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Abstract: The magnetism of DySc2N@C80 endofullerene samples

was studied with x-ray magnetic circular dichroism (XMCD) and a

magnetometer equipped with a superconducting quantum interfer-

ence device (SQUID) down to temperatures of 2 K and in fields up

to 7 T. XMCD shows hysteresis of the 4 f spin and orbital moment in

DyIII ions. SQUID magnetometry indicates as well hysteresis below

6 K, while thermal and non-thermal relaxation is observed. Dilu-

tion of DySc2N@C80 samples with C60 increases the zero field 4 f

electron relaxation time at 2 K to several hours.

Incorporation of magnetic ions in molecular clusters can lead
to the formation of so-called single-molecule magnets (SMMs). 1–6

These molecules are characterized by a slow magnetic relaxation,
making them candidates for future applications in quantum com-
puting, spintronics, and high-density storage devices. 7,8

Mononuclear complexes exhibiting SMM behavior were first
demonstrated for the double-decker phthalocyanines, [Pc2LnIII]−

(LnIII=Tb, 9,10 Dy, 9,10 or Ho 11). To date, the class of mononuclear
SMMs has been extended with other lanthanide complexes, 12–21

and recently it was shown that mononuclear complexes of ac-
tinides 22–24 and first-row transition metals 25,26 can exhibit SMM
behavior.

Also dinuclear dysprosium complexes show distinct SMM be-
haviour,27–30 though the present communication deals with slow
magnetisation dynamics in the mononuclear dysprosium complex
DySc2N@C80.

The magnetism in lanthanide complexes is somewhat different
from their transition-metal counterparts. The 4 f levels of lan-
thanide ions have an unquenched orbital moment and a (2J + 1)-
fold degenerate ground state. If this degeneracy is lifted in a ligand
field (LF), different Jz states can be separated by an energy compa-
rable to the thermal energy at room temperature. 17

Metal nitride clusterfullerenes (NCFs) offer the opportunity
to encage up to 3 paramagnetic ions. Since their first isola-
tion 31 they found a widespread interest in research. 32–34 Varia-
tion of the 3 metal ions implies a great diversity of the endohe-
dral units like MxSc3−xN@C80 (x = 1, 2, M = Er,35,36 Gd,37,38

Y,39 Lu40), TbSc2N@C80, 41 CeSc2N@C80,42 Lu2CeN@C80,
NdSc2N@C80, 40 DySc2N@C76,43 DySc2N@C68, 44 LuxSc3−xN@C68

†Universität Zürich
‡Paul Scherrer Institut
¶Ecole Polytechnique Fédérale de Lausanne
§Leibniz Institute of Solid State and Materials Research
∥University of Science and Technology of China

(x = 1-2), 44 ScYErN@C80, 45 LuxY3−xN@C80 (x = 1, 2), 46

TiSc2N@C80. 47

Investigations on the magnetism of single ions inside fullerenes
started with Gd@C82, which turned out to be paramagnetic down
to a temperature of 3 K. 48 Also for Dy@C82 SQUID and XMCD
revealed a paramagnetic behavior down to 1.8 K. 49–52 In this sys-
tem, the observed magnetic moment is reduced compared to the
free trivalent Dy ion. This effect has been attributed to a quenched
orbital moment due to the crystal field splitting from the carbon
cage and/or an electron back donation from the cage to the Dy ion.
In contrast, the C80 NCFs have a carbon cage with a closed shell,
and less coupling between the moments of the metal ions and a dia-
magnetic cage is expected. Instead, the magnetic properties are to
a large extent governed by the central N3− ion. SQUID magnetiza-
tion measurements performed on Ln3N@C80 (Ln=Tb and Ho) 53,54

are in line with a model where the ligand field of the N3− ion in-
duces an easy axis for the individual LnIII moments directed along
the respective Ln-N bond. In this model the magnetic anisotropy
due to the ligand field is strong enough, such that the LnIII moments
do not align to the external field, but instead parallel to the bond di-
rections, which explains the reduced net magnetic moment of the
Ln3N trimer. 53 Nevertheless, the magnetization curves recorded
on Ln3N@C80 (Ln = Tb, 53,54 Ho, 53,54 Tm, 55 Er,56,57 Gd58) and
ErxSc3−xN@C80

56 (x = 1, 2), at temperatures above 1.8 K showed
paramagnetism without hysteresis.

In the present case we have a single DyIII ion in a diamagnetic
carbon cage. Since ScIII ions are not paramagnetic, the ligand field
due to the N3− ion will result in a magnetic anisotropy directed
along the Dy-N bond. Furthermore, if the LF stabilizes a ground
state with a large Jz, the prerequisite for magnetic bistability is ful-
filled.

The robustness of endofullerene molecules and their ordering on
surfaces59 makes them ideal model systems for studying and possi-
bly exploiting the intrinsic magnetic properties of SMMs deposited
on substrates. Here we show that the DySc2N@C80 endofullerene
exhibits SMM behavior with long relaxation times. By combining
element specific x-ray magnetic circular dichroism (XMCD) 60–62

and superconducting quantum interference device (SQUID) mag-
netometry on diluted an non-diluted samples, it is demonstrated that
the magnetic behavior of DySc2N@C80 can be attributed to single
DyIII ions.

The DySc2N@C80 (isomer Ih, see Figure 1) was produced by a
modified Krätschmer-Huffman dc-arc discharge method in a mix-
ture of NH3 (20 mbar) and He (200 mbar) atmosphere as described
elsewhere.36,43 Briefly, a mixture of naturally abundant Dy2O3 and
Sc2O3 (99.9%, MaTeck GmbH, Germany) with graphite powder
was used (molar ratio Dy:Sc:C=1:1:15). After dc-arc discharge
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Figure 1. Chemical structure of DySc2N@C80, Green = N, dark purple =
Sc, Orange = Dy. The C80 cage is shown as a wire frame.

treatment, the soot was pre-extracted using acetone and further
Soxhlet-extracted using CS2 for 20 h. Fullerene isolation was
performed by three-step HPLC. In the first step running in a HP
instrument (series 1100) a combination of two analytical 4.6 ×
250 mm Buckyprep columns (Nacalai Tesque, Japan) was applied
with toluene as the eluent. The second and third-step isolations
were performed by recycling HPLC (Sunchrom, Germany) using
a semi-preparative 4.6 × 250 mm 5PYE or Buckyprep-M column
(Nacalai Tesque, Japan) and toluene as the eluent. An UV detec-
tor set to 320 nm was used for fullerene detection in all separa-
tions. The purity of the final samples was checked by laser des-
orption time-of-flight (LD-TOF) mass spectrometry both in posi-
tive and negative ion modes (Biflex III, Bruker, Germany). The
DySc2N@C80 compounds are characterized by UV-Vis-NIR and
FTIR spectroscopy. 40

The x-ray absorption experiments were performed at the X-
Treme beamline at the Swiss Light Source, Paul Scherrer Institut,
Villigen, Switzerland, in fields up to 7 T along the beam direction
and temperatures down to 2 K. 63 The molecules were drop cast
from a toluene solution onto a polycrystalline aluminum sample
plate. The samples were cooled in zero field from RT down to ∼ 2
K. The absorption was measured by recording the total electron
yield normalized with the photon flux.

The SQUID measurements were performed using undiluted sam-
ples (1) and a sample diluted with C60 (2). The net mass of the
samples is in the µg range. The diluted sample was prepared by
mixing two toluene solutions, one containing C60 and one con-
taining DySc2N@C80, with volume ratio of 10:1. Taking into ac-
count the difference in solubility between the two molecules yields
a final molar ratio between 10:1 and 20:1. To ensure a low back-
ground signal for the SQUID measurements, the molecules were
drop cast onto a sample holder made from kapton foil with a mass
of ∼ 10 mg. Before molecule deposition, the sample holders were
characterized at different magnetic fields and temperatures. The
sample holders for the present experiments exhibited a weak linear
diamagnetic behavior. This diamagnetic background has been sub-
tracted. The history of the samples is the same as for those used in
the XMCD measurements, cooling from room temperature (RT) to
2 K took place in zero field. All magnetization versus field mea-
surements were started at +7 T, and the magnetization loop was
recorded within ±7 T at an average field sweep rate of 1.3 mTs−1.

Figure 2 (a) displays the x-ray absorption in the energy range of
the Dy M4,5-edges, where the data are normalized with the maxi-
mum 3d → 4 f absorption signal of right and left circular polarized
light (I++ I−) . The spectra were recorded on sample 1 with the
temperature set to 2 K and a magnetic field of 6 T. The polarization-
dependent x-ray absorption spectra after background subtraction I+

and I− and the resulting XMCD spectrum I+− I−, are shown in the
middle and bottom panel of Figure 2 (a). Using the sum rules, 64,65
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Figure 2. sample 1 (a) Top panel: Sum of the x-ray absorption spec-
tra of both x-ray helicities Itot recorded at the Dy M4,5-edge at 6 T. Cen-
ter panel: Polarization dependent x-ray absorption spectra after subtrac-
tion of the background, I+ (red) and I−(blue). Bottom panel: Magnetic-
circular-dichroism XMCD (I+ − I−). (b) Magnetization curves recorded
by XMCD and SQUID magnetometry at 2 K. The element-specific mag-
netization curve was measured at the Dy M5-edge by recording the to-
tal yield at photon energies E1 and E2 in panel (a) using a fixed pho-
ton helicity, while the magnetic field was ramped from +6 T to -6 T and
back again. After changing the beam helicity the measurement was re-
peated and the magnetization curve was constructed from the assymmetry
[(I+E1

− I+E2
)− (I−E1

− I−E2
)]/[(I+E1

− I+E2
)+(I−E1

− I−E2
)].
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the average magnetic moment of the DyIII ions was extracted from
the dichroism and the total absorption spectra in Figure 2 (a). From
the calculation we obtain a ratio of ⟨Lz⟩/⟨Sz⟩= 1.75, in good agree-
ment with the value of 2 derived from a 4 f 9 occupancy and Hund’s
rules, which predict a 6H15/2 groundstate. The expectation value
of the Dy ⟨Tz⟩ operator was evaluated analytically according to eq.
8 in ref. 65 At saturation, the average DyIII magnetic moment gets
msat = 4.4 µB. This value is lower than 15/2 · gJ µB=10 µB as ex-
pected from the Hund ground state with a Landé factor gJ = 20/15,
even if it is reduced by a factor of 1/2 due to an isotropic distribu-
tion of the easy axes.66 In the present case, the ligand field could
stabilize a ground state different from Jz = ±15/2, explaining the
additional reduction of the observed magnetic moment.

Figure 2 (b) displays the element-specific magnetization curve
obtained from XMCD at the Dy M5-edge, together with the field
dependence of the total magnetic moment measured by SQUID
magnetometry. The agreement between the two data sets demon-
strates that the magnetic moments measured by our SQUID mag-
netometer can be attributed to the DyIII ions. From the observed
hysteresis loops it is evident that the system exhibits slow magnetic
relaxation. The shape of the hysteresis will depend on the relax-
ation rate, and consequently, the deviation between the two data
sets may be caused by a slightly higher sample temperature during
the XMCD measurement and different field scan rates for the two
experiments of 1.3 mTs−1 (SQUID) and 17 mTs−1 for (XMCD),
respectively.

Magnetization loops from 1 recorded at different temperatures
using SQUID magnetometry are shown in Figure 3. Below 6 K
hysteresis is observed. A hysteresis was also detected in the tem-
perature range 2 K≤ T < 5 K for sample 2 diluted with 10-20 times
C60, indicating that the magnetic bistability is a property of the sin-
gle DyIII ions, rather than due to intermolecular magnetic interac-
tions.
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Figure 3. Temperature dependent magnetization curves for sample 1

recorded using SQUID magnetometry. The inset shows an enlargement of
the 2 K signal at small fields. msat is the saturated magnetization measured
at 7 T.

Hysteresis curves with sharp drops at low fields have been re-
ported for other single molecule magnets such as [Pc2Dy]− 67 or
(Cp*)Er(COT).17 They depend not only on temperature but also on
scan time, which indicates that we deal here with slow magnetiza-
tion dynamics rather than with the hysteresis of a ferromagnet: The
magnetization relaxes to an equilibrium, which depends on field
and temperature. This was further investigated by time dependent
SQUID measurements. Figure 4 (a) shows three relaxation curves
at 2 K. At t = 0 the field was switched from 0.4 T to 0.3 T (0.5 T to
0 T), after being ramped down from 7 T at an average speed of 5.4
mTs−1 (4.5 mTs−1). Below 3.5 K relaxation data do not exhibit a
simple exponential decay, which indicates more than one relaxation

process. In this temperature range, a double exponential

m(t) = m(t → ∞)+α exp(−t/τA)+β exp(−t/τB); τA > τB, (1)

was fitted to the magnetization curves m(t), where the data were
weighted with the noise. α and β are the magnetization of relax-
ation process A and B at t = 0, and τA and τB the corresponding
relaxation times. Above 3.5 K, a single exponential, α exp(−t/τA),
was used for fitting the m(t) curves.

The resulting decay times for the slower process, τA, are dis-
played as a function of inverse temperature in Figure 4 (b). As
expected for a thermally activated process, the relaxation times de-
crease with temperature.

Thermal relaxation mechanisms are generally attributed to
higher order phonon processes, such as e.g. the Orbach process
between the Jz levels. In order to estimate the effective barrier for
thermally driven relaxation, ∆eff, the function

τ(T ) =
τc · τ0 exp(∆eff/kBT )

τc + τ0 exp(∆eff/kBT )
(2)

was fitted to the relaxation times. τc is the temperature indepen-
dent decay time, and τ0 the exponential prefactor for the tempera-
ture dependent part. For sample (1) at 0.3 T we obtain a value of
∆eff/kB = 24± 0.5 K, which compares to 21.7 K of [Pc2Dy]− (at
350 µT ac). On the other hand, the exponential prefactor has an
exceptionally large value, τ0 = 1± 0.1 s, which is more than four
orders of magnitude larger than that of [Pc2Dy]−. 10 This indicates
peculiar magnetization dynamics in the present system. In contrast
to molecules such as [Pc2Dy]−, the magnetic moments are in the
DySc2N@C80 endofullerene protected by a diamagnetic cage and
a low phonon density may inhibit thermal relaxation.

The temperature independent decay times τA
c and τB

c get ∼ 104

and ∼ 8× 102 s, respectively. The τc’s are ascribed to magneti-
zation decay through quantum tunneling between the ±Jz states.
Since the DyIII ion contains an odd number of electrons, all states
have a double degeneracy according to Kramer’s theorem. In this
case, quantum tunneling is only possible in the presence of a pertur-
bation which lifts the degeneracy and allows the doublets to mix. In
the present system, Zeeman splitting, intermolecular dipole-dipole
or hyperfine interaction with the nuclear spin may give rise to such
a perturbation.

The relaxation time in zero field is of particular interest since it
is the ’remanence time’ for a given sample. In zero field there is
no Zeeman splitting and intermolecular dipole-dipole interaction,
which must be small due to the protection of the Dy by the C80
cage, can be further weakened in increasing the distance between
the Dy atoms. This was achieved by diluting the sample with C60.
The data points of sample (2) in Figure 4 show that dilution leads
to a significant increase of the relaxation time at 0 T and 2 K. The

relaxation time for sample (2), τ
(2)
A in zero field is now > 5 h, which

is about nine times longer than that for undiluted samples (τ(1)A ∼ 40
min). The ratio τB/τA is ∼ 0.2, and α/β ∼ 1, for both, (1) and
(2). If the two relaxation processes A and B are affected equally by
intermolecular dipole-dipole interactions, this could be a hint that
the difference between A and B is due to different Dy isotopes, i.e.
hyperfine interactions between the Jz level and the corresponding
nuclear spin.

At 4 K and 0.3 T, samples (1) and (2) exhibit the same relaxation
times (within 10%), as expected for thermally driven magnetic re-
laxation of individual molecules.

In summary, DySc2N@C80 has been shown to be a mononuclear
single-molecule magnet with a hysteresis below 6 K. The magnetic
moment is attributed to the DyIII ion in the diamagnetic carbon cage
and the 4 f electrons display exceptionally long relaxation times. If
the sample is diluted the relaxation of the magnetization at 2 K
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T = 2 K, with ∆m(t) = m(t)−m(t → ∞). msat is the saturation magnetiza-
tion. The lines correspond to the best fit of a double exponential Eq. (1). (b)
The magnetic relaxation time τA as a function of inverse temperature. The
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increases by a factor of nine.
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