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ABSTRACT: A site-dependent charge transfer to 7,7',8,8'-tetracyanoquinodimethane (TCNQ) adsorbed on a single layer of
periodically rippled graphene grown epitaxially on Ru(0001), identified by X-ray photoemission techniques, can be spatially
resolved using Scanning Tunneling Microscopy, which can also detect the formation of magnetic moments. The molecules
adsorbed on the lower part of the ripples are charged with electrons donated from the doped graphene overlayer and develop a
magnetic moment, while those at the upper part of the ripples are neutral. On the other hand, TCNQ adsorbed on graphene on
Ir(111) shows negligible charge transfer and no magnetic moment. These observations explain the spatially dependent long-
range magnetic order observed recently for TCNQ on gr/Ru(0001).

B INTRODUCTION

The production of ordered arrays of magnetic objects in two
dimensions is a topic that has attracted sustained interest for
years." While this has been achieved by nanolithographic means
for metallic objects with diameters of the order of tens of
nanometers,” the ultimate limit of miniaturization (and
identical size) of the magnetic objects imply the use of
magnetic molecules and their self-organization on surfaces.”
The goal is to achieve a long-range structural ordering of
magnetic molecules in two dimensions and, possibly, their long-
range magnetic ordering due to mutual interactions between
these molecules. Many molecules that show magnetic moment
in the gas phase have been deposited on (mostly metal)
surfaces, where the interaction with the substrate often
eliminate the magnetic moment* and always complicate their
mutual interaction by keeping the magnetic centers too far
away. Another approach follows from the discovery of magnetic
order in organic charge transfer compounds. Since the
introduction of the first organic-based magnet, e.g. [Fell-
(CsMeg),]e+ [TCNE]e- (decamethylferrocene alternating
with tetracyanoethenide (TCNE)) with a low critical temper-
ature (Tc = 48 K),* metal—organic bulk magnets consisting of
strong electron acceptors, such as TCNE or 7,7',8,8'-
tetracyanoquinodimethane (TCNQ) and metal atoms (V, Fe,
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etc.) that donate them electrons have been intensively studied,’®
with some of them showing long-range magnetic order with
critical temperatures above 300 K.”® This type of compound is
based on charge transfer between their components, but so far
it always requires the presence of metal ions. Recently,
however, long-range magnetic order in a purely organic 2D
material has been reported.” The material consists of a full
monolayer of TCNQ adsorbed on a heavily n-doped graphene
monolayer grown on Ru(0001).'® The electrons donated by
the graphene layer to the TCNQ molecules populate a spin-
split intermolecular band, their exchange interaction resulting in
long-range magnetic order at 4.6 K. This result is a prominent
example of a much explored strategy to modify graphene
properties, specifically to add magnetic functionalities to
graphene-based heterostructures by depositing and self-
organizing organic molecules on epitaxial graphene.

The complex magnetic order visualized by spin-polarized
Scanning Tunneling Microscopy (STM)® for TCNQ on
graphene/Ru(0001) is a consequence of the prediction of
different magnetic moments for TCNQ molecules adsorbed on
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different locations of the periodically corrugated graphene/
Ru(0001) substrate,” related to a different degree of charge
transfer. This theoretical prediction calls for an experimental
characterization of the site-dependent charge transfer in this
system by a suitable combination of experimental techniques.
We report here on the charge transfer between TCNQ_ and
different adsorption sites on single layers of graphene epitaxially
grown on Ru(0001) and Ir(111) single-crystal surfaces by X-ray
Photoelectron Spectroscopy (XPS), STM, Scanning Tunneling
Spectroscopy (STS), and Ultraviolet Photoelectron Spectros-
copy (UPS). For gr/Ru(0001), we find that the molecules
adsorbed on the lower parts of the ripples (“valleys”) are
charged, while those adsorbed on the upper part of the ripples
(“hills”) are not. The TCNQ molecules are essentially neutral
when adsorbed on the lightly p-doped graphene/Ir(111)
substrate. The lack of magnetic moment for the adsorbed
TCNQ molecules in the latter case confirms the importance of
the charge transfer from gr/Ru(0001) for the electron
population of the intermolecular bands in order to achieve
long-range magnetic order’ in these purely organic 2D
materials.

B RESULTS AND DISCUSSION

Graphene on Ir(111) and Ru(0001). Graphene can be
epitaxially grown on Ir(111)'""* and Ru(0001)'**~" by
thermal decomposition of ethylene at 1250 K. The moiré
pattern of gr/Ir(111) shows a 2.52 nm periodic arrangement of
darker regions (“holes”), 0.02 nm deep at high bias voltages,'’
which is illustrated in Figure 1a. The darker regions correspond

Figure 1. High resolution 3D topographic STM images of a) graphene
on Ir(111) (7.4 X 6.5 nm? V;, = 0.3 V, I, = 100 pA) and b) graphene
on Ru(0001) (9 X 9 nm? Vj = =5 mV, I, = 100 pA).

to the “atop” areas, where the C honeycomb of graphene is
centered on an Ir atom. The monolayer graphene is perfectly
aligned with the high symmetry direction of the Ir substrate
resulting in a 9.32 X 9.32 incommensurate superstructure.'!
The C—Ir vertical distance is relatively large (0.34 nm)
indicating a week bonding to the metal. The epitaxial
monolayer on graphene on Ir(111) is slightly p-doped (each
C atom has lost ~0.01 electrons to the substrate) with the
Dirac energy 100 meV above the Fermi level.'” In spite of the
weak structural corrugation the electronic structure of gr/
Ir(111) is rather homogeneous spatially, as indicated by the
observation of a unique set of Field Emission Resonances'® and
the lack of changes in the apparent corrugation with the bias
voltage. The moiré structure for graphene on Ru(0001) shows
a self-organized array of hills (H) and valleys (L), with an
apparent height of 0.1 nm and a lateral periodicity of 3 nm, as
shown in Figure 1b. The darkest regions in the valleys of the
image correspond to the fcc-top sites, where three C atoms sit
on the fcc interstitial sites and three directly on top of Ru

atoms. Graphene strongly interacts with Ru(0001), and, as a
result, it is n-doped with substantial charge transfer from the Ru
substrate.'® The electronic structure of this periodically rippled
graphene layer is spatially heterogeneous, with certain
electronic states localized on the hills,"”"* a larger conductance
at the Fermi level on the hills,’® and a smaller surface
potential,'” larger electron density’ and larger electron—phonon
coupling at the valleys.*

Neutral TCNQ on Graphene/Ir(111). Unlike gr/
Ru(0001) (see below), the graphene layers grown on Ir(111)
do not present preferential adsorption sites for TCNQ
molecules. Figure 2 shows representative STM images of the

a)

Figure 2. STM images recorded at 4.6 K of a) the edge of an island of
TCNQ on gr/Ir(111) 20 X 20 nm?% V, =1V, I, = 50 pA and b) a
complete monolayer of TCNQ on gr/Ir(111) (15 X 15 nm?) recorded
with V=1V and I, = 40 pA.

growth of the TCNQ monolayer. Islands with compact shape
appear upon deposition at 300 K and imaging at 4.6 K,
indicating that the net intermolecular interaction is attractive.

Upon increasing the coverage, a complete ML of TCNQ
with a square lattice similar to the one of the bulk is obtained.
The closed packed structure is stabilized via strong C=N---H—
C hydrogen bonds between the cyano groups and the
hydrogens in the central ring. The z—7z* interaction binds
the molecule to the substrate.”' Similar independence of the
substrate symmetry has been reported for the self-organized
adsorption of Cobalt Phthalocyanine (CoPc) on gr/Ir(111).>

The XPS signal coming from the N1s level is clearly visible
already at submonolayer coverage of TCNQ (Figure 3). The
signal increases with increasing coverage and reaches saturation
near completion of the ML. At 300 K only the first ML is stable
on gr/Ir(111). The Nls line shape can be fitted with only one
component with a fwhm of 0.9 eV at a Binding Energy (BE) of
399.3 eV, plus a shakeup satellite at 401.9 eV. The shakeup
satellite results from an intermolecular excitation process, by
which the emission of the 1s electron is accompanied by an
electronic excitation from the HOMO to the LUMO level. The
difference in energy between the shakeup peak and the main
N1s core level (2.6 eV) is, thus, related to the HOMO—LUMO
energy difference. The observed N1s core level corresponds to
a TCNQ molecule with negligible charge, i.e. neutral (N°), in
agreement with the Nls values reported for neutral
TCNQ,>™*° ie. 399.5 eV (and 402.1 eV for its shake up
satellite). The N1s core level of the neutral species of F4-
TCNQ adsorbed on graphene (SiC) has also been observed at
a similar BE of 399.6 eV.*°

For clean graphene/Ir(111), a single XPS Cls core level
corresponding to the C atoms of the graphene layer can be
clearly observed (Figure 4) at an energy of 284.2 eV, in
agreement with previous reports.”” The proximity of the Ir
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Figure 3. Selected XPS N1s core level spectra for increasing amounts
of TCNQ_deposited at 300 K on graphene/Ir(111). The red line
corresponds to the N1s component and the blue line to the shake up.
The green line is the corresponding sum of components.
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Figure 4. XPS Cls core level spectra for gr/Ir(111) and increasing
amounts of TCNQ_deposited at 300 K on it. The fits to the different
components (the arrows signal the ones associated to TCNQ) are
shown as continuous red lines. The green line is the sum of
components.

4d5/2 and 4d3/2 levels (close to a BE of 300 eV) jeopardizes in
our case the observation of the carbon plasmon and the
adequate background subtraction. Upon deposition of TCNQ,
two components corresponding to the carbon atoms of the
TCNQ_ molecules (in addition to the Cls level of the
graphene/Ir(111) substrate) appear at 2852 eV (quinone
group) and 286.5 eV (cyano ring), respectively, as shown in
Figure 4. These values are identical to the ones reported for
neutral TCNQ powd<er,23’24 confirming that TCNQ_adsorbed
on gr/ Ir(111) is in a neutral state. The corresponding Cls core

levels for cyano groups and quinone ring in (partly) anionic
TCNQ adsorbed on Cu(100) appear indeed shifted to lower
BEs, i.e, at 284.6 and 285.7, respectively.”> The relative areas of
the Cls core levels, corresponding to C atoms in graphene and
C atoms in TCNQ, correlate nicely with the respective atomic
densities deduced from the STM images shown above, i.e. 2.86
X 10" C at/cm® for graphene and 1.34 X 10" C at/cm’ for
TCNQ, respectively.

Figure S shows a series of UPS spectra recorded for
increasing coverage of TCNQ on gr/ Ir(111) plus the one
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Figure S. UPS spectra of the valence band recorded using hv = 21.2
eV at 35° emission for increasing amounts of TCNQ deposited at 300
K on graphene/Ir(111).The arrows indicate the valence band levels of
adsorbed TCNQ. The upper spectrum, taken from ref 29, corresponds
to bulk (neutral) TCNQ.

corresponding to bulk, neutral TCNQ_ (above). The lower
spectrum corresponds to gr/Ir(111). Upon deposition, five
peaks (one of them double) reflecting the occupied valence
levels of TCNQ molecules at 3.0, 4.3, 6.3—7.0, 7.8, and 9.0 eV
below the Fermi energy are clearly detected. It is remarkable
that already at submonolayer coverage the valence band looks
very similar in energy positions and shape to the one of a
TCNQ ML (and a thick neutral layer”®*°). This indicates that
the spectra are dominated by the intramolecular electronic
structure of neutral molecules, unperturbed by the adsorption
on gr/Ir(111). According to solid phase measurements,”®*’ the
first band below the Fermi level at 3.0 eV is the highest
occupied molecular orbital (HOMO), and it has 7 character.
There is agreement in the literature**—° that the HOMO level
in neutral TCNQ adsorbed on a number of substrates is located
at 3.0 eV below the Fermi level.

The second band at 4.3 eV, with 7 character too, is essentially
localized in the carbon ring, probably with some o character.
The broad (double-peaked) third band is assigned to orbitals
localized in the CN groups, corresponding to three lone pairs of
the nitrogen atom and two different 7 orbitals. The fourth and
fifth bands have mainly ¢ character.”®* All the peaks observed
for TCNQ on gr/Ir(111) coincide within 0.1 eV with the
(rigidly shifted) gas phase values and the values obtained for
thick TCNQ_films.”®* 3° This confirms that TCNQ molecules
adsorbed on gr/Ir(111) are not charged. The similarity in line
shape for the adsorbed ML and the bulk samples further
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Figure 6. STM topographic images (7 X 7 nm®) of a ML of TCNQ_on gr/Ir(111) recorded at energies corresponding respectively to a) the LUMO
orbital at +1 V, I = SO pA and b) the HOMO level at V, = —2.5 V, I = S0 pA; and c) STS spectrum for TCNQ adsorbed on graphene/Ir(111)

recorded with the tunneling gap stabilized at V, = 2 V and I = 40 pA.

c)

Figure 7. STM topographic images (12 nm X 12 nm) of TCNQ/graphene/Ru(0001) at different coverage: a) 0.3 ML, isolated molecules, dimers
and trimers at the early stages of the deposition, acquired with V, = 1 V and I, = 10 pA; b) 0.6 ML, a highly ordered, self-organized arrangement of
TCNQ molecules selectively adsorbed on the lower parts of the ripples, acquired with V; = —1 V and I, = 50 pA; and c) a complete monolayer of
TCNQ acquired with V; = 2 V and I, = 100 pA. The brighter molecules are the ones adsorbed on the upper parts of the ripples.

indicates that the TCNQ orbitals are efliciently decoupled from
the metallic substrate by the monolayer of graphene.

Figure 6 shows high resolution STM topographic images
corresponding to the occupied HOMO state and the empty
LUMO state of TCNQ/gr/Ir(111) as detected by STS (see
below). At ML completion, the TCNQ molecules self-assemble
in a compact arrangement forming rows arranged along their
long axes, with molecules in adjacent rows displaced with
respect to each other (originating a rhombic symmetry).”!
Local Scanning Tunnel Spectroscopy (STS) performed with
the STM on top of a TCNQ molecule adsorbed on gr/Ir(111)
indicates the presence of the occupied HOMO level at —2.5 eV
and the empty LUMO level at +1 eV above the Fermi level
regardless of the relative adsorption, as shown in Figure 6¢c. The
unoccupied, 7% LUMO state of neutral TCNQ_ powder has
been detected by Inverse Photoemission at +1.8 eV.>' From the
data described above, the binding energy of the HOMO level in
STS is found to be slightly smaller than in UPS (as well as the
HOMO-LUMO gap). It has to be noted that STS and UPS
probe different electronic states. While STS probes the ground
state HOMO via resonant tunneling from the HOMO into tip
empty states at the Fermi level, UPS measures an ionic (N-1
electrons) state screened by the surroundings, ie. the
polarization energy is absent in STS. The Coulomb attraction
acting on the outgoing photoelectrons reduces their kinetic

energy, thereby increasing their apparent binding energies
(BE). Thus, apparent BEs in UPS are somewhat larger than in
STS.>® We conclude that the level detected at 3.0 eV in UPS is
the same HOMO level that is detected at —2.5 €V in STS, and
the level detected by STS at +1 eV is assigned to the LUMO
orbital of the uncharged molecule. This is similar to the values
reported by STS for neutral TCNQ/Au(111), i.e. +0.7 eV.>* In
this case the weak bonding of the molecule to the Au substrate
prevents an appreciable charge transfer to the molecule. In
summary, all the data are consistent with the lack of charge
transfer from graphene/Ir(111) to TCNQ, ie. the adsorbed
molecule is neutral in this case. A negligible (107> electrons/
molecule) charge transfer has been also found for FePc
adsorbed on gr/Ir(111).%?

Charged and Neutral TCNQ on Graphene/Ru(0001).
The initial deposition of TCNQ_ on gr/Ru(0001) produces an
ensemble of isolated molecules, together with the formation of
dimers, trimers and, even, pentamers. As shown in Figure 7a,
for a TCNQ coverage of 0.3 ML, i.e. a density of 3.68 X 10"
molecules/cm? the molecules adsorb initially always on the
lower part (“valleys”) of the ripples, where the surface potential
is lower."” Several phthalocyanine molecules (FeP¢,** MnPc,
NiPc, H2Pc*) and fullerenes® (Cg) show a similar initial
adsorption behavior when deposited on gr/Ru(0001). Nothing
has been reported concerning the experimentally observed state

dx.doi.org/10.1021/cm5005467 | Chem. Mater. XXXX, XXX, XXX—XXX
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of charge of these molecules. Each TCNQ_molecule adsorbed
on gr/Ru(0001), however, has been predicted to acquire a
noticeable amount of charge, almost exactly 1 electron per
molecule,” from the strongly n-doped graphene monolayer.
The calculated adsorption energy for isolated TCNQ molecules
(in the valley region) depends slightly on the specific
adsorption geometry, ranging from 2.37 to 2.53 eV/molecule.”

Upon further deposition, the TCNQ_molecules fully occupy
the lower parts of the ripples forming a self-organized porous
molecular array with coverage of 0.6 ML, i.e. a density of 6.8 X
10" molecules/cm? shown in Figure 7b. The nanostructured
nature of the gr/Ru(0001) substrate, thus, translates into the
formation of this well ordered porous molecular structure. Most
of the molecules adsorb on the bridge site between the fcc and
the hcep regions of the valleys of the moiré.

An STM image of a complete ML of TCNQ_deposited on
gr/Ru(0001) is shown in Figure 7c, where the brighter
molecules correspond to those sitting on the hills. Finally,
ML completion at higher coverage forces the molecules to
eventually occupy the hills of gr/Ru(0001), where the
adsorption energy is, obviously, smaller than in the valleys. In
fact, the average adsorption energy for the complete monolayer
is reduced to 1.88 eV/molecule. At 300 K, only one monolayer
of TCNQ with a density of 9.6 X 10" molecules/cm? can be
adsorbed on gr/Ru(0001). The STM images indicate that for a
full TCNQ ML, 72.5% of the molecules occupy low (valley)
sites and 27.5% the high areas.

Figure 8 shows some representative XPS Nls core levels
measured during deposition of TCNQ_ on gr/Ru(0001). After
each deposition, the gr/Ru(0001) surface was cleaned by
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Figure 8. XPS spectra of the N1s core levels for selected coverages of
TCNQ_on gr/Ru(0001). The continuous red lines correspond to the
fit of the two N1s components (indicated by arrows) and the blue
lines to the fit of the shakeup satellites. At lower coverages one detects
the “N™" (“charged”) component at BE = 398.3 eV due to charge
transfer to the TCNQ_molecules adsorbed in the lower part of the
ripples. The “N°” (“neutral”) component at BE = 399.5 eV is due to
the TCNQ molecules in the higher part of the ripples and appears at
higher coverages. Both components shift slightly to lower binding
energies and saturate at 1 ML. The upper spectrum shows the almost
complete disappearance of the molecules adsorbed on the upper part
of the ripples as a result of annealing to 400 K.

thermal desorption of the adsorbed TCNQ (see below), and a
new amount was deposited and characterized. For a coverage of
0.3 ML, the Nl1s core level can be fitted with a single
component with a Binding Energy (BE) of 398.3 eV and a
fwhm of 1 eV, which corresponds to the cyano group of the
anionic species, TCNQ ™' (N7, in the following), plus the well-
known, 20% intense, shakeup satellite at 400.9 eV.2*7 This is
also in agreement with the N1s core level value (BE: 398.7 eV)
reported for anionic TCNQ_species on Cu(100).>® This core
level spectrum corresponds to singly negatively charged TCNQ
molecules adsorbed in the lower areas of the ripples as shown
in the STM image of Figure 7a.

Up to 0.6 ML only this single N1s peak is detected (although
with a slight shift to a lower BE of 398.0 €V) in agreement with
the STM observations (see Figure 7b) that only “low” regions
of the moiré are occupied.

Above 0.6 ML, a second N1s component corresponding to
the molecules that are forced to adsorb on the hills appears at
higher BE (399.5 V), with its corresponding shakeup satellite
at 402.3 eV.

This second component corresponds to TCNQ_molecules
with negligible charge, i.e. neutral (N°), in agreement with the
N1s values reported for neutral TCNQ in bulk powders™>** or
on gr/Ir(111) (see above), ie. 399.5 eV for N1s and 402.1 eV
for its shake up satellite.

From the annealing experiment shown in Figure 8, we
estimated the site-dependent adsorption energies. In Thermal
Desorption Spectroscopy (TDS) the adsorption energy, E, is
approximately related to the temperature of the peak, T, in
the desorption spectrum®® by Eq = kT [IN(0Thu/fB) —
3.64], where v = 10" s™" and f3 is the heating rate (K:s™"). The
adsorption energy of TCNQ on the hills can, thus, be estimated
to be of the order of 0.9 eV/molecule from the fact that
annealing the sample to 400 K is enough to completely
eliminate the neutral component from the N1s spectrum (see
upper spectrum in Figure 8). The complete removal of the
TCNQ_ adsorbed in the valleys requires annealing to 1000 K.
Accordingly, the adsorption energy is of the order of 2.35 eV/
molecule in excellent agreement with the theoretical
estimation.”

The TCNQ~ state with a —1 charge in TCNQ_ salts
corresponds to a BE shift (with respect the neutral) of the N1s
core level of 0.9 eV.*® In our case, the core level shift is
somewhat larger, 1.2 eV. From the fit we do not observe a
broadening of the N™! component, but a direct appearance of
the N° component, which confirms the existence of two
different kinds of adsorption sites with different charge transfer,
rather than a continuous distribution of charge transfers. It has
to be mentioned that during the deposition of F4-TCNQ on
graphene grown on SiC, Coletti et al.*® observed two Nls
components at energies of 398.3 and 399.6 eV from the
beginning. They attribute the two components to a vertical
arrangement of the F4-TCNQ_molecules on the graphene, in
such a way that the charge transfer through the CN groups do
not affect all N atoms but only those that are in contact with
graphene. We do not agree with this interpretation, according
also with other previous works.*’

In addition, based on our combined STM/XPS experiments
we suggest that they detected the presence of two kinds of
TCNQ molecules: neutral and charged, respectively. The
sequential appearance of charged and neutral TCNQ molecules
is also confirmed by UPS.

dx.doi.org/10.1021/cm5005467 | Chem. Mater. XXXX, XXX, XXX—XXX
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Figure 9a reproduces representative UPS spectra (recorded
at 35° emission angle away from the normal) for increasing
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Figure 9. a) Series of UPS spectra taken using hy = 21.2 eV at 35°
emission for clean gr/Ru(0001) (in black) and increasing coverages of
TCNQ_deposited on gr/Ru(0001) at 300 K. The arrows indicate the
valence band levels of charged TCNQ; b) difference spectra
corresponding to 0.3 and 1 ML, respectively. The clean gr/
Ru(0001) valence band is also shown as a reference.

amounts of TCNQ_deposited on gr/Ru(0001) at 300 K. For
0.3 ML of TCNQ five peaks (one of them double) appear.
They are located at 0.85, 2.0, 3.6, 5.4—6.2, and 8.2 eV below the
Fermi level. Some of them have no correspondence in the
spectrum of the clean gr/Ru(0001) substrate (shown in black),
while others do coincide with features in gr/Ru(0001) but can

be unambiguously identified in the difference spectrum shown
in Figure 9b. The observed spectrum is similar to the one of
thick TCNQ, but with all the bands shifted to lower binding
energy, in agreement with the substantial charge transfer to the
molecule observed at this stage of the growth in the N1s core
level. The intensity of this set of peaks increases with increasing
coverage up 0.6 ML. They correspond to the valence band
levels of charged, anionic TCNQ.*®

Above 0.6 ML a new set of peaks develops at 3.0, 4.6, 6.6,
8.0, and 9.0 eV below the Fermi level. This set is rigidly shifted
~1 eV to higher binding energies and almost identical to the
one described above for TCNQ_on gr/Ir(111). It corresponds
to the neutral molecules sitting on the upper part of the
graphene ripples.

The closer view of the region near the Fermi edge for the
UPS spectrum of TCNQ_on gr/Ru(0001) shown in Figure 10a
allows us to locate precisely the HOMO level. In order to see
the development of a new TCNQ-related electronic state close
to the Fermi edge, the curves have been normalized to the
intensity of the band with a maximum at 0.2 eV (corresponding
to the ruthenium 3d band states) which is attenuated with
increasing TCNQ_ coverage. A shoulder at around 0.8 eV is
indeed visible when increasing the coverage. It corresponds to
the Singly Occupied Affinity Level (SOAL) that reflects the fact
that the TCNQ molecules are charged with electrons coming
from the doped graphene/Ru(0001) substrate. These unpaired
electrons are responsible for the magnetic moment reported
before for this system.”

The tunnelling spectrum recorded on top of TCNQ
molecules adsorbed on the lower part of the ripples is shown
in Figure 10b. It demonstrates the presence of the SOAL of
charged TCNQ_ at —0.86 ¢V below the Fermi level, plus the
doubly occupied, relaxed HOMO level at —2.0 eV (also visible
in UPS). The SOAL located below the Fermi level is not
doubly occupied because of a strong on-site Coulomb
repulsion. For positive bias voltages the increase of differential
tunnelling conductance around +1 eV is related to the presence
of the LUMO.’ Thus, an anion radical forms that has a sizable
magnetic moment, as was demonstrated elsewhere’ by
detecting the corresponding Kondo resonance. Figure 10c
shows the fully developed intermolecular electronic bands for a
complete monolayer of TCNQ on gr/Ru(0001) with a single
molecule highlighted. These bands carry the electrons donated
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Figure 10. a) Low energy region of the UPS spectra recorded at normal emission for increasing amounts of TCNQ_on gr/Ru(0001); b) Local
tunnel spectroscopy recorded on top of TCNQ molecules adsorbed on gr/Ru(0001). The tunnel junction has been stabilized at a low tunneling
current of 20 pA; c) Topographic STM image (7 nm X 7 nm) of a complete monolayer of TCNQ recorded with a sample voltage of —1 V and a
tunnel current of 75 pA. A single molecule is highlighted by the box.
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Figure 11. a) Topographic STM image (7 nm X 7 nm) of a monolayer of TCNQ/gr/Ru(0001) recorded at 4.6 K with a sample voltage of 100 mV
and a tunnel current of 20 pA. The molecules at the upper part of the ripples appear bright; b) Spectroscopic dI/dV (xy) map at —0.1 meV recorded
simultaneously with the STM image showing the spatial distribution of the Kondo resonance at the Fermi level. c¢) High resolution tunnel spectra
recorded on top of TCNQ molecules adsorbed on the valleys (low, in blue) and on the upper part of the ripples (high, in red). Notice that the

Kondo resonance is only detected on the lower part of the ripples.

by the gr/Ru(0001) and generate the associated long-range
magnetic order.

The existence of magnetic moments related to the unpaired
electrons transferred to the TCNQ_ molecules can be
demonstrated by visualizing the related Kondo resonance.*
The shielding of a magnetic impurity by the conduction
electrons generates a many body electron state that, in turn,
originates a narrow resonance at the Fermi level at temper-
atures below a characteristic Kondo temperature, Ty. High
resolution local tunnel spectroscopy at low temperature can
reveal this narrow resonance.*' The local differential con-
ductance spectra reproduced in the right panel of Figure 11
show that the TCNQ molecules adsorbed on the lower part of
the ripples, i.e. those charged, do present indeed a magnetic
moment, as proven by the appearance of a sharp, narrow
resonance at the Fermi level. On the contrary, the uncharged
molecules adsorbed on the upper part of the ripples do not
display the resonance at the Fermi level. The resonance
observed on the TCNQ molecules in the valleys follows the
expected temperature dependence for a Kondo resonance.*
The evolution of the energy width of the resonance with the
temperature can be fitted to 2" = [ (akyT)* + (2ksTx)* ]'/* and
yields Kondo temperatures of Ty = 66 K—139 K depending on
the specific adsorption site (fcc-top or bridge) in the valleys.
The spatial mapping of the intensity of the Kondo resonance
shown in the center panel of Figure 11 visualizes that the
uncharged molecules adsorbed on the hills do not possess
magnetic moment.

B CONCLUSION

In summary, TCNQ_molecules deposited on the rippled gr/
Ru(0001) display a charged species adsorbed on the lower parts
of the ripples and a neutral species adsorbed on the upper part
of the hills. The charged species has an associated magnetic
moment which is absent for the neutral molecules adsorbed on
the upper part of the ripples. On the contrary, TCNQ adsorbed
on gr/Ir(111) is not charged and do not present magnetic
properties.

B EXPERIMENTAL SECTION

Sample Preparation. The experiments were performed in two
Ultra High Vacuum (UHV) chambers with base pressures of 3 x 107"
Torr. The first one was also used to grow and characterize the
graphene monolayers on Ru(0001) and Ir(111) by STM. The second
one was equipped with XPS/UPS and Organic Molecular Beam
Epitaxy (OMBE) sources for molecular deposition.

The Ru(0001) and Ir(111) samples were covered with a single layer
of epitaxial graphene by exposing the crystals to a low pressure of
ethylene at 1200 K followed by a flash to 1400 K. The graphene
covered samples were transferred to the OMBE/XPS chamber and
cleaned there by annealing in UHV at 1000 K during 2 min. After that,
only a very small amount of oxygen was found by XPS. It was due to
some residual patches of the metal surface not covered with graphene
prior to the transfer. The intact nature of the graphene overlayer was
confirmed by the observation of the characteristic moiré patterns for
periodically rippled graphene/Ru'®'*'* and graphene/Ir'" by means
of Low Energy Electron Diffraction (LEED).

In both chambers the TCNQ molecules were sublimated at 350 K
from quartz crucibles with temperature control heated by a tungsten
filament. The samples were held at room temperature (RT) during the
deposition but cooled down to 4.6 K for imaging.

STM/STS. The variable temperature STM has been described
before.'® The local spectroscopy measurements were carried out at 4.6
K with a low Temperature Microscope using UHV-cleaned tungsten
tips as described in ref 43. All the STM data have been analyzed with
WSxM software.**

XPS Measurements. The second UHV chamber was equipped
with an Organic Molecular Beam Epitaxy (OMBE) system, a
monochromatized X-ray source, an ultraviolet He discharge lamp, a
hemispherical energy analyzer (SPHERA-U7), and a low energy
electron diffraction (LEED) optics. The unpolarized He I (hv = 21.2
eV) and He II (hv = 40.8 eV) lines of the UV lamp were used for
Ultraviolet Photoelectron Spectroscopy (UPS), and the Al Ka line (hv
= 1486.7 eV) was used from an Al anode for X-ray Photoelectron
Spectroscopy (XPS). The analyzer pass energy was set to 20 eV for the
XPS measurements to have a resolution of 0.6 eV, whereas for the
UPS the pass energy was set to 5 eV corresponding to a resolution of
0.1 eV. The angular acceptance for the used aperture size is defined
solely by the magnification mode, i.e. 1750 X 2750 um?>. The core level
spectra were fitted to mixed Gaussian—Lorentzian components using
XPS CASA software; all the binding energies are referred to the
sample Fermi level.
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