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Quantum Tunneling of the Magnetization in an Iron Cluster Nanomagnet

C. Sangregorid? T. Ohm! C. Paulserl,R. Sessolf, and D. Gatteschi
ICentre de Recherches sur les Trés Basses Températures, laboratoire associé a I'Université Joseph Fourier, C.N.R.S.,
B.P. 166, 38042 Grenoble-Cedex 9, France
2Department of Chemistry, University of Firenze, Via Maragliano 72, 50144 Firenze, Italy
(Received 7 March 1997

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
temperaturel, and the expected tunneling frequentyr. 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

Quantum tunneling of the magnetization (QTM) haswhere tacn is the organic ligand triazacyclononane, is
become a focus of interest in physics and chemistry besketched in Fig. 1. The cluster has no strict symmetry
cause it can provide a signature of quantum mechanicalements and approximal® symmetry. Magnetic mea-
behavior in macroscopic systems [1-5]. A small monosurements have shown thatgFalso has a spin ground
domain ferromagnetic particle may be described by atateS = 10, which arises from competing antiferromag-
single macroscopic degree of freedom, namely, its totahetic interactions between the eight= 5/2 iron spins as
spin. At low enough temperature, it has been predictedhown in the figure [20].
that this spin can tunnel through its magnetic anisotropy ac susceptibility experiments made down to 1.5 K as
barrier. A variety of materials have been experimentallywell as Mossbauer spectroscopy have shown that the
investigated in order to test this hypothesis, ranging fronrelaxation of the magnetization of the cluster obeys a
nanoscopic magnetic particles to ferritin [6—8]. Molecu-thermally activated law with an energy barrier of 22.2 K
lar clusters, which at low temperature behave like nanof21]. In addition, high frequency electron paramagnetic
magnets, are a particularly appealing class of materialeesonance (HF-EPR) measurements on polycrystalline
for these investigations [9]. While conventional synthesigpowders provide an accurate estimate of the axial and
results in a distribution of size and orientation of the par-in plane magnetic anisotropy by the evaluation of the
ticles, the molecular approach has the advantage of praxial and rhombic parameters of the zero field splitting.
viding ensembles of identical, iso-oriented nanomagnets.The spin Hamiltonian in zero field is given bi =

Up to now the best example of a molecular nanomagnebs? + E(S? — S2) which reflects the low symmetry
showing QTM is a dodecanuclear manganese acetatesponsible for the magnetic anisotropy. The EPR spectra
complex referred to as Mga...” The ground state of
this cluster has a net spin 6f= 10 [10]. Below 10 K
the relaxation of the magnetization follows a thermally
activated law,

T = 170 eXp(AE/kgT), 1)

with an energy barrierAE/kp = 62 K [11]. Below
2 K evidence for QTM has been reported [12,13] as
well as thermally assisted QTM [14-16]. However, the
mechanism of QTM is still under discussion because of
the absence of the required transverse anisotr@py,
Without transverse anisotropy§, commutes with the
Hamiltonian, the spin is in an eigenstate, and no tunneling
will occur. Mnyy,. has tetragonal symmetry and only
fourth order terms in the crystal field can provide the
required low symmetry component [17,18].

In this Letter we report results of our experimental in-
vestigation on a new cluster made from eight iron Ions’FIG. 1. View of the structure of ke the large open circles

Feg,” which has no axial symmetry, and shows clear eV"represent iron atoms, while full, hatched, and empty small ones

dence of QTM at low temperature. The structure of thisstand, respectively, for O, N, and C. The spin structure of the
cluster [19], whose formula i§(tacnsFeO,(OH)1,]¥", S = 10 ground state is schematized by the arrows.
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FIG. 2. In(7) vs 1/T: High temperature data follow ther- i ) i
mal activation law withry = 3.4 X 107% s andE = 24.5 K. 0.6 0.4 0.2 B ('?'esla)o-z 0.4 0.6

Points below 400 mK show temperature independent QTM.
FIG. 3. M vs B: curve taken at 1.3 K shows no hysteresis.
Below 400 mK curves are temperature independent, but depend
were satisfactorily simulated witiD = —0.27 K and on field ramp ratedB/dt as shown. dM/dB is shown for
E = —0.046 K [21]. 0.04 T/h; peaks correspond to faster relaxation, verified by dc
We have now extended the ac susceptibility measure'®asurements.
ments to lower temperatures and frequencies. The ac ex-
periments were made on a polycrystalline powder sample
from 6 kHz down to 0.005 Hz using a low field low tem- Mny,,.. ForT < 400 mK the steps become temperature
perature SQUID magnetometer equipped with a miniaturéndependent (at fixed ramping raé®/dr). The hystere-
dilution refrigerator. The low frequency data give infor- sis is due to the fact that the characteristic relaxation times
mation on the relaxation down to 1 K. The relaxationare longer than the experimental ones; the steps occur at
times, 7, have been extracted from the imaginary part offield values where the relaxation is enhanced.
the susceptibility by assuming that the temperature of the dc relaxation experiments were made by first saturating
maximum corresponds to the blocking temperature, i.ethe sample in a high field>3.5 T), and then reducing
the temperature at which the relaxation time is equal tdhe field to a predetermined value and measuring the
the time scale of the experiment= 1/w. Thisis justi- decay of the magnetization over a period of hours and
fied because the curves are well fit by considering a singlér up to one week. Some curves obtained at different
relaxation time. The values are plotted as(n) vs1/T  temperatures are shown in Fig. 4. Above 1.1 K the
in Fig. 2 which shows that the relaxation follows Eq. (1) relaxation is too fast to be measured by this technique,
with an energy barrier of 24.5 K angy = 3.4 X 1078 s.  however, between 1.1 and 1 K there is an overlap with
These results when combined with previously publishedur very low frequency ac data. Below 400 mK and
data [21] indicate that thermal activation is more or lessor a given measuring field, the relaxation curves taken
obeyed over a time scale of 10 decades. The unusualbt different temperatures completely superimpose, clearly
large value ofry is similar to that which is observed in showing that the relaxation is temperature independent as
Mni2,. and has been explained as arising from a multiseen in Fig. 4.
step Orbach process [22]. A crossover from single exponential behavior to a more
In order to investigate the magnetic relaxation at lowercomplex relaxation process is observed below 800 mK,
temperature, dc measurements were performed using vehere the magnetization curves can be well fit (over the
high field low temperature SQUID magnetometer. Fig-relatively large time scales of our investigations) by a
ure 3 shows magnetization versus field curves measuregdretched exponential
at 1.3 K and 80 mK after first saturating the sample in .
8 T, where we find = 20up This is in agreement with M(1) = M(0) exd ~(t/7)"]. (2)
S =10 and g = 2 as seen in HF-EPR [21]. At zero The stretched exponential describes a relaxation rate that
field M is one half its saturation value as expected foris faster at earlier times and which becomes progressively
our nonoriented powder sample, and indicates that afteslower as the system evolves. It has often been used
saturation, all clusters within each (randomly oriented}o describe the dynamics of disordered systems such
crystal are still perfectly aligned along the easy axes ofs spin glasses [23]. However, it is also manifest in
the crystal. The low temperature curves were taken wittordered systems, when the drive field responsible for the
two different ramp rates and show hysteresis and “stepsfelaxation changes (reduces) as the system relaxes [24].
at well defined field values similar to those observed forThe average relaxation time is given byandg is related

4646



VOLUME 78, NUMBER 24 PHYSICAL REVIEW LETTERS 16UNE 1997

10 T T — T 7 area comprised between these curves we estimate the ax-
B=0T 9 T=100mK | ial and the in plane anisotropy constant to bh&2 X
9 o 0.018T | 10% erg/cm® and6.27 X 10° erg/cn?, respectively. Us-
300mK = oT ing these values, and foB = 0, we estimateT, ~
~ 8 =7F 7 0.7 K, and 7 ~ 10* s, which are close to our experi-
R 6~ 0.008T 3 mental results.
=7 . 11'04 ' 21'04 L Figure 2 shows that in zero applied field, the relaxa-
Time (s) tion is more rapid,by 4 orders of magnitudethan at
6 - —0.1000 T, wherea priori the height of the energy bar-
600mK  “500mK 400mK™en, rier has been reduced. In fact, the decay of the magneti-
5 \ I ¥ L | zation shows maxima (faster relaxation) at applied fields
0 5000 1 1%ME (1353 10 2100 2510 B, = +0.0080, —0.2350, and — 0.4500 T and minima

(slower) atB, = —0.1200 and — 0.3500 T. This can
FIG. 4. Relaxation of the magnetization measured3at 0  also be seen by taking the derivative with respect to field
after first saturating in a field of 3.5 T. Fdf <400 mK  (at fixed rampdB/dt) of the low temperature hysteresis
curves superimpose showing that the relaxation is independegt;n/es as shown in Fig. 3. The peaks correspond to en-
of T. Inset shows subtle field dependence near resonance. hanced relaxation.

This kind of field dependence, oscillations in an other-
wise increasing decay rate, was first reported in Mnfor
both high temperature ac susceptibility measurements [14]
and low temperature dc relaxation experiments [12,13] and
as totally unexpected on the basis of classical theory of
@laxation. Novak and Sessoli first interpreted these os-

to the width of the distribution. We find tha increases

from 0.4 below 400 mK to nearly 1 at 1 K. Most of our
fits to Eq. (2) were made on relaxation curves in which th
experimental time was long enough to see at least a 50¢

change'ln the overgll magnetization. However, at SOM@iations as evidence for resonant tunneling between de-
measuring f|elds_th|s was not always feasible due to thaenerate states. In this picture, the tunneling amplitude is
very slow re'laxatlon. For example, At= —0.1 T, only .greatly enhanced when energy levels withcomponents

a _smaII portion of the curves could be measured., and, | f opposite sign, separated by the anisotropy barrier, have
this case, our data points come from extrapolations an e same energy. This is the case, for example, when the

may indicate a lower limit tar. . . . internal field is zero and all pairs of leveld, = *+10,
The low temperature dc relaxation times are plotted in

Fig. 2 for three different values of measuring fields Theig’ etc., are degenerate. However, when an external field
; ) - o ' is applied, although the energy barrier decreases, the lev-
main feature is the distinct deviation from the thermally bp g 9y

ivated | b d at high t fure t .Y els shift and are no longer degenerate and the tunneling
activated law observed at high temperatureé 10 a regimg,o jocreases. Upon a further increase of the field, the
where the relaxation becomes temperature mdepende@veIS continue to shift untit/. = +10 and — 9 become
below 400 mK. We suggest that this temperature cor y

responds td@., the crossover to the QTM regime degenerate (and/, = +9 and — 8 and so on) and the
All theories of QTM depend critically on a knowledge relaxation is once again enhanced. At high temperature,

X 9~ enhancement at the resonance fields is aided by thermal ac-
of the anisotropy constants. For example, CalcuIfr"t'onﬁva\tion. Recently these effects were clearly demonstrated
for t_he tur_mellng of large SPins have _b(_een made in th%s steps in the hysteresis cycles of Mn [15,16] where
semiclassical WKB approximation [1] giving the authors also attribute the observed temperature depen-
T = 1oexp(B) = toexdSIn(8K|/K )], (3) dence to “thermally activated” resonant tunneling.

wheres is the total spin, an& andK , are the parallel We believe that resonant tunneling occurs in,Fand,
(easy axis) and perpendicular (easy plain) anisotropyn fact, dominates the decay process in the quantum
respectively. The attempt frequenay, also depends on tunneling regime. It is observed in both the decay of
the anisotropy. A crossover temperatdtebetween the the magnetization and in the hysteresis cycles in the
high temperature thermal activation and the temperaturi€rmal activation regime. More important, it is clearly
independent quantum tunneling regime is obtained byPserved below 400 mK where the effect is temperature
equating the Gamow exponeBitto AE /k5T., mdependept and orders of magnitude larger than that
observed in Mip,..
T. = AE/kg[1/SIn(8K) /K ,)]. (4) In Fg the maximum in the relaxation rate is observed at
Since large single crystals of f£are not yet available, 0.008 T. We attribute this to the effect of internal fields,
the axial and transverse anisotropy constants were evalwhich also justify the observed stretched exponential
ated by calculating the magnetization curves up to saturelaxation. The internal fields are expected to be weak but
ration for different orientations of the external field using different from zero. Besides the applied field, there are
the zero field splitting parameters and E obtained from  basically three contributions to the local field: the dipole
HF-EPR experiments previously reported [21]. From thefield of neighboring clusters, the demagnetization field of
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