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Abstract: In this work, we study the interface obtained
by depositing a monolayer of a Blatter radical derivative
on polycrystalline cobalt. By examining the occupied
and unoccupied states at the interface, using soft X-ray
techniques, combined with electronic structure calcula-
tions, we could simultaneously determine the electronic
structure of both the molecular and ferromagnetic sides
of the interface, thus obtaining a full understanding of
the interfacial magnetic properties. We found that the
molecule is strongly hybridized with the surface.
Changes in the core level spectra reflect the modifica-
tion of the molecule and the cobalt electronic structures
inducing a decrease in the magnetic moment of the
cobalt atoms bonded to the molecules which, in turn,
lose their radical character. Our method allowed us to
screen, beforehand, organic/ferromagnetic interfaces
given their potential applications in spintronics. )
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Introduction

Organic/inorganic interfaces have been investigated for at
least three decades!! as they are at the core of the
technological developments driven by the miniaturization of
materials and devices towards the nanoscale limit. In
particular, in the field of spintronics, the study of organic/
ferromagnetic metal interfaces initially acquired importance
in order to understand spin tunneling and spin injection
from ferromagnetic electrodes into molecules.”’ Yet, the
interest in these interfaces now encompasses many aspects
of magnetism, with a variety of effects that have been
reported to emerge when an organic layer is deposited on an
ultra-thin ferromagnetic film.?°¢!

The organic layer at an organic/ferromagnetic metal
interface often acquires a spin polarization because of the
chemical bond with the ferromagnetic film.*! In turn, the
electronic and magnetic properties of the ferromagnetic film
are also significantly modified.’! A paradigmatic example is
the fullerene (Cg)/cobalt interface. On one side of such an
interface, the Cg, layer can be used to spin filter electrons,®
while, on the other side, the Co magnetic moments are
reduced,” and the Co film’s magnetic anisotropy and
hardness are enhanced compared to the clean Co film.[!
Similar or even larger modifications of the magnetic proper-
ties of Co films have also been reported with tris(8-
hydroxyquinoline) metal (Mq;) molecules.®

The goal of our work is to go beyond the most studied
molecules for spintronics, C4 and Mq; by considering the
yet unexplored interfaces formed between organic radicals
and cobalt. To achieve this goal, we propose an original and
powerful approach to characterize at the same time the
electronic properties of both the molecular and the metallic
side of interfaces, whereas most studies to date have focused
on either of the two separately.

Thin films of purely organic radicals (i.e., organic
molecules that carry an unpaired electron and, thus, a
magnetic moment”) have attracted attention for many
applications."” Recently, it was demonstrated that they can
be evaporated under controlled conditions in ultra-high
vacuum,!' thus enabling the use of characterization techni-
ques complementary to the ones traditionally employed in
radical chemistry. For instance, soft X-ray spectroscopy,
combined with concepts originally stemming from the sur-
face science of closed-shell systems, make it possible to
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access radical/inorganic interfaces and the therein occurring
phenomena "1

In this work, we study the cobalt/radical interface
obtained by depositing a derivative of the Blatter radicall®!
(Blatter-pyr, Figure 1) on polycrystalline cobalt. In the
polycrystalline form, cobalt maintains its magnetic
properties!' broadly used in spintronic devices. Blatter-pyr,
obtained by fusing a Blatter radical to a pyrene unit, is a
chemically and thermodynamically stable purely organic
radical™® that can be evaporated in ultra-high vacuum
(UHV), under controlled conditions."*!

We investigated the occupied and unoccupied states at
the interface, by taking advantage of the element-sensitivity
of the chosen soft X-ray techniques and combining them
with electronic structure calculations. The results indicate
that the molecule is strongly hybridized with the cobalt
surface. Specifically, we find that the core level spectra
reflect a reduction of the magnetic moments of the cobalt
atoms, bonded to the molecules, which, in turn, lose their
radical character.

Our work presents an original approach for investigating
not just the radical/cobalt interface, but also many other
interfacial systems. Additionally, the measurements give
access to both the molecular and the metallic side at the
same time, at room temperature, with the advantage of
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minimizing the risk of potential discrepancies in the results
which can instead occur when different techniques, working
under different conditions, are used for the two subsystems.

Results and Discussion

We evaporated Blatter-pyr on polycrystalline cobalt using
organic molecular beam deposition (OMBD) which allows
precise control of the evaporation parameters.”” In this
experiment, this approach also minimizes the possible
contamination of the cobalt surface and avoids generating a
non-defined interface.

The films were investigated by X-ray photoelectron
spectroscopy (XPS) which is a powerful element-sensitive
analytical method."""! Tts signal reflects the chemical state of
the investigated systems and when coupled with calculations
gives a clear insight into their electronic structure, including
at the interface. Introducing this technique to the inves-
tigation of radical thin films has revealed its ability to
identify whether the unpaired electron of the radical is
involved in charge transfer, with or without chemisorption,
losing its imparity and, consequently, with the molecule
losing its radical character.!'"!”
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Figure 1. Blatter-pyr films deposited on polycrystalline cobalt. a) C 1s and b) N 1s core-level spectra of a thicker film (nominally 6.0 nm) compared
to the interfacial layer (0.4 nm) spectra c) and d), together with their fit components, named as shown in the Blatter-pyr molecular structure (left
panel, Ph stands for the phenyl ring). The residuals are also shown. For the fit details see the Supporting Information.
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Looking in detail at the C 1s and N 1s core-level spectra,
we found that the main lines have a complex shape that
depends on the different chemical environments of each
element in the radical (Figures 1a and 1b). XPS C 1s core
level spectra of the thick films of Blatter-pyr deposited on
polycrystalline cobalt (Figure 1a and Figure 2a) are charac-
terized by a main line at around 284.6 eV which is attributed
to photoelectrons emitted from the carbon atoms of the
aromatic sites (C—C and C—H bound carbons), and by a
second feature at higher binding energies (285.8 V) due to
contributions of photoelectrons from the carbon atoms
bound to nitrogen atoms (C-N).'*! Accordingly, the N 1s
core level spectra (Figure 1b and Figure 2b) are character-
ized by three contributions (at around 398.3, 399.2, and
401.0 eV with AEN_nma = 2.7 €V, AEy_ N = 1.8 eV, and
AEN; ng = 0.9 eV) that correspond to the three different
nitrogen atom chemical environments, as expected for an
intact Blatter-pyr.'”™! In addition to the effects due to the
different chemical environments, we also observe the
presence of several satellite features (in this work indicated
with S;, i=1,2,3...), the so-called shake-up satellites, which
are typical in photoemission and appear as an effect of the
relaxation processes, caused by the core hole left behind by
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the photoemitted electron. Their intensity has to be taken
into account when calculating the stoichiometry of the
investigated systems by using XPS (see the Supporting
Information).[!1?]

The stoichiometry of the films is proved by using a well-
established fit routine,'*?" systematically correlated with
electron paramagnetic resonance (EPR) results on a variety
of different radicals.'"""'***2?! The fits indicate that all
components are stoichiometrically meaningful (Tables S1-
S2 in the Supporting Information). Thus, we can conclude
that the XPS spectra reflect the expectations for thin films
with the EPR pattern corresponding to intact Blatter-

[12¢,20a,21c]
pyr.

To understand in detail the interface we have performed
a thickness-dependent investigation of the core levels
spectra. Comparing the spectra of the thicker films with
those of the interfacial layer (i.e., the first organic layer
formed by the molecule directly in contact with the metallic
ferromagnet) and looking at the thickness-dependent behav-
ior of the spectroscopic lines, we observe pronounced
changes (Figure 1 and Figure 2). In particular, the exper-
imental spectroscopic lines of the interfacial radical layer are
broadened and shifted towards lower binding energies
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Figure 2. Thickness-dependent a) C 1s and b) N 1s core-level spectra of Blatter-pyr thin films on polycrystalline cobalt. Evolution of ) the energy
position and d) the relative intensities of the single components in the N 1s core-level spectra with increasing the nominal film thickness, as
obtained from the fit procedure applied to the N Ts core-level spectra in b) (details in the Supporting Information).
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(~1eV). The fit analysis applied to the thickness-dependent
spectra shows how the intensity and the binding energy of
the single contributions evolve versus thickness (Figures 2¢c
and 2d). This behavior indicates a strong interaction, of a
chemical nature, between the Blatter-pyr and cobalt.['**!
Also, the intensity of the satellite features is higher. This is
another indication of the strong chemisorption of the
Blatter-pyr on cobalt.””**! The radical character in films of
intact molecules is represented by the feature at lower
binding energy (Nrad in Figure 1d) and correlates with its
intensity.'”?'**l This feature has a lower intensity in the
interfacial film N 1s core level spectrum than in the thicker
films (Figure 1d, compare with Figure 1b) revealing only a
residual radical character. This is because the chemical
environment of molecules in contact with the cobalt surface
is significantly different than in the volume of the radical
films owing to the bond with cobalt (Figures 1c and 1d, the
interfacial features are indicated with an asterisk to under-
line their different chemical environment and Table S4 in
the Supporting Information).

The finding that Blatter-pyr is chemisorbed on cobalt is
further supported by the Near Edge X-ray Absorption Fine
Structure (NEXAFS) spectra measured on the interfacial
layers (Figure 3) at the C K edge. The signal arises from
transitions from the C 1s core levels to the unoccupied
states. The spectra are substantially different from the
spectra of the thick films (Figure S1),’**! lacking the pre-
edge feature attributed to the transitions from the C 1s core
levels to the singly unoccupied molecular orbital (SUMO),
and the peaks in the 288-290 eV photon energy region
(Figure S1).”* This result suggests that the SUMO
becomes occupied due to the occurrence of charge transfer
from the cobalt surface to the radical film. It corroborates
the XPS results, evidencing the chemisorption of the radical
on the cobalt. We also observe that the NEXAFS spectra
for two different polarizations of the incident light with
respect to the surface of the polycrystalline cobalt do not
show any strong dichroism,?! revealing a high degree of
azimuthal disorder in the interfacial layer.

Combining XPS and NEXAFS has provided a detailed
description of the phenomena at the interface influencing
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the radical character of the first molecular layer deposited
on cobalt.

Therefore, we now address the cobalt side. We measured
the NEXAFS Co L,; edge spectra (corresponding to
transitions from the Co 2p core level states to the 3d
unoccupied states) before and after the deposition of the
radical films (Figure 4).

In the literature, spectra are compared to understand the
influence of the alloying, oxidation, or ligands on the cobalt
bulk.® Conversely, here we use this approach to investigate
a hybrid organic radical/inorganic interface.

Cobalt is a highly reactive material, which leads to the
formation of various oxides and hydroxides if left exposed
to ambient conditions or oxygen contaminants in high
vacuum.®#*! Therefore, it is important to rule out oxidation
as a cause for the potential changes. The cobalt L;
absorption edge shows distinctive features, depending on
the oxidation state and the ligand field splitting (if
applicable), such as peak splitting and shoulders in the
peaks.”"#"] The line shape of the cobalt NEXAFS spectra
after deposition does not deviate prominently from that of
the clean cobalt surface (Figure 4). Neither splitting nor
additional shoulders are present in the absorption spectra of
the Blatter-pyr/cobalt interface after film deposition. This is
a clear indication that no significant oxidation of the cobalt
occurs upon radical deposition.

The signal difference evidences a slight increase in
intensity after film deposition (red curve, Figure 4). The
enhanced intensity indicates a lower electronic population in
the final states after deposition,”**1 concomitant with
cobalt-to-radical charge transfer as evinced with XPS and
NEXAFEFS at the molecular side.

Taking inspiration from the data analysis performed on
electron energy loss spectroscopy (EELS),>* we have
adapted it to the NEXAFS spectra to quantify the differ-
ences in the spectra before and after evaporation. We have
calculated the I(L;)/I(L,) ratio, the branching ratio I(L;)/
I(L,)+I(L;), and the normalized white lines (i.e., I(L,)+
I(L;) normalized to the continuum),”*Y being I(L;) and
I(L,) the peak areas of the Co L, and Co L; edges (see
Table S5 and the Supporting Information for definitions and

b)

Figure 3. a) C K edge of an interfacial Blatter-pyr film deposited on polycrystalline cobalt. b) Geometry of the experiment, normal incidence

(6,=90°) and grazing incidence (6,=20°).
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Figure 4. Co L2,3 NEXAFS spectra of the polycrystalline cobalt surface before and after deposition of an interfacial layer of Blatter-pyr, as indicated,

for a) grazing incidence and b) normal incidence (see also Figure 3).

details). We find that the I(L;)/I(L,) ratio is lower after the
layer  deposition, indicating lower d  orbital
occupancy.?*4f¢l Considering methods previously used for
EELS spectra;®*¥ it is also possible to obtain a numerical
estimate of the d orbital occupancy that confirms that it is
lower after chemisorption of the Blatter-pyr (see Table S5).
The analysis of the spectra reveals a consistent pattern: the
cobalt surface loses charge to the radical, as indicated by all
the calculated values (Table S5).

At this point, the question is how the interaction with
the radical monolayer and the consequent charge transfer
influence the magnetic properties of the cobalt surface. We
answer this question through a detailed examination of the
electronic configuration of the unoccupied states in the
polycrystalline cobalt, both pre- and post-evaporation of the
interfacial film: we have calculated the difference in the
magnetic moment before and after deposition by using the
calculated I(L;)/I(L,) ratio, the branching ratio I(L;)/I(L,) +
I(L;), and the normalized white lines.”***! We could
determine a difference in magnetic moment of —0.05 pg
after evaporation (see the Section Methods in the Support-
ing Information). Although this value is a simple estimation
what is important is the tendency identified by the calcu-
lation, i.e., the cobalt magnetic moment is lower after
evaporation.

In pursuit of further exploring this aspect, we returned
to XPS (because of its higher surface sensitivity in compar-
ison with NEXAFS) and directed our focus towards
analyzing the Co 3 s core level spectra, characterized by the
multiplet splitting that may occur when unpaired electrons
occupy valence states.” We fitted the Co 3's core level
spectra before and after the deposition of the interfacial
film, by using a Doniach-Sunjic line shape (Figure 5).*”) We
find that the doublet binding energy separation is around
3.5eV, in agreement with the literature for polycrystalline
cobalt and cobalt compounds.”” The energy separation
between the two peaks correlates with the 3s-3d exchange
interaction energy, while the peak intensities of the doublet
features correlate with the total spin and, thus, with the
magnetic moment.”**"
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Figure 5. Co 3 s core-level spectra a) before and b) after evaporation of
the interfacial radical layer, together with their fit. The residuals are also
shown. For the fit details see the Supporting Information.

We calculated the magnetic moment, obtaining 1.79 pg
and 1.50 pg before and after evaporation (see the Section
Methods in the Supporting Information and Tables S6 and
S7). Thus, by examining both the occupied and unoccupied
states, we come to the result that the cobalt magnetic
moment decreases due to the chemisorption of the Blatter-
pyr. Here, we like to mention that this method gave good
values of the magnetic moment in cobalt-based materials,
chromium compounds, and iron alloys,”? however some
critical issues have been reported in other cases.” Differ-
ences in the fitting procedure might lead to different values
of the magnetic moment. In our opinion, these values must
be considered as tendencies, useful to make comparisons
among different chemical conditions of the cobalt surface.
We also note that the difference in the magnetic moment
using this method is —0.29 yg after evaporation, higher than
for the NEXAFS analysis. This is because the X-ray
penetration depth and the information depth are different in
the two cases, being even more surface sensitivity in XPS
(see the Supporting Information).

To support our method and further elucidate the
experimental results we performed electronic structure
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calculations based on Density Functional Theory (DFT)
following the same approach used in other studies about
radical molecules and their adsorption on surfaces.!'?*?'%*
Blatter-pyr is a planar molecule, except for the phenyl ring
bonded to N1, which forms a dihedral angle, 9 = 44.3°, with
the Blatter core because of the steric interaction with the
pyrene unit. The electronic structure of Blatter-pyr is typical
of a radical with spin S=1/2.0¢12021c24343] Tt presents an
unpaired electron and, therefore, a singly occupied (and a
singly unoccupied) molecular orbital SOMO (and SUMO)
(Figure S2 in the Supporting Information). These are mostly
localized on the three nitrogen atoms (N1, N2, N3=Nrad)
of the Blatter core, with a small contribution from the fused
pyrene unit, as seen in the spin density isosurface in
Figure 6a. The results are overall consistent with previous
DFT calculations for the same molecule.*®***** The
simulated N 1s core level spectrum is displayed in Figure 6a.
It resembles the experimental one for thick layers. We
observe three main peaks that correspond to the three
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different N atoms. The peak at the lowest binding energy is
associated with N3 (=Nrad), the one at the highest binding
energy to N1, and the one at the intermediate binding
energy to N2. All peak binding energies are underestimated
by about 20eV compared to the experimental values
because of the employed approximations (see computational
methods in the Supporting Information). Despite that, we
observe that the energy splitting of the three peaks,
AEy_x3 =29 ¢V, AEy v =19 ¢V, and
AEy, n3 =1 .0 eV, agrees very well with the experimental
results (see above). Thus, the calculations confirm the
correct interpretation of the core spectra as previously
discussed.

The cobalt/molecule interface is modeled by placing one
molecule on a Co slab. We consider the Co (0001) surface,
which is the prevalent surface in our polycrystalline
samples.’® Here we only consider one adsorption geometry,
shown in Figure 6d. Different geometries are discussed in
the Supporting Information. After the geometry optimiza-

N1 N2 N4
S N
= h8
% ’
@) ) }*} "‘)-&-‘
"; 3*’ } *\
-
-4 € -
-382 -380 -378 -376 -374 }“'\} .
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Figure 6. Simulated N Ts XPS spectrum (DOS) for the a) the isolated m

d)

olecule and c) the molecule on the Co surface. The zero-energy reference is

set to the Fermi level. b) Spin density isosurface for the isolated molecule. d) Top view of the slab used in the calculations.

Angew. Chem. Int. Ed. 2024, 63, €202403495 (6 of 9)

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UBD1T SUOWIWOD BAIRESID (dedl|dde ayy Aq pausenof afe sajoiie YO ‘85N 4O S9N 10y Are1q1 8UIUO 8|1 UO (SUOIPUOD-PUe-SWBHW0D" A8 | 1M Afe.q)1BU 1 UO//:SdNY) SUORIPUOD pue WS L 84} 885 *[7202/TT/0T] U0 A%iqIauljuo AB|IM BIZaWS A 1120504 2D BISIBAIUN AQ S6VE0KZ0C @ 1U/Z00T OT/I0p/W0D" A8 | ARe.q 1|BU UO//SdNY WO} papeouMOq 2k ‘¥20e ‘€LLETCST



GDCh
=

tion, the calculated average adsorption distance is about
2.1 A which is typical for organic molecules strongly
chemisorbed on ferromagnetic transition metals.*** The
radical nature of the molecule is not preserved. The
calculated magnetic moment of the Blatter core is only
about 0.12 uz. The molecular features, such as the SOMO
and the SUMO, in the electronic structure near the Fermi
level, disappear as a result of the hybridization with Co, and
they merge into very broad states (see Figure S3 in the
Supporting Information), similar to those found for other
organic molecules on ferromagnetic transition metals.*!! In
turn, the magnetic moments of Co atoms bonded to the
molecule are reduced from about 1.7 ug, the value for the
clean surface, to about 1.3 uj, reproducing the tendency of
the experimental observation.

The simulated N 1s core level spectrum of the molecule
on the Co slab is shown in Figure 6¢c. The energy splitting
between the three characteristic peaks is strongly reduced
compared to that seen for the isolated molecule. We obtain
that AEyi 3 =2.0eV, AEyi v =14 eV, and
AEy,_n3 = 0.6 eV. This explains the broadened line shapes
of the N 1s core level curve that we observed experimentally
at the interface (Figure 1d). Overall, our DFT results fully
support the arguments used to interpret the experiments.
The molecule is strongly hybridized with the surface, and
the change in the core level spectra reflects the modification
of the molecule’s and cobalt’s electronic structure induced
by the bonding across the interface.

Conclusions

We have investigated the effect of a Blatter-pyr layer
deposited on polycrystalline cobalt. We find that Blatter-pyr
loses its radical character. This is irrelevant in this study
because our focus is on the interface as a system. Future
work might envisage the necessity of an intact radical
decorating the cobalt surface. This can be achieved by
designing the radical molecule with functional groups that
attach to the ferromagnetic surface, hindering the chem-
isorption of the radical moiety, as, for example, on gold
surfaces. 2>

We show that it is possible to predict the impact of the
organic interfacial layer on the magnetic properties of the
polycrystalline cobalt, analyzing in extreme detail X-ray
photoemission and absorption data at room temperature.
Comparing this system to the prototypical Cgy/cobalt inter-
face, the effect of depositing a radical layer turns out to be
promising. Depositing 20 nm of Cy4 on a 5nm cobalt thin
film decreases the magnetic moment of a cobalt atom on
average of around 0.27 pg, similar to the value that we
found in this work for the Blatter-pyr/cobalt interface.

Despite their importance for spintronics, the number of
investigated organic materials that are known to influence
the cobalt properties remains quite limited because describ-
ing the electronic and magnetic properties of such an
interface requires a large variety of different techniques,
high surface sensitivity, and often high fields and low
temperatures, too. In this respect the versatility of our
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approach plays an important role, allowing preselecting,
beforehand, organic/ferromagnetic and radical/ferromag-
netic interfaces, identifying the most promising for spin-
tronic applications.
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