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Quantum tunneling in a three-dimensional network of exchange-coupled single-molecule magnets
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A Mn4 single-molecule magnet is used to show that quantum tunneling of magnetization is not suppressed
by moderate three-dimensional exchange coupling between molecules. Instead, it leads to an exchange bias of
the quantum resonances which allows precise measurements of the effective exchange coupling that is mainly
due to weak intermolecular hydrogen bonds. The magnetization versus applied field was recorded on single
crystals of 关 Mn4 兴 2 using an array of micro–superconducting quantum interference devices. The step fine
structure was studied via minor hysteresis loops.
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Single-molecule magnets 共SMM’s兲, such as Mn12 , Mn4
and Fe8 , 1–5 have become model systems to study quantum
tunneling of magnetization 共QTM兲.6 –11 These molecules
comprise several magnetic ions, with their spins coupled by
strong exchange interactions to give a large effective spin.
The molecules are regularly assembled in large crystals
where often all the molecules have the same orientation.
Hence, macroscopic measurements can give direct access to
single-molecule properties. Many nonmagnetic atoms surround the magnetic core of each molecule. Exchange interactions between molecules are therefore relatively weak and
have been neglected in most studies.
Recently, the study of a dimerized SMM 关 Mn4 兴 2 showed
that intermolecular exchange interactions are not
This
compound
belongs
to
the
negligible.12
关 Mn4 O3 Cl4 (O2 CR) 3 (py) 3 兴 2 family, with R⫽CH2 CH3 and it
will be named in the following as compound 1. The spins of
the two Mn4 molecules are coupled antiferromagentically.
Each molecule acts as a bias on its neighbor, the quantum
tunneling resonances thus being shifted with respect to the
isolated SMM. In this paper we show that even in threedimensional networks of exchange coupled SMMs, ordering
effects do not quench tunneling.
We selected a dimerized SMM 关 Mn4 兴 2 , called compound
2. The molecule belongs to the same family as compound 1,
however R⫽CH3 . Because this substituent has a smaller
volume than R⫽CH2 CH3 , molecules are packed slightly
closer together. This leads to stronger interdimer interactions,
which are negligible in compound 1. The preparation, x-ray
structure, and detailed physical characterization have been
reported elsewhere.13,14 Compounds 1 and 2 crystallize in
the hexagonal space group R3 共bar兲 with two Mn4 molecules
per unit cell lying head-to-head on a crystallographic S6
symmetry axis 共Fig. 1兲. The unit-cell parameters are nearly
identical: a⫽b⫽c⫽13.156 Å and 13.031 Å, ␣ ⫽ ␤ ⫽ ␥
⫽74.56(3)° and 74.81(2)°, V⫽2.068 64 nm3 and
2.015 93 nm3 , respectively for compound 1 and 2. Each
monomer Mn4 has a ground-state spin S⫽9/2. The Mn-Mn
distances and the Mn-O-Mn angles are similar and the
uniaxial anisotropy constant is expected to be the same for
the two dimer systems. These dimers are held together via
six CuH•••Cl hydrogen bonds between the pyridine 共py兲
rings on one molecule and the Cl ions on the other and one
0163-1829/2003/68共14兲/140407共4兲/$20.00

Cl•••Cl Van der Waals interaction 关Fig. 1共a兲兴. These interactions lead to an antiferromagnetic superexchange interaction between the two Mn4 units of a dimer.12
Owing to the S 6 symmetry of 关 Mn4 兴 2 , each Mn4 is close
to three neighboring Mn4 molecules of the three neighboring
关 Mn4 兴 2 关Fig. 1共b兲兴. There are hydrogen bonds between the
pyridine 共py兲 rings of the molecules and the O ions of the
other three neighboring molecules. The CuH•••O hydrogen bonds between 关 Mn4 兴 2 dimers have C•••O distances
and CuH•••O angles of 4.20 Å and 124.37°, or 4.05 Å and
124.85°, respectively for compounds 1 and 2. The interactions between the dimers are expected to be antiferromagnetic and weaker than the intradimer interactions. The two
different antiferromagnetic couplings, the stronger one inside
the dimer and the weaker one between the dimers, make this
system an interesting candidate for studying the QTM in a
three-dimensional network of exchange-coupled SMM’s.
The magnetization versus applied field was recorded on
single crystals of 关 Mn4 兴 2 using an array of micro–
superconducting quantum interference devices.15 Figures
2共a兲 and 2共b兲 show typical hysteresis loops of magnetization
versus applied field for different field sweep rates and at 40
mK, which is well below the crossover temperature of 0.35
K to the pure quantum regime.12 The field is applied along
the easy axis of magnetization of a single crystal of about
20  m. These loops display steplike features separated by
plateaus. The hysteresis loops of the two crystals are similar.
However, compound 2 shows a fine structure that is absent in
the hysteresis loops of compound 1. We will show in the
following that the main features of the hysteresis loops can
be explained by the QTM of one Mn4 molecule, coupled by
a superexchange interaction J to the other unit of the 关 Mn4 兴 2
dimer. We discuss first compound 1 because the coupling
with neighboring dimers can be neglected.12 Then, we show
that the fine structure observed for compound 2 is induced by
a superexchange interaction J ⬘ between neighboring dimers
关Fig. 1共b兲兴.
The simplest Hamiltonian describing the spin system of
an isolated SMM is
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FIG. 1. 共Color online兲 共a兲 X-ray crystal structure of the Mn4
dimer. R⫽CH2 CH3 for compound 1 and R⫽CH3 for compound 2.
The two molecules of a dimer are held together by six hydrogen
bonds between the pyridine rings 共py兲 and the Cl ions, and one Cl
•••Cl van der Waals interaction 共3.86 Å and 3.74 Å for 1 and 2,
respectively兲. Two neighboring dimers interact via two hydrogen
bonds between the py and the O ion. 共b兲 Schematic view of the
exchange-coupled network of Mn4 molecules. Each Mn4 molecule
共schematized by the Mn4 tetrahedron兲 is exchange coupled to the
Mn4 of the dimer 共J兲 and to three molecules of nearby dimers (J ⬘ ).

S x , S y , and S z are the components of the spin operator; D is
the anisotropy constant defining an Ising type of anisotropy;
Htrans , containing S x or S y spin operators, gives the transverse anisotropy which is small compared to DS z2 in SMMs;
and the last term describes the Zeeman energy associated
ជ . For one isolated spin the effective
with an effective field H
field is the applied field. This Hamiltonian has an energylevel spectrum with (2S⫹1) values which, to a first approximation, can be labeled by the quantum numbers M ⫽⫺S,
⫺(S⫺1), . . . ,S, taking the z axis as the quantization axis.
The energy spectrum can be obtained by using standard diជ ⫽0, the levels M ⫽⫾S have
agonalization techniques. At H
the lowest energy. When a positive field H z is applied, the
levels with M ⬎0 decrease in energy, while those with M
⬍0 increase. Therefore, energy levels of positive and negative quantum numbers cross at certain values of H z given by
 0 H z ⬇nD/g  B , where n⫽0,1,2,3, . . . . When the spin
Hamiltonian contains transverse terms Htrans , the level crossings can be avoided level crossings.11 The spin S is in resonance between two states when the local longitudinal field is
close to an avoided level crossing. The energy gap, the socalled tunnel splitting ⌬, can be tuned by a transverse field 共a
field applied perpendicular to the z direction兲 via the S x H x
and S y H y Zeeman terms. The effect of these avoided level
crossings leads to well-defined steps in hysteresis loop measurements.
The main point to note is that the giant spin Hamiltonian
predicts always the first level crossing at zero field, corresponding to the QTM of a SMM between M ⫽⫾S states.
Thus, for compound 1 关see Fig. 2共a兲兴, the single-spin Hamiltonian is not sufficient to explain the first resonance shifted
to negative fields and the absence of the quantum tunneling
at zero field, in contrast to other SMMs.
In order to explain the observed features in Fig. 2共a兲, one
has to take into account the superexchange coupling J between pairs of Mn4 units. A Hamiltonian for the two-coupled

FIG. 2. 共Color online兲 Hysteresis loops for compounds 1 共a兲 and
2 共b兲, measured at different sweep rates and at 40 mK. If the spin of
one molecule is in the ⫺9/2 state, the resonance positions of the
other molecule are shifted towards negative fields. The comb 共0,1,2兲
represents the resonances of one molecule from ⫺9/2 to ⫹9/2 共0兲,
from ⫺9/2 to ⫹7/2 共1兲, and from ⫺9/2 to ⫹5/2 共2兲. If the spin of
the other molecule is in the ⫹9/2 states, the resonances are shifted
towards positive fields, indicated by the comb (0 ⬘ ,1⬘ ). The step fine
structure of compound 2 is explained by exchange coupling with
neighbors. It can be explained by the splitting of each comb into
four combs 共b兲.

molecules can be written and the energy states of the 关 Mn4 兴 2
can be calculated by exact diagonalization. More details on
the dimer Hamiltonian and the corresponding Zeeman diagram are reported elsewhere.12 Here, we propose a phenomenological model that is sufficiently simple to allow inclusion, in a second step, of more exchange couplings. The
influence of the exchange coupling of the neighboring molecule is taken into account by an exchange-bias field H bias .
The effective field H z acting on the molecule is therefore the
sum of the applied field H app and the bias field H bias :
H z ⫽H zapp⫹H zbias⫽H zapp⫹

J
M ,
g  B 0 2

共2兲

where M 2 is the quantum number of the neighboring molecule and J is the associated exchange coupling. In the following we explain the hysteresis loops when the field H zapp is
swept from negative to positive values. At low temperature,
M 2 has two possible values, M 2 ⫽⫾S⫽⫾9/2. We therefore
expect resonant QTM for applied fields  0 H zapp⬇nD/g  B
⫾M 2 J/g  B , where n⫽0,1,2,3, . . . . The two possibilities of
M 2 are represented by two combs in Fig. 2共a兲. The first comb
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FIG. 3. 共Color online兲 Field sweep rate dependence of 共a兲 the
minor hysteresis loops and 共b兲 the derivatives of the hysteresis
loops, measured on a single crystal of compound 2 at 0.04 K. The
positions corresponding to 0, 1, 2, or 3 reversed neighbors 共RN兲 are
indicated.

共0,1,2兲 corresponds to M 2 ⫽⫺9/2 and the second one 共0’,1’兲
to M 2 ⫽9/2. This model describes all observed quantum
transitions in Fig. 2共a兲 with two fitting parameters D/k B
⫽⫺0.72 K and J/k B⫽0.1 K. It neglects co-tunneling and
other two-body tunnel transitions having a lower probability
of occurrence.12,16
Compound 2 displays hysteresis loops 关Fig. 2共b兲兴 similar
to those of compound 1. However, the total exchange coupling is larger for compound 2. The values of D/k B
⫽⫺0.75 K and J/k B⫽0.15 K were obtained from the field
positions of the steps in the hysteresis loops. Another difference between the two compounds is that the hysteresis loops
of compound 2 exhibit fine structure that can not be explained by the dimer model described above 关Eq. 共2兲兴. In
order to better analyze this fine structure, minor hysteresis
loops were measured 共Figs. 3 and 4兲. First, the sample is
saturated in positive field; all the molecules are in the M ⫽
⫹9/2 state. Then the field is decreased. The system approaches the first avoided energy-level crossing at a field
value of ⬇0.5 T. A fraction of the dimers switches from
⫹9/2 to ⫺9/2, and the total magnetization of the system
decreases, generating a step in the hysteresis loop. When the
magnetization reaches the second plateau (⬇0.2 T), the field
is swept back towards positive saturation; the tunneling from
M ⫽⫺9/2 to 9/2 is favored via the exited state 7/2
(⬇1 T). After this transition the sample reaches positive
saturation. The purpose of these minor hysteresis loops is to
confirm the fine structure of each transition starting from
different initial states.

FIG. 4. 共Color online兲 共a兲 Several minor hysteresis loops and 共b兲
their derivatives, measured on a single crystal of compound 2 at
0.04 K. The field sweep rate is 0.14 T/s. The positions corresponding to 0, 1, 2, or 3 RN are indicated.

The tunnel transitions exhibit four equidistant kinks,
which we explain by the exchange coupling to the three
neighboring dimers.17 The spins of the three neighboring
molecules can be either aligned with the magnetic field or
reversed, leading to four different situations: from zero to
three reversed neighbors.
The exchange coupling between a molecule and its neighbors acts like a supplementary field bias and shifts further the
resonance fields. The total field bias induced by the neighbors and the other Mn4 unit of the dimer can be written as

tot
⫽
H bias

冉

3

冊

1
JM 2 ⫹
J ⬘ M i⬘ ,
g  B 0
i⫽1

兺

共3兲

where the first term is the contribution of the intradimer coupling, and M i⬘ is the quantum number of the three neighboring dimer molecules i 关Fig. 1共b兲兴.
After positive saturation all the molecules are aligned
with the field. The first kink in the hysteresis loop corresponds to the QTM of one molecule in the bias field of its
nonreversed neighbors. The resonance is shifted towards
negative values by the bias field H bias⫽9/(2g  B  0 )(J
⫹3J ⬘ ) 关see Eq. 共4兲兴. After this first kink, some molecules
now have one reversed neighbor. At the second kink it is this
newly created population which tunnels generating molecules with two reversed neighbors. The corresponding field
shift is H bias⫽9/(2g  B  0 )(J⫹J ⬘ ). The third and the fourth
kinks are generated by the QTM of molecules having, respectively, two and three reversed neighbors. The field shift
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between two consecutive kinks is ⬇0.1 T, corresponding to
an interdimer interaction J ⬘ ⬇0.015 K.
Minor hysteresis loops were measured for different field
sweep rates 共Fig. 3兲 and reversal fields 共Fig. 4兲 in order to
probe the step heights of the fine structure: the smaller the
sweep rate, the higher the resulting kink. This dependence is
justified by the Landau-Zener model. The main point to note
is that heights of two consecutive kinks are correlated. The
second kink height is smaller than the first kink height, the
third smaller than the second, and so on. This result is in
good agreement with our model: in order to have quantum
tunneling of molecules with n reversed neighbors, the n
neighbors must have previously reversed. Note that the field
sweep rates in Fig. 3 are about two orders of magnitude
smaller than in Fig. 4. The magnetization therefore relaxes
nearly to equilibrium in Fig. 3, whereas this is not so in Fig.
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