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We have investigated the magnetic relaxation of clusters of eight iron ions characterized by a
spin ground state of ten and an Ising anisotropy. Below 400 mK the relaxation rate is temperature
independent suggesting that tunneling of the magnetic moment across its anisotropy energy barrier
occurs. Using the anisotropy constants derived from EPR data, we can calculate both the crossover
temperatureTc and the expected tunneling frequency1yt. The field dependence of the relaxation
shows evidence of resonant tunneling. [S0031-9007(97)03302-4]

PACS numbers: 75.45.+ j, 61.46.+w, 75.60.Ej
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Quantum tunneling of the magnetization (QTM) h
become a focus of interest in physics and chemistry
cause it can provide a signature of quantum mechan
behavior in macroscopic systems [1–5]. A small mo
domain ferromagnetic particle may be described by
single macroscopic degree of freedom, namely, its to
spin. At low enough temperature, it has been predic
that this spin can tunnel through its magnetic anisotro
barrier. A variety of materials have been experimenta
investigated in order to test this hypothesis, ranging fr
nanoscopic magnetic particles to ferritin [6–8]. Molec
lar clusters, which at low temperature behave like na
magnets, are a particularly appealing class of mater
for these investigations [9]. While conventional synthe
results in a distribution of size and orientation of the p
ticles, the molecular approach has the advantage of
viding ensembles of identical, iso-oriented nanomagne

Up to now the best example of a molecular nanomag
showing QTM is a dodecanuclear manganese ace
complex referred to as Mn12ac.” The ground state of
this cluster has a net spin ofS ­ 10 [10]. Below 10 K
the relaxation of the magnetization follows a therma
activated law,

t ­ t0 expsDEykBTd , (1)

with an energy barrierDEykB . 62 K [11]. Below
2 K evidence for QTM has been reported [12,13]
well as thermally assisted QTM [14–16]. However, t
mechanism of QTM is still under discussion because
the absence of the required transverse anisotropy,K'.
Without transverse anisotropy,Sz commutes with the
Hamiltonian, the spin is in an eigenstate, and no tunne
will occur. Mn12ac has tetragonal symmetry and on
fourth order terms in the crystal field can provide t
required low symmetry component [17,18].

In this Letter we report results of our experimental i
vestigation on a new cluster made from eight iron io
“Fe8,” which has no axial symmetry, and shows clear e
dence of QTM at low temperature. The structure of t
cluster [19], whose formula isfstacnd6Fe8O2sOHd12g81,
0031-9007y97y78(24)y4645(4)$10.00
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where tacn is the organic ligand triazacyclononane,
sketched in Fig. 1. The cluster has no strict symme
elements and approximateD2 symmetry. Magnetic mea
surements have shown that Fe8 also has a spin ground
stateS ­ 10, which arises from competing antiferromag
netic interactions between the eightS ­ 5y2 iron spins as
shown in the figure [20].

ac susceptibility experiments made down to 1.5 K
well as Mössbauer spectroscopy have shown that
relaxation of the magnetization of the cluster obeys
thermally activated law with an energy barrier of 22.2
[21]. In addition, high frequency electron paramagne
resonance (HF-EPR) measurements on polycrystal
powders provide an accurate estimate of the axial a
in plane magnetic anisotropy by the evaluation of t
axial and rhombic parameters of the zero field splittin
The spin Hamiltonian in zero field is given byH ­
DS2

z 1 EsS2
x 2 S2

y d which reflects the low symmetry
responsible for the magnetic anisotropy. The EPR spe

FIG. 1. View of the structure of Fe8: the large open circles
represent iron atoms, while full, hatched, and empty small o
stand, respectively, for O, N, and C. The spin structure of
S ­ 10 ground state is schematized by the arrows.
© 1997 The American Physical Society 4645
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FIG. 2. lnstd vs 1yT : High temperature data follow ther
mal activation law witht0 ­ 3.4 3 1028 s andE ­ 24.5 K.
Points below 400 mK show temperature independent QTM.

were satisfactorily simulated withD ­ 20.27 K and
E ­ 20.046 K [21].

We have now extended the ac susceptibility measu
ments to lower temperatures and frequencies. The ac
periments were made on a polycrystalline powder sam
from 6 kHz down to 0.005 Hz using a low field low tem
perature SQUID magnetometer equipped with a miniat
dilution refrigerator. The low frequency data give info
mation on the relaxation down to 1 K. The relaxatio
times,t, have been extracted from the imaginary part
the susceptibility by assuming that the temperature of
maximum corresponds to the blocking temperature, i
the temperature at which the relaxation time is equal
the time scale of the experimentt ­ 1yv. This is justi-
fied because the curves are well fit by considering a sin
relaxation time. Thet values are plotted as lnstd vs 1yT
in Fig. 2 which shows that the relaxation follows Eq. (
with an energy barrier of 24.5 K andt0 ­ 3.4 3 1028 s.
These results when combined with previously publish
data [21] indicate that thermal activation is more or le
obeyed over a time scale of 10 decades. The unusu
large value oft0 is similar to that which is observed in
Mn12ac and has been explained as arising from a mu
step Orbach process [22].

In order to investigate the magnetic relaxation at low
temperature, dc measurements were performed usin
high field low temperature SQUID magnetometer. F
ure 3 shows magnetization versus field curves measu
at 1.3 K and 80 mK after first saturating the sample
8 T, where we findM ­ 20mB This is in agreement with
S ­ 10 and g ­ 2 as seen in HF-EPR [21]. At zero
field M is one half its saturation value as expected
our nonoriented powder sample, and indicates that a
saturation, all clusters within each (randomly oriente
crystal are still perfectly aligned along the easy axes
the crystal. The low temperature curves were taken w
two different ramp rates and show hysteresis and “ste
at well defined field values similar to those observed
4646
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FIG. 3. M vs B: curve taken at 1.3 K shows no hysteresis
Below 400 mK curves are temperature independent, but dep
on field ramp ratedBydt as shown. dMydB is shown for
0.04 Tyh; peaks correspond to faster relaxation, verified by
measurements.

Mn12ac. For T , 400 mK the steps become temperatur
independent (at fixed ramping ratedBydt). The hystere-
sis is due to the fact that the characteristic relaxation tim
are longer than the experimental ones; the steps occu
field values where the relaxation is enhanced.

dc relaxation experiments were made by first saturati
the sample in a high field (.3.5 T), and then reducing
the field to a predetermined value and measuring t
decay of the magnetization over a period of hours a
for up to one week. Some curves obtained at differe
temperatures are shown in Fig. 4. Above 1.1 K th
relaxation is too fast to be measured by this techniqu
however, between 1.1 and 1 K there is an overlap w
our very low frequency ac data. Below 400 mK an
for a given measuring field, the relaxation curves tak
at different temperatures completely superimpose, clea
showing that the relaxation is temperature independent
seen in Fig. 4.

A crossover from single exponential behavior to a mo
complex relaxation process is observed below 800 m
where the magnetization curves can be well fit (over t
relatively large time scales of our investigations) by
stretched exponential

Mstd ­ Ms0d expf2stytdbg . (2)

The stretched exponential describes a relaxation rate t
is faster at earlier times and which becomes progressiv
slower as the system evolves. It has often been us
to describe the dynamics of disordered systems su
as spin glasses [23]. However, it is also manifest
ordered systems, when the drive field responsible for t
relaxation changes (reduces) as the system relaxes [
The average relaxation time is given byt, andb is related
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FIG. 4. Relaxation of the magnetization measured atB ­ 0
after first saturating in a field of 3.5 T. ForT , 400 mK
curves superimpose showing that the relaxation is independ
of T . Inset shows subtle field dependence near resonance.

to the width of the distribution. We find thatb increases
from 0.4 below 400 mK to nearly 1 at 1 K. Most of ou
fits to Eq. (2) were made on relaxation curves in which t
experimental time was long enough to see at least a 5
change in the overall magnetization. However, at som
measuring fields this was not always feasible due to
very slow relaxation. For example, atB ­ 20.1 T, only
a small portion of the curves could be measured, and,
this case, our data points come from extrapolations a
may indicate a lower limit tot.

The low temperature dc relaxation times are plotted
Fig. 2 for three different values of measuring fields. Th
main feature is the distinct deviation from the thermal
activated law observed at high temperature to a regi
where the relaxation becomes temperature independ
below 400 mK. We suggest that this temperature co
responds toTc, the crossover to the QTM regime.

All theories of QTM depend critically on a knowledge
of the anisotropy constants. For example, calculatio
for the tunneling of large spins have been made in t
semiclassical WKB approximation [1] giving

t ­ t0 expsBd ­ t0 expfS lns8KkyK'dg , (3)

whereS is the total spin, andKk andK' are the parallel
(easy axis) and perpendicular (easy plain) anisotro
respectively. The attempt frequency,t0, also depends on
the anisotropy. A crossover temperatureTc between the
high temperature thermal activation and the temperat
independent quantum tunneling regime is obtained
equating the Gamow exponentB to DEykBTc,

Tc ­ DEykBf1yS lns8KkyK'dg . (4)

Since large single crystals of Fe8 are not yet available,
the axial and transverse anisotropy constants were ev
ated by calculating the magnetization curves up to sa
ration for different orientations of the external field usin
the zero field splitting parametersD andE obtained from
HF-EPR experiments previously reported [21]. From th
ent
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area comprised between these curves we estimate the
ial and the in plane anisotropy constant to be1.82 3

106 ergycm3 and6.27 3 105 ergycm3, respectively. Us-
ing these values, and forB ­ 0, we estimateTc ,
0.7 K, and t , 104 s, which are close to our experi
mental results.

Figure 2 shows that in zero applied field, the relax
tion is more rapid,by 4 orders of magnitude,than at
20.1000 T, wherea priori the height of the energy bar-
rier has been reduced. In fact, the decay of the magn
zation shows maxima (faster relaxation) at applied fiel
Ba ­ 10.0080, 20.2350, and 2 0.4500 T and minima
(slower) at Ba ­ 20.1200 and 2 0.3500 T. This can
also be seen by taking the derivative with respect to fie
(at fixed rampdBydt) of the low temperature hysteresi
curves as shown in Fig. 3. The peaks correspond to
hanced relaxation.

This kind of field dependence, oscillations in an othe
wise increasing decay rate, was first reported in Mn12ac for
both high temperature ac susceptibility measurements [
and low temperature dc relaxation experiments [12,13] a
was totally unexpected on the basis of classical theory
relaxation. Novak and Sessoli first interpreted these
cillations as evidence for resonant tunneling between
generate states. In this picture, the tunneling amplitude
greatly enhanced when energy levels withM components
of opposite sign, separated by the anisotropy barrier, h
the same energy. This is the case, for example, when
internal field is zero and all pairs of levelsMs ­ 610,
69, etc., are degenerate. However, when an external fi
is applied, although the energy barrier decreases, the
els shift and are no longer degenerate and the tunne
rate decreases. Upon a further increase of the field,
levels continue to shift untilMs ­ 110 and 2 9 become
degenerate (andMs ­ 19 and 2 8 and so on) and the
relaxation is once again enhanced. At high temperatu
enhancement at the resonance fields is aided by therma
tivation. Recently these effects were clearly demonstra
as steps in the hysteresis cycles of Mn12ac [15,16] where
the authors also attribute the observed temperature dep
dence to “thermally activated” resonant tunneling.

We believe that resonant tunneling occurs in Fe8, and,
in fact, dominates the decay process in the quant
tunneling regime. It is observed in both the decay
the magnetization and in the hysteresis cycles in t
thermal activation regime. More important, it is clearl
observed below 400 mK where the effect is temperatu
independent and orders of magnitude larger than t
observed in Mn12ac.

In Fe8 the maximum in the relaxation rate is observed
0.008 T. We attribute this to the effect of internal field
which also justify the observed stretched exponent
relaxation. The internal fields are expected to be weak
different from zero. Besides the applied field, there a
basically three contributions to the local field: the dipo
field of neighboring clusters, the demagnetization field
4647
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each small crystal, and the overall demagnetization fie
of the sample due to its form. (It must be stressed th
all three fields change while the magnetization decay
Starting from saturation, we have calculated the streng
of the dipole field due to all neighbors within a radius o
up to 100 Å and using an average demagnetization fie
for the particles and the demagnetization field due to t
sample form and packing we estimate an internal fie
of approximately20.010 T with a distribution width of
some 0.020 T.

This field is too small to result in magnetic ordering a
our lowest measured temperature; however, it does s
the peaks in the decay rate, and may play an import
role in justifying the stretched exponential relaxation. A
mentioned, the first resonant tunneling maximum shou
occur when the local field at a given cluster site
zero. Thus our first maximum should be in a field whic
compensates for this small negative internal field,
experimentally observed (inset of Fig. 4) [25]. At thi
field, a large population of clusters will be sitting in an
internal field of zero, and thus will begin to relax a
a much faster rate than clusters off resonance, andM
decreases rather quickly. But after a certain time th
population will be depleted and the relaxation continue
but at a slower off resonance rate.

In conclusion, Fe8 is an excellent candidate for the
study of quantum effects in nanomagnets. The anisotro
barrier is some 3 times smaller than Mn12ac, which makes
low temperature relaxation measurements experimenta
feasible. The anisotropy constants have been deriv
from EPR data allowing for direct comparison to exis
ing theories. Resonant tunneling occurs in Fe8, and for
the first time the effect has been clearly observed in t
temperature independent QTM regime where the tunn
ing rate decreases by more than 4 orders of magnitude
an applied field of 0.1 T. A more quantitative interpre
tation of the data is still far from complete, and work i
now in progress to obtain large crystals for experimen
on oriented single crystals.
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of the compound, A. Caneschi for help in synthetizing th
compound, S. Zherlitzin for assistance with some ea
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Daimer-Benz Stiftung.
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