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Abstract

Sandwich-molecular wires consisting of europium and cyclooctatetraene (Cot) were grown

in situ on the moiré of graphene with Ir(110). The moiré templates a uniaxial alignment

of monolayer EuCot nanowire carpets and multilayer �lms with the EuCot wire axis along

the [001] direction of the Ir substrate. Using angle-resolved photoemission spectroscopy we

investigate the band structure of the wire carpet �lms. While π-derived bands were not

observed experimentally, we �nd a �at band 1.85 eV below the Fermi energy. Using density-

functional theory, X-ray photoelectron spectroscopy, and by replacing europium through

barium in the sandwich-molecular wires, it is concluded that the �at band is derived from

Eu 4f states weakly mixed with Eu 5d states and slightly overlapping with Cot π states.

X-ray magnetic circular dichroism is employed to characterize the magnetic properties of the

EuCot wire carpet �lms at low temperatures. Clear evidence for an easy-axis magnetization

along the wires is found.

Introduction

On-surface organometallic chemistry investigates the interaction of a wide variety of metal

atoms with organic molecules on a supporting layer. Due to the relevance for spintronic

applications,1 the interaction of magnetic metal atoms � such as transition or rare-earth

metals � with the surrounding ligand �eld of the molecules, is of speci�c interest. The most

studied systems to date are zero-dimensional single-molecule magnets2�10 showing a magnetic

hysteresis without long-range order, and two-dimensional (2D) metal�organic networks,11�15

some of which have been shown to mediate magnetic interaction within the surface plane.16�20

Far less investigated are one-dimensional (1D) organometallic systems. Sandwich-molecular

wires � chains of metal atoms and cyclic molecules in alternating sequence � are a class of

such 1D organometallic systems. One example are transition-metal�benzene complexes, some

of which have been theoretically predicted to be ferromagnetic half metals,21�24 i.e. they can
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act as spin �lters. Half-metal and spin-�lter properties have also been discussed by theory

for transition-metal�cyclopentadien complexes,25�27 or complexes containing larger molecules

such as cyclononatetraenyl28 or metallofullerenes.29 Recently, also cyclopentadienyl-titanium-

cyclooctatetraene double deckers have even been discussed in the context of molecular spin

qbits.30

Here, we focus on sandwich-molecular wires consisting of an alternating sequence of lan-

thanide (Ln) atoms and the eight-membered carbon ring cyclooctatetraene (C8H8, Cot).31�35

While the charge-neutral Cot molecule is antiaromatic and non-planar, it becomes aro-

matic and planar upon accepting two electrons. By forming a 1D chain of alternating Ln2+

cations and Cot2− anions, elongated LnCot sandwich-molecular wires can grow. Using eu-

ropium (Eu) as lanthanide metal, in gas-phase experiments wire lengths of up to 30 formula

units were reported.36 To uncover the binding mechanism, angle-integrated photoelectron

spectroscopy of gas phase wires was conducted,31,32,36 while Stern-Gerlach experiments re-

vealed a magnetic moment of 7µB per Eu atom, and the total magnetic moment increases

linearly with the chain length.33 Theory has investigated the electronic and magnetic struc-

ture of short and long EuCot wires37�40 or versions with a slightly modi�ed Cot ring.41 These

theoretical investigations agree in the prediction of ferromagnetic coupling and a semicon-

ducting nature of the EuCot wires.

In situ on-surface synthesis of EuCot wires has been recently demonstrated on Gr/Ir(111).42

This synthesis method yields wire lengths of the order of 1000 formula units. The wires

interlock to form wire carpets or wire spirals. Wires on graphene (Gr) were con�rmed to

be ferromagnetic semiconductors43 and are a �rst case of a 1D organometallic structure

coupling only through van der Waals interaction to their substrate. The orientation of the

EuCot wire carpet islands on Gr/Ir(111) is random in plane. This randomness hindered not

only the full determination of magnetic anisotropies, but also a measurement of the band

structure of the wires which is expected to show dispersion along the wire axis.

With the present work we provide a new twist to the problem and thereby advance pre-
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vious investigations on the magnetic and electronic structure of EuCot nanowires.43 Using

the uniaxial moiré of graphene on Ir(110)44 to template a unique orientation of the EuCot

nanowire carpets, access to the full anisotropic electronic and magnetic properties of these

1D objects and their 2D arrangement in wire carpets is obtained.

Previous angle-resolved photoemission spectroscopy (ARPES) investigations were providing

information on the highly anisotropic or one-dimensional electronic band structure of organic

single crystals45�48 and π-conjugated covalently-bonded 1D polymers resting on vicinal Ag or

Au surfaces49�51 and Cu(110).52 ARPES of 1D organometallic systems was not yet conducted

in the past and is presented here.

Methods

Scanning tunneling microscopy (STM) measurements and in situ sample synthesis were con-

ducted in Cologne in the ultrahigh vacuum system ATHENE with a base pressure below

1 · 10−10mbar. In this system Gr on Ir(110) or Ir(111) was synthesized in situ. Gases are

delivered through a gas dosing tube giving rise to a pressure enhancement by a factor of 80

compared to the pressure measured through a distant ion gauge and speci�ed here. Sample

cleaning was accomplished by exposure to 1·10−7mbar oxygen at 1200K when needed, cycles

of noble gas sputtering (Ar, Xe), and brief annealing to 1500K. Closed layers of the single-

domain Gr phase were grown on Ir(110) by exposure to 2 · 10−7mbar ethylene at 1500K for

210 s. On Ir(111), Gr was grown by room temperature exposure to ethylene until saturation

coverage was reached and subsequent thermal decomposition at 1500K, resulting in well-

oriented Gr islands, which are grown to a complete layer through an additional exposure to

1 · 10−7mbar ethylene for 600 s at 1200K.53 EuCot sandwich-molecular wires were grown on

Gr/Ir(110) by sublimation of elemental Eu from a Knudsen cell with a deposition rate of

1.1 · 1017 atoms
m2s

in a background pressure of 1 · 10−8mbar Cot for 30 s.

STM imaging was conducted at 300K with a sample bias and tunneling current in the order
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of Ubias ≈ −2V and It ≈ 0.1 nA. For STM image processing the software WSxM 54 was

applied.

To ensure Gr quality and for structural characterization low-energy electron di�raction

(LEED) was used in an energy range of 30 − 150 eV. LEED patterns are contrast-inverted

for better visibility.

ARPES measurements were conducted at the SGM-3 beamline at the synchroton ASTRID2

in Aarhus,55 Denmark at a sample temperature of 35K. The samples were grown in situ

in an ultrahigh vacuum chamber (base pressure 3 · 10−10mbar) connected to the beamline,

and using the recipe as described above. Sample cleaning was accomplished by noble gas

sputtering using Ne. The samples were checked in situ using the Aarhus STM mounted at

the endstation for consistency with the homelab results. For the ARPES measurements, an

approximate photon (ph) �ux of 5 · 1012 ph
s
was used. The total photon exposure in ph

nm2 is

speci�ed for each data set shown and calculated as the product of photon �ux, beam size on

the sample (190× 90µm2) and total irradiation time.

X-ray photoelectron spectroscopy (XPS) measurements were conducted at the University

Duisburg-Essen for samples grown in situ using the recipe described above. EuCot (BaCot)

multilayers on Gr/Ir(111) were grown by sublimation of elemental Eu (Ba) from a Knudsen

cell with a deposition rate of 1.3 · 1015 atoms
m2s

(3.1 · 1015 atoms
m2s

) in a background pressure of

5 · 10−7mbar Cot (without gas dosing tube) for 2700 s (1380 s). For the XPS measurements

of the multilayer �lms a photon energy of 1486.6 eV (Al K-α) was used. The EuCot and

BaCot monolayer �lms on Gr/Ir(111) were checked with LEED and display di�raction rings

consistent with the formation of sandwich-molecular wire carpets.42

X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) mea-

surements have been conducted at the X-Treme beamline and endstation at the Swiss Light

Source synchrotron in Villigen, Switzerland.56 The samples were prepared in situ in an ul-

trahigh vacuum chamber with a base pressure of 4 · 10−10mbar directly connected to the

endstation and using the recipe described above. During syntheses, sample cleaning was
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achieved by oxygen etching and noble-gas sputtering using argon. For consistency with

homelab results, the prepared samples were checked with LEED and a variable-temperature

STM. The presented XAS data were recorded at a sample temperature of 3K and using

circularly polarized light in the energy range of 1110− 1250 eV, using the total electron yield

detection mode. In order to reduce irradiation damage during measurements, the beam spot

size on the sample was defocussed to 0.3 × 2.5mm2 and the approximate photon �ux was

≈ 3 · 10−3 ph
nm2s

.

Our �rst-principles spin-polarized calculations were performed using the density functional

theory (DFT)57 and the projector augmented plane wave method58 as implemented in the

VASP code.59,60 For the plane wave expansion of the Kohn-Sham wave functions61 we used

a cuto� energy of 500 eV. For the EuCot monolayer, the Brillouin zone was sampled with a

(46Ö8Ö1) k-point mesh, i.e. 46 k points in the direction of the EuCot wire and 8 k points in

the direction perpendicular to the EuCot (BaCot) wires. We carried out the structural relax-

ation using the vdW-DF262 with a revised Becke (B86b) exchange63�65 functional to properly

account for the nonlocal correlation e�ects like van der Waals interactions. The analysis of

the electronic structures was done using the PBE exchange-correlation energy functional.66

We used the GGA + U approach67 to correctly account for the orbital dependence of the

Coulomb and exchange interactions of the Eu 4f states. We performed several simulations in

which we varied systematically the Hubbard parameter (Ueff) from 3.5− 7.2 eV. The super-

cell contained 15Å of vacuum in the z direction. The EuCot and BaCot monolayers were

modeled with an intra-wire periodicity of 4.35Å and an inter-wire spacing of 6.80Å. The

DFT calculations do not include the Gr/Ir(110) substrate. The mismatch of the wire carpet

with the already large moiré supercell of Gr/Ir(110)44 would require an even larger DFT

supercell, for which calculations would become unfeasible.
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Figure 1: (a) STM topograph (400× 400Å2) of an EuCot wire carpet on Gr/Ir(110) aligned
along the [001] direction with second-layer wire islands aligned in the same direction. Inset:
molecular resolution STM topograph (45× 45Å2) of the �rst-layer wire carpet overlaid with
an EuCot wire model. Magenta dots: Eu atoms. White and black dots: H atoms and C
atoms of Cot. The wire carpet unit cell is indicated as green rhomboid. (b) 40 eV LEED
pattern of a 5ML EuCot �lm on Gr/Ir(110). The �rst Brillouin zone of the 2D wire carpet
with high-symmetry points X, Γ and N is indicated in blue. The reciprocal lattice vectors
b⃗1 and b⃗2 of the wire carpet are indicated by black arrows. Tunneling parameters for (a) are
Ubias = −2.6V and It = 0.06nA and the topograph is superimposed with its derivative for
better visibility.

Results and Discussion

Structure of wire carpet �lms: Figure 1a displays an STM topograph with a closed

monolayer EuCot wire carpet together with second-layer EuCot wire islands on Gr/Ir(110).

The length of the EuCot wires in the closed monolayer is insensitive to the preparation

conditions and always exceeds the width of the topograph shown here, i.e. hundred unit

cells. This likely holds as well for complete higher layers. In the inset of Figure 1a, a

ball model of the interlocking wires and the unit cell (green rhomboid) are overlaid on a

molecular-resolution topograph. The wire orientation along the [001] direction is imposed

by the anisotropic moiré of Gr on Ir(110) as discussed in ref. 44. This uniaxial orientation is

maintained in the second layer. STM topographs of thicker EuCot wire carpet �lms could not

be obtained due to the poor conductivity of the �lm, resulting in tip-induced �lm changes.

However, LEED patterns prove that the uniaxial wire orientation along the [001] direction is

maintained beyond the second layer. A LEED pattern of an ≈ 5 ML thick EuCot wire �lm

is displayed in Figure 1b. Though not very sharp, �rst-order re�ections of the EuCot wire
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carpet �lm are clearly present, while the Gr and Ir(110) substrate re�ections are absent in

consequence of the substantial EuCot �lm thickness. The reciprocal lattice vectors b⃗1 and b⃗2

for the EuCot layer are indicated by black arrows, and the �rst Brillouin zone of the EuCot

layer is indicated in blue.
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Figure 2: (a) Angle-resolved photo emission spectrum along X−Γ−N for a 1ML EuCot �lm
recorded at a photon energy of 110 eV. The photon beam is moved over the sample limiting
the photon dose at each location to ≈ 6 · 103 ph

nm2 . A �at band is visible at −1.85 eV. (b)
ARPES spectrum along X − Γ − N for a 1ML EuCot �lm recorded at a photon energy of
100 eV. The �at band appears more blurred and is located in energy at −2.25 eV. The photon
beam is not moved over the sample and the integrated photon dose at the measurement
location is ≈ 3 · 105 ph

nm2 . (c) ARPES spectrum along X − Γ − N for a 4ML EuCot �lm
recorded at a photon energy of 100 eV. The �at band is pronounced and located in energy
also at −2.25 eV. The photon beam is not moved over the sample and the integrated photon
dose at the measurement location is ≈ 1.2 · 107 ph

nm2 . (d) STM topograph (500× 500Å2) of a
1ML thick EuCot wire carpet after a photon dose of ≈ 6 · 103 ph

nm2 in each sample location.
Tunneling parameters are Ubias = −2.12V and It = 0.14nA.

ARPES measurements of wire carpet �lms: ARPES measurements of globally

aligned wire carpet �lms were conducted with the goal to measure the band structure of

the wire carpet islands. Speci�cally along the wire axis, i.e. along the Γ − N direction,

dispersion could be expected. Figure 2a displays the measured band structure for a 1ML

thick EuCot �lm along the wires in Γ − N direction and normal to the wires in Γ − X

direction. The spectrum displays a single and �at band at −1.85 eV with a full width at

half maximum (FWHM) of (1.0± 0.2) eV. The entire E(k⃗) slice represented in Figure 2a is

8



composed of ≈ 30 energy scans, each at �xed polar angle θ. In order to minimize the e�ects

of radiation damage, after each scan the beam (dimension 190 × 90µm2) was moved to a

fresh, non-illuminated sample position. The photon dose at each location is ≈ 6 · 103 ph
nm2 .

When the photon beam is not moved over the sample surface, but resides in the same location

for an extended measurement, the situation changes. Figure 2b displays the same E(k⃗) slice

for a sample of the same EuCot �lm thickness as shown in Figure 2a, but without scanning

and with an integrated photon dose larger by a factor of 50 at the location of measurement.

The �at band is shifted down in energy to −2.25 eV and appears blurred. For a thicker

4ML EuCot �lm without scanning of the beam the E(k⃗) slice is represented in Figure 2c.

The dispersionless band becomes more pronounced and remains at −2.25 eV. The FWHM of

(1.5± 0.3) eV is increased compared Figure 2a. The integrated photon dose at the location

of photoemission is larger by factor of 2000 compared to Figure 2a.

Figure 2d displays an STM topograph of a sample where by moving the illuminating photon

beam over the entire sample, to good approximation each location has been subject to a

photon dose of ≈ 6 · 103 ph
nm2 . Clear signs of degradation of the EuCot carpet are already

visible, namely dark holes and bright spots that are present in larger concentration than prior

to illumination with photons (compare Figure 1a). Still in most areas the wires are intact,

but display a shorter length due to the defects. We tentatively conclude that the ARPES

slice represented in Figure 2a is from a marginally damaged and still 'close to intact' EuCot

�lm as represented by Figure 2d, while the downshift and broadening of the �at band as

found for much larger photon doses in Figures 2b and 2c are attributed to radiation damage

e�ects. This topic will be analyzed in more detail in the discussion.

Electronic structure calculations compared to experiments: To understand the

origin of the �at band, we conducted DFT calculations and additional XPS measurements.

The calculated band structure for a 1ML EuCot carpet is shown in Figure 3a alongX−Γ−N .

Comparison with Figure 3b makes obvious that in the occupied states between −3 eV and

−1.5 eV an Eu 4f-derived band without dispersion and carbon π bands with weak dispersion
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Figure 3: EuCot ML: (a) DFT band structure of 1ML EuCot �lm along X − Γ − N . (b)
Spin-polarized PDOS. (c) Larger scale spin-polarized PDOS. (d) Angle-integrated ARPES
data of a 4ML EuCot �lm. Position of 4f-derived peak is indicated by dotted green line in
(a)-(d). (e) DFT band structure of 1ML BaCot �lm along X − Γ − N . (f) Spin-polarized
PDOS. (g) XPS data of EuCot (black) and BaCot (orange) multilayer �lm with thickness of
≈ 10ML. The position of the 4f-derived peak is indicated by dotted green line. An e�ective
Hubbard U of 3.5 eV (U = 4.4 eV and J = 0.9 eV) was used in the calculations. ARPES
data were obtained at a photon energy Ehν = 130 eV at T = 35K. XPS data were obtained
at a photon energy Ehν = 1486.6 eV (Al K-α) at T = 300K. Photon exposure for (d) is
≈ 6 · 104 ph

nm2 at a photon energy of 130 eV.
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Figure 4: Detailed plot of spin-polarized PDOS (a) BaCot and (b) EuCot monolayers. Pro-
jections of the total DOS (shaded grey) onto the speci�ed bands of C, Eu, and Ba are
indicated in the legend. An e�ective Hubbard U of 3.5 eV (U = 4.4 eV and J = 0.9 eV) to
describe the Eu 4f states was used in the calculations.

along Γ − N are present. The absence of dispersion for the 4f-derived band at −1.85 eV is

consistent with the rather localized nature of the 4f wave functions, which are close to the Eu

nucleus (see below for discussion of hybridization e�ects). In the larger scale representation

of the PDOS in Figure 3c it is apparent that the 4f-derived peak at −1.85 eV dominates the

DOS and should give rise to the strongest signal in the experiment. Figure 3d shows the

angle-integrated ARPES data of the 1ML EuCot �lm with a strong peak at −1.9 eV, which

is in correspondence with the �at band at −1.85 eV of the ARPES data shown in Figure 2a.

It can be attributed to the 4f states shown in the PDOS, as highlighted by the green dotted

line. Also the two lower-lying peaks of the angle-integrated ARPES data shown in Figure 3d

centered at −6.4 eV and −8.9 eV agree with the position of the π and σ states in the PDOS

as highlighted by the grey dotted lines.

The set of three peaks in the angle-integrated ARPES data at −1.9 eV, −6.4 eV and −8.9 eV

was used to map out the proper choice of the Hubbard U , which was systematically varied

from 3.5 eV to 8.2 eV (compare Figure S1 of the SI). The value of U = 3.5 eV of the calculated
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PDOS agrees best with the experimentally observed peaks.

In Figure 3e, we show the calculated band structure for a 1ML BaCot wire carpet �lms, which

looks similar to the one for EuCot (STM and LEED of BaCot wire carpets on Gr/Ir(111)

can be found in Figure S2 of the SI). In the corresponding PDOS in Figure 3f the 4f-derived

peak is missing, while the π and σ states are just slightly shifted in energy. Further, we also

measured XP spectra on 10ML EuCot and BaCot �lms shown in Figure 3g. For the EuCot

spectrum (black line) we observe a large peak at −2.2 eV, while this peak is missing in the

BaCot spectrum, which is is clear evidence that the �at band in ARPES at energies between

−1.85 eV and −2.25 eV is derived from the Eu 4f states.

Hybrid electronic states and energetic position of 4f-derived band: The elec-

tronic con�guration of Ba (5p6 4f0 5d0 6s2) and Eu (5p6 4f7 5d0 6s2) di�ers only in the

occupation of 4f states. While the 4f shell is empty in Ba, it is half �lled for Eu. Therefore,

by comparison of the binding in EuCot and BaCot wires an insight into the e�ect of the 4f

orbitals on the electronic structure and related energetic levels is gained.

In a simpli�ed chemical picture, when Ba and Eu atoms interact with the cyclooctatetraene

(C8H8, Cot) molecules, the two 6s electrons are transferred to the organic ligand. As a

consequence, the binding within the BaCot and EuCot wires can be described as being of

electrostatic nature and within this standard ionic picture a formal oxidation state of �2+� is

expected for the metal atoms (i. e. Ba2+, Eu2+) and �2-� for the organic ligand (i.e. Cot2−).

For an Eu2+ ion, one would expect the electrons in the 4f7 channel to localize closer to the

atomic core and therefore to lie at lower energies (as compared to charge-neutral Eu atoms)

and be purely atomic-like.

However, our theoretical simulations performed on BaCot and EuCot monolayers demon-

strate that the speci�c chemical environment introduced by the π-electron cloud of the Cot

ligands around the metallic atoms changes the Ba and Eu valence electronic con�gurations.

The binding is not purely of electrostatic nature but contains also a hybridization component

between the π-electron cloud and the metal orbitals. This hybridization results in an uplift
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of the energetic position of the 4f states, as outlined below.

Figure 4 shows a magni�ed view of the spin-polarized PDOS for BaCot and EuCot ML

�lms. As apparent from Figure 4a, for the BaCot ML �lm in both spin channels the hybrid

electronic states at about −2 eV are dominated by the carbon π-like orbitals (blue), but

also include a small contribution of Ba 5d states (cyan). Similarly, also for the EuCot ML

�lm in the spin-down channel the hybrid electronic states at ≈ −3 eV are dominated by the

carbon π-like orbitals (blue), but with a small contribution of Eu 5d states (cyan, compare

Figure 4b). In the spin-up channel, additionally Eu 4f states (green) are energetically aligned

with these EuCot hybrid electronic states, i.e. some hybrid states have a large 4f and small

π contribution while other hybrid states have a larger π and smaller 5d and 4f character.

The projection of the total charge density in a sphere around the metal atom onto the

s, p, d and f atomic-like orbitals leads to the following electronic occupation numbers: 0.08

in s, 5.64 in p, 0.43 in d and 0.00 in f for Ba and 0.04 in s, 5.85 in p, 0.44 in d and 6.88 in

f for Eu, respectively. The magnetic moment per atom is 0.00µB for Ba and 6.95µB for Eu

atoms (5p: -0.01µB, 6s: +0.01µB, 5d: +0.07µB and 4f: 6.88µB).

Thus, the partial occupancies together with the energetic alignment of π, 5d, and 4f states

indicate that in addition to the electrostatic interaction a hybridization occurs between Cot

and Ba as well as between Cot and Eu. For Ba it is due to the overlap of the Cot π orbitals

and Ba 5d states that have long tails extending further away from the metal ion. For Eu this

hybridization is mediated through atomic hybrid orbitals with mixed 5d and 4f character

rather than pure 5d character as for Ba. In other words, around the Eu atom, the local

chemical environment provided by the Cot ligand is modi�ed so that the atomic 5d and 4f

states are allowed to mix while this is forbidden for an isolated atom. These atomic-like d�f

states have a large 4f atomic character close to the nucleus and long tails extending further

away from the nucleus, originating from the Eu 5d atomic-like orbitals. As a consequence of

the long spatial extent, these Eu atomic-like d�f orbitals can overlap and hybridize with the

Cot π orbitals. Thus, the �at band visible in ARPES does not represent entirely localized
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4f states, but electrons able to hop along the wire due to hybridization e�ects.

XAS measurements: To further access the electronic and magnetic properties of EuCot

nanowires on Gr/Ir(110), XAS and XMCD data have been measured at the Eu M5,4 edges,

probing the properties of the 4f states. Figure 5a displays the averaged XAS of the Eu M5,4

edges measured at the grazing incidence of θ = 60◦. Comparison of the spectral shape to

literature data68 and multiplet calculations prove a 4f7 electronic con�guration of the Eu in

the EuCot nanowires. The spectrum is nearly identical to the one obtained from EuCot wire-

carpet islands grown on Gr/Ir(111).43 The normalized XMCD signal in Figure 5b provides

information about the magnetic moment of the Eu. By applying sum-rule analysis69,70 the

spin and orbital magnetic moments of the Eu can be extracted. Here, we obtain a spin

moment of µS = (7.2 ± 0.6)µB and orbital moment of µL = (0.0 ± 0.4)µB. The dipolar

term <Tz > is approximated to be zero, based on the half-�lled 4f shell.70�72 The resulting

moments are in good agreement with the expectation for atomic Eu with µS = 7µB and

µL = 0µB and the results for EuCot wire carpets adsorbed on Gr/Ir(111) in ref. 43. The

spin and orbital moments measured at normal incidence (θ = 0◦) are µS = (7.0± 0.8)µB and

µL = (0.1± 0.4)µB. They agree with the moments obtained for grazing incidence within the

limits of error. The corresponding spectra are shown in Figure S3 of the SI.

Figure 5c displays the �eld-dependent XMCD signal at the M5 edge normalized to the

pre-edge, which is proportional to the magnetic moment. For a better overview, the up

and down branches of each orientation are averaged. The magnetization curves of EuCot

nanowires on Gr/Ir(110) are measured for normal (θ = 0 °) and grazing (θ = 60 °) incidence at

T = 3K. Saturation is reached at ≈ 4T for both orientations. In the following, we compare

the slopes around zero �eld (compare Figure S4 of the SI) which are proportional to the

zero-�eld susceptibilities χ, since <Tz >= 0 and both curves reach the same saturation

magnetization within the limits of error. The susceptibility for grazing incidence along

the [001] direction is χ60◦−[001] = α · (1.01 ± 0.08)T−1 which is larger by a factor of 1.6

compared to the one at normal incidence of χ0◦ = α · (0.64 ± 0.06)T−1. Here, α is the
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Figure 5: (a) Average XAS 1
2
(µ+ + µ−) of the Eu M5 and M4 edges measured at grazing

incidence θ = 60 ° o� surface normal tilted into the [001] direction, T = 3K, and B = 6.8T
(grey line). The red line represents the integral over the averaged XAS. (b) Normalized
XMCD (µ+ − µ−) (black line) and its integral (blue line). (c) Averaged and smoothed
magnetization curves based on the �eld dependent XMCD signal of the Eu M5 edge for
grazing and normal incidence at T = 3K. Grazing incidence is along the [001] direction, i.e.
along the wire axis. (d) Comparison to the averaged and smoothed XMCD magnetization
curves of EuCot nanowires/Gr/Ir(111) at grazing incidence and T = 3K.
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proportionality constant between the measured slopes and the susceptibility. In comparison,

the susceptibility χ60◦−[11̄0] measured at grazing incidence along the [11̄0] direction � i.e.

normal to the wire axis � is close to χ0◦ , only larger by a factor of 1.2. Thus the easy axis

of magnetization is along the [001] direction.

Neither for grazing nor for normal X-ray incidence the magnetization curves for EuCot

wire carpets on Gr/Ir(110) in Figure 5c display a hysteresis. This is surprising in view

of the fact that for EuCot/Gr/Ir(111) represented by Figure 5d a hysteresis is found at

grazing incidence. The EuCot/Gr/Ir(111) data shown were measured subsequently with

the same set up under the same conditions as the EuCot/Gr/Ir(110) data. The data for

EuCot/Gr/Ir(111) in Figure 5d agree well with the results of ref. 43. In previous work we

established that through radiation damage, the hysteresis loop for EuCot wire carpets on

Gr/Ir(111) disappears and additional changes in the spectral shape of the XAS take place,

which are absent here. Therefore, the observed hysteresis in the EuCot wire carpet on

Gr/Ir(111) indicates the absence of signi�cant radiation damage during XAS in the present

measurements for both substrates.

Discussion: One of the goals of this work was to measure the band structure of the

EuCot wires. Band structure measurements of 1D organometallic systems have not been

conducted before and our measurements provide evidence that the determination of band

structures of organometallic �lms built from 1D objects is demanding. Organometallic 1D

wires seem to be more sensitive to photon irradiation than organic crystals, which display

some radiation damage,48 much more sensitive than π-conjugated covalently-bonded 1D

polymers, for which no radiation damage was reported.49�52 The sensitivity to radiation

damage is also obvious from LEED: a LEED pattern taken with a conventional LEED set

up, rather than with a microchannelplate-LEED, fades away within a minute. The STM and

ARPES data shown in Figure 2 document a �uence-dependent damage under photoemission

conditions. It is thus obvious that low-energy electrons in the energy range at and below

100 eV cause radiation damage. Whether this is the exclusive e�ect or whether also X-rays
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themselves cause damage cannot be answered on the basis of the present data. STM data

after scanning the sample with a photon �uence ≈ 6 · 103 ph
nm2 exhibit already �rst signs of

damage. However, extended wire segments are still visible and therefore we are convinced

that the spectrum displayed in Figure 2a is still close to a situation without radiation damage.

In any case, scanning the X-ray beam over the sample turned out to be an e�ective tool to

limit radiation damage.

There is no single obvious explanation for the downshift and broadening of the 4f-derived

�at band due to radiation damage. We speculate that decomposition of EuCot leads to the

formation of metallic Eu, which is known to locally n-dope Gr, i.e. to locally move the Fermi

level in Gr up (or its work function down).73 This would imply a corresponding shift of the

Fermi level within the semiconducting EuCot wires. Because of the low density of states in

Gr, one donated electron per 200 C atoms would be su�cient to explain the observed Fermi

level shift of about 0.4 eV,74 a number that seems to be compatible with the defect pattern

visible in the STM topograph of Figure 2d. The local variation of the doping level would

then give a simple explanation for the observed broadening of the 4f-derived band.

The position of the 4f-derived band about -1.85 eV below the Fermi level is within the range

of what has been found for Eu metal75 and Eu oxide systems.76 One of the nice features

of our experiments is the experimental determination of the proper Hubbard U to be used

in organometallic compounds with Eu. Tuning the relative position of the 4f-derived peak

and the lower-lying peaks of the PDOS to the ARPES data through varying the value of

U (shown in Figure S1 in the SI) is a straightforward way to access the magnitude of this

quantity, which is otherwise di�cult to obtain. Our best match to the experimental data

with U = 3.5 eV justi�es in retrospect the use of U = 3.7 eV in previous DFT calculations

for EuCot molecular clusters.37�39,41 It should also be noted here that the detailed PDOS in

Figure 4b shows a slight hybridization of the Eu 4f states with the Eu 5d and the carbon π

states, aligning their positions and giving rise to the band character with electron hopping.

The absence of dispersing π-derived bands in our ARPES data can be rationalized simply by
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considering the relative weights of the di�erent states in the PDOS as presented in Figure 3b

and 3c. The 4f-derived peak in the PDOS is about a factor 30 higher than any peak related to

π states within the energy range investigated by ARPES. Therefore, the lack of a dispersing

π-derived band could simply be due to a too large intensity of the 4f-derived band next to

it.

One strategy to avoid this intensity problem and to obtain at least some information could be

to conduct ARPES for BaCot instead of EuCot. The 4f-derived band is missing for BaCot

and π-derived bands might become detectable. However, the π-derived bands are similar

according to our DFT calculations (compare Figure 3a and c), but not identical.

Moreover, a close inspection of Figure 2a reveals that the �at 4f band has only a 3 to 4 times

higher intensity than the background. Thus even if the 4f-derived band at -1.85 eV would

be missing, a π-derived band with a 30 times weaker intensity would create a signal hardly

outside the noise level of the background. A careful evaluation of polarization-dependent

matrix elements for the π system together with the experimental possibility to change the

polarization conditions, ideally with the option to change both the light polarization and the

angle of incidence, could improve this intensity ratio to some degree.

EuCot wire carpets on Gr/Ir(111) were shown to be ferromagnetic insulators with a Curie

temperature between 5K and 7K, i.e. the magnetization loop is open at 5K, but already

closed at 7K.43 On Gr/Ir(111) the EuCot carpet islands form in close-to-random orientation,

averaging out any in-plane anisotropy and reducing the maximum susceptibility. Therefore,

one expects for a globally aligned EuCot wire carpet �lm an (i) increased susceptibility when

the projection of magnetic �eld onto the surface is along the easy axis and (ii) consequently

for the same orientation of the magnetic �eld also a larger hysteresis of the magnetization

as compared to a �lm of randomly oriented EuCot wire carpet islands.

In the experiment, we indeed �nd that with respect to (i) the measured susceptibility becomes

anisotropic in-plane. While the susceptibility χ60◦−[11̄0] is close to χ0◦ , χ60◦−[001] is larger by

a factor of ≈ 1.6. This is clear evidence for an easy magnetic axis along the wire, as it would
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for instance be favored by dipolar interactions.43

With respect to our expectation (ii) we do not �nd a larger hysteresis. To the contrary, the

hysteresis vanishes as shown in Figure 5 and only paramagnetic behavior is observed at 3K.

However, the change is subtle: on Gr/Ir(111) the magnetization loop is closed at 7K while

on Gr/Ir(110) it is closed at 3K, i.e. the change in Curie temperature is no more than a few

Kelvin.

Evidently, the suppression of the magnetic hysteresis is caused by a slightly modi�ed in-

teraction between the wire carpet and the substrate. While our DFT calculations neglecting

a substrate capture the essential features of the wire carpet electronic structure, comparative

DFT calculations of the wire carpet resting either on Gr/Ir(110) or Gr/Ir(111) could provide

insight into the origin of the changes in the magnetic structure. But to obtain a reasonable

approximation of the physical situation, the mismatch of the wire carpet with the already

large moiré supercell of Gr/Ir(110) would require an even larger DFT supercell beyond the

limits of e�cient computation.

Therefore, we can only speculate here about the di�erences in the interaction of the two

substrates with EuCot wires giving rise to the modi�ed magnetic behavior. In order to avoid

misunderstandings, we point out that also Gr on Ir(110) is an inert substrate, similar to Gr

on Ir(111).44 To both substrates, aromatic molecules were only found to bind through van

der Waals interactions without charge transfer.44,65 Since the Cot molecules are standing

upright on Gr with the outermost H atoms forming already a bond to the C atoms of the

Cot, these atoms cannot chemically interact with the Gr substrate. Thus the EuCot wires

are only physisorbed to Gr on the two di�erently oriented Ir substrates.

An obvious di�erence between the two substrates is their di�erent Gr density of states near

the Fermi level, which is marginal for Gr/Ir(111)77 and substantial for Gr/Ir(110) due to Gr's

hybridization with Ir.44 The binding within EuCot wires is largely of ionic type, between

positively charged Eu2+ and negatively charged Cot2− ions. A variation of the density of

states in Gr around the Fermi level modi�es the screening of the electrostatic interactions
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between the wire anions and cations through the Gr electrons. Thus the binding strength

within the EuCot wire is a�ected, which will slightly modify binding distances and in turn

may modify the magnetic coupling of Eu ions through the Cot molecules.

Based on this argument, one might speculate that electronically intact, but strongly n-doped

or p-doped `metallic' Gr, could suppress the open magnetization loop in a similar way as

found on Gr/Ir(110). Indeed, when Gr/Ir(111) is intercalated by Yb, a strong n-dopant for

Gr due to its two 6s electrons, the open magnetization curve is also suppressed (compare

Figure S5 in the SI). Still, this reasoning remains speculative and other e�ects not considered

here could be of relevance.

Conclusion

Uniaxial alignment of EuCot wires on Gr along the [001] direction of the Ir(110) substrate

is imposed by the Gr moiré and persists from submonolayer islands up to multilayer �lms.

This alignment provides access to the structural, electronic, and magnetic properties of such

wire systems using spatially-averaging techniques.

Contrary to expectation, ARPES could not detect dispersing π-derived bands, but only a

�at band 1.85 eV below the Fermi energy. Using complementary DFT calculations and XPS

measurements we attribute this �at band to be derived from Eu 4f states. By comparing

the position of the 4f states with the lower-lying σ bands we pinpoint the Hubbard U of this

system to be close to U = 3.5 eV. A detailed PDOS analysis indicates hybridization of the π

orbitals with f�d Eu hybrid orbitals, which e�ectively lifts the 4f-derived band up in energy.

The absence of dispersing π-derived bands may be due to their much lower DOS, which in

combination with quick decomposition through radiation damage leaves them unobservable.

Our results are yet another example that radiation damage must be carefully considered,

when investigating organometallic systems with energetic electrons or photons.

For the magnetic properties of the oriented EuCot wire sample we �nd �consistent with
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EuCot/Gr/Ir(111)� that the Eu ion has [Xe]4f76s0 con�guration, resulting in a magnetic

moment of 7µB. Magnetization close to the wire axis displays the highest susceptibility,

making plain that the easy magnetization axis is along the wires. The magnetic hysteresis

observed on Gr/Ir(111) vanishes for the EuCot wire carpet on Gr/Ir(110) at 3K. We spec-

ulate that enhanced screening for the more `metallic' Gr/Ir(110) substrate a�ects the ionic

binding of the wires which in turn might in�uence their subtle magnetic ordering.
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Figure S1: Comparison of EuCot ML theoretical band structure and DOS with angle-

integrated ARPES data for di�erent values of Hubbard U . Figure S2: STM topograph

and LEED pattern of BaCot wire carpets on Gr/Ir(111). Figure S3: XAS and XMCD data

of EuCot wires on Gr/Ir(110) at normal incidence. Figure S4: Magnetization curves of

EuCot wires on Gr/Ir(110) at normal and grazing incidence with indicated slopes around
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Figure S1: ML EuCot theory calculations comparison for di�erent

Hubbard U
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Figure S1: EuCot ML, Ueff = 3.5 eV: (a) Theoretical band structure along X − Γ −N . (b)
Spin-polarized PDOS. (c) Larger scale spin-polarized PDOS. (d) Angle-integrated ARPES
data of EuCot multilayer (≈ 4ML). Position of 4f peak is indicated by dotted green line in
(a)-(d), the positions of the lower-lying σ bands are indicated by gray dotted lines. EuCot
ML, Ueff = 7.2 eV: (e) Theoretical band structure along X−Γ−N . (f) Spin-polarized PDOS.
(g) Larger scale pin-polarized PDOS. (h) Angle-integrated ARPES data of EuCot multilayer
(≈ 4ML). Position of 4f peak is indicated by dotted green line in (e)-(h), the positions of
the lower-lying σ bands are indicated by gray dotted lines. ARPES data were obtained at
a photon energy Ehν = 130 eV at T = 35K. XPS data were obtained at a photon energy
Ehν = 1486.6 eV (Al K-α) at T = 300K.

In Figure S1 the band structure and resulting PDOS of ML EuCot is compared for two

di�erent values of the e�ective Hubbard U . Comparing our angle-integrated ARPES data to

the calculations allows us to determine the Ueff of the ML EuCot system. For Ueff = 3.5 eV,
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the experimentally observed energetic spacings between the 4f peak (green dotted line) and

lower-lying σ peaks (gray dotted lines) agree with theory calculations. Therefore, we can

conclude, that an e�ective Ueff = 3.5 eV correctly describes our system. In contrast, for a

value of Ueff = 7.2 eV the measured energy spacings disagree with the calculations, meaning

that Ueff = 7.2 eV does not correctly describe the ML EuCot.
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Figure S2: STM and LEED of BaCot wire carpets on Gr/Ir(111)

(a) (b)

(c) 40eV

Figure S2: (a) STM topograph (3000 × 3000Å2) of a sub-ML BaCot wire carpet on
Gr/Ir(111). Crystalline wire carpet islands are visible, which show close-to-random ori-
entation with respect to the substrate. (b) STM topograph (165 × 165Å2) of wire carpet,
in which parallel aligned wires are visible, as well as the hexagonal moiré of Gr/Ir(111).
(c) 40 eV contrast-inverted LEED pattern (MCP LEED) of a ML BaCot wire carpet on
Gr/Ir(111). Two rings are visible due to the close-to-random orientation of the wire car-
pet islands, similar to ref. 1. STM and LEED were conducted at a temperature of 300K.
Tunneling parameters are (a) Ubias = −1.40V and It = 0.07nA, (b) Ubias = −1.40V and
It = 0.21nA.
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Figure S3: XAS/XMCD data of EuCot wires on Gr/Ir(110) at nor-

mal incidence
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Figure S3: (a) Average XAS 1
2
(µ+ + µ−) of the Eu M5 and M4 edges measured at normal

incidence θ = 0 ° o� surface normal tilted into the [001] direction, T = 3K, and B = 6.8T
(gray line). The red line represents the integral over the averaged XAS. (b) Normalized
XMCD (µ+ − µ−) (black line) and its integral (blue line) for normal incidence θ = 0 °.
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Figure S4: Magnetization curves of EuCot wires on Gr/Ir(110) with

indicated slopes around 0T
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Figure S4: Averaged and smoothed magnetization curves based on the �eld-dependent
XMCD signal of the Eu M5 edge for grazing and normal incidence at T = 3K. Grazing
incidence is along the [001] direction, i.e. along the wire axis. The slopes around 0T are
indicated by black lines.
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Figure S5: Magnetization curve of EuCot wires on Gr/Yb/Ir(111)
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Figure S5: EuCot wires on Gr/Yb/Ir(111): Magnetization curves (�eld sweep up/down)
based on the �eld-dependent XMCD signal of the Eu M5 edge for grazing incidence (θ = 60,°)
at T = 3K. Both curves coincide and no magnetic hysteresis is observed. The outlier values
around 0T are artifacts of the total electron yield method.
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