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Abstract The question addressed in this paper is that of the circumstances un-
der which it is possible to observe quantum coherence phenomena in
mesoscopic magnets such as single domain particles and molecular clus-
ters. As these phenomena are only detectable at very low temperatures
we also discuss the low temperature characterisation of these magnetic
systems.

At a given temperature any magnetic system has a certain state that
corresponds to the absolute minimum of its free energy. All magnetic
systems that exhibit hysteresis are expected to relax toward that min-
imum. The magnetic hysteresis results, therefore, from the existence

D R A F T February 22, 2001, 1:48pm D R A F T



2

of metastable states which correspond to the different spin configura-
tions. Single domain particles, both mesoscopic particles and molecular
magnets, can b in metastable states due to energy barriers produced by
the magnetic anisotropy. The rate of relaxation associated to the ther-
mal fluctuations is Γ ∝ exp(U/T ) where U is the energy barrier. The
occurrence of magnetic relaxation at temperatures where the thermal
fluctuations die out has been explained in terms of quantum tunneling
[1].

For certain mesoscopic magnetic particles and magnetic clusters the
value of both the total net spin, S < 1000, and anisotropy barrier
height, U < 1000K, are such that these materials may be considered
as good candidates to enhance the recording density if the operation
is performed at low temperature. Moreover, the discrete structure of
the spin levels corresponding to the different classical spin orientations,
suggest that these materials are good candidates to explore the border
between quantum and classical mechanics and for a role in quantum
information processing.

Within the last few years magnetic mesoscopic systems have emerged
as a truly interdisciplinary field involving the contribution of chemists
and both theorists and experimental physicists working in magnetism
and quantum solid physics. The first seminal discovery on quantum
magnetic hysteresis [1, 2, 3] has induced a lot of work in this field result-
ing in similar discoveries in mesoscopic antiferromagnetic particles [4],
new theories [5, 6, 7] and discoveries such as those related to quantum
interference effects [8, 9], spin phonon avalanches [10] and quantum co-
herence [11] and the nature of the transition between the quantum and
classical spin relaxation [12, 13]. The effect of nuclear spins on the tun-
neling transitions has also been worked out theoretically and detected
experimentally [14, 15].

To a first approximation the spin Hamiltonian of both nanometre scale
magnetic particles and magnetic clusters in a magnetic field H is written

H = −DS2
z +H′ − gµBS ·H +Hdis (1.1)

where D is the magnetic anisotropy constant, S is the spin of the parti-
cle/molecule, H′ stands for other anisotropy terms and Hdis represents
the interaction of the spin system with the environment, z refers to the
easy axis direction. The first term of Hamiltonian of Eq.1.1 generates
spin levels Sz inside each well separated by an energy D(2Sz − 1) and
in zero magnetic field the spin levels in the two wells (which are sepa-
rated by an energy barrier U = DS2) are degenerate, see Figs. 1 and 2.
The symmetry-violating terms in the Hamiltonian inducing tunneling
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are those associated to the transverse component of both the magnetic
field and magnetic anisotropy.

figwell1.ps

Figure 1 Structure of the energy spectrum of the spin system. The inset shows the
energy of the ground-state splitted levels (symmetric and antisymmetric).

figwell2.ps

Figure 2 Structure of the energy spectrum of the spin system. The inset shows the
energy of the lowest level localized in a well (Sz = S) and the first localized level
above it (Sz = S − 1).

Although many of the mesoscopic magnets have very large spin values
and/or small magnetic anisotropy being unlikely, therefore, to detect the
discreet structure of the spin projection on the easy axis direction, the
case of antiferromagnetic mesoscopic particles and molecular clusters is
different as the gap between the spin levels corresponding to the different
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Sz values, −S < Sz < S may be of the order of 10 K in temperature
units.

When applying a magnetic field, it can be chosen to be either parallel,
(H‖) or perpendicular (H⊥) to the easy axis. The application of H‖
reduces the barrier height between the two possible orientations of the
spin, while the effect of H⊥ is also that of increasing the spin tunneling
rate between the degenerated Sz levels. In other words, the values of T ,
H‖ and H⊥ determine the levels between which occurs the resonant spin
tunneling. At sufficient low temperature the populations of the excited
levels subside to exponentially small values and for zero longitudinal
field, H‖ = 0, the only possible tunneling process would occur between
the two lowest states Sz = S and Sz = −S which may be denoted as the
the states “yes” and “not” respectively. By increasing the transversal
component of the field, the rate of tunneling between the “yes” and
“not” states increases as a consequence of their mixing giving rise to
the symmetric and antisymmetric combinations, see Fig. 1. At zero
transversal field the tunneling process between the two degenerate lowest
states is suppressed and the two levels entering the discussion for the
resonance experiments are those corresponding to Sz = S and Sz = S−1
lying in the same potential well, see Fig. 2.

In other words, the attractiveness of working with mesoscopic magnets
and very low temperature is that we have two different sets of quantum
states with an energy gap between them of 100 mK, case of the quan-
tum splitting, to 10 K, case of the uniform precession of the magnetic
moment, respectively which may be used to study quantum coherence
phenomena.

The magnetic measurements were carried out by using a top loading
He3-He4 dilution refrigerator (Oxford Kelvinox) which has incorporated
a 5 T superconductor magnet. The sample is inside the liquid mixture
and its temperature may be varied between 50 mK and 4 K. The temper-
ature control is done by changing the power dissipation of a resistor and
the temperature is measured by using a ruthenium-oxide resistor. Above
50 mK the thermometer has been calibrated against a superconducting
fixed point device, a CMN thermometer and two calibrated germanium
resistors. The magnetic moment of the sample is registered using a su-
perconductor gradiometer by the extraction method. This gradiometer
is coupled through out a superconducting transformer to a Quantum De-
sign dc SQUID which is placed near the 1 K pot. The superconductor
transformer has allowed us to enhance the signal to noise ratio without
losing to much sensitivity. The temperature of the dc SQUID is keep
constant as it is thermally linked to the 1 K pot. We have also shielded
the dc SQUID from the magnetic field created by the superconductor
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magnet. The dc SQUID magnetometer has been calibrated by using
pure paramagnetic samples and extrapolating the low temperature data
in the mK regime to higher temperatures at which we have them scaled
up with the data obtained by measuring the same samples by a Quantum
Design rf SQUID.

The resonance experiments in the MHz range were performed using
a split-ring resonator [11] while the high frequency experiments up to
110 GHz were carried out using the AB millimeter wave vector network
analyzer (MVNA) [16]. In both cases, the dc applied field is parallel to
the cavity axis and the sample is oriented such that its easy axis is mostly
perpendicular to the magnetic field and the operation temperature was
varied between 20 mK and 4 K.

The materials used in our experiments are; a pure Fe8 single crystal
of 2 mm length and a very diluted sample, 0.1% in weight, of Fe2O3

particles of 5 nm mean diameter dispersed in a polymer non magnetic
matrix.

The parameters entering in the spin Hamiltonian of both samples may
be obtained from EPR and magnetic measurements. The value of the
barrier height, U = DS2, may be estimated from the blocking temper-
ature, 25Tb = DS2, and the anisotropy field, Han, defined as the field
where the demagnetisation curve branches from the initial magnetisation
curve, is Han = 2DS. That is, by performing zero field (ZFC) and field
cooled (FC) magnetisation measurements and isothermal magnetisation
vs field measurements at very low temperature, it is possible to estimate
both the spin and the anisotropy D term of the spin Hamiltonian. In
Table 1 we give the values of Tb, Han, D and S for the two materials.
For the case of Fe8 the EPR data also suggest the existence of a second
anisotropy term in the spin Hamiltonian ES2

x with E = 0.092 K.
We have performed relaxation experiments and isothermal magnetisa-

tion measurements for the two samples below the blocking temperature
in order to verify the nature of the spin dynamic. The M(H‖) data of
Fe8 show periodic steps with a period of 0.24 T corresponding to the
enhanced relaxation via thermally assisted resonant tunneling between
matching spin levels. In both cases the relaxation was studied after
switching off the magnetic field from saturation. The relaxation law for
the Fe8 sample follows very well an stretch exponential while in the case
of the Fe2O3 particles the relaxation follows the logarithmic law. The
most important result is that in both cases we get the regime, below
0.4 for Fe8 and below 1 K for the particles, in which the relaxation does
not depend on temperature, suggesting that at enough low temperature
the spin tunneling process occurs between the two lowest-lying states
Sz = ±S.
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Another important aspect which may play an important role in the
quantum decoherence phenomena is related to the magnetic interaction
between the spin of the particles/molecules. We have performed low
field magnetisation measurements until very low temperature. The field
cooled M(T ) data, at H = 70 Oe, for the Fe2O3 increases when de-
creasing temperature until the lowest temperature reached in our exper-
iments, T = 50 mK, in agreement with the fact below 1 K the tunneling
occurs from the ground state and the particles behave, therefore, su-
perparamagnetically. The situation in Fe8 clusters is very different, the
magnetisation increases slowly with temperature, presents a maximum
around 200 mK and decreases for lower temperatures. The appearance
of the cusp in the magnetisation disappear for applied magnetic fields
bigger than 400 Oe. The lifetime of the superposition of the quantum
spin oscillations should be affected, therefore, by these facts, as they
may contribute to the dissipation causing decoherence.

Let us discuss now the results of the resonant experiments on the Fe8
sample; we will show data for both the single crystal above mentioned
and for an oriented powder sample of Fe8 microcrystals with their easy
axes perpendicular to the applied field. In Fig. 3 we show the dependence
of the absorption resonant peaks on the applied magnetic field (H⊥)
for both the single crystal and the oriented powder. The position of
all the observed resonances for both single crystal and oriented powder
has been fitted by the eigenstates of the spin Hamiltonian resonances
experimentally H = −DS2

z + ES2
x −H · S.

figresonant.ps

Figure 3 Absorption resonant peaks for oriented powder (open squares) and single
crystal (solid circles). The lines represent the theoretical calculations from the diag-
onalization of the Hamiltonian refeq:ham for ϕ = π/2 in the case of single crystal
(solid lines), and for ϕ = 0 and ϕ = π/2 for the oriented powder (dashed lines).
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The quantum splitting, ∆, governing the tunneling probability of all
Sz levels, depend on both the magnitude of the applied field and its
angle, φ, with the hard axis [8], see Fig. 4. The evolution of the spin
levels in the two wells as a function of the intensity of the transverse
field, as deduced from the diagonalisation of the spin Hamiltonian, is
shown in Fig. reffig:levels; the levels on the left side of line 1 correspond
to the quantum splittings of the different Sz levels due to tunneling and
the levels on the right of line 2 are the spin levels resulting from the
strong mixing of the Sz levels because the magnetic field is larger than
the anisotropy field. Between these two lines, there is an intermediate
region in which for a given field value there are both type of levels.

figsplit.ps

Figure 4 Dependence of the ground-state splitting on the transverse field in Fe8 for
different angles ϕ. The inset shows the angular dependence of the splitting at a fixed
value of the field H = 3 T.

The intensity of the resonance in the absence of dissipation and for a
given value of the applied magnetic field is proportional to∫ π

0
g(φ)δ(ω −∆[φ,H])dφ , (1.2)

where g(φ) is the distribution of Fe8 crystallites over the angle φ. As we
are mostly interested in the computation of the position of the maximum
of the resonance as a function of H and φ and no preferred orientation
on the angle φ is expected we may rewrite Eq. 1.2 as

χ′′ ∝
∫ ∞

0
δ

(
ω − ∆

h̄

)(
d∆(φ,H)

dφ

)−1

d∆ =
(

d∆
dφ

)−1
∣∣∣∣∣
∆=h̄ω

. (1.3)
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figlevels.ps

Figure 5 Evolution of the spin levels in the two wells on the intensity of the transverse
field for ϕ = π

2
. Lines 1 and 2 limit the transition zone between the quantum splittings

of the Sz levels (low frequency) and the strongly mixed Sz states (high frequency).
Open circle at 2.25 T in the lowest level indicates the absorption peak corresponding
to a frequency of 680 MHz extracted from ref. [11].

It is clear, therefore, from both Eq. 1.3 and the dependence of the
quantum splitting on the angle φ showed in Fig. 4 that two maxima in
the resonance at the angles φ = 0 and φ = π/2 are expected. These
two maxima of resonance absorption correspond, consequently, to two
different field values, H1 and H2, which verify ∆(π/2,H1) = h̄ω and
∆(0,H2) = h̄ω respectively where ω = 2πf and f is the frequency of the
ac field. These two resonances are expected in the case of the oriented
powder because although the magnetic field is applied perpendicular to
the easy axis, its orientation in the hard plane is at random. In the
case of single crystals, as all molecules have the same orientation it is
only expected one resonance. For both samples we have considered the
occurrence of all possible transitions between spin levels i and j such
that j − i = 1 and j − i = 2. The results of our fitting procedure
are shown in Fig. 3, solid lines correspond to the single crystal and the
dashed lines correspond to the oriented powder.

The two peaks at 680 MHz (40 GHz) observed at H1 = 2.25± 0.05 T
and H2 = 3.60 ± 0.05 T for the oriented powder correspond to the
quantum splitting of the ground state Sz = ±10 states for the two field
orientations above mentioned. The classical two states for which we
observe the coherence are two symmetric S states at some angle with
the applied dc field. The quantum counterparts of these classical states
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are written as a superposition of the eigenstates of Sz

|g〉 =
m=10∑
m=−10

Am|m〉 , |e〉 =
m=10∑
m=−10

Bm|m〉 , (1.4)

where Am = A−m and Bm = B−m. Fig. 6 shows |Am|2 and |Bm|2 for
the first resonance H = 2.25 T, as a function of Sz.

figprob.eps

Figure 6 Probability distribution over m in the ground state and the first excited
state, |Am|2 and |Bm|2, respectively. The inset shows a double-degenerate classical
ground state.

We have also been able to fit all resonances observed in the single
crystal for 40 different frequencies, see Fig. 3. As it is shown in that
figure, all the transition correspond to either i → j transitions with
j−i = 1 or j−i = 2. The transitions ij =12, 34, 56, 78, etc observed for
field values lower than the barrier height off each level, correspond to the
quantum splitting of different Sz levels. The resonances corresponding
to j − i = 2 are transitions between non consecutive Sz levels.

To conclude we have observed coherent quantum oscillations for dif-
ferent orientations of the S = 10 of Fe8 molecular clusters. The decoher-
ence time estimated from our resonant experiments is of about 10−7 s
suggesting that these materials may be tested for quantum computing
hardware.
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