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Long-range magnetic ordering of FePc molecules driven by interfacial coupling
with antiferromagnetic Cr,0;
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Interfaces between molecular layers and ferromagnetic materials, named spinterfaces, have been widely
studied on account of the intriguing magnetic phenomena associated with the spin-polarized hybrid interface
states, and of possible innovative applications. This work starts exploring the opportunities given by coupling
molecular layers and antiferromagnetic materials, focusing on the magnetoelectric antiferromagnetic insulator
Cr,0;. Antiferromagnets are currently of great interest for the future development of spintronics and magnonics
applications, since they are stable against external fields and they show dynamic behaviors at much higher
frequencies, compared to ferromagnets. On the other hand, interacting with the magnetic structure of an
antiferromagnet is more challenging. A possible approach is that of establishing an antiferromagnetic spin-
terface, in such a way that external stimuli acting on the molecular side can influence the substrate magnetic
parameters. Self-assembled monolayers of FePc (iron phthalocyanine) are prepared on thin Cr,O3 films, and the
morphological, structural, electronic, and magnetic properties of the resulting antiferromagnetic spinterface are
experimentally and theoretically investigated. We observe flat-lying molecular layers that develop a long-range
magnetic ordering of the magnetic moments associated with Fe ions. Our calculations support the conclusion
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that such ordering is established through the interaction at the interface between FePc and Cr,05.

DOI: 10.1103/2pq1-8x4z

I. INTRODUCTION

Spintronics, which is based on the exploitation of the
electron spin to transport and store information, has been
playing a very important role for developing nanoscale de-
vices in the last decades [1]. The various efforts of the
scientific community to support such development often
opened the way for innovative approaches, minded to take
advantage of the peculiarities of specific classes of ma-
terials [2]. For instance, antiferromagnetic (AF) materials,
which have, for a long time, been exploited mainly as pin-
ning layers in exchange-biased layered structures [3], have
more recently come in the focus of investigations aimed

“Present address: Technische Universitit Dortmund, Fakultit
Physik, Otto-Hahn-Str. 4, Dortmund 44227, Germany.

"Present address: Catalan Institute of Nanoscience and Nanotech-
nology (ICN2), Campus UAB, Bellaterra, Barcelona 08193, Spain.

*Present address: Alba Synchrotron Light Facility, Cerdanyola del
Valles 08290, Spain.

$Contact author: alberto.brambilla@polimi.it

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2475-9953/2025/9(10)/104413(12)

104413-1

to exploit special features, like their insensitivity to ap-
plied magnetic fields and the THz-regime frequencies of AF
spin waves [4-7]. Among AF materials, transition metal ox-
ides represent a widely studied class, on account of their
chemical stability and of the relatively high Neél tempera-
tures (usually well-above room temperature) that characterize
them [8,9]. Lately, spin waves have been generated and de-
tected in AF oxides, such as NiO [10-12], Fe, O3 [13,14],
and Cr;03 [15,16], both electronically, thermally, and
optically.

Another spintronics-derived research branch is Organic
(or Molecular) spintronics, in which molecular materials are
coupled to ferromagnetic (FM) ones. The interest in ex-
ploiting organic materials for spintronics have initially been
stimulated by the long relaxation time of the electron spin,
which is expected in light elements due to the small spin
orbit coupling. Early studies mainly focused on spin injec-
tion and spin-polarized transport in devices such as organic
spin valves [17,18], while further developments strongly
highlighted the importance of interface effects, not only in
influencing spin-transport properties but also in determining
new ways by which the properties of both the molecular
and the FM layer can be modified and tailored [19-24],
hence the term spinterface was introduced [25,26]. The hy-
bridized states that develop at an organic/inorganic interface
can directly determine the spin-polarized character of the

Published by the American Physical Society
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interface, as remarkably observed, for instance, in the case
of Cgp adsorbed onto a nonmagnetic Cu surface [27]. Such
observations allow researchers to envision molecule-mediated
ways of tailoring key magnetic parameters, like magnetic
anisotropy in FM materials [28]. Molecules, on their side,
offer the opportunity of indirectly interacting with the spin-
terface by coupling to external means, such as chemical
reactions [29,30], optical stimuli [31], electric gating [23], and
doping [32]. The possibility of combining different effects
in a single fundamental unit opens the appealing possi-
bility of developing multifunction molecular spintronic de-
vices [33] that, given the interface-based approach of molec-
ular spintronics, can potentially be downscaled to the 2D
limit [34].

In this work, we advance the novel approach of realiz-
ing antiferromagnetic spinterfaces, in which the molecular
layers are coupled to AF substrates, with the aim of be-
ing able to exploit external stimuli to induce responses in
the AF substrate (such as the generation and the manip-
ulation of AF spin waves), through spin-polarized hybrid
interface states. Among AF transition metal oxides Cr,0s3,
which has a Néel temperature slight above room temper-
ature (RT) in the bulk (7y = 308K), is characterized by
the presence of a stable uncompensated surface magnetic
layer [35,36], and can be successfully grown in ultra-high
vacuum (UHV) on different substrates [36-38]. Moreover,
its electrical insulating and magnetoelectric characters make
it a suitable candidate as an active element in spintronic
devices [39,40].

Several families of organic molecules have been employed
in spinterfaces, ranging from C-based ones like pentacene [41]
and Cgp [42], to quinolines [43], to metal complexes of
porphyrins and phthalocyanines [44—46], which in several
cases are paramagnetic and develop a long-range magnetic
ordering when coupled to FM surfaces. The latter molecules,
also thanks to their flat structure, have shown indeed to be
well-suited for allowing the manipulation of hybrid inter-
face states through interaction with external means [47]. In
this study, we prepared and investigated, both experimentally
and theoretically, iron phthalocyanine (FePc) self-assembled
monolayers on Cr,03(0001), forming the AF spinterface
FePc/Cr,03. The interaction of metal-phthalocyanine (MPc)
molecules on oxide surfaces is much less investigated when
compared to MPc adsorbed on metallic surfaces, also on
account of the weaker interaction, that might hinder long-
range molecular ordering of molecules [48]. On the other
hand, a number of investigations have shown that oxygen
passivation of FM metallic surfaces is beneficial for the sta-
bilization of well-ordered molecular layers, preserving and
possibly enhancing the interfacial magnetic coupling [49-53].
Here, we observe that FePc forms a two-dimensional layer,
in which the molecules lay flat on the surface. This self-
assembled monolayer appear to be formed on account of
the interaction with the substrate, as for thicker layers the
molecules start to be tilted out-of-plane. The coupling that
develops at the interface is such that a long-range FM or-
dering of the magnetic moments of the molecular Fe core is
achieved. Such AF spinterface is therefore a perfect candidate
for development and potential application in AF molecular
spintronics.

II. METHODS
A. Experimental details

The experiments were performed in two different UHV
systems (base pressure <2 x 107!% mbar) at Politecnico di
Milano and at the NFFA APE-HE beamline of the Elettra Syn-
chrotron radiation facility [54]. All the samples were grown
and measured in situ. Cu(110) substrates were cleaned by
subsequent cycles of sputtering with 1.5keV Ar" ions for
40 minutes, with the sample kept at 480 °C, followed by an
annealing at 480 °C for 15 minutes. Ultrathin films of Cr,O3
with thickness up to 2.5 nm were grown by reactive molecu-
lar beam epitaxy (MBE), in a molecular oxygen atmosphere
with pp, =1 x 107° mbar at 435 °C, followed by 1 minute
cooling in oxygen atmosphere. The chromium deposition rate,
measured by means of a quartz microbalance, was of about
0.3 nm/min. Iron(IT) phthalocyanine (FePc) has been evapo-
rated by MBE, using a powder source, on the Cr,O3/Cu(110)
system kept at RT.

Auger Electron Spectroscopy (AES) spectra and Low En-
ergy Electron Diffraction (LEED) patterns were collected
using an Omicron SPECTALEED with a total acceptance an-
gle of 102°. LEED images have been acquired using a Canon
EOS 2000D camera, keeping the focus and zoom fixed for all
the images. Scanning Tunneling Microscopy (STM) images
were acquired with an Omicron Q-PLUS variable temperature
microscope at RT in constant current mode. Q-PLUS tips were
purchased directly from Scienta Omicron. X-ray Absorption
Spectroscopy (XAS) and X-ray Magnetic Circular Dichroism
(XMCD) measurements were taken at the APE-HE beamline.
XAS measurements at the CrL,3; and at the FeL, 3 edges
were taken in the Total Electron Yield (TEY) mode, which
is characterized by a typical depth sensitivity of the order of
10 nm, with either linear or circular polarizations, at both RT
and at 100 K. XMCD spectra were obtained as the difference
between two spectra taken with opposite helicities, taking into
account a circularity degree of 75%.

B. Computational details

The ground state and its properties are studied through
the Density Functional Theory approach, as implemented in
the Quantum-Espresso distribution [55,56]. Van der Waals
xc-functionals (vdW-DF-c09) [57] and Hubbard U corrections
(in the Dudarev’s formulation) [58] with an effective U of
4.00 eV for the Cr [59] and of 5.00 eV for the Fe atom [60], are
adopted. Variations of the U parameters of £1 eV do not alter
our conclusions regarding the AF coupling between molecules
and substrate in the optimized adsorption geometry (see
Table I in the Supplemental Material (SM) [61] and the
references cited therein [59,60]). Vanderbilt ultrasoft pseu-
dopotentials (GBRV) [62] with semi-core corrections, and
cutoffs of 45 Ry and 270 Ry, respectively, on the wave func-
tion and the charge-density, are considered. A 4 x 4 supercell
is built from a primitive cell of the (1 x 1) O-terminated
Cr,03(0001). We sample the surface Brillouin zone by the
Gamma point. Four Cr-30-Cer trilayers (with an overall thick-
ness of ~5 A) are considered, with the bottom one kept fixed
in structural optimizations. This cell allows us to study diluted
FePc molecules, where the distance between the Fe centers of
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FIG. 1. (a) High energy and (b) low energy AES spectra before and after deposition of 1.2 nm of chromium oxide; (c) XAS spectra before

and after deposition of chromium oxide.

two nearby molecules is 20.4 A, and that between facing H
atoms is no smaller than 5.5 A in the most energetically stable
case.

III. RESULTS AND DISCUSSION

A. Experimental results

The stoichiometry of the deposited chromium oxide thin
films was validated by means of AES and XAS. In Figs. 1(a)
and 1(b), the AES spectra associated with Cr LMM, O KLL,
and Cu LMM transitions are shown, in two different energy
windows. These spectra testify the successful growth of the
desired amount of oxide. Figure 1(c) reports the XAS spec-
tra taken, in linear polarization, at the CrL, 3 edges before
and after deposition. Comparing its lineshape with litera-
ture [63—-65], we confirm that we have stabilized the Cr,O3
phase. We underline that all electron spectroscopies measure-
ments realized during the growth processes confirmed the
absence of doping and chemical defects in the films.

The structure and morphology of the system has been
studied through LEED and STM. In Fig. 2, the LEED patterns
of the Cu(110) surface and of Cr,O3 on Cu(110) for different
coverages are shown. The pristine Cu(110) is characterized by
lattice constants ajgo = 0.360 nm and a;19 = 0.255 nm, while
the lattice constant of bulk Cr,03(0001) is aox » = 0.496 nm,
measured as the in-plane distance between Cr atoms [38,66].
In Figs. 2(b) and 2(c), the LEED patterns are seen to change
upon deposition of, respectively, 1.2 nm and 2.5 nm of Cr, 03,
displaying hexagonal patterns, rotated by 90 degrees with
respect to each other, consistently with the formation of
Cr;03(0001) on top of the rectangular Cu(110) surface. In
Fig. 2(d), the LEED patterns of the pristine Cu(110) and
the 2.5-nm-thick Cr,O;3 film are compared. We observe that
the distance from the center between the first order diffrac-
tion spots, in the reciprocal space, is the same for both
Cr;03 and Cu(110). We can, therefore, derive the following
relationships:

~ 2 .2
box = by = . AN =
dox,ssin (5)  anno
o~ 2
= dox,s = ﬁano = 0.295 nm.

This calculated periodicity of the Cr,O3 surface ao s is,
thus, quite different with respect to that of the bulk and, in
a previous work on the growth of Cr,O3 on Cu(110), it has
been associated with the formation of CrO [67]. However,
as already mentioned above, the lineshape of the XAS spec-
trum in Fig. 1(c) can clearly be associated with Cr,Os. We
have, therefore, to exclude stoichiometry as the origin of such
discrepancy, which is instead to be understood in terms of a
surface reconstruction.

In fact, by allowing for a mild tensile strain of about 2.8%
for aox p, the CryOs crystal can grow commensurately along
the [110] direction of the substrate, with a lattice constant
about twice ajjg, keeping the (0001) surface exposed. The
periodicity estimated from the LEED pattern discussed above

(a) (b)

(©) (d)

FIG. 2. LEED patterns taken at E =175eV on: (a) clean
Cu(110); (b) 1.2 nm-thick Cr, O3 on Cu(110); (c) 2.5 nm-thick Cr,05
on Cu(110). (d) Comparison between (a) and (c) LEED patterns, with
corresponding reciprocal unit cells, in red for Cu(110) and in green
for Cr,O3/Cu(110).
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FIG. 3. Side-view of the: (a) Cr-terminated surface; (b) Cr-rich O-terminated surface with AF ordering; (c¢) Cr-rich O-terminated surface
with FM ordering. Color scheme as follows: light and dark blue represent spin-up and spin-down Cr atoms; red represents O. (d) Energy
spent in pushing inwards (Az) the Cr atoms of the Cr-terminated surface seen in panel (a), differentiating between the two possible magnetic
orderings of the outer layers, obtaining the two local minima depicted in panels (b) and (c¢) (per formula unit).

suggests to conclude that the oxide surface is reconstructed by
forming the so-called Cr-rich O-terminated surface [38,66].
The “Cr-rich” specification follows the need to distinguish
this structure from the nonstoichiometric O-termination that
would result by removing the topmost Cr atoms in the Cr-
terminated case.

The stability of the surface termination proposed by our
experimental diffraction studies is also supported by our DFT
calculations. In Fig. 3, we propose indeed a model based
on the calculated strained unit cell for chromium oxide.
Two different Cr,O3(0001) surfaces have been simulated: a
Cr-terminated one that results from cutting the crystal be-
tween two Cr,Oj trilayers (i.e., alternating Cr-O-Cr planes),
and the Cr-rich O-terminated one mentioned above.

To simulate the latter configuration, we have started from
the Cr-terminated surface, and pushed the top Cr atoms (Crl)
inward (Az), performing a structural optimization in which
the vertical coordinate of the Crl was fixed, and considered
two magnetic couplings between the Cr atoms: either AF as in
Fig. 3(b) or FM as in Fig. 3(c). We have taken a lateral strain
of 2.8%, consistent with the experiments, but qualitatively
similar results are obtained by moderate strain variations (e.g.,
0—4%).

Therefore, the experimental observation of the Cr-rich O-
terminated surface, in combination with our DFT calculations,
suggests it as a plausible metastable termination of Cr;O3
realized in the sample growth conditions, that we consider
in the following as the substrate for the study of FePc ad-
sorption. Theoretical studies of FePc on the Cr-terminated
Cr,03(0001) are described in a previous work by some of
us [68]. We remark differences in the surface chemistry of
the two terminations that are relevant for adsorption prop-
erties: the O-terminated surface does not expose protruding
Cr atoms, which effectively binds FePc by imide N atoms in
the Cr-terminated case [68], and has the different magnetic
structure, as depicted in Fig. 3.

In Fig. 4, the STM images of Cr,O3 on Cu(110) for differ-
ent coverages are reported. The growth proceeds by islands.
From the early stages, as seen in Fig. 4(a), it is possible to
observe the presence of two different island types, with either
rounded (A) or elongated (B) shape, the latter developing
parallel to the [110] direction.

All islands are flat, with an average height of about 1 nm, as
shown in Fig. 4(d), which is consistent with a fully developed
Cr,03 unit cell [38,67]. As the coverage increases, as shown

in Figs. 4(b) and 4(c), rounded islands increase in size, devel-
oping a rectangular shape. Elongated islands tend instead to
disappear with increasing coverage. Very likely, a preferential
growth along the [110] direction is initially favored, thanks
to the good lattice matching along such direction. As soon as
the island density increases, rounded ones have more chances
to enlarge and become more and more stable, developing
well-defined edges preferentially along the [100] direction.
These observations are also consistent with the progressive
disappearance of one of the two hexagonal domains in the
LEED pattern, as seen in Fig. 2.

Figure 5(a) shows an STM image of the low coverage
Cr,03/Cu(110) surface after deposition of 1 ML of FePc.
One can identify three different types of regions, as follows.

(1) Region 1, supposedly belonging to the bare substrate,
shows a periodicity of 0.55 nm along the [110] direction, as
seen in the corrugation profile reported below, which is consis-
tent with the p(2 x 1)O reconstruction of the Cu(110) surface,
also known as the missing row reconstruction [69]. The oxy-
gen reconstruction is formed during the reactive growth of
CI'203.

(2) Region 2 is related to an area where FePc is directly
grown above Cu(110)-p(2 x 1)O; FePc molecules form a
layer characterized by a lattice parameter of 1.7 nm along the
[100] direction of the substrate, as seen in Fig. 5(b) and in the
corrugation profile reported below.

(3) Region 3 consists of the FePc monolayer adsorbed
above chromium oxide islands. The in-plane ordering of
the FePc molecules on top of Cr,O; seems less de-
fined than what is obtained for molecules adsorbed on top
of the oxygen-covered Cu surface, particularly lacking a well-
defined orientation of the molecular axis compared to the
crystallographic axes. Despite this, the molecules appear to
remain substantially flat-lying, which should be beneficial in
terms of the formation of spin-polarized hybridized interface
states [70,71].

In order to investigate the formation of a spin-polarized
hybrid interface state, XMCD measurements have been per-
formed. The XMCD spectra shown in Figs. 5(c) and 5(d)
have been acquired at 100 K on a 2 ML-thick FePc layer
deposited on a 2.5 nm-thick layer of Cr,O3/Cu(110) in
order to ensure a full coverage of the copper surface by
the oxide. The chosen measurement temperature is well
below the typical values reported for the Néel tempera-
ture of Cr,O; thin films (reportedly larger than 240 K)
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FIG. 4. (a)—(c) STM images of Cr,O3 on Cu(110) with thicknesses 0.6 nm, 0.9 nm, and 1.2 nm, respectively. The letters A and B indicate
different kind of islands (see text). All images have size 400 x 400 nm? and setpoint AV = —1.8 V, I = 0.1 nA. (d) Height histogram of the

Cr, 03 islands of panel (a).

[36,72—74] The average magnetic moment associated with the
Fe ion of the FePc layer has been investigated by measur-
ing the XMCD signal at the FeL, ; edges, obtained as the
difference between two spectra taken with opposite helici-
ties. In Figs. 5(c) and 5(d), absorption spectra for circular
left (CL) and circular right (CR) polarizations and the re-
sulting XMCD curve, for x-rays impinging at either 6 =
45° (grazing incidence) or 6 = 90° (normal incidence) are
shown.

Analyzing in details the obtained dichroic signal [61], it
is possible to extract further information on the direction
of the FePc magnetic moment. The main XMCD peaks are
associated with the A; (705.6eV) and B; (704.8eV) peaks

T T
4 6 8 10 12 14
Distance (nm)

T L |
0 1 2 3 4 5 6 0o 2
Distance (nm)

of the Fel; edge in the absorption spectra, which are re-
lated, respectively, to transitions polarized either out-of-plane
or in-plane (with respect to the molecular plane), while the
signal rising from the A, and B, peaks is almost negligible
or hidden into the noise. At grazing incidence, the resulting
XMCD signal has its maximum in correspondence to A, with
a value of about 1%, and a second peak in correspondence to
B, with a value of about 0.5%, which is small but still well
above the signal-to-noise sensitivity of the beamline (see, e.g.,
Refs. [75,76]). At normal incidence, only the out-of-plane
component is still visible. The presence of two peaks in the
dichroic signal, corresponding to two different orientations of
the magnetic moment, indicate that the magnetic moment of

[ [@ .

—CR

XAS (arb. units)
XAS (arb. units)

702 704 706 708 710 702 704 706 708 710
Photon energy (eV) Photon Energy (eV)

FIG. 5. (a) STM image of 1 ML of FePc on Cr,03/Cu(110); size 90 x 90 nm?, setpoint AV = —2.8 VI = 0.1nA. (b) Zoom on the
FePc/Cu(110) region; size 50 x 50 nm?, setpoint AV = —1.5V, I = 0.2nA. The graphs below each STM image report the corrugation profiles
taken along the corresponding AB dashed lines. The shown directions refer to the Cu(110) substrate. (c), (d) XAS and XMCD spectra acquired
at T = 100K on FePc/Cr,03/Cu(110) at either § = 45° (grazing incidence), and & = 90° (normal incidence).
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TABLE 1. Adsorption energy of the considered configurations,
in the ferromagnetic (FM) and antiferromagnetic (AF) alignment
between Fe and topmost Cr atoms. Values in eV.

Site Angle EM™M EAF EAF — ETM
Crl 0° —3.992 —4.010 —-0.018
45° —4.085 —4.105 —0.020
Cr2 0° —3.987 —4.020 —0.033
45° —4.114 —4.137 —0.023
Cr3 0° —4.066 —4.105 —0.039
45° —4.185 —4.220 —0.035
O-up 0° unstable —4.314
15° —4.419 —4.462 —0.043
30° —4.633 —4.677 —0.044
45° —4.502 —4.548 —0.047
O-dn 0° —4.084 —4.107 —0.023
30° unstable —4.101
45° —4.063 —4.079 —-0.017

the FePc is not completely lying neither in-plane nor out-of-
plane.

The observed XMCD signal therefore testifies the pres-
ence of long-range magnetic ordering of spin-polarized states
associated with the adsorbed FePc molecules, without a pref-
erential orientation due to the partial molecular disorder.
The possible association of the molecular magnetic ordering
with that of the substrate is experimentally substantiated by
the uniformity of the Cr,0O; island heights [see Fig. 4(d)],
which would account for a uniform orientation of the mag-
netization vector in the topmost layer, being the substrate
in its AF state at the measurement temperature of 100 K
(see also Fig. S2 of the SM [61]. We also underline that,
commonly, very high magnetic fields and extremely low
temperatures are employed to align the magnetic moments
of FePc (and similar paramagnetic molecules) grown onto
nonmagnetic substrates [77,78]. In the following section, we
will show that our theoretical calculations fully support this
interpretation.

As a completion of the XMCD analysis, we have per-
formed the measurements also at the L, 3 edges of Cr on
the bare Cr,O3 substrate, in order to check that, indeed, no
detectable XMCD signal could be observed (not shown). This
confirms the absence of FM impurities, possibly due to defects
or small variations in the stoichiometry, in the AF Cr,0O3
structure, which could have influenced the magnetic coupling
at the interface with the molecules. Furthermore, we verified
that the XMCD signal at the Fe edges is observed only in the
presence of the molecules, by comparing measurements in the
same energy range before and after FePc deposition, as shown
in Fig. S3 of the SM [61].

B. Theoretical results

Different adsorption configurations of FePc on the Cr-rich
O-terminated Cr,O3(0001) are studied. The configurations,
reported in Table I, are distinguished by: the angle between
the molecular axis and one of the primitive surface axes, the
central atom of the adsorption site, and the sign of the mag-
netic moment of the Fe atom (having set positive “up” spin

[1210]

-

FIG. 6. (a) Top view of the relaxed minimum adsorption energy
configuration (O-up 30° FM) of the FePc/Cr,05(0001) spinterface,
indicating the angle between the N-Fe-N axis and the surface [1010]
direction and the unit cell. (b) Its side view, indicating in yellow,
respectively, the distance molecule (excluding the Fe atom) O-up
layer (Azpepc-0a), the distance Fe O-up atom underneath (Azge-ob),
and the distance of the latter O-up atom and the O-up layer Azop.0a-
Color scheme as in Fig. 3, plus: brown, Fe; dark blue, N; gray, C;
white, H. The names of the adsorption sites are directly indicated. In
particular, the three Cr and two O atoms, as visible from a top-view
of the surface, are differentiated by their respective height, normal to
the surface: from top to bottom, O-up, Crl, Cr2, Cr3, and O-down.

to the surface top layer). In particular, the three Cr and two
O atoms visible from a top-view of the surface, as reported in
Fig. 6(a), are differentiated by their respective height, normal
to the surface. Going inward in the substrate we have O-up,
Crl, Cr2, Cr3, and O-down; of these, the Crl, Cr2, and Cr3
are polarized in the same direction. In addition, we call the O
atom under the Fe atom Ob (b = below) and the O top layer
Oa (a = average).

The adsorption energy was calculated, following standard
practice, as the difference in total energy between the com-
bined system and the clean substrate and isolated molecule.
As reference for the isolated molecule configuration, the
Jahn-Teller configuration is considered. The Dy, symmetry
is broken in favor of a Dy, symmetry, with a difference in
the nonequivalent Fe-N bond lengths of 0.1%. In particular,
in this configuration the magnetic moment of the Fe atom is
2.17p, with a d orbital filling aflcﬂdT dtdl d} (where we

xz2yz%yz % xy“xy
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FIG. 7. Electronic DOS (a) and PDOS (b)—(d) of FePc/Cr,05(0001). The PDOS is summed over: (b) all molecule atoms; (c) Fe d orbitals;
(d) substrate atoms. Color codes: Light-Green: all substrate atoms; Dark-Green: molecule atoms; Red: Cr atoms of the majority spin channel
(“Cr+", d orbitals), the minority one being analogous upon switching up/down components; Blue: O atoms; Cyan: Fe atom d orbitals; Purple:
Fe atom d; + d, orbitals; Orange: Fe atom d,, + d,2_,» orbitals. Solid/dash-dotted lines indicate adsorbed and gas phase molecules or pristine
substrate, respectively. Negative spin components are shown as negative values. All values in states/eV/cell.

take the spin-down component as the majority one to facilitate
the comparison with the adsorbed case).

From adsorption energy considerations, a preference for
the O-up sites emerges, with a partially rotated configuration,
in which one of the in-plane molecular axes forms an angle of
30° with respect to the substrate crystalline direction [1010].
For what concerns the magnetic ordering, an AF exchange
coupling is established on the different sites and at different
angles, probably due to a super-exchange mechanism me-
diated by the O atoms, with energy differences EAF — EFM
typically below 50 meV. Such AF coupling of the molecules
with respect to the top FM layer (Cr1-Cr2-Cr3) is consistent
with the net magnetic signal observed in the XMCD results,
having atomically flat terraces of the Cr,O3 substrate, with a
substantially uniform height (STM Fig. 4).

From a structural point of view, in all the configurations
the Fe atom reduces its height with respect to the rest of the
molecule [see the side view in Fig. 6(b)]. However, while
in the Crl and Cr2 configurations the difference is around
0.1 A and the molecule preserves a flat geometry (the dis-
tance of the molecule with the average O-up layer is around
AZFepe-0a = 2.8—3.0 A), in the other configurations the dif-
ference is greater and the atoms around the Fe atom are
also lowered: in particular, in the Cr3 configurations the Fe
atom reaches an height of Azg..0, = 2.6 A, with a difference
with respect to the the rest of the molecule of 0.3 10\; in
the O-dn configurations one has Azpe 0, = 2.7—2.8 A, with a

difference of 0.2 A; in the O-up configurations, Azpe.0a =
2.4 A, with a difference of 0.4 A (an exception is the O-up
at 0° case that is flatter, with Azpe.0a = 2.7 A and a difference
of 0.2 A). The partially dragged atoms are the surrounding
pyridinic N atoms (2.7-2.9 A), which are 0.04 A lower on av-
erage than the imide ones (0.10 A in the O-up configurations).
Additional information on atomic displacements is available
in the Fig. S4 of the SM [61].

Thus, the lowering of the adsorption energy can be asso-
ciated with the lowering of the Fe atom towards the O-up
atoms of the surface. In particular, in the most stable O-up
configuration at 30°, the Fe atom chemically binds with the
top O-up atom below (Azpe.op = 2.25 A), that in turn is lifted
by Azop—o0a = 0.15A over the average O-up layer of the
substrate, see Fig. 6(b). However, the lower Fe atom height
is not sufficient to explain the differences in energy between
the different angles. In this regards, it appears that lower en-
ergies are obtained for those configurations with the in-plane
molecular axis along a crystalline direction of the substrate,
i.e., in the O-up configuration a rotation of the molecular axis
of 30° involves a energy gain of 0.3 eV.

Looking at the the projected density of states (PDOS) of the
most stable configuration (O-up 30°) in Fig. 7, a few remarks
can be done about the electronic properties of the studied spin-
terface. In the adsorbed system [see Fig. 7(a)], the presence of
amolecular state in the electronic band gap of the pristine sub-
strate has the effect of reducing the gap value: from 1.34 eV
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(@)

FIG. 8. Side-view of the spin density (a) and charge density variations (b) of the minimum energy adsorption configuration with respect
to the isolated systems (full-color regions correspond to values whose modulus exceeds 0.001 bohr=3). The vertical plane on which data is
shown is marked in yellow in panel (c) and forms a small angle (10°) with respect to the [0110] direction). Red/blue: increase/decrease in spin

density; yellow/green: increase/decrease in electron density.

to 0.24 eV in the spin-up channel and from 1.30 to 0.53 eV in
the spin-down channel. In the spin-up channel, the highest va-
lence state (located at 0.17 eV below the Fermi energy, as seen
in Fig. 7) is of substrate nature, while the lowest conduction
state is of molecular nature. In the spin-down channel, instead,
the lowest conduction state and the highest valence state (lo-
cated at 0.07 eV below the Fermi energy) are both of substrate
nature.

The broadening and energy shift of the molecular orbitals
suggest a significant hybridization with the substrate energy
states. However, while the variations of the molecular sp
orbitals can be related only to a shift of the energy levels, the
changes in the Fe d orbitals seem to require a more complex
interpretation; these, in fact, are due to the spin-crossover
of the molecule upon adsorption. Neglecting the Fe atom d
orbitals hybridization with the N and C atoms p orbitals, two
electrons populating the d; + dy. and the d,, orbitals in the
spin-up channel (minority) move to the d,»_y» + d» orbitals
in the spin-up and spin-down (majority) channels, with a
consequent increase in the absolute value of the Fe magnetic
moment, going from —2.17up to —3.08 4. The orbital con-
figuration of the Fe ion changes from djz (dyz + dy) M (dyy +

dxz_yz)w to djz (dy: + dy) " (dyy + dx2_y2)1.7¢ L5t

Looking at the spin density variations (on a vertical
plane passing through the Fe atom, as shown in Fig. 8(c)
with respect to the spin density of the isolated molecule
and pristine surface in Fig. 8(b), additional remarks can be
done about the magnetic properties of the studied spinter-
face. A large increase of the (negative) magnetic moment
of Fe, and of the magnetic moments of the substrate atoms
along the crystalline directions of the substrate, reveals a
propagation of the molecule-substrate magnetic interaction
to subsurface Cr atoms. Indeed, the magnetic moments of
the two sub-surface Cr atoms along the diagonal increases
in modulus by ~0.7up. These two atoms are linked to
the surface ones by super-exchange mechanisms mediated
by the O-down atoms. A directionality of the result de-
rives from the alignment of the molecule (i.e., of one of
the N-Fe-N axes) with an high-symmetry surface azimuth.
More details about magnetic variations can be seen in the
Fig. S5 of the SM [61], where we project them onto in-
dividual atoms: it appears that the substrate top surface is

not significantly affected by the molecule adsorption, apart
from small local variations, at variance with the subsurface
one.

It is interesting to compare these results with the corre-
sponding charge density variations upon adsorption, reported
in Fig. 8(c). The similarity with Fig. 8(b) reveals a direct cor-
relation between changes in magnetic moments and charge.
In the substrate, the charge displacement pattern extends to
the same subsurface atoms as for the spin density variations.
These conclusions are confirmed by a Lowdin analysis, as
reported in Fig. S5 of the SM [61]. This analysis, moreover,
shows a transfer of 1.5 electrons from the molecule toward
the top-layer surface O atoms, with the noticeable exception
of the two pyrrolic N along [0110], where the electron density
increases. In the substrate, the charge displacement pattern
extends to the same subsurface atoms as for the spin density
variations. The net increase of the magnetic moments therein
implies that the charge transfer mainly involves the local ma-
jority spin channel (e.g., spin-up, for positively magnetized
Cr atoms). Moreover, we note that the asymmetric variations
of the magnetic moments of the internal N atoms seem to
counterbalance the distortion of the isolated molecule due to
the Jahn-Teller effect. In the adsorption, indeed, the molecule
is capable of regaining its D4 symmetry.

Note that, due to the significant number of degrees of free-
dom, the spinterface can have multiple configurations which
differ slightly (of the order of 1072 eV) in the adsorption en-
ergy: these are mainly distinguishable in terms of “molecular”
orbitals ordering near the Fermi energy. However, the main
physical findings of the spinterface are unchanged.

IV. CONCLUSIONS

In summary, we have grown and characterized ultra-
thin films of the magnetoelectric antiferromagnet Cr,O3; on
Cu(110), on top of which we prepared the FePc/Cr,0O; AF
spinterface. In the early stages, the growth of Cr,O3 pro-
ceeds by islands, which show a rather uniform height and
are characterized by a well-ordered atomically flat surface.
The resulting Cr,O3 surface presents a Cr rich, O-terminated
reconstruction, which develops along with a mild tensile strain
of 2.8% in the bulk-truncated surface structure of the oxide.

104413-8



LONG-RANGE MAGNETIC ORDERING OF FePc ...

PHYSICAL REVIEW MATERIALS 9, 104413 (2025)

The stability of such reconstruction is also supported by our
DFT calculations, which show a local energy minimum for
the observed surface structure. A FePc molecular monolayer
forms on the reconstructed Cr, O3 surface with a substantially
flat adsorption geometry, characterized by a poor spatial or-
dering. The latter observation is also consistent with ab initio
calculations, which give only small differences in the energy
associated with adsorption at different surface sites.

We have also investigated the spin-polarized hybrid states
forming at the FePc/Cr,Os AF spinterface by means of
XMCD, which testified the occurrence of a long-range order-
ing of the magnetic moments associated with the Fe ions. Our
theoretical calculations support the conclusion that such mag-
netic ordering is induced by the interaction of the molecules
with the magnetically ordered oxide surface. In particular,
an antiparallel alignment of the Fe magnetic moments with
respect to the top-surface magnetization is found for different
adsorption configurations, especially for the most stable ones,
as well as an enhancement in their magnitude.

Based on these results, we conclude that the FePc/Cr,03
system represents a paradigmatic example of an AF spin-
terface. We envision that the spin-polarized hybrid states at

such interfaces can be exploited to manipulate the magnetic
properties of the underlying AF oxides via external stimuli
acting on the molecular side, as already demonstrated for
several FM spinterfaces.
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