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ABSTRACT

Low-dimensional carbon-based materials can show intrinsic magnetism associated with p-electrons. Besides, they can be fabricated
with atomic precision by on-surface synthesis methods. This makes them appealing alternatives to overcome the limitations of tradi-
tional magnetic materials in fields like quantum devices or spintronics. A paramount example is graphene nanoribbons, which have
been recently shown to display intrinsic extended magnetic ordering of their edge states [J. Brede, N. Merino-Diez, A. Berdonces-
Layunta et al., Nature Commun. 14, 6677 (2023)] and to host spin moments with well-defined quantum states [A. Dominguez-
Celorrio, L. Edens, S. Sanz et al., Nature Commun. 16, 5632 (2025)]. However, their spin state is determined by electron occupancy
and spin exchange interactions, which can be tuned by the choice of a suitable substrate. In this work, we synthesize chiral graphene
nanoribbons with a length of 3.5 nm on the monolayer alloy EuAu, grown on Au(111). By means of spin-resolved scanning tunneling
microscopy and spectroscopy, we confirm the ferromagnetic state of the EuAu, and unveil the electron-doped charge state of the
nanoribbons.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/10.0044342

1. INTRODUCTION

Within the wide range of graphene nanostructures predicted to
display m-magnetism,"” graphene nanoribbons (GNRs) stand out in
terms of potential applications due to their aspect ratio and
length,™* which facilitate integration into devices.* Graphene nano-
ribbons (GNR) can be manufactured with atomic-scale precision in
their length, width, and edge geometry by means of on-surface syn-
thesis (OSS) techniques.” Among them, zig-zag terminated longitu-
dinal edges are expected to have the most robust magnetic ground

Most of the OSS experiments leading to tailored nano-
graphenes have been conducted on Au(111). In the case of GNRs,
this surface is able to catalyze the Ullmann polymerization of the
constituent precursors,” but induces a weakly charged cationic
character, leaving the product GNRs in a closed-shell configura-
tion in contrast with the neutral gas-phase state.'” In order to
restore the magnetic character of the GNRs, the electron occu-
pancy of m-orbital states must be adjusted, as has been recently

demonstrated on the MgO/Ag(001) surface.* GNRs have also
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state, stabilized by strong electron-electron correlations.”” However,
in this type of edge, the most stable resonant form is a multi-radical
state, which makes it extremely reactive and difficult to synthe-
size."'" Instead, chiral graphene nanoribbons with edges composed
of periodic arrangements of zig-zag and armchair segments are sub-
stantially less challenging to synthesize and, at the same time, retain
a non-zero spin in their edge states.”''~"*

been synthesized on various coinage-metal surfaces, but their
surface reactivity is very different from that of Au(111), impeding
the direct extrapolation of the extensive results obtained in that
substrate. In the last few years, it has been shown that REAu, (rare
earth, RE=Gd, Tb) monolayer alloys grown on Au(l1l) can
support the same reactions as the bare Au(111) with minimal vari-
ations of the procedures. The choice of RE'>'® and the various
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surface reconstructions'” of these alloys allow us to modulate in a
controllable manner the local contact potential, and thus the degree
of charge transfer from or to the GNRS. Furthermore, the ferromag-
netic nature of the 2D overlayers' ™" serves as an excellent tool to
investigate the magnetism of GNRs. For instance, direct experimen-
tal proof of the stationary spin polarization was achieved by some of
us using the exchange interaction between the GdAu, surface and
the metallic edge states of the GNRs."” The localized counterpart of
this scenario was also addressed in the form of the exchange split-
ting of singly occupied molecular orbitals confined to small regions
comprising a few benzene rings. This is the case for small triangu-
lenes on TbAu,”' and symmetry-protected topological end states
(SPTES) of chiral GNRs on GdAu,.'”

Spin-polarized scanning tunnelling microscopy (SP-STM) of
GdAu, evidences a strong easy-plane anisotropy, '® which repre-
sents a significant drawback for most experimental set-ups featur-
ing external magnetic fields that are applied normal to the surface.
Moreover, its surface reconstruction is not commensurate with
either the GdAu, nor the Au lattice, causing a large dispersion of
the exchange field exerted by the surface on the GNRs.'”'”*' On
the other hand, TbAu, is a soft out-of-plane ferromagnet,”' exhib-
its a commensurate reconstruction, and has proved to sustain the
growth of armchair GNRs.'° However, SP-STM data in this system
remains elusive, and there is no information on the local spin

(a)A (b) A
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arrangement of the Tb lattice. Successful OSS has not been
reported to date in REAu, surfaces other than these two, and the
influence of the RE element 4f-filling on the magnetic exchange
and its single-ion anisotropy remains largely unexplored.

In this study, we investigate the magnetic and electronic
properties of GNRs synthesized on the EuAu, 2D alloy. SP-STM
reveals a ferromagnetic ground state of EuAu, with a marked
out-of-plane easy axis. In contrast with other REAu, surfaces of
the family, individually dispersed Eu adatoms on top of the
perfect epitaxial reconstruction persist under any preparation con-
ditions. They have a strong impact on the surface reactivity. Chiral
GNRs can be synthesized, but the Eu adatoms severely hinder the
formation of specimens longer than three precursor units (about
3.5nm). The comparison with tight-binding calculations indicates
that the GNRs have anionic character with a charge transfer of at
least 0.5 e /nm.

2. EXPERIMENTAL AND THEORETICAL METHODS

Sample preparation. The Au(111) single crystal from Mateck
GmbH was cleaned by repeated Argon sputtering and annealing
processes at 510 °C. EuAu, alloy is grown on the clean Au(111)
surface by sublimating Eu using an e-beam source at a rate of
approximately 0.07 ML/min (Fig. 1(b) while the substrate is held

(O ; A B

- ) |

FIG. 1. Epitaxial growth of EuAuy/Au(111). (a), (b) Large-scale surveys of the samples obtained after using two different deposition conditions (Eu flux and time indi-
cated in the boxes) at a temperature Ts =345 °C. Capital A and B letters indicate the regions where the two EuAu, phases exist (see text). In (b), the LEED micrograph
was taken at a beam energy of 60 eV with the three unit cells depicted by polygons. (c) Survey of the sample in (b) after an additional postannealing of 20 min at
T=400 °C. (d), (e), (f) Close-ups of the same samples as in (a), (b), (c) with atomic resolution of both phases. Dashed lines mark the boundary between phases A
and B. Bright saturated spots are the Eu adatoms in phase A or clusters in phase B. STM parameters: (a), (b) are taken at V/T; =1 V/30 pA; (c) at — 0.5 V/30 pA; and

(d), (e), (f) at 10mV/1 nA. T=1.1K for (e) and T=4.3K for all the others.
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at temperature T,. The precursor (1) 2',3"-dibromo-
9,9":10',9":10",9"-quarteranthracene, shown in Fig. 3(a), is then
deposited on EuAu, from a home made resistive evaporator.
Subsequent on-surface synthesis of (3,2,8)-GNRs is performed by
stepwise annealing of this deposit, as illustrated by Fig. 3.

STS/STM measurements. All measurements have been per-
formed at the SPECS-JT-STM of the Laboratory for Advanced
Microscopy (University of Zaragoza), with a base temperature of
1.13 K and an out-of-plane magnetic field up to 3 T provided by a
dry superconducting split-coil. The whole facility operates under
ultra-high-vacuum conditions (P~ 1-107'" mbar). The tip is
grounded, and the tunneling bias V,, is applied to the sample.
Data has been taken at T=1.1 or 4.3K as stated in the captions.
Differential tunneling conductance dI/dV is acquired using a
lock-in amplifier at a frequency of 933 Hz and root-mean-square
(r.m.s) modulation given by V,,,q. STM images and dI/dV maps
were taken in constant current mode, using a regulation distance
determined by the set point V,/I; indicated at the corresponding
caption for each data set. Spin-polarized STM (SP-STM) has been
carried out using bulk Cr tips with out-of-plane sensitivity. Tips
were prepared by electrochemical etching of elongated pure Cr
wires of 1 mm diameter, and subsequent field emission cleaning
(120 V, 1 pA, 1h) at the STM head.

Tight Binding calculations. To theoretically describe GNRs,
we employ the following tight-binding (TB) Hamiltonian,”” with
the on-site Coulomb repulsion parameter U set to zero

H=—-4 Z c};cjg —h Z c:facj,, -t Z cjocjg, (1)
(ij)0 ((if))o

(({i)))o

where o = {1 ,]} are the two spin components and ¢, are the
hopping terms corresponding to the interaction between first,
second, and third nearest neighbors (3NN), respectively. We use
the parametrization of Ref. 12 with numerical values #; =2.7,
t,=0.2, t;=0.18 €V, corresponding to neighbour distances com-
prehended between d;<1.6 A<d,<2.6 A<26 A<ds<3.1 A,
respectively. Numerically, we solve the Schrédinger equation,
Eq. (1), using the Python package Hubbard from Refs. 23 and 24.

We obtain the local density of states (LDOS) simulated
images as done in Ref. 13,

_ v
LDOS(r, E) = ; LDOS,(0) g 7 @)
where
2
LDOS,(x) = > Y buiod(r — R) ®)

and b,,; is the projection on the 2p,-orbital located at site i of
eigen-state number n and spin orientation o at energy E,,.
&(r — R;), centred at position R;, is described by the radial func-
tion exp (—3|r — R;|/A), and represents the carbon 2p, basis
orbital.

The Lorentzian broadening around each eigen-energy is set
to y=10 meV in simulated images, in order to take into account

ARTICLE pubs.aip.org/aip/Itp

the mixing of energetically closely-spaced orbitals. We slice the
grid at a height of z=25 A above the GNR. We plot these quanti-
ties using the Hubbard Python package from Ref. 23.

3. FERROMAGNETIC EuAu; MONOLAYER

We first start by optimizing T; = 345 °C to form a single
crystalline EuAu, monolayer (ML). Figure 1(b) shows an STM
overview representative of this process for 1 ML coverage. The cor-
responding LEED pattern exhibits the well-known /3 x v/3R30
EuAu, unit cell relative to the Au lattice in the alloy, where each
Eu atom is surrounded by 6 Au atoms.”” A longer range 9 x 9
reconstruction (marked in green) relative to the Au lattice is also
visible (therefore, 30° rotated with respect to the Eu lattice). In
STM images, this reconstruction typically gives rise to a pro-
nounced hexagonal superstructure with a lattice constant of
several nm.'>'****” However, we find large terraces separated by
the Au(111) interlayer spacing and decorated by a fine dotted
pattern with no apparent order. Upon further magnification,
Fig. 1(e), we can clearly discern the superstructure underneath a
layer of round protrusions with about 8 A diameter, which are typ-
ically associated with single adatoms. The adatoms sit exactly on
the Eu sites of the lattice. They can also be displaced by lateral
atomic manipulation with the same behavior as single adatoms.”
In the left half of Fig. 1(e), we cleaned up all the adatoms to get a
better view of the supporting surface. Here, the Eu sites are visual-
ized as bright protrusions with dg,_p,=5.6 A. The long-range
superstructure is commensurate with periodicity d,=9.75 A (cor-
responding to precisely the observed LEED pattern). The resulting
lattice parameter of the Au matrix in which the Eu atoms are
embedded is da, = dgo/v/3 = 3.25 A. This amounts to a 12%
expansion with respect to the pristine Au(111) lattice.

Patches of this EuAu, phase (A-phase) start forming for
T; > 210 °C. The presence of the adatoms is ubiquitous in the
whole 210 < T < 350 °C range and their density is independent
of T;. These adatoms cannot be imaged at room temperature,
where most of the scans manifest just as instabilities of the tip-
sample gap. If the dose is increased up to a nominal coverage of
1.4 ML of EuAu, at Ty = 345 °C, a second phase (B) starts appear-
ing [Figs. 1(a) and 1(d)]. The B-phase exhibits an apparent height
at V, =10 mV of 0.3 A above the A-phase. Adatoms are now clus-
tered in bigger structures and, consequently, larger areas of the
EuAu, surfaces become exposed. The close-packed directions of
both phases match perfectly on top of each other, and their lattice
parameters cannot be distinguished within the STM accuracy.
However, the B-phase displays more inhomogeneities in the STM
contrast of Eu atoms. The atomically resolved image of Fig. 1(d)
shows that the 9 x 9 reconstruction becomes distorted, and it is no
longer commensurate. As will be shown below, the two phases
have different magnetic behavior. The B-phase can also be
induced in single A-phase samples by a longer post-annealing
above the optimum T, see Figs. 1(c), and 1(f). It is well-known
that RE atoms can be segregated from the bulk Au crystals in
samples utilized for REAu, alloying, giving rise to non-
stoichiometric RE-Au alloys with various geometries.”” Therefore,
the appearance of the B-phase for higher Eu doses or after an
additional Eu contribution during the post-annealing suggests that
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FIG. 2. Spin-polarized characterization of EuAu,. (a) Point spectroscopy taken at the positions indicated by colour-coded stars in Fig. 1(e). (b) Spin sensitive dl/dV
intensity of the A-phase region in (c) taken at V), =3.3 V as a function of the magnetic field normal to the surface. (c), (d) Topography and differentiated topography,
respectively of the region free of Eu adatoms selected for SP-STM measurements. (e), (f) dl/dV maps of the A- and B-phases taken with antiparallel (- 0.6 T) and par-
allel (+ 0.6 T) tip-sample magnetizations, respectively. The magnetic state for each one is indicated by arrows and cartoons in (b). (g) Spin contrast map calculated as
the ratio between the difference between (f) and (e) over the average A-phase dl/dV conductance. STM parameters: Vioq=10 mV; (a) regulation set-point is
2 V/30 pA; (b) dlldV signal taken at 3.3 V/30 pA; (c), (d) Vi/ls is 1 VI30 pA; (e), (f) 3.3 VI30 pA. T=1.1K.

it could be a non-stoichiometric form richer in Eu than the
A-phase (for instance, a bilayer).

Figure 2 shows the SP-STM study of a stripe of the EuAu,
containing A- and B-phases and free of adatoms. Point spectro-
scopy in Fig. 2(a) shows the same unoccupied band at high posi-
tive bias previously observed in GdAu, at 2.9 V'’ but at a slightly
higher V;,=3.3 V. An additional resonance at V,=2.4 V appears
on top of the adatoms. Magnetic field dependent dI/dV measure-
ments taken with a bulk-Cr tip confirm that the feature at 3.3V is
spin polarized, and allow us to retrieve the local magnetization of
A-phase shown in Fig. 2(b). This loop is characteristic of a rela-
tively hard ferromagnet (coercive field of 0.18 T) with strong
out-of-plane magnetic anisotropy, in agreement with spatially
averaged XMCD data reported for this system.”’ As shown in the
dI/dV maps for opposite magnetization directions [Figs. 2(c)-(f)]
and the corresponding spin density [Fig. 2(g)], the A-phase dis-
plays a spin contrast in dI/dV of ~28% for this Cr-tip, whereas
the B-phase shows no spin polarization at all at this energy. This
could be explained if the B-phase has in-plane magnetization, no
spin polarization at V,=3.3 V, or it is not ferromagnetic (note
that the experiment is conducted at T'=1.1 K).

4. ON-SURFACE SYNTHESIS OF CHIRAL GNRs

In the notation (m,n,w)-GNRs, chiral graphene nanoribbons
have their longitudinal axis along a vector (m,n) of the graphene
lattice, and enclose w C-C pairs in between both edges. We syn-
thesized (3,2,8)-GNRs on EuAu, in a two-step reaction depicted in
Fig. 3(a). The starting EuAu, is shown in Fig. 3(c), where most of
the imaged region corresponds to the well-ordered A-phase with
high adatom density, and just a narrow stripe on the top corre-
sponds to the B-phase. Deposition of precursor 1 with the sub-
strate at room temperature (RT) results in some structures of 4 A
in height and the disappearance of all the Eu adatoms [Fig. 3(d)].
The rough three-dimensional structure of the molecules is remi-
niscent of the status of anthracene-based precursors like 1 before

the cyclo-dehydrogenation process.'™'® However, contrary to the
scenario in Au or GdAu,, the molecular assemblies do not adopt
any defined geometry, such as, for instance, self-assembled chains
or wider elongated structures.

Upon annealing at 210 °C, we observe individual structures
of size compatible with planarized precursors, and a few dimers
not yet planarized [Fig. 3(e)]. The Eu adatoms (red arrows) reap-
pear, as well as some other smaller adatoms (blue arrows). By
annealing at 305 °C [Fig. 3(f)] all molecular structures become
planar, and fused GNRs up to three precursor units (PU) in
length can be distinguished, but mainly in regions with lower
atom density associated with phase B (enclosed by the black rect-
angle). Finally, at 365 °C [Fig. 3(g)], no organic material remains
on the A-phase, while just a few planarized monomers and GNRs
are fused in random directions other than the designated one
shown in Fig. 3(a). The small atoms marked with blue arrows
persist at this temperature. At a temperature of 430 °C (not
shown), all molecules and the small adatoms are desorbed from
both phases, leaving the EuAu, surface as in the pre-deposition
stage of Fig. 3(c).

The evolution of the OSS process upon annealing can be
rationalized as follows. At low temperatures (around RT), the Eu
adatoms coordinate to the pristine precursors through the Br
group, although this bond is not directional, and a large variety of
structures are formed. Increasing the temperature (~200 °C)
cleaves the carbon-bromine bonds and the precursors become
fully H-passivated, releasing in this way the Eu coordination
atoms and the Br leftovers (that are desorbed later on at
T > 400 °C). At this temperature, Ullmann coupling of just two
or three units takes place, and there are still some three-
dimensional precursors. Complete cyclo-dehydrogenation is
achieved at T = 305 °C. However, the presence of the adatoms
clearly impedes the formation of GNR structures longer than three
PU [see Fig. 3(f)], and this is more favourable in the B-phase,
which offers a larger surface area for the diffusion of the precur-
sors. As a comparison, we studied the effect of this annealing after
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FIG. 3. Synthesis of (3,2,8)-GNRs on EuAu, monolayer. (a) Reaction scheme
of precursor one leading to (3,2,8)-GNRs via Ullmann coupling (UC) and sub-
sequent cyclo-dehydrogenation (CDH). (b) Resulting OSS of the same precur-
sors on Au(111), the inset shows a bond resolved image of an 8 PU long
(3,2,8)-GNR, taken with a functionalized CO-tip. (c) Starting EuAu, surface
[prepared as in Fig. 1(b)]. (d), (e), (f), (g) Evolution of surface in (c) after
depositing the same precursor dose as in (b) for different post-annealing tem-
peratures between RT and 365 °C. STM parameters: (b), (d) Vs=-0.5V,
inset of (b) is a constant height scan at V,=10 mV; (c), (e), (f), (g) are taken
at Vs=10mV. T=4.3 K.
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deposition of the same precursor dose on conventional Au(111).
Here, high-quality (3,2,8)-GNRs are formed with lengths up to
20-30 PUs [Fig. 3(b)]. On EuAu,, when the de-halogenation
becomes complete, the adatoms prevent the precursors from
finding each other and forming long polymeric chains. After that,
it is very unlikely to form longer structures by fusing carbon
atoms passivated by H-bonds in the right position. Consequently,
higher annealing temperatures only contribute to creating struc-
tures with undefined geometry and, ultimately, to the complete
desorption of organic material.

5. FRONTIER STATES OF CHIRAL GNRs ON EuAu,

Using dI/dV tunneling spectroscopy, we obtain experimen-
tally the spatially resolved LDOS and its energy dependence
around the Fermi level for a (3,2,8)-GNR on the A-phase with a
length of 3 PU, shown in Figs. 4(a) and 4(b). We find two clear
resonances at —180 and 425 mV in point spectroscopy onto both
the armchair termini (green and blue curves) and the chiral longi-
tudinal edge (yellow curve). At the termini, a weak shoulder at
70 mV can also be appreciated. We map these spectroscopic fea-
tures to identify the molecular orbitals they stem from. The com-
parison of our dI/dV maps to the theoretically simulated TB
LDOS slices of the same GNR structure is displayed in Figs. 4(b)
and 4(c). We do not include electron correlations in our simula-
tion. Within this approximation, in the charge-neutral case at half
filling, the SPTES that appear at the boundary between the GNR
and the vacuum owing to its non-trivial topology'” are pinned at
the Fermi level. Consequently, our simulated SPTES lies very close
to the Fermi level. The resemblance of the map of the resonance at
-180mV on EuAu, [Fig 4(b)] and the theoretical TB SPTES
LDOS is evident. Therefore, we conclude that the SPTES is fully
occupied in the GNR on EuAu,. The SPTES can host up to four
electrons. Since in the charge neutral gas phase state, the two
SPTES (one at each side of the ribbon) are singly occupied, the
fact that they are fully occupied on EuAu, implies that, at least, a
charge equivalent to two electrons has been transferred from the
supporting surface.

One straightforward consequence of the full occupation of
the SPTES state is that they lose their magnetic open-shell charac-
ter in the charge-neutral specimen. We cannot discard that higher
energy states closer to the Fermi level may show magnetic instabil-
ities in the presence of electronic correlations. This scenario would
be more plausible for longer ribbons with lower energy spacing
between molecular orbitals,'” which cannot be synthesized on this
surface owing to the Eu adatoms (see Sec. 4).

On the other hand, the map at 425 mV [top panel Fig. 4(b)]
reproduces the spatial distribution along the chiral edge of the
second eigenstate above the SPTES [thus termed the 2nd molecu-
lar orbital (MO) in Fig. 4(c)], characterized by one nodal point
and two maxima. The weak feature at 70 mV, however, does not
match the simulated 1st MO well. We attribute this partial dis-
agreement to our simplified model without electron correlations.
A correlation gap for the edge state of 10 meV has been demon-
strated in long (3,1,8)-GNRs on GdAu,,"” which can get as large
as 100 meV on top of insulating surfaces.'* In our case, we expect
a sizable impact of electron correlations for two reasons: (i) The
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dlldv

GNR is very short, and thus the wave function is more spatially
confined; and (ii) (3,2,8)-GNRs have a more robust non-trivial
topological state than their (3,1,8) counterparts.'” Altogether, this
can give rise to a strong renormalization of the eigenenergies and
a mixing of the different molecular orbitals obtained in the
absence of electron-electron interactions.

6. CONCLUSIONS

We show that graphene nanoribbons can be synthesized on
the EuAu, surface by Ullmann coupling and subsequent cyclo-
dehydrogenation. '3 However, we find that EuAu,/Au(111) exhibits
randomly dispersed Eu adatoms that stabilize the surface, and that
this is an intrinsic feature of the epitaxial overlayer. These adatoms
proved to be detrimental to Ullmann coupling, leading to very
short GNRs and preventing the formation of long GNRs with
arbitrary lengths. Despite this impediment, EuAu, can be included
in the toolbox of magnetic rare-earth Au alloys compatible with
OSS of GNRs, together with the previously reported cases of
GdAuw,'”"” and TbAu,.'® While the latter substrates were reported
to produce very weak n-doping (0.1 e /nm), the case of EuAu,
seems to induce a more pronounced charge transfer (0.5 e’/nm),
driving the charge neutrality point of the (3,2,8)-GNR with 3 PU
down to -180 meV.

The surface of EuAu, exhibits a strong spin polarization at
3.3eV above the Fermi level, accounting for its ferromagnetic
character with out-of-plane magnetocrystalline anisotropy.
Although the short length of the GNRs prevents us from drawing
definitive conclusions on their magnetic coupling, the combina-
tion of a spin-polarized surface with its capability to catalyze
Ullmann coupling and cyclo-dehydrogenation makes EuAu, an
excellent platform for studying how finite m-conjugated systems
interact with nearby spin moments.
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