molecules.[19]

Additionally, the effect of the active space was tested as it
can be important to enlarge the active space in some transition
metal complexes, especially in FeIII compounds (see Table S7).
Virtual and double occupied orbitals were included in the active
space, see Supporting Information. The calculated energy
spectra, Figure S16, relative energy of the first excited KDs, see
Table S8, and g factors of the ground KDs, Table S9, show that
the inclusion of occupied orbitals in the active space gives to
the correct ground state even at CASSCF level of theory. In all
the cases at NEVPT2 level of theory similar the ground and first
excited states are doublets with similar relative energies. Hence,
the (5,5) active space at NEVPT2 or CASPT2 level of theory gives
a proper description of the system and allows to analyse the
orbitals with the AILFT approach.

The origin of the easy-axis anisotropy can be understood
taking into account that the non-Aufbau ground state of
ferrocenium corresponds to a dx2-y2

2 dxy
1 dz2

2 orbital occupation
(a similar case was found in a CoII linear complex).[63] The
different interelectronic repulsion of such orbitals is enough to
compensate their energy difference, resulting in an anomalous
occupation. According to Equation (1), the low-energy excita-
tion, from the doubly-occupied dx2-y2 to singly-occupied dxy

orbital, results in a large positive gz contribution, as the one
found in the CASPT2/NEVPT2 calculations, agreeing with the
easy-axis anisotropy found experimentally and showing a
similar behaviour as substituted ferrocenium and FeIII carborane
compounds.[28,64] Furthermore, the ground state has a strong
multireference character after the inclusion of spin-orbit
coupling. At CASSCF level, the two involved electronic config-
urations (dx2-y2

2dxy
1dz2

2 and dxy
2dx2-y2

1dz2
2) have a weight each

close to one in the first two states. There is no mixing because
there is only one electron difference while interelectronic
repulsion is a two-electron operator but the inclusion of the
spin-orbit coupling results in a 50–50 mixing of the two first
CASSCF roots (see Section S3.3, Tables S10–S13). It is also worth
noting the large dependence of the orbital energy splitting at
AILFT level with the structure employed in the calculations
(Table S14), like the changes in the g values discussed above.

For cobaltocene, the CASPT2-RASSI calculations give a
picture close to an easy-plane anisotropy with gz=1.27, gx=
2.07 and gy=1.86 with the xy plane parallel to the Cp rings but
the anisotropy is rather low, confirming the absence of SMM
behaviour found experimentally. The orbital occupation for the
d7 cobaltocene (dz2

2 dx2-y2
2 dxy

2 dxz
1 dyz

0) must present a Jahn-
Teller distortion as the ferrocenium but the degenerate orbitals

involved (dxz, dyz) have larger antibonding character for the case
of the cobaltocene molecule than for the ferrocenium (dx2-y2,
dxy). Thus, the energy gap between the two degenerate orbitals
caused by the distortion (see AILFT orbital energies in
Table S14) can be compared in value with the first excitation
energy before the inclusion of the spin-orbit effect; the
calculated values at CASPT2/NEVPT2 levels are around 300 and
1200 cm� 1 for ferrocenium and cobaltocene, respectively. These
two values clearly indicate the magnitude of the spin-orbit
contributions, being much larger for ferrocenium, and justifying
the larger magnetic anisotropy determined experimentally for
such system in comparison with the cobaltocene.

The spin relaxation mechanisms in the ferrocenium system
extracted from the CASPT2 calculation are summarized in
Figure 3. The first excited state is over 800 cm� 1 being the
thermal process disregarded. An important quantum tunnelling
through the Kramers doublet ground state is noticed, being the
dominating spin relaxation mechanism at low temperatures
and at zero external field. The relatively large QTM, in the
doublet ground state, agrees with the experimental fitting
obtained with Equation (3), where such mechanism is predom-
inant at low external fields. Furthermore, the analysis of the
spin relaxation mechanisms of cobaltocene (see Figure S17)
shows a large QTM, in the ground state, that cannot be
overcome with the applied static field (to reach slow spin
relaxation) and therefore unreachable with the SQUID measure-
ments in contrast to what is observed for the ferrocenium
system.

The role of the spin-phonon coupling in the spin relaxation
has been extensively discussed during the last years using

Figure 3. Lowest two Kramers doublets and ab initio computed relaxation
mechanism with the MOLCAS code (CASPT2+RASSI level) for the ferroce-
nium molecule. The thick black lines imply KDs as a function of their
magnetic moment, Mz, along the main anisotropy axis (z). Red lines indicate
the magnetization reversal mechanism. The green lines correspond to QTM
in the ground state KDs in zero-field relaxation mechanism, while purple and
red lines show the hypothetical thermally activated relaxation processes. The
values close to the arrows indicate the matrix elements of the transition
magnetic moments (above 0.1, an efficient spin relaxation mechanism is
expected). This figure indicates that spin relaxation through the QTM in the
Kramers doublet ground state is dominating the relaxation process at low
temperatures and zero external field.
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different approaches[15,29,65–70] (see also some recent
reviews[2,4,33]). The spin phonon term for each vibrational mode
Ck [see Eq. (5)] can be calculated using Equation (5) as the
second derivative of the gz component with the structural
distortion coordinate Qk associated to the vibrational mode
k,[29,68]

Ck¼
�h
4p

@2gz
@Q2

k

� �
1

mknk
(5)

mkuk is the product of the reduced mass and frequency for the
k vibrational mode. To include the effect of the thermal
population of the vibrational modes, the magnitude Bk was
defined with the help of Bose-Einstein statistics [Eq. (6)]:

Bk¼
Ck

enk=kBT� 1 (6)

The calculated Ck and Bk values are collected in Figure 4
(see Computational details for the employed theoretical
methods).

The first vibrational mode and the vibrational modes with
largest spin phonon coupling Ck are described in Figure 5. They
involve changes in the relative energy of the dx2-y2 and dxy

orbitals that result, as we have previously discussed, in larger
variations of the gz component (see Figure S18 and Table S15).
To compare such results with the experimental data, the
analysis of the dependence of the spin relaxation time with the
temperature was performed at 2 K. Thus, as we can see in the
inset (variation of Bk values with the temperature, Figure 4),
despite a relatively small Ck spin-phonon coupling, the first
vibrational mode is predominant until 30 K. Hence, the other
modes, with larger spin-phonon couplings, are not efficient for
the spin relaxation at low temperature because their popula-
tions are too small. Mode 1 has a calculated energy at B3LYP
level of 32.3 cm� 1 in nice agreement with the extracted value
for the fitted ω parameter of the local-mode term [see Eq. (4),
23.7 cm� 1]. This result is remarkable because it allows to link the
mathematical expression proposed for the local-mode term in
the fitting of the experimental temperature dependence of the
relaxation time with the ab initio spin-phonon calculations.

Conclusion

The magnetic properties of non-substituted ferrocenium and
cobaltocene compounds have been explored using experimen-
tal and theoretical methods. The ferrocenium complex show a
remarkable slow-spin relaxation due to a non-Aufbau occupa-
tion of the molecular orbitals, resulting in a relatively large
magnetic anisotropy. In frozen DMF solution, the complete
analysis of the relaxation time was performed taking advantage
of the fact that the spin dilution diminishes the efficiency of the
quantum tunnelling relaxation. Cobaltocene does not present
slow-spin relaxation neither in powder nor in solution because
the orbitals involved in the lowest energy transitions have

Figure 4. Calculated Ck and Bk values spin-phonon constants for each
vibrational k mode calculated at NEVPT2 level for the vibrational modes
calculated at DFT level with the B3LYP functional for the vibrational modes
under the first electronic excitation. The inset in the Bk dependence was
included to visualize the main role of the first vibrational mode at low
temperatures.

Figure 5. Vibrational modes of‘[FeCp2]
+ with the largest spin-phonon

couplings (see Figure 4): (a) mode 1; (b) mode 2 degenerated with
equivalent mode 3; (c) mode 7 with equivalent degenerated mode 8; (d)
mode 20 degenerated with equivalent to mode 21.
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antibonding character. Thus, the Jahn-Teller distortion in this
molecule causes a relatively large energy splitting in compar-
ison with the ferrocenium system,[71–74] that have mostly non-
bonding character. Such large excitation energies of cobalto-
cene results in a small magnetic anisotropy.

The analysis of the spin relaxation for ferrocenium species
shows that different spin relaxation mechanisms are important
depending on temperature and external field conditions. At low
temperature, quantum tunnelling mechanism leads at low
fields, Raman mechanism does for intermediate fields and the
direct term becomes predominant at high fields. The temper-
ature dependence shows that Raman and local-mode terms
have non-negligible contributions in the whole temperature
range studied. Concerning the local-mode spin relaxation, the
fitted frequency obtained from the experimental data is in
good agreement with the theoretical analysis of the spin-
phonon coupling values for each vibrational mode. It is worth
to remark that despite there are vibrational modes with larger
spin-phonon coupling values, the most efficient mode to
produce the spin relaxation, is the first vibrational mode
(around 25 cm� 1), besides its low spin-phonon coupling. This
agrees with the experimental data and it is a consequence that
at low temperatures, higher energy vibrational modes with the
largest spin-phonon coupling constants are not populated and
therefore, they are not involved in the spin relaxation. Finally,
we want to highlight the importance of the local-mode
relaxation mechanism that it is usually not considered in most
of the analysis. In conclusion, ferrocenium is a promising system
with medium-high magnetic anisotropy, easy spin dilution with
solvents or cobaltocenium analogues (small spin-spin relaxa-
tion), with the magnetic orbitals free of non-zero nuclear atoms,
that is, hydrogen atoms, thus, hyperfine effects should be non-
important in the spin relaxation. And further investigations are
being conducted on these directions.

Supporting Information

Static magnetic measurements of [FeCp2]PF6 and [CoCp2],
dynamic magnetic measurements of [FeCp2]PF6 and additional
computational results (calculations of experimental structures,
active space calculations, calculated AILFT energies and spin-
phonon coupling constants).
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