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X-Ray Magnetic Circular Dichroism Picks out
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The encoding of magnetic information at the molecular level
finds in Single Molecule Magnets (SMM) a most promising
avenue.[1] SMM are composed of discrete metal-ion clusters which
assemble into molecular crystals and offer unparalleled chemical
flexibility and processability among soft magnetic materials. Their
ground state has a large spin value and an easy-axis magnetic
anisotropy, so that at low temperature the reversal of the mole-
cular magnetic moment is subject to an energy barrier which can
be overcome either via thermal activation or by a quantum-
tunneling mechanism.[1] Each molecule in the crystal thus
behaves as a nanometer-sized magnet, displaying hysteresis[2]

and fascinating quantum effects.[3,4] Applications of SMM in
ultrahigh-density information storage and spintronics are fore-
seen,[5] which entail SMM organized into addressable layers at
surfaces[6–8] or incorporated into metal-molecule-metal junc-
tions.[9–11] However, fundamental aspects related to the magnetic
behavior of SMM in these environments have not yet been fully
explored. In fact, the spin dynamics of SMM is exceedingly
sensitive to structural deformations, intermolecular interactions,
and to other environmental effects, which are expected to be
different for SMM hosted in a crystalline lattice, assembled into
an addressable layer or incorporated in a metal-molecule-metal
junction. Recently we have reported a magneto-optical investiga-
tion on the archetypal SMM, the mixed-valence Mn12 complex, in
different environments showing the disappearance of magnetic
hysteresis when the clusters are organized as a SAM on gold.[12]

Further studies are necessary to assess if the slow magnetization
dynamics that characterizes SMMbehavior is compatible with the
surface environment. With this goal in mind we have used X-ray
magnetic circular dichroism, XMCD,[13,14] at sub-Kelvin tem-
peratures to investigate the surface magnetic properties of thin
filmsmade of two different SMM.We show here that SMMbehavior
is indeed observable for the first monolayer(s) but, surprisingly,
not in the case of the widely investigated Mn12 clusters.

The object systems of this study are [Mn12O12(O2CR)16 (H2O)4],
Mn12,

[1,15] and [Fe4(L)2(dpm)6], Fe4,
[16,17] where Hdpm is dipi-

valoylmethane and H3L is a tripodal ligand derived from
2-hydroxymethyl-1,3-propanediol. Both types of clusters are
characterized by a large spin value of the ground state, S¼ 10
and S¼ 5, respectively, and an easy-axis magnetic anisotropy
which generates an energy barrier for magnetization reversal of
approximately 70 and 20 K, respectively. Chemical modification of
these systems is relatively easy to achieve and a large variety of
products with different terminal groups have been prepared.
Some of them are able to bind to substrates like metallic or
semiconductor surfaces (both pristine and pre-functionalized),[6]

or can be integrated in a molecular electronics device.[10,11] The
derivatives employed in this study, whose structures are shown in
Figure 1a and b, have RCO2H¼ 4-(methylthio)benzoic acid[15]

and H3L¼ 11-(acetylthio)-2,2-bis(hydroxymethyl)undecan-1-ol,
respectively.[17]

Samples were prepared by drop-castingmillimolar solutions of
each SMM in dichloromethane on a clean and flat polycrystalline
Au(111) support and allowing for complete solvent evaporation.
All operations were carried out in a portable glove box directly
connected to the preparation chamber of the XMCD setup (see
Experimental Section). Films with thickness of a few hundred
nanometers were employed here for two reasons: i) the role of the
substrate, including its possible redox activity,[7] is negligible
when we monitor the topmost layers of the deposit through
XMCD; ii) the magnetism of the entire thickness of the film can
be investigated by standard magnetometry techniques and, by
comparison, the effects of the unusual environment that
characterizes the first molecular layers can be evidenced.

We carried out a bulk magnetic characterization on Mn12 and
Fe4 samples using a vibrating sample magnetomer (vsm) and a
micrometric super conducting quantum interference device (m-
SQUID), respectively. The results are reported in Figure 1. A
bH & Co. KGaA, Weinheim 167
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Figure 1. a) and b) Molecular structure of Mn12 and Fe4 clusters, respectively, with metal ions
depicted as large dark gray spheres, oxygen as small dark gray spheres, sulphur as middle gray
spheres and carbon as pale gray rods. c) and d)Magnetic hystereses of the entire thickness of thin
films of Mn12 and Fe4 recorded using a vsm and a m-SQUID setup, respectively, at different
temperatures with a sweeping rate of 2mT s�1.

168
temperature-dependent hysteresis loop is observed below 3 K in
Mn12 but only below 1 K in Fe4, in accordance with the lower
anisotropy barrier of the latter. Moreover, the hysteresis has a
different shape in the two compounds. In Fe4 quantum tunneling
is more efficient than in Mn12, especially close to zero field, thus
giving rise to a rapid decrease of the magnetization and to a
butterfly-shaped hysteresis loop.

X-ray absorption spectra (XAS) at the Mn-L2,3 and Fe-L2,3

edges have been recorded using left and right circularly polarized
light at the Swiss Light Source (SLS), which exhibited optimal
X-ray beam stability. The surface sensitivity of the Total Electron
Yield (TEY) detection mode[18,19] was exploited to probe the first
layer(s) of the two films. The XMCD spectra were obtained as the
difference between the XAS spectra recorded for antiparallel (s�)
and parallel (sþ) alignment of the photon helicity with respect to
the applied magnetic field.[20,21] Measurements were performed
with the magnetic field and the photon beam normal to the film.
Sub-Kelvin temperatures were reached by employing a specially
designed 3He-4He dilution refrigerator setup.[22]

In Figure 2a we report the XAS spectra of Mn12 at the Mn-L2,3

edges and the associated XMCD signal. The observed spectral
features are identical to those of the archetypal Mn12-acetate
derivative, and are indicative of antiferromagnetic interactions
betweenMnIII andMnIV spins in the core, as depicted in the inset
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
of Figure 2.[7,23] No modification of the spectra,
including the uprising of features attributable
to MnII, were observed during the entire
exposure to the X-ray flux, confirming that
photo-reduction is not occurring under the
optimized conditions of our set-up. By mea-
suring the field dependence of the intensity of
the XMCD signal at the highest XMCD
positive peak of the L3-edge we have recorded
element-specific hysteresis loops (Fig. 2b).
Even if a field sweeping-rate similar to that
used in Figure 1c is employed no opening of
the hysteresis loop is observed down to the
lowest investigated temperature,T¼ 0.75(5) K.
As the TEYdetectionmode probes only the first
nanometers of the deposit, we argue that the
first layers of molecules show drastically different
magnetization dynamics. X-ray fluorescence,
probing a thicker part of the sample, would
have provided an interesting comparison;
however, the low temperature set-up is incom-
patible with the fluorescence detection mode.

The XAS spectrum of Fe4 at the Fe-L2,3

edges is shown in Figure 3, along with the
corresponding dichroic signal. As the XAS/
XMCD response of this class of SMM has not
been reported earlier, an extensive analysis
based on a Ligand Field Multiplets model[20,24]

has been carried out (see Experimental Section
for more details). While the XAS spectra
indicate that only FeIII is present and no radiation
damage occurs, the simulation of the XMCDdata
has confirmed the ferrimagnetic spin structure
of the cluster with the central spin antiferro-
magnetically coupled to the three external ones
(see inset of Fig. 4).[16,17] This allows us to conclude that the
topmost layers comprise intact clusters.

In order to investigate the field dependence of the magnetiza-
tion, the photon energy corresponding to the strongest negative
XMCD peak at L3-edge was selected and the results are shown in
Figure 4. As expected, the hysteresis loop at 1.4(2) K is closed.
When lowering the temperature below 1 K an irreversibility
becomes visible and a significant hysteresis is observed at
T¼ 0.55(5) K (Fig. 4). The butterfly shape of the hysteresis and its
temperature dependence strongly resemble those detected by
traditional magnetometry (Fig. 1d), thus confirming that the
SMM behavior is retained also in the first layers of clusters. It is
worth to point out that the observation of hysteresis is a nice
indirect proof that samples can be cooled down to sub-Kelvin
temperatures in an UHVenvironment under prolonged exposure
to an intense X-ray flux.

To get some insight in the anomalous behavior of Mn12 we
compared field-dependent XMCD data to the predicted bulk
magnetization at the same temperature as a function of applied
field. The magnetization was evaluated using the energy levels
calculated from the simple Spin Hamiltonian:
H ¼ DŜ
2

z þ gmBH � S (1)
eim Adv. Mater. 2009, 21, 167–171
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Figure 2. XAS and XMCD analysis on Mn12. a) Absorption spectra
(*¼ s�; �¼ sþ) and dichroic signal (black solid line) at T¼ 0.75 K
and MOH¼ 3.0 T. b) Magnetic field dependence (*) of the XMCD signal
at 643.0 eV, highlighted by the arrow in (a), compared to the expected
magnetization curve for a bulk powder-like sample (gray solid line). A
sweeping rate of 2mT s�1 has been employed. In the inset the magnetic
core of Mn12 and its ferrimagnetic spin structure.

Figure 3. XAS and XMCD analysis on Fe4. Absorption spectra (*¼ s�;
�¼ sþ) and dichroic signal (black solid line) at T¼ 0.75 K and mOH¼ 3.0 T,
along with simulated curves (gray solid lines) obtained using Ligand Field
Multiplet calculations. The arrow indicates the energy used to measure the
field dependence and the simulated absorption spectrum corresponds to
(s�þsþ)/2.

Figure 4. Magnetic field dependence of the XMCD signal of Fe4 at 709.2 eV
(multiplied by �1) for three different temperatures (open circles). Each
curve is compared to the expected magnetization curve for a bulk powder-
like sample (gray solid line). A sweeping rate of 2mT s�1 has been
employed. In the inset the magnetic core of Fe4 and its ferrimagnetic spin
structure.
where H is the magnetic field, g the Landé factor, mB the Bohr

magneton, and D< 0 describes the easy-axis magnetic aniso-

tropy. The magnetization was averaged over all possible field

orientations, as appropriate for randomly-oriented clusters at the
Adv. Mater. 2009, 21, 167–171 � 2009 WILEY-VCH Verlag Gm
surface. A very good agreement is observed for Fe4, as shown in

Figure 4, assuming the same Spin-Hamiltonian parameters

determined on bulk samples, i.e., S¼ 5, D/kB¼�0.629 K, and

g¼ 2.00.[17] If the same procedure is repeated for Mn12 with

S¼ 10, D/kB¼�0.66 K and g¼ 2.00,[1] the calculated field

dependence is found to deviate significantly from the corre-

sponding dichroic signal (Fig. 2b). In particular, the latter

increases less abruptly at low field, suggesting that the molecules

in the first layers experience a reduced anisotropy, even if no

changes in the oxidation states are detected by the XAS

investigation.
bH & Co. KGaA, Weinheim 169
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Given the extreme conditions of the XMCD experiments, we
have developed an alternative experiment to confirm the
unexpected difference in the dynamic behavior of Fe4 and
Mn12. Since the hysteresis of SMM has a dynamic origin,[2] the
remnant magnetization undergoes in first approximation an
exponential decay whose characteristic time, t, increases on
lowering the temperature. To avoid the fast tunneling of the
magnetization,[3,4] and the lower signal-to-background ratio of the
TEY mode when operated in zero field, we first magnetized
the samples in a þ2.0 Tmagnetic field and then rapidly changed
the field setting to �0.25 T. As soon as the target field was
reached, the XMCD signal was measured as a function of time.
The results for Fe4, obtained at 709.2 eV, are shown in Figure 5a.
The dichroic signal has been found to vary in time and the data
could be satisfactorily reproduced with a single exponential decay.
To the best of our knowledge this is the first report of the
measurement of the decay of themagnetization in real time using
XMCD. The above described procedure described in the
following has revealed to be particularly efficient for the magnetic
characterization of nanostructured SMM and its introduction in
characterization protocols is foreseen, even if it requires very
good photon flux stability.

The measurement was carried out at two different tempera-
tures and the characteristic time was found to increase on
lowering the temperature, going from t¼ 87(5) s at T¼ 0.75(5) K
to t¼ 285(10)s at T¼ 0.55(5) K. In Figure 5c these two data are
included in an Arrhenius plot (ln(t) vs. 1/T) evaluated on a
similar sample using m-SQUID magnetometer. The magnetiza-
tion dynamics at the surface of Fe4 thin-film deposits and in bulk
samples are thus comparable. By contrast, the dichroic signal of
Mn12 at 643.0 eV exhibits no significant time dependence (see
Fig. 5b), therefore confirming that the magnetization relaxes
much faster in the first monolayers of Mn12, despite the large
hysteresis detected when investigating the entire thickness of the
film.

These results demonstrate that the magnetic hysteresis of
molecular origin that characterizes SMM is compatible with the
very atypical environment found at the surface interphase, though
Figure 5. Time dependence of the dichroic signals. The samples are
magnetized in a strong positive magnetic field (þ2.0 T), then the field
is rapidly ramped to a moderate negative value (�0.25 T) and the time
dependence of the dichroic signal is measured. a) Time dependent signal
observed for Fe4 (gray solid lines), simulated with a mono-exponential
decay (black solid lines). b) Time independent signal observed for Mn12. c)
Relaxation times extracted from the XMCD signal decay (�) superimposed
to the Arrhenius plot (-*-) obtained by investigating the whole thickness of
the Fe4 sample with a m-SQUID magnetometer.

� 2009 WILEY-VCH Verlag Gm
a careful choice of the material is crucial. In particular the
magnetism ofMn12-type complexes appears to be very sensitive to
the environment and SMM behavior is completely lost at the
surface of bulk samples. Since XAS measurements allow to rule
out alterations in metal oxidation states as well as in the spin
structure, structural deformations are probably responsible for
the absence of hysteresis. Mn12 derivatives are indeed known to
give raise to Jahn–Teller isomerism,[25] whereupon the Jahn-Teller
elongation axis of a MnIII ion is directed perpendicular rather
than parallel to the molecular axis, resulting in a reduced
anisotropy barrier. By contrast, in Fe4 the tripodal ligands lying
above and below the plane of the iron atoms are likely to impose a
more rigid structure.[16]

In conclusion, by using XMCD at sub-Kelvin temperatures we
have unambiguously shown here that SMM behavior of Fe4
clusters is compatible with the surface environment. Despite the
low blocking temperature this rich family of clusters is attracting
increasing interest. In fact, the recent observation of a long
decoherence time suggests that spin manipulation in quantum
computing is feasible on these high spin clusters.[26] We can now
envisage the next challenging step toward the realization of
single-molecule devices able to exploit the peculiar magnetic
behavior of SMM. It is in fact necessary to confirm that the
magnetic hysteresis is retained when SMM are grafted on
conducting surfaces. The sub-Kelvin XMCD setup used in this
work, combined with the high beam stability of SLS, are expected
to provide the required sensitivity.
Experimental

Mn12O12(O2CR)16(H2O)4] (RCO2H¼ 4-(methylthio)benzoic acid) and
[Fe4(L)2(dpm)6] (H3L¼ 11-(acetylthio)-2,2-bis(hydroxymethyl) undeca-
n-1-ol; Hdpm¼ dipivaloylmethane) were synthesized following reported
preparation methods [15,17]. Pure, crystalline samples were dissolved in
dicloromethane (99.8% purity, purchased from Fluka) to give �10�3 M
solutions. Au(111)-mica substrates (Agilent inc.) were treated with a
hydrogen flame and immersed in EtOH in order to allow proper surface
cleaning and reconstruction prior to deposition. Samples were prepared by
dropping �50mL of the solutions on the freshly-annealed gold substrates
and allowing for complete solvent evaporation. All operations were carried
out in a portable glove box directly connected to the preparation chamber
of the XMCD setup.
The TBT XMCD setup used in these experiments has been described

elsewhere [22]. Briefly, it consists of a 3He–4He dilution refrigerator
especially designed to reach temperatures of the order of (500� 5) mK in
an UHV environment. The magnetic field has been applied with
superconducting Helmholtz coils along the direction of the X-rays with
a maximum amplitude of (7� 0.001) T; this end-station has been
connected to the SIM beamline at the Swiss Light Source, Paul Scherrer
Institut, Switzerland [27].
XAS spectra were recorded in TEY mode [18,19] with an energy

resolution better than 100meV. The beamline optics was tuned to reduce
the photon flux density at the sample to avoid the effect of radiation
damage, as already done in previous investigations [7]. In order to
minimize systematic errors, the XMCD spectrum was obtained by
recording XAS with all possible combinations of field polarity and light
circular polarization. The hysteresis curves were recorded by monitoring
the field dependence of the dichroic signal at the energy of its maximum.
Though SLS light stability was crucial for the success of the experiments, we
found that a further improvement of the signal could be achieved by
switching the polarization continuously before each variation of the field.
The magnetic measurements on the Mn12 film were carried out using a
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 167–171
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vibrating sample magnetometer (Oxford Instruments MAGLAB2000),
while for the bulk characterization of Fe4 film we exploited the low
temperature capabilities of the m-SQUID setup described in ref. [28].
The L2,3 edges spectra were calculated by using the Ligand Field

Multiplet code developed by Thole [24] in the framework established by
Cowan [29] and Butler [30]. This approach takes into account all of the
electronic Coulombic repulsions, the 3d and 2p spin-orbit coupling, and
treats the geometrical environment of the absorbing atom by a crystal field
potential [31]. The spectrum is calculated as the sum of all possible
transitions for an electron jumping from the 2p to the 3d level in the electric
dipole approximation. The electric dipole allowed 2p to 4s transitions are
neglected. The interelectronic repulsions are introduced through Slater
integrals calculated by an atomic Hartree-Fockmodel. For the simulation of
the FeIII L2,3 edges in Fe4, the Slater integrals were scaled by a reduction
factor k¼ 60% to account for the electronic delocalization. The
surrounding of the FeIII ions was described by an octahedral crystal field
with 10 Dq¼ 1.5 eV.
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