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We investigate the phonon-induced relaxation dynamics in the Fe; magnetic molecule, which is made of
two Fe** triangles bridged together by a central Fe’* ion. The competition between different antiferromagnetic

exchange interactions leads to a low-spin ground state multiplet with a complex pattern of low-lying excited
levels. We theoretically investigate the decay of the time correlation function of molecular observables, such as the
cluster magnetization, due to the spin-phonon interaction. We find that more than one time contributes to the decay
of the molecular magnetization. The relaxation dynamics is probed by measurements of the nuclear spin-lattice
relaxation rate 1/ 7. The interpretation of these measurements allows the determination of the magnetoelastic
coupling strength and to set the scale factor of the relaxation dynamics time scales. In our theoretical interpretation
of 1/ T data we also take into account the wipeout effect at low temperatures.

DOI: 10.1103/PhysRevB.87.054409

I. INTRODUCTION

Molecular nanomagnets (MNMs) have attracted the atten-
tion of the scientific community in the field of low-dimensional
magnetism both for their physical properties of fundamental
interest and for the potential technological applications. They
are characterized by strong exchange interactions within
their magnetic core, consisting of 3d paramagnetic ions.
Intermolecular dipolar interactions are instead very weak
due to the presence of shells of organic ligands around the
magnetic core of each molecule. Hence, bulk crystals behave
like an ensemble of isolated and identical zeroth-dimensional
magnetic units.

The envisaged technological applications based on MNMs
go from high-density memory storage'> and quantum infor-
mation processing>~ to magnetocaloric refrigeration.”® In ad-
dition, MNMs exhibit a wide range of intriguing quantum phe-
nomena, such as quantum tunneling of the magnetization,’~!!
decoherence,'>!® or quantum entanglement between distinct
cores.'*!"” MNMs also present great advantages from the
standpoint of theoretical modeling. Indeed, it has been
demonstrated that the effective spin Hamiltonian is a powerful
model to describe magnetic properties of these clusters.'8 It is
important to note that this model can often be simulated exactly
with analytical or numerical methods. Moreover, molecular
structures of MNMs can be controlled by synthetic chemistry
in order to tune the resulting magnetic properties.

A new route in molecular magnetism is based on mag-
netically frustrated MNMs. In fact, geometrical magnetic
frustration is at the origin of many exotic phenomena.'® It
occurs when the presence of competing interactions forbids the
simultaneous minimization of all individual two-spin terms,?’
as happens in an AF-coupled system of three spins in a triangle.
MNMs with competing antiferromagnetic interactions can
display geometrical frustration, but the effects of frustration
on their static and dynamical properties are still largely
unexplored. They also represent ideal systems to study the
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interplay between frustration and quantum effects due to
their zeroth-dimensional character.”! Magnetically frustrated
MNDMs have also been proposed for technological applications
in magnetocaloric refrigeration,”?> due to their large energy
degeneracies and hence large field-induced entropy variations.

In the present paper we investigate the spin dynamics of an
Fe; molecular nanomagnet, whose magnetic core consists of
seven AF-coupled Fe** ions arranged on two corner-sharing
tetrahedra®® (see Fig. 1). Its structure is similar to that of
a piece bulk pyrochlore, in which geometrical frustration
leads to peculiar magnetic properties. Frustration effects in
MNDMs have been theoretically predicted in a similar system,
Ni;,>* which displays a large ground state degeneracy and
unusual static and dynamical magnetic properties. A great
advantage of these two clusters is the relatively small Hilbert
space compared to other frustrated clusters. Indeed, this
makes (virtually) exact calculations feasible. The possibility to
neglect the effects of anisotropies on Fe3* ions makes Fe; even
more appealing than Ni; in order to study frustration-induced
properties. Unfortunately, the magnetic core of the Fe; cluster
shows small structural distortions (the upper and the lower
triangles are not exactly equilateral and they are slightly
different from each other). Even if these distortions lead to
a removal of frustration, there are still many competing AF
interactions leading to a low-spin ground state multiplet with
a complex pattern of low-lying excited levels.?® This yields a
multiple-time-scale relaxation dynamics at low temperatures.
Such behavior is one of the main features we expect in a
frustrated MNM.?* Conversely, single-molecule magnets like
Feg® and AF rings like Crg?® are characterized by a single
dominant relaxation time.

Phonon-induced relaxation dynamics in MNMs can be
probed by the proton spin-lattice relaxation rate 1/7}, mea-
sured by nuclear magnetic resonance (NMR).2>?’ In fact the
interpretation of ' H nuclear magnetic resonance measurements
allows the determination of the coupling strength of the

©2013 American Physical Society
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FIG. 1. (Color online) (a) Molecular structure of Fe; (red: O,
cyan: H, gray: C, yellow: N). The large green spheres are Fe’* ions.
(b) Magnetic core of Fe;. Lines represent exchange interactions; the
four different exchange parameters J; (dashed line), J, (solid line),
J; (dash-dotted line) and J; (dotted line) reflect the different Fe-Fe
superexchange paths (Ref. 23).

magnetoelastic interaction and to calculate, for instance,
magnetization relaxation times. In this work we have measured
the temperature dependence of 1/7; for two different values
of the applied magnetic field. NMR measurements on MNMs
are often affected by the so-called wipeout effect:® At low
temperatures it is possible to have an NMR signal loss,
due to the enhancement of the protons transverse relaxation
rate 1/T;, over the limit of the experimental signal detection
capability. As a consequence, not all the protons contribute
to the molecular 1/T;. Within our theoretical framework it is
possible to reproduce this wipeout effect by identifying which
protons are probed by NMR.

II. THEORETICAL MODEL

The magnetic properties of the Fe; cluster can be described
by the following spin Hamiltonian:

N N
H= Z J,‘J'Si~Sj+g/LBB~ZS[ (1)
i=1

i>j=1

(s; =5/2 for Fe’t and N = 7). The first term represents the
isotropic Heisenberg exchange interaction and the last one is
the Zeeman coupling to an external magnetic field (g = 2 for
Fe?*). Fe’* ions are characterized by a half-filled d-electron
shell, thus anisotropic exchange and crystal field interactions
are small and can be neglected. The exchange parameters in
Eq. (1) have been determined by magnetic measurements of
susceptibility and magnetization® (see the caption of Fig. 2).
To explain the observed magnetic behavior, four distinct
exchange couplings are needed, reflecting the small structural
distortions in the cluster [for a schematic representation of
exchange interactions see Fig. 1(b)].

We have found that the energy spectrum of Fe; must have
precise characteristics in order to reproduce the features of the
magnetic data.’®> As we will show in the next section,
these characteristics are also responsible for the multiple-
time-scale relaxation dynamics of the cluster. First of all,
the measured low-T values of xT are smaller than those
corresponding to an isolated |S = 3/2) multiplet, but higher
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FIG. 2. Exchange energy of the lowest total spin multiplets
calculated with the spin Hamiltonian (1) and J; = 83 K, J, =91 K,
J;, =92 K, and J; = 77 K (Ref. 23). The ground state energy is set
to zero.

than those of an isolated |S = 1/2) doublet. In addition, the
xT(T) curve at low temperature has a nearly linear behavior.
These features indicate the presence of a ground state with
low spin S and of several low-lying excited states. In addition,
the Mvs B curve at low temperature keeps the values of 31,
corresponding to the |S = 3/2) ground state, up to very high
fields.?* Therefore we can conclude that the energy spectrum
has a low-spin ground state |S = 3/2) with a very small gap (of
a few K) with the first excited doublet |S = 1/2) and with the
low-lying |S = 3/2) excited multiplets and a very large gap
(higher than 30 K) with the first excited |S = 5/2) multiplet.

The Fe; magnetic data can be acceptably reproduced in
several regions of the parameter space (see supplementary
information in Ref. 23 for further details), consistent with the
above-mentioned conditions for the energy spectrum. As we
pointed out in the supplementary information, there is only
one region satisfying the magnetostructural correlations,? to
which our final set belongs. The energy spectrum calculated
with this set of parameters is reported in Fig. 2. The
competition between the strong AF interactions leadstoa |S =
3/2) ground multiplet with several low-lying excited levels.
Figure 3 shows the calculated magnetic field dependence of
the lowest lying energy levels.

Molecular observables are affected by interactions of spins
with other degrees of freedom, like phonons, which behave
as a heat bath. They cause decoherence of the time evolution
of the observables leading to relaxation dynamics, that can be
described through the formalism of rate (master) equations.>
Since we focus on time scales T much longer than the free
evolution periods of the system [2nh/(E; — E,), with E; and
E, eigenvalues of Eq. (1)], the secular approximation allows
us to decouple the time evolution of the diagonal elements
of the density matrix p(t) = pys(t) from that of the off-
diagonal elements p;, () with s # t. In the frequency-domain
picture, this corresponds to a separation between quasielastic
and inelastic spectral contributions. To study the relaxation
dynamics of Fe;, we focus on the quasielastic components
which can be probed by NMR measurements.>>3° Within
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FIG. 3. Magnetic field dependence of the lowest lying energy
levels of Fe; calculated with equation (1). The magnetic field is
applied along the z axis. The ground state energy is set to zero for
each value of B,.

this framework, the coarse-grained time evolution of the
population py is given by the master equations:

P =Y Wups, )
t

where W,; are the elements of the rate matrix W, i.e.,
the probability per unit time that a transition between the
eigenstates |f) and |s) is induced by the phonon heat bath.
The precise form of the rate matrix depends on the details
of the spin-phonon interaction mechanism. Here we have
assumed that each ion experiences a spherically symmetric
magnetoelastic coupling, due to crystal fields modulations
induced by phonons, which are described by a Debye model.
Thus we can write the transition rates as’!

Wy = vy Al npn (D)

N
XY (81044, ()15 Oy gy (I (3)

i,j=1q1.q2=x,y,z

where n,,(x) = (/%7 — )71, Ay, = (E; — E;)/h, and
Oy1.0(8) = (s!'s + ss!") /2 are the quadrupolar operators.
The coupling strength y is the only free parameter and it can
be determined from NMR experimental data.’> The relaxation
dynamics towards equilibrium can be described in terms
of the equilibrium dynamical correlation functions between
the fluctuations of molecular observables, Sp o(t) = ((P(¢) —
Peg)(Q(t) — Qeq)). In the theoretical framework given by
equations (2) and (3), the Fourier transform of the correlation
function can be expressed as a sum of Lorentzians:>

Ai(T,B)

A (T, B> + w? @)

n
Sp.o(@) =Y A(.T,B)

i=1
(n is the dimension of the Hilbert space). The relaxation rates
A; are the eigenvalues of —W and they are the inverse of
the characteristic relaxation times Tr(ell) = 1/X;. The weights

A(%A;,T,B) of each rate A; are calculated by equations (2) and
(3), as explained in Refs. 25 and 33.
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III. RELAXATION DYNAMICS

Within the theoretical framework illustrated in Sec. II, we
can investigate the relaxation dynamics of the Fe; cluster
by applying equation (4) to the most interesting observables.
Here we focus on the relaxation of the cluster magnetization
(P=Q=M=73,s7) and on single-site spin observables
s7, where z is the direction of the external field. In Fig. 4 we
report the calculated relaxation rates spectra of M as a function
of temperature for three different values of the applied fields
(0.01 T and the two fields used in NMR measurements).

The only free parameter of the model, the spin-phonon
coupling strength y, has been determined from the analysis of
1/Ty NMR data, that will be discussed in the next section. It
is worth stressing that this parameter merely fixes the overall
scale factor of the relaxation dynamics time scales (a change
of y only leads to rigid vertical shifts in Figs. 4 and 5), whereas
the temperature and field dependence of the relaxation rates
comes directly from the calculations.

The rates A;(T") having appreciable weight in the spectra
are roughly in the range 10~°—10~! THz up to 7 = 30 K,
corresponding to relaxation times between 1 ms and 10 ps. The
relaxation dynamics become faster as the applied magnetic
field increases, especially at low 7. The most interesting
feature of the Fe; relaxation dynamics is that several rates
have appreciable weights, even at rather low temperatures.
Conversely, in most MNMs a single rate dominates at low
temperature. This multiple-time-scale dynamics is a peculiar
characteristic of Fe;, due to the effects of AF competing
interactions on the energy spectrum. Since there is a complex
pattern of low-lying excited levels, the spin-phonon interac-
tions can induce many relaxation processes, with different
paths and different characteristic times rr(él) . For different values
of the applied field, we have analyzed the dominant relaxation
processes at low temperatures by inspecting the eigenvectors
of Eq. (2) and the matrix elements of Eq. (3). In fact, the
former give information about the starting and the final levels
of the processes and the latter are the transition probabilities.
In small field (Fig. 4 top panel) we have found that the two
dominant relaxation rates at 7 < 2.5 K follow the Arrhenius
law A = Aoexp(—A/kpT), where the amplitude A sets the
time scale and reflects the magnetoelastic coupling strength y,
and A /kp is the height of the barrier hampering the relaxation
of M. These two relaxation processes involve levels of the
ground state manifold S = 3/2 and of the lower-lying S = 1/2
and § = 3/2 multiplets. In fact, the dominant relaxation time
has A /kp ~ 5.8 K and it corresponds to an Orbach process**
involving the ground state and the third excited manifold with
S = 3/2, which has energy &~ 5.8 K in zero field (see Fig. 2).
The second important relaxation process is characterized by
a smaller energy barrier A /kp =~ 4.4 K and it involves levels
belonging to the third excited multiplet with S = 3/2and E; =
3.3 K and to the sixth excited one with § = 3/2 and Eg = 7.5
K in zero field. At 2.5 K < T < 4 K the rate corresponding
to the slowest relaxation process follows an Arrhenius law
with A /kp =~ 35 K. This corresponds to an Orbach relaxation
process involving the first excited multiplet with S = 1/2 and
energy £, = 2.1 K and the S = 3/2 multiplet lying at about
E3 =37.5 K in zero field (see Fig. 2). This process gives
a very small contribution to the relaxation dynamics of the
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FIG. 4. (Color online) Calculated weights A(A;,T,B) of the
magnetization autocorrelation as a function of the inverse temperature
for the three values of the applied magnetic field, B = 0.01 T,
B =0.35T, and B = 1.5 T, respectively. The y axis is logio(%;),
the grayscale shows the weights A(A;,T,B)/xT. When w;, (red line)
intersects the rates A; with significant weight, 1/7) displays a peak
(see Fig. 6).

Fe; cluster, at odds with many MNMs where the slowest
relaxation process is the dominant one. At higher temperatures
several characteristic rates have an appreciable weight and the
T dependence is not of the Arrhenius type.

By increasing the applied field (see Fig. 4 bottom pan-
els), the multiple-times character of the relaxation dynamics
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FIG. 5. Calculated weights A();,T, B) of the magnetization auto-
correlation as a function of the applied magnetic fieldat 7 = 1 K. The
y axis is logjo(X;), the grayscale shows the weights A(A;,T,B)/xT.

becomes more pronounced. Moreover, the Arrhenius
T-dependence of the dominant rates is lost even at low
temperatures, while in most MNMs relaxation times at low
temperatures follow the Arrhenius law even in a moderate
applied magnetic field.>>?® We have found that the two
dominant relaxation rates at low temperatures correspond
to direct processes involving levels of the ground multiplet,
split by the Zeeman interaction with the field. The slowest
relaxation process is still of the Arrhenius type and has a
slightly larger weight. At B = 1.5 T an even slower relaxation
process occurs, but it doesn’t follow the Arrhenius law.
We have also calculated the magnetic field dependence of
the relaxation rates at 7 =1 K, reported in Fig. 5. We
have confirmed that the multiple-time-scale dynamics at low
temperature is still present even with high applied magnetic
fields (e.g., up to B = 6 T as shown in Fig. 5), with the two
dominant relaxation rates increasing with the magnetic field.
We have verified that the multiple-time-scale relaxation
dynamics is found also using sets of exchange parameters
belonging to other regions of the parameters space, where it
is possible to find acceptable fits of Fe; susceptibility and
magnetization.23 In fact, as already mentioned in Sec. II,
the characteristics that the energy spectrum must have in
order to reproduce the magnetic data are also responsible
for the multiple-time-scale relaxation dynamics. Indeed, the
two dominant frequencies in the spectrum of fluctuations of
the cluster magnetization correspond to relaxation processes
involving levels of the ground state manifold S = 3/2 and of
the low-lying multiplets. We can therefore conclude that the
multiple-time-scale dynamics does not depend on the specific
choice of the parameter set used to interpret magnetic data.

IV. NMR EXPERIMENTS

The phonon-induced relaxation dynamics of the Fe; cluster
has been probed by NMR. The theoretical model reported in
the previous sections depends on the single free parameter
y, the spin-phonon coupling strength, which fixes the scale
factor of the relaxation dynamics time scales. This parameter
can be determined from the interpretation of the proton spin-
lattice relaxation rate 1/ 7, obtained from NMR experiments.
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FIG. 6. (Color online) Scatter: 'HNMR 1/ T; data on Fe; powders
as a function of temperature at two different applied magnetic fields.
Line and scatter: calculations exploiting equation (A5) and taking into
account the wipeout effect. Inset: fraction of protons probed by NMR
(scatter) deduced by the initial transverse nuclear magnetization at
B =0.35T (see Sec. III). Line and scatter: fraction of protons taken
into account in our calculations determined as described in Sec. IV.

In fact, thermal fluctuations of the electronic spins generate
fluctuations in the local hyperfine field at the nuclear site,
causing relaxation of the nuclear spins. Thus from 'H NMR
measurements it is possible to probe the relaxation dynamics
of the cluster and determine the parameter y .

We have measured the nuclear spin-lattice relaxation rate
1/T, on a polycrystalline sample of Fe; as a function of
temperature and for two values of the applied magnetic field,
B=035T and B =1.5 T. T; measurements have been
performed by means of an Apollo-Tecmag FT pulsed NMR
spectrometer. 77 was determined after full irradiation of the
nuclear absorption line using a comb of saturating 7 /2 pulses
followed by a /2 — 7 /2 solid-echo reading sequence. The
/2 length was kept between 2 and 2.5 us. An effective
value of T} was extracted by reading the renormalized nuclear
magnetization curve 1 — M(t)/M(oo) vs time at 1/e, where
M (00) is the equilibrium value of M. Experimental results are
shown in Fig. 6. The temperature dependence of 1/7; shows
a peak at about 8-10 K, whose height and position depends
on the applied magnetic field. As shown in Fig. 6, the peak
lowers and moves to higher temperatures by increasing the
field. The quantity Mg(O)T, determined at B = 0.35 T from

the M (1)T relaxation curve, is proportional to the number
of protons resonating at the irradiation frequency. Results as
a function of temperature are shown in the inset of Fig. 6.
MM (0)T decreases by lowering the temperature due to the
so-called wipeout effect, experimentally observed in other
MNMs and qualitatively explained in Ref. 28.

The theoretical model illustrated in Sec. II and in the
Appendix has been applied to the interpretation of 'H NMR
data on Fe;. In order to reduce the computational effort,
a truncation in the molecule Hilbert space is necessary
to perform the diagonalization of the rate matrix W. The
reduction to the subspace spanned by the lowest total-spin

PHYSICAL REVIEW B 87, 054409 (2013)

manifolds (up to 200 K) allows us to calculate the temperature
dependence of 1/7; in the most interesting region, i.e., where
it displays a peak, up to 7 = 30 K. Since 1/7; measurements
have been made on Fe; powders, to reproduce the experimental
data we average over all the possible orientations of the applied
external field.

From our theoretical model it is also possible to understand
the origin of the peak in the temperature dependence of
1/Ty, which has been experimentally observed in the Fe;
nanomagnet as in other MNMs. First of all, we have also
investigated the relaxation of single-site observables (s;) and
the decay of the hyperfine field fluctuations. We have found
that the corresponding spectra are very similar to those of
the cluster magnetization M in Fig. 4 and are characterized
by the same dominant relaxation times. We can now exploit
Eq. (4) to rewrite (for each hydrogen) the autocorrelation of
the transverse components of the hyperfine field fluctuation
[Egs. 7 and 9] as a sum of Lorentzians evaluated at the Larmor
frequency w;. In the case of homometallic AF rings only a
single Lorentzian dominates the sum?-° and 1/ T; displays a
peak at the temperature at which the relaxation rate of this
Lorentzian matches w;. In the present case the relaxation
dynamics is not mono-Lorentzian, but the different relevant
rates are close to one another when they approach w;, at T close
to 10 K (see Fig. 4). Therefore, a single peak in the 1/ 7] curve
results also in the present case. Since the spin-phonon coupling
strength y sets the range of the characteristic relaxation times,
it is possible to determine its value by fitting the position of
the peak in 1/ 7(T).

As mentioned above, 1/T; data on Fe; are also affected
by the wipeout effect,”® i.e., a gradual loss of the '"H NMR
signal intensity is observed upon decreasing the temperature.
This signal loss is associated with the enhancement of the
transverse relaxation rates of the probed protons over the
limit fixed by the experimental setup; they become so fast
that the transverse nuclear magnetization decays irreversibly
before it can be observed in a pulsed NMR experiment. In our
experimental conditions the minimum 75, that we can measure
in the investigated range of frequencies can be considered
around 10-12 us. We have taken into account the wipeout
effect in our calculations by mimicking what actually happens
in the NMR experiments. For each hydrogen in the molecule
we use equations (AS) and (A6) to calculate 1/7T; and 1/ 7>
as a function of the temperature, the orientation, and the
modulus of the applied magnetic field. Then, to determine
the experimental 1/77, i.e., averaged over all the protons in
the molecule not affected by wipeout, we take into account
only the hydrogen nuclei whose transverse relaxation rate is
lower than a fixed threshold, 1/7, < 1/ Tzﬂ"‘”h. Thus, in the
calculation of 1/7; we consider only the protons actually
probed by NMR measurements. We let vary the 7, threshold by
an amount of 20%, with the aim of improving the final fits, thus
obtaining 1/ 7,7™" = 86.6 ms~!, corresponding to 7,meshold —
11 ps, a value that falls perfectly in the experimentally
estimated range. By fitting the peak positionof 1 /T(T) at B =
0.35 T, it is possible to determine the spin-phonon coupling
strength, yielding y = 1.5 x 107% THz 2. With the same pa-
rameter we have also reproduced the position and height of the
peakin 1/T,(T)at B = 1.5T, confirming the correctness of the
value of y . Figure 6 demonstrates the good agreement between
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the experimental results and our calculations. To check the rea-
sonableness of our approach for mimicking the wipeout effect,
we have estimated the temperature dependence of the fraction
of probed hydrogens by measuring the transverse nuclear
magnetization at time 0, obtained by the extrapolation at zero
time of the transverse nuclear magnetization M xff (t) recovery

curve (see the inset of Fig. 6). Indeed, the product M f{,(O)T
is proportional to the number of probed nuclei and can be
compared with the number of 'H included in our calculation
by the method described above. These measurements have
been performed at 0.35 T because wipeout is generally known
to be stronger at small fields. The inset of Fig. 6 shows that our
modeling captures the wipeout effect. It is worth noting that the
conditions for the validity of the approximations underlying
the present calculations (see the Appendix) are fulfilled except
for the very low temperature region.

V. CONCLUSIONS

We have investigated the phonon-induced relaxation dy-
namics of the Fe; cluster, an excellent model system to study
the effects of competing AF interactions on the spin dynamics
of MNMs. We have found that several relaxation times rr(él)
contribute to the decay of the molecular magnetization even at
low temperature. We have also verified that the multiple-times
character of the relaxation dynamics is a direct consequence
of the structure of the energy spectrum and that it is due to the
topology of the competing AF interactions.

We have measured the temperature dependence of the
spin-lattice relaxation rate 1/7; by 'H NMR measurements.
The interpretation of these data has allowed us to determine
the spin-phonon coupling strength y and to set the scale
factor of the relaxation dynamics time scales. By means of
Redfield’s approach® to the theory of relaxation processes, we
have developed a model to calculate the nuclear spin-lattice
relaxationrate 1/ 7} taking into account also the wipeout effect.
Our calculations are in very good agreement with experimental
results.

In order to probe the multiple-times character of the
relaxation dynamics of the Fe; cluster at low temperature,
AC susceptibility experiments could be performed. In fact, the
graph in Fig. 5 shows that the low temperature relaxation times
can be detected by AC susceptibility measurements with very
high frequency (of the order of 100 KHz) performed in small
magnetic field, thus stimulating further experimental works on
the cluster.
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APPENDIX: NUCLEAR RELAXATION

Thermal fluctuations of the electronic spins are responsible
for fluctuations in the hyperfine dipolar field and thus for
the nuclear spin-lattice relaxation. The spin-lattice relaxation
rate 1/T7) is therefore a powerful probe of the electronic

PHYSICAL REVIEW B 87, 054409 (2013)

relaxation times rr(e’l) in MNMs. By the same density matrix
formalism applied in Sec. II to the spin-phonon coupling,
it is possible to describe the behavior of protons interacting
with electronic spins, in the presence of an external magnetic
field, i.e., '"H NMR experiments. We follow the theory of
relaxation processes of Redfield,® which is closely related to
the treatment of relaxation due to Wangsness and Bloch,*® to
describe an ensemble of noninteracting protons in an external
static magnetic field, coupled to the perturbative fluctuating
field produced by electronic spins. This fluctuating field is
different at each nuclear site, thus for each 'H we have

Hproton = H() + Hl(t)

= —ynhHol; — ynhHpyp(1) - 1, (A1)

where H, is the static magnetic field along the z axis. The
Larmor frequency is given by w; = yy Hy, and Hyy, () is the
fluctuating hyperfine field

N

1 (SS, - I
Hiyp(t) = —hye ) —3[6&@) -3n, (%)} (A2)

i=1"1i i

The index i labels the N magnetic ions, S; represents their spin
operators and r; their distances from the proton, and &S;(¢) =
S;(t) — (S;). In Redfield’s theory of relaxation processes™ it is
assumed that the ensemble average of the Hamiltonian H(¢)
vanishes, i.e., H;(¢) doesn’t produce an average frequency
shift. If this is not so, it’s possible to redefine Hj in order to
include the very-small average shift ({;). For this reason the
Hamiltonian H;(¢) responsible for the nuclear relaxation in
(A1) contains fluctuations §S(¢) and not S(z).

By exploiting the secular and Markov approximations, the
Redfield theory yields exponential time decays of the longitu-
dinal and transverse nuclear magnetization with characteristic
rates given respectively by?’

1

o Vilker(wr) + kyy(@p)], (A3)
P_ 1 + 12k, (0) (A4)
T, ~ ar ke

where k,,(w) is the Fourier transform of the correlation
function of (6) (¢ = x,y,z) and can be calculated in terms
of the Fourier transform of the cross correlation functions (4).
These formulas hold if 71,7, > 27 /w; (secular regime) and
Ti,T, are longer than the electronic relaxation times (Markov
regime). In addition, fluctuations of the three components
of Hyy, are assumed independent. The last assumption is
not correct when the hyperfine field has a dipolar origin
as in the present case. We have calculated the generalized
coupled differential equations for the decay of the nuclear
magnetization.®® We have numerically checked that in the
experimental conditions of this work it is still possible to
decouple the equations as in Redfield’s theory and calculate
the relaxation rates as in (A3) and (A4). Taking as inputs the
positions of the magnetic ions and protons in the molecule, we
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can calculate 1/T) and 1/ T, for the Fe; cluster as

1 /

= ,ZI:N cly [Ss’_,,’s,/,r(wL)+Ssi,,!xj{,/(—a)L)], (A5)
F.Pli);)
1
- (0], A6
T 2T1 2K 1-”~~v,’-’( ) (A0)

1/ 1I.N
pp =x5.z

where the C/ ]p and K/ 7" are geometric coefficients of the
hyperfine d1polar 1nteract10n between magnetic ions and
protons.26
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The transverse relaxation rate 1/ 7, has also a temperature-
independent contribution originating from the nuclear dipole-
dipole interaction among protons. At high temperatures, the
electronic contribution to 1/7; in (A4) is small and only the
nuclear dipole-dipole contribution survives. In fact, in the Fe;
cluster 1/ 7, is almost temperature independent at 7 > 40 K
and thus we can take as a measure of the nuclear dipole-
dipole contribution the experimental value of 1/7, at T =
80 K.
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