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†II. Physikalisches Institut, Universitaẗ zu Köln, Zülpicher Strasse 77, D-50937 Köln, Germany
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ABSTRACT: We investigate the magnetic and electronic properties of
europium cyclooctatetraene (EuCot) nanowires by means of low-temperature
X-ray magnetic circular dichroism (XMCD) and scanning tunneling microscopy
(STM) and spectroscopy (STS). The EuCot nanowires are prepared in situ on a
graphene surface. STS measurements identify EuCot as an insulator with a
minority band gap of 2.3 eV. By means of Eu M5,4 edge XMCD, orbital and spin
magnetic moments of (−0.1 ± 0.3)μB and (+7.0 ± 0.6)μB, respectively, were
determined. Field-dependent measurements of the XMCD signal at the Eu M5
edge show hysteresis for grazing X-ray incidence at 5 K, thus confirming EuCot
as a ferromagnetic material. Our density functional theory calculations reproduce
the experimentally observed minority band gap. Modeling the experimental
results theoretically, we find that the effective interatomic exchange interaction
between Eu atoms is on the order of millielectronvolts, that magnetocrystalline
anisotropy energy is roughly half as big, and that dipolar energy is approximately
ten times lower.

Sandwich molecular wires (SMWs) are a particular 1D class
of organometallic structures, distinct from 0D molecular

magnets,1,2 2D organometallic networks,3−5 and molecular
magnetic hybrid structures on surfaces.6,7 They consist of a
periodic sequence of 4f rare-earth metal cations, predominantly
ionically bound and eight-fold coordinated to planar aromatic
anions, based on the cyclooctatetraene (C8H8 (Cot)) molecule
as a ligand.8 Because of organometallic hybridization between
the metal atomic states and the extended π orbitals of the Cot,
the metal ions in the wire were proposed to couple
magnetically.9 These systems could be more stable magnetic
units than single-molecule magnets and could display larger
magnetic anisotropy with correspondingly higher blocking
temperatures.
A prime example is the europium cyclooctatetraene (EuCot)

SMW, for which chain lengths of up to 30 formula units could
be achieved by Hosoya et al. through gas-phase synthesis.10

Liquid-phase synthesis was realized by Tsuji et al.,11 although
the product was contaminated with ferromagnetic EuO,
making the interpretation of its magnetic properties problem-
atic. Recently, some of us introduced an on-surface synthesis
method for EuCot, which operates under ultra-high-vacuum
conditions and yields a clean, phase-pure product with wire
lengths up to 1000 formula units.12

In Stern−Gerlach-type experiments by Miyajima et al.,13 the
magnetic moment of EuCot was found to increase linearly with
chain length and to be consistent with m = 7μB for each Eu ion,
as expected for Eu2+. Although experiments up to now could
not make a statement on the presence of magnetic coupling
between the paramagnetic Eu2+ ions in EuCot, in density
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functional theory (DFT) calculations, a ferromagnetic coupling
of the Eu2+ ions with m = 7μB is invariably found.9,14−16 For
the infinite wire, the ferromagnetic state is favored over the
antiferromagnetic state by 2.5 meV according to Atodiresei et
al.,9 by 6 meV in the calculations of Xu et al.,15 and by 1.2 meV
in theoretical work of Yao et al.16 EuCot is semiconducting,
with electronic band gaps of 2.0 and 1.92 eV for the majority
channel and of 3.1 and 2.94 eV for the minority channel, as
found in the DFT calculations of Xu et al.15 and Yao et al.,16

respectively. Furthermore, EuCot wires suspended between Au
electrodes were proposed to be nearly perfect spin filters by Xu
et al.15

On the basis of the new on-surface synthesis method for
EuCot, in this contribution, we investigate the magnetic and
electronic properties of EuCot SMWs experimentally by using
element-specific low-temperature X-ray magnetic circular
dichroism (XMCD) experiments and scanning tunneling
spectroscopy (STS). We experimentally confirm the theoretical
proposition of EuCot being a ferromagnetic insulator. At 5 K,
we find an open hysteresis loop for magnetization along the
wire axis and considerable magnetic anisotropy by angular- and
field-dependent XMCD investigations.
Scanning tunneling microscopy (STM), STS, and low-

energy electron diffraction (LEED) measurements were
conducted in the STM lab in Cologne, whereas X-ray
absorption spectroscopy (XAS) and XMCD measurements
complemented by sample characterization with STM and
microchannel plate (MCP) LEED were conducted at the high-
field-magnet end station of the ID32 beamline of the European
Synchrotron Radiation Facility (ESRF).
Prior to each experiment, the Ir(111) sample was prepared

by cycles of noble-gas sputtering (Xe or Ar) and flash
annealing to 1500 (Cologne) or 1670 K (ESRF). At the ESRF,
initial oxygen firing at temperatures up to 1670 K was applied,
too. A fully closed, well-oriented graphene (Gr) layer was
prepared by room-temperature ethylene adsorption until
saturation, thermal decomposition at 1470 K, and subsequent
high-temperature exposure at 1270 K to 1 × 10−6 mbar
ethylene.17 The same quality Gr sheet was realized at the ESRF
through exposure to 1 × 10−6 mbar ethylene for 600 s at a
sample temperature of 1500 K. The orientation and closure of
the Gr layer were confirmed in both laboratories through
LEED and STM. A 60% coverage of Gr/Ir(111) with EuCot
nanowire islands of single-layer height was realized by
simultaneous room-temperature exposure to a pressure of 5
× 10−7 mbar Cot molecules and a flux of 1.9 × 1016 s−1 m−2 Eu
atoms for 105 s. Cot molecules were admitted through a gas-
dosing valve, and Eu was sublimated from a water-cooled
Knudsen cell.
The magnetic properties of the Eu ions, in the EuCot

nanowires, were investigated by means of XAS and XMCD
measurements. The data were taken in drain current mode
using fully (100%) circularly polarized light. The magnetic field
of up to 9 T was aligned either parallel or antiparallel to the
incident X-ray beam. By rotating the sample around the
vertical axis, we could adjust the angle, θ, of the incident X-rays
to the surface normal between normal incidence (θ = 0°) and
grazing incidence (θ = 60°). Hence, we have been able to
obtain information about the magnetic anisotropy of the
nanowires. The sample can reach temperatures down to ∼5 K
and can go up to ∼325 K. To avoid nonmagnetic artifacts due
to switching either the magnetic field or the polarization of the
X-rays, all magnetic measurements have been done for all four

combinations of field direction and polarization. To minimize
radiation damage of the EuCot wires, we applied mirror
settings that yield a defocusing of 1 mm in the vertical
direction, whereas the beam size in the horizontal direction
was ∼100 μm. Using these settings, subsequently recorded
XAS and field-dependent XMCD magnetization curves did not
show significant changes with time. We performed the
magnetic measurements on several identically prepared
samples to ensure that the total exposition time of our samples
to the X-rays was minimized.
The electronic structure calculations employed the full-

potential linear muffin-tin RSPt code.18 The calculations made
use of the generalized gradient approximation, and the basis set
consisted of spd basis functions, whereas the 4f states were
treated as nonhybridizing core states. The 4f shell was allowed
to spin-polarize, forming a net spin moment of 7μB, whereas
the orbital moment in accordance with Russell−Saunders
coupling was zero. The polarization of the 4f shell also induced
a spin-polarization of the itinerant valence electrons via the
exchange-correlation functional. The calculations ignored the
influence of the substrate and focused only on the free EuCot
molecule. Also, the first-principles calculations were performed
only for the electronic structure, magnetic moments, and
valence stability.
The thermal ground state of atomistic spins {m⃗i} = mi{ei⃗} at

site i in the Eu wire is obtained from energy minimization by
Monte Carlo simulations on the Metropolis algorithm.19 The
Hamiltonian is

Jm m m m K m e

B m

Q ( )
i j

i j
ij

i ij j
i

i

i
i

,

2

B

∑ ∑ ∑

∑μ

= − ⃗ · ⃗ − ⃗ ⃗ + ⃗ · ̂

− ⃗ ⃗

< >

(1)

consisting of a Heisenberg interaction between nearest-
neighbor spins of strength J, dipole−dipole interaction via
the dipolar tensor, Qij, in the point-dipole approximation,20

uniaxial magnetocrystalline anisotropy, and Zeeman term,
respectively. K is the anisotropy constant, and B⃗ is the external
magnetic field.
With knowledge about the exchange couplings, J, one can

estimate the phase-transition temperature, TC, from mean field
theory via kBTC

MF = 3/2∑jJ0j or from Monte Carlo simulations
via both the susceptibility, χ, and Binder’s fourth cumulant19

for different simulated system sizes. By definition,21 the phase-
transition temperature, TC, is determined only from interaction
terms in eq 1; K and B are zero. By varying B along the wire,
we obtain hysteresis loops, where the coercive field Bcoer is
extracted from an interpolation of the average magnetization as
a function of the external magnetic field M(B) and M(Bcoer) =
0. The Monte Carlo simulations were performed using the
UppASD software.22,23

We simulate a repetition (10 times) of a Eu wire consisting
of 1000 atoms without periodic boundary condition to form a
carpet. To reduce thermal noise, we account for 15 replicas of
this setup. It turned out that this size is still too small to see
domain wall nucleation, although it is allowed by the model in
eq 1. The easy axis e ⃗ is in-plane and along the wires. J, K, as
well as temperature, T, are parameters of our study. Note that
the nearest-neighbor interaction, J, is only along the wire;
direct exchange between the wires is set to zero.
Figure 1 depicts the structure of the EuCot nanowire film

investigated by STS, XAS, and XMCD. As visible in Figure 1a,
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the film with a coverage of 0.6 ML is formed. The analysis
shows that the islands are (6.1 ± 0.5) Å high with straight
edges that consist of parallel nanowires. The islands are
distributed in almost random orientation on Gr/Ir(111). Each
wire is composed of an alternating sequence of Eu2+ cations
and Cot2− anions (compare Figure 1b).10,24 Each Eu2+ is eight-
fold-coordinated (hapticity η = 8) to neighboring Cot2−. On
the basis of STM and LEED, we find primitive translations of
the wire carpet unit cell (light blue in the inset of Figure 1a) of
4.4 and 7.15 Å. These values correspond to an intrawire
separation of 4.4 Å and an interwire separation of 6.8 Å. The
42 eV MCP-LEED pattern in Figure 1d displays first-order
moire ́ reflections around the (0,0) spot and two concentric
diffraction rings characteristic of the EuCot primitive trans-

lations defined by the EuCot carpets and consistent with a
close-to random orientation distribution of the EuCot islands.
A slight preference for island orientations along ⟨11̅0⟩ and
⟨112̅⟩ is visible in the MCP-LEED pattern through intensity
variations of the diffraction rings. Because of the low electron
beam currents, the EuCot MCP-LEED patterns were stable on
the time scale of 1000 s and did not show degradation, whereas
the EuCot reflections faded away on the time scale of 100 s in
standard LEED.
We now turn to the discussion of the XAS and XMCD

spectra. Because the magnetism of Eu originates from the 4f
electrons, we investigate the Eu M5,4 edges, that is, transitions
from initial 3d5/2 and 3d3/2 to the final 4f states. Figure 2a

shows the XAS signal across these edges for a 0.6 ML EuCot
coverage on Gr/Ir(111). The measurements were performed
at a sample temperature of T = 5 K and an external magnetic
field of B = 9 T with left (μ−) and right (μ+) circularly
polarized X-rays at grazing incidence (θ = 60°) with respect to
the sample surface. The spectra are presented on a vertical
scale that has been adjusted to zero in the pre-edge region and
to one at the peak maximum of the averaged XAS. In these
units, a constant value of 1.7 arb.un. corresponding to the pre-
edge intensity has been subtracted from all of the spectra.

Figure 1. (a) STM topograph of a 0.6 ML EuCot nanowire film on
graphene on Ir(111). Image size 260 × 260 nm2, tunneling voltage U
= −3.0 V, tunneling current I = 52 pA. In the inset, the wire structure
can be clearly identified. The unit cell of the wire carpet is indicated as
a light-blue rhomboid. The hexagonal pattern of height modulations is
due to the Gr/Ir(111) moire.́ The moire ́ unit cell is indicated as a
dark-blue rhombus and has an edge length of 2.53 nm. Image size 10
× 10 nm2, U = −3.0 V, I = 58 pA. (b) Side view and view along the
wire axis of the DFT-based structure model (Eu, pink; C, dark gray;
H, light gray). (c) High-resolution topograph of EuCot, partially
overlaid with a structural model and indicating the experimentally
measured geometry. The light-blue rhomboid indicates the wire
carpet unit cell. Image size 5 × 3 nm2, U = −3.1 V, I = 60 pA. (d) 42
eV microchannel plate LEED pattern of 0.6 ML EuCot film on Gr/
Ir(111) after the film was used for the field-dependent XMCD
magnetization curve measurements shown in Figure 3. Two
diffraction rings due to EuCot islands and moire ́ reflections around
the (0,0)-spot are present.

Figure 2. (a) XAS of the Eu M5 and M4 edges measured at grazing
incidence with θ = 60°, T = 5 K, and B = 9 T, and with left (μ−) (red
solid line) and right (μ+) (green solid line) circularly polarized X-rays.
(b) Polarization-averaged XAS 1/2(μ+ + μ−) (black solid line) with a
step function (green dashed line) used to separate the M5,4
contributions (blue area) from the continuum. Also indicated is the
integrated XAS (gray line, right y axis) after background subtraction.
(c) Normalized XMCD (μ+ − μ−) (black solid line and yellow area)
and integral XMCD (gray line, right y axis).
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Figure 2b shows the polarization-averaged XAS 1/2(μ+ +
μ−) with a step-like continuum background. The line shape of
the Eu M5,4 edge XAS displays clearly divalent Eu2+.25−27

Therefore, we exclude different integer oxidation states. The
3:2 ratio of the step heights (branching ratio) at theM5 andM4
edges results from the degeneracy of the 3d5/2 and 3d3/2
orbitals. This is in agreement with Eu XAS analysis in the
literature.27−29 By subtracting the continuum background, we
separate the M5,4 contributions (blue area) from the averaged
XAS. The integral r (Figure 2b, right axis) of the M5,4
contributions is used for normalization in the sum-rule
analysis.
Figure 2c displays the XMCD signal (μ+ − μ−) that results

from the subtraction of the two absorption spectra with
positive and negative helicity. By applying sum-rule analysis to
the XMCD data, we can approximate the orbital (μL) and spin
(μS) magnetic moments28,30

n
q
rL h Bμ μ= −

(2)

n
p q

r
T n

p q
r

5 3
2

6
5 3

2zS h B B h Bμ μ μ μ= −
−

− ⟨ ⟩ ≈ −
−

(3)

where the values p and q (Figure 2c, right axis) describe the
integrals of the XMCD over the M5 and M5,4 edges,
respectively, nh identifies the number of holes in the 4f shell
(here nh = 7), and r is the integral of the averaged XAS,
mentioned above. We approximated the dipolar term ⟨Tz⟩ as
zero, corresponding to the atomic properties of Eu2+ in 4f7

configuration.
Applying sum rule analysis, we confirm the orbital moment

μL to be zero within the error bar of our measurements, that is,
μL = (−0.1 ± 0.3)μB, but also allow the interpretation of a
small but finite value. For the spin moment, μS, we obtain μS =
(+7.0 ± 0.6)μB, which is in good agreement with the
expectation from the atomic properties of +7.0μB. We note:
(1) The measured magnetic moments of the Eu ion display,
strictly speaking, only the time-averaged projection of the
moments along the X-ray direction. We are confident that for a
sample temperature of 5 K we are in the vicinity of saturation.
Thus we rule out temperature-dependent fluctuations of the
calculated magnetic moment and equate them with the true
saturated values. (2) Applying the sum rules for rare earths is
challenging, in particular due to the uncertainties of the
separation of the absorption edges and the long-range
magnetic background. For more information on the origin of
the errors in the sum rule analysis, see the Supporting
Information. In good approximation, the calculated values
from the sum rule analysis imply that Eu is present in the half-
filled 4f7 configuration, as in its bulk state. This is in agreement
with the divalent Eu2+ state that we derived from the spectral
line shape of the averaged XAS.
In addition, we performed XAS and XMCD measurements

in a magnetic field of B = 9 T for sample temperatures of T = 7
and 10 K, which results in a slightly reduced magnetization by
9 and 10%, respectively, as compared with the value at 5 K.
This reduction of μS is attributed to the ensuing increased spin
fluctuations with increasing temperature. For more details of
the temperature-dependent XAS measurements, see the
Supporting Information.
To investigate the magnetic coupling and anisotropy of the

system, in Figure 3, we plot the field-dependent XMCD signal
at theM5 edge normalized to the pre-edge value in dependence

on the magnetic field. We assume the Eu magnetization to be
proportional to the XMCD signal. The magnetization is given
in arbitrary units scaled to a value of 1.0 at B = 9 T. Whereas
Figure 3a, measured at the lowest attainable temperature of 5
K and normal incidence (θ = 0°), displays no loop opening,
Figure 3b, recorded at the same temperature and grazing
incidence with θ = 60°, shows a clear hysteresis with a coercive
field of 0.2 T (compare the inset of Figure 3b). We note that
measuring the in-plane magnetization displays an average of
the spectra for the entire EuCot nanowire film, which consists
of randomly oriented islands, and therefore is an average of the
contributions along the wires and perpendicular to them in the
surface plane. Hence, the resulting coercive field is much
smaller than the value of 2.5 T, where the magnetization curve
closes. After observing an open loop at 5 K, we measured field-
dependent XMCD signals at the Eu M5 edge successively for
10 and 7 K to assess the Curie temperature, TC, of the EuCot
wire carpets. At 10 and 7 K, no open loop is observed. Figure
3c displays exemplarily the 7 K measurement. After cooling to
5 K, the loop reopens again. Hence, the Curie temperature, TC,
lies between 5 and 7 K. These observations are interpreted as
clear indications for ferromagnetic coupling of the EuCot
nanowire carpet, with the easy magnetization direction in the
surface plane.

Figure 3. Field-dependent XMCD signal at the Eu M5 edge (Ehv =
1130.1 eV) for −9 T ≤ B ≤ 9 T, normalized such that the field-
dependent XMCD signal at B = 9 T is 1.0. Insets magnify the
magnetization in the range −1 T ≤ B ≤ 1 T. (a) Magnetization for
normal incidence with θ = 0° at 5 K. (b) Magnetization for grazing
incidence with θ = 60° at 5 K. (c) Magnetization for grazing incidence
with θ = 60° at 7 K.
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We would like to note that we cannot specify the exact role
of graphene on the magnetic anisotropy because we cannot
prepare the EuCot wires without the graphene substrate.
Hence we cannot perform a similar study like that shown by
Lisi et al.,31 where the anisotropy of the orbital moment of a
2D iron phthalocyanine (FePc) network was compared with a
thick FePc film without graphene as a reference. However,
such a thick reference film does not exist in our case.
Therefore, we cannot identify the influence of graphene on the
magnetic anisotropy.
Previous calculations9 gave the single-ion anisotropy of Eu in

EuCot to be on the order of only a few microelectronvolts,
consistent with our own DFT calculations. However, as will be
discussed below, a much higher magnetocrystalline anisotropy
of ∼0.5 meV has to be present to explain the experimental
observations. In contrast, the anisotropy energy resulting from
the magnetic dipolar interaction is on the order of 100 μeV
due to the large moment of 7μB and, according to these
calculations, would thus entirely dominate the magnetic
anisotropy. More precisely, we have calculated the dipolar
energy for three different orientations of magnetic moments in
the EuCot nanowire carpet: (a) along the wire axis, Ea =
−0.0745 meV; (b) perpendicular to wire axis but in the plane
of the carpet, Eb = −0.0050 meV; and (c) perpendicular to the
plane of the carpet, Ec = +0.0795 meV.
This means that for normal X-ray incidence all wires are

magnetized in a hard direction, explaining the absence of
hysteresis, whereas for the grazing incidence, despite the
random in-plane orientation of the wires, for some EuCot
islands a large component of the applied magnetic field is along
the easy axis. In this view, the moderate susceptibility at
grazing X-ray incidence is tentatively assumed to result from
the difficulty to orient the magnetic moments in EuCot wire
islands that are substantially misoriented with respect to the
projection of the magnetic field onto the sample plane.
We also considered alternative explanations for the magnet-

ization loop opening that can be excluded as explained in the
following: (1) One might speculate that ferromagnetic EuO
has formed during growth or later by oxidation from the
residual gas, which certainly would give rise to a loop opening.
However, (i) EuCot synthesis is efficient and performed in
large Cot excess, such that we never observed any sign of
metallic Eu on the sample with STM after EuCot growth,
which also rules out EuO formation during subsequent
treatment. Moreover, (ii) EuO is magnetically soft, with a
coercive field of <100 mT32 and thus cannot be responsible for
an opening persisting up to 2.5 T. In addition, (iii) EuO has a
TC = 69 K, inconsistent with our finding of TC ≤ 7 K for
EuCot. (2) We considered that a layer of intercalated Eu under
Gr could have accidentally formed, which would be strongly
ferromagnetically coupled. However, as already mentioned
above, (i) with STM, we never observed any sign of metallic
Eu, be it adsorbed or intercalated, on the sample after EuCot
growth. Moreover, (ii) intercalated Eu is magnetically soft as
well, as discussed in ref 27. The large coercive field can then
only be explained by a strong in-plane uniaxial anisotropy, and
Eu in EuCot islands is the only possible explanation.
Consistent with the magnetic loop opening due to the
presence of Eu in EuCot is the fact that the loop opening is
subject to X-ray radiation damage when the sample is
intentionally illuminated with higher X-ray flux, as typical for
an organometallic system. For more details of the effect of

radiation damage on the magnetization curves, see the
Supporting Information.
Figure 4 provides further insight into the electronic structure

of the EuCot nanowires. In Figure 4a, a typical STS point

spectrum taken on a monolayer thick EuCot island is provided
(see the inset for the location of spectroscopy). From the
spectrum, it is obvious that the EuCot wires are insulators. The
electronic band gap is estimated to be 2.3 eV and ranges
between −0.2 and 2.1 eV. For this estimate, the band edges
were identified as the locations where the dI/dV intensity
moves just out of the noise level within the gap. Note that
because of their localized nature, the Eu 4f states are not
expected to contribute to the tunneling current. They are
therefore invisible in STM and may be located within the gap
as measured by STS. Therefore, the measured band gap
corresponds to the minority band gap and is considerably
smaller than the ∼3 eV calculated before.15,16 As the 4f states
are occupied and thus located below the Fermi level in the
majority channel, the majority band gap is larger than 2.1 eV.
The spin components of the density of states (DOS)

resulting from our DFT calculations are shown in Figure 4b. As

Figure 4. (a) dI/dV point spectrum on a EuCot island. The tip was
stabilized at U = −1.0 V and I = 5 nA prior to feedback loop opening.
The spectrum displayed is the average over five subsequent spectra,
with the same tip at the same location of an EuCot island indicated by
the blue dot in the STM topograph shown as an inset. Image size 25
× 100 nm, U = −2.0 V, I = 66 pA. Thin vertical lines indicate
positions where the dI/dV signal rises over the noise level in the
tunneling gap. (b) Projected density of states for Eu 5d and C 2p
orbitals for spin up (positive) and spin down (negative).
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can be seen, the system is an insulator with a band gap of ∼2.1
eV, which agrees rather well with the experimentally observed
gap. The band gap is determined for our case by the minority
channel. In Figure 4b, we show only the dominant parts of the
atom and l-projected DOS curves, that is, the C 2p and Eu 5d
states. Note that because the 4f electrons are localized, we have
excluded them from the graph. However, the 4f electron states
may come into play for excitation energies of ∼2 eV because
the energy difference between the di- and trivalent state is ∼2
eV. We conclude this based on the Born−Haber analysis
presented in the Supporting Information. To be precise, the
valences of a bare Eu wire and a EuCot wire are calculated to
be divalent, with an energy gap to the trivalent configuration of
1.94 and 2.08 eV, respectively.
Figure 4b shows that there is a significant hybridization

between C 2p and Eu 5d states, especially for the occupied
states. This shows up most markedly from peaks that have
common large intensity of both types of orbitals. The exchange
splitting is largest for Eu 5d states, which is most noticeable for
the unoccupied states. This exchange splitting is induced by
the exchange and correlation from the large spin density of the
4f shell, which has a net moment of 7μB. The induced
exchange splitting of the 5d states is also found for the
occupied states, and for this reason a small moment of 0.05μB
emerges on the Eu valence states (excluding the 7μB of the 4f
shell). We note here that in this kind of calculation there is also
an interstitial contribution to the moment, located between the
Eu atom and the Cot molecule, that has an induced
magnetization that is difficult to assign to a specific atom or
orbital angular momentum state. The net induced moment,
summed over interstitial contribution and all atom and angular
momentum projected states, is, however, vanishing because the
induced moment of 0.05μB on Eu states is compensated exactly
by the induced interstitial moment and the moment projected
on the Cot molecule. This results in a calculated moment of
7μB/f.u. An integer value of the magnetic moment is a natural
outcome of any magnetic insulator because an integer number
of bands of the spin-up and spin-down states are occupied.
A theoretical analysis of the dependence of the coercive field

with respect to temperature finds that the coercive field decays
very fast with respect to temperature and vanishes close to the
ordering temperature (compare the Supporting Information).
This is in agreement with our observations. The Monte Carlo
simulations with an exchange coupling of 1.2 meV matched to
the experimental TC ≈ 6 K enable us to conclude that in
addition to the dipolar anisotropy of ∼0.15 meV an additional
and even larger magnetic anisotropy of ∼0.5 meV has to be
present to reproduce the experimentally observed coercive
field of 0.2 T. Previous9 DFT calculations yielded magneto-
crystalline anisotropies on the order of 5 μeV. We note that the
determination of the magnetocrystalline anisotropy energies is
very challenging because of the smallness of the values, and we
have not attempted to explain the estimated magnetic
anisotropy from the DFT calculations. Furthermore, we
cannot exclude the presence of other anisotropies in the
system, for example, symmetric anisotropy exchange,33 that are
not included in our model or effects stemming from the
influence of the substrate.
We have shown experimentally through a combination of

XMCD and STS that EuCot is a ferromagnetic insulator. The
size of the band gap from the experiment is well reproduced by
DFT calculations. We have analyzed the measured results
using an effective spin-Hamiltonian that contains interatomic

exchange, dipolar energies, magnetic anisotropy, and a Zeeman
term. Measurements are reproduced from a model where the
interatomic exchange is on the order of millielectronvolts, the
magnetic anisotropy is roughly half of the exchange, and
dipolar energy is roughly one order of magnitude smaller than
the exchange interaction. We are confident that the finding of
ferromagnetic ordering in an experimentally well-accessible,
surface-supported, organometallic system will provide new
inspiration for the field of molecular spintronics.
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