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ABSTRACT

Exchange bias is a physical effect that is used in many spintronic devices like magnetic read heads,
MRAMS, and most kinds of magnetic sensors. For the next generation of fully organic devices,
molecular exchange bias, if existing, could have a huge impact for developing mechanically soft and
environment friendly devices. The observation of molecular exchange bias has been reported recently
in hybrid systems where a metallic ferromagnet is exchanged biased by an organic film, and it is
considered to be a spinterface effect. To understand this effect, we investigate if the molecular
exchange bias exists in Co/metal tetra-phenyl porphyrin hybrid bilayer systems. Molecular exchange
bias is never observed when the samples are properly encapsulated, and when exchange bias is
eventually observed, it is not a spinterface effect, but it results from air-driven partial oxidation of the
cobalt film transforming part of the metallic cobalt into a cobalt oxide that is well known to induce
exchange bias effects. Surprisingly, oxidation is very difficult to prevent even by using very thick
metallic encapsulating layers. A similar effect is observed in the Co/metal-phthalocyanine bilayer
system showing that molecular exchange bias is not a spinterface effect also in the hybrid system in
which this effect was originally discovered.

I. INTRODUCTION

Organic molecules are likely to play a major role and initiate breakthroughs in the field of molecular
electronics by providing a new way to use the “spin” degree of freedom of the electron. Introducing
small organic molecules in spintronics opened a new area of research called organic spintronics.! In
theory, these molecules of low molecular weight are promising agents not only because of their strong
electron-phonon coupling? and long spin coherence length, but also because of their different
chemical functionalities which can open the possibility of combining several physical properties in a
single device. The path from new concepts to the development of new devices was first explored at
the turn of the 21 century when several groups reported the experimental evidence of direct spin-
polarized injection and magnetoresistance effect in planar hybrid junction using hexa-thienyl (Tg)
derivatives® as well as low temperature giant magnetoresistance effects in vertical spin valve structure
using small 1 conjugated 8-hydroxy-quinoline aluminum (Alg;) molecules.* Following these
promising results, several spintronic effects were investigated in hybrid organic systems including the
inverse spin-valve effect,>® tunneling magnetoresistance,”®° magneto-transport,’® and other
phenomena which are oriented towards spintronic device applications.



Many of these effects are interfacial phenomena which are highly dependent on the on-surface
molecular behavior and on the metal-molecule interactions at the organic/inorganic interfaces.
Sanvito introduced the science of “spinterface”!! and Cinchetti et al. discussed the importance of
tailoring and engineering the molecular interface.’? One of the most interesting interfacial effects is
related to the possibility of inducing magnetic moments at the organic/inorganic interfaces. Such
effects occur because of the formation of hybrid n-d states at the interfaces that can induce new
magnetic properties in the system. In this regard, C¢o molecules are used extensively to study the
influence of organic molecules on the magnetic properties of the ferromagnetic thin films at the
metal/molecule interface.’>*1> A second interesting implication of the spinterface science manifests
itself directly in the change of the spin density of states at the Fermi energy, resulting in a sign
inversion of the magnetoresistance in spin valve systems.® More closely related to the topic
investigated in this paper, a magnetic hardening effect is often observed in different organic/inorganic
hybrid systems.1”181920 The presence of interface magnetic hardening effect is associated to organic
molecules in the chemisorption regime where the adsorbed molecules have strong interaction with
the ferromagnetic substrate atoms and hence can locally modify the magnetic anisotropy of the
surface atoms.

In this work we focused our investigations on a specific spinterface effect which is the molecular
exchange bias. Indeed, exchange bias effect plays an important role in spintronic devices since it allows
controlling the magnetization reversal process of a ferromagnetic film via interfacial exchange
coupling with, usually, an adjacent anti-ferromagnetic layer. An initial report described how
phthalocyanine (Pc) molecules in Co/MnPc bilayers induce an exchange bias on the cobalt (Co) film.?
The same effect has been reported with different metal phthalocyanine molecular layers,? with metal
octa-ethyl porphyrin bilayers?*?* and with a mono-layer of metal phthalocyanine molecules.” In these
reports, the organic molecules have all a planar structure. Despite these promising results the
presence of exchange bias in such organic/inorganic hybrid systems is rather surprising and remains
controversial. To better understand the molecular exchange bias effect and the influence of the
molecule’s planar character on the molecular exchange bias we have chosen to study a new family of
organic molecules: metal tetra-phenyl porphyrin (MTPP).

In this work, several scenarios are explored addressing the presence of molecular exchange bias in
different hybrid systems: Co/MTPP (M=Zn and Ni) and Co/CoPc. In all these systems, no molecular
exchange bias is observed if the capping layer is thick enough and if the samples are measured right
after being removed from the UHV deposition chamber in which they are built. However, after some
time exposure to air the onset of molecular exchange bias is observed. Moreover, the strength of the
exchange bias field further increases with time. The experimental protocol that we have used proves
that the observed exchange bias in the studied organic systems is not an intrinsic spinterface effect at
the molecule/ferromagnet interface but results from the partial oxidation of the Co film because of
sample exposure to air. To understand these observations, atomic force microscopy (AFM) and X-ray
photoelectron spectroscopy (XPS) techniques are employed. The oxidation mechanism is made
possible because the Au capping film has, even for very large thickness, a discontinuous-island-like
morphology rich in deep holes. Similar behavior is observed for Co/ZnTPP, Co/NiTPP, and Co/CoPc
bilayers thus extending the conclusion to two different organic systems. With this work we can
conclude that in Co/ZnTPP, Co/NiTPP (using Au and Cu buffer layers and Au and Cr capping layers),
and even in Co/CoPc bilayer systems no molecular exchange bias is observed for properly
encapsulated samples. While exchange bias does not exist in these systems, this does not mean that
interface magnetic hardening is absent as well. Indeed, interface magnetic hardening can take place
without resulting in exchange bias effects. This work also points out that such metal/organic systems
can show tricky behaviors. However, the simple experimental protocol that has been used in this



report can be applied to any organic / metal hybrid system to check whether the observed phenomena
are truly spinterface effects or simply result from the oxidation of the samples.

Il. EXPERIMENTAL METHODS

Co/MTPP bilayers are prepared on Si/SiO> (500nm) substrates, on which a 25nm of Au buffer layer is
deposited by electron beam deposition technique, in an ultra-high vacuum (UHV) molecular beam
epitaxy (MBE) chamber with a base pressure of 1 X 10™° mbar. After transfer of the samples to
another UHV evaporation chamber, 6nm of Co is deposited by thermal evaporation with a flux of
0.16 A/sec under deposition pressure of 2 x 10~° mbar. After depositing the Co film, the samples
are transferred without vacuum disruption to the organic molecular beam epitaxy chamber (OMBE)
for the preparation of the above-mentioned molecular layers. High purity, in-lab synthesized ZnTPP
and NiTPP molecules are sublimated (with no further purification) on top of the ferromagnetic Co film
under 2 X 1072 mbar deposition pressure and at a rate of 0.055 monolayer/sec (ML/sec)
monitored with quartz. All layers in the heterostructures are prepared at room temperature and are
capped with Au film to protect the samples from contamination. For the growth of CoPc, the
molecules are purchased from a commercial source (Europhtal Industrial Pigments) and are further
purified using gradient purification process before sublimation.

To check whether the Co film is not contaminated during the deposition of the MTPP molecules, two
test Co films are prepared. One of the test samples is capped directly after the deposition of the Co
film while the second one is introduced into the OMBE chamber. After MTPP started to sublimate, the
second test Co film is kept in the OMBE chamber during the same time as the regular samples, but the
MTPP crucible shutter is kept closed. After removal from the OMBE chamber the sample is capped
and its magnetization curve is compared to the one of the Co film directly capped after the Co
deposition without being introduced into the OMBE chamber. The magnetization curves of the two
samples are very similar. This measurement shows that the sublimation of MTPP molecules in the UHV
chamber does not result in the oxidation of the Co film surface.

After preparation of the heterostructures, the samples are transferred to an ex-situ AFM (Bruker Icon
AFM), to a SQUID magnetometer (MPMS3, Quantum Design Inc), and to a XPS chamber for
morphological, magnetic, and chemical element-specific characterizations. AFM scans are conducted
in normal tapping mode under ambient conditions and AFM images are processed with WSxM 4.0
Beta 9.3%° image processing software. The magnetic characterizations are conducted with SQUID by
applying an in-plane magnetic field and the magnetic hysteresis loops are acquired at 2K after the
samples are field cooled in an external static magnetic field.

The XPS measurements are performed in an UHV chamber spectrometer equipped with a RESOLVE
120 MCD5 hemispherical electron analyzer. Al K, hv = 1486.6 eV dual anode X-ray source is used
as an incident radiation. Constant pass energy mode is used to record both survey and high-resolution
spectra with pass energies of 50 and 20 eV, respectively. Curve fitting is performed using the CasaXPS
2.3.23 software with a mixed Gaussian/Lorentzian function for the full width at half maximum (FWHM)
of the peaks.

The X-ray diffraction patterns show that the Au films have a face centered cubic (fcc) structure with a
[111] growth direction, and that the Co films have a hexagonal close packed (hcp) structure with a
[002] growth direction. The structure of the Co films is further investigated by ferromagnetic nuclear
resonance (FNR; nuclear magnetic resonance for ferromagnets).?” The observed spectra are consistent
with hcp Co having a magnetization direction perpendicular to the hcp c-axis?® as expected for an in-



plane magnetized hcp [0001] Co film. The quantitative analyses of the FNR spectra revealed an fcc Co
content of about 30% (see supplementary Fig. S4(b)). Detailed FNR analyses will be published
elsewhere.

To check if the deposited molecules are not damaged by the sublimation process, the UV-Vis
absorbance spectra of ZnTPP, NiTPP and CoPc films have been recorded (Fig. S5). These spectra allow
to confirm that the sublimated organic molecules have the same optical properties as the ZnTPP,
NiTPP and CoPc bulk compounds.

l1l. RESULTS AND DISCUSSION

The first hybrid samples investigated are built with zinc metallated TPP molecules (ZnTPP). ZnTPP
molecules are diamagnetic with Zn(ll) closed shell central-ion and they have weak van der Waals
interactions with the metallic surfaces.? Therefore, ZnTPP molecules are more likely to be insensitive
to the proximity of the Co layer. Before measuring the magnetization loop of the full stack hybrid
samples, the behavior of the Co film in the Au(25nm)/Co(6nm)/Au(10nm) stack is used as a reference
for comparison with the Co/MTPP and Co/CoPc hybrid samples. The magnetization loop of the
reference sample depicted in Fig. 1(a) shows a symmetrical loop with |H.4| = |H;,| = 100 Oe. This
magnetization curve is stable with time (on a timescale of several months) which shows that 10nm of
Au capping layer is thick enough to protect the metallic Co from surface oxidation.

The magnetization loop obtained for the Co(6nm)/ZnTPP(10nm) samples capped with 10nm of Au are
shown in Fig. 1(b). The sample is measured directly after being removed from the UHV chamber.
Rather surprisingly the Co(6nm)/ZnTPP(10nm) bilayer sample (Fig. 1(b), black loop) exhibits exchange
bias with a clear shift in its hysteresis loop towards the negative field axis. The exchange bias field is
Hgp = —260 Oe. In addition to exchange bias, the saturation magnetization of the system shows a
significant decrease compared to the saturation magnetization value of the reference sample. It is
33% smaller than the one of the reference sample.

Following this issue, the magnetic behavior of the same sample is tracked over several weeks while
keeping the sample in a standard desiccator. Its magnetization loop is measured again after 2 months.
As seen in Fig. 1(b), the magnetization loop (red curve) of the aged sample shows a further loss in
saturation magnetization with a strong increase in the coercive fields. The resulting exchange bias field
increased to Hgp = —600 Oe. Several reasons may explain the increase in the exchange bias field.
First, the exchange bias effect in such hybrid organic systems is supposed to originate from the
interface-induced magnetization in the organic layer that creates pinning sites for the ferromagnetic
Co film. These pinning sites might increase with time and therefore exert a larger exchange field on
the Co film. Similarly, the magnetic hardening effect might also evolve with time. However, in a
previous report we show that there is no magnetic hardening occurring at the Co/ZnTPP interfaces as
the hybrid interfaces are magnetically softer than the bulk part of the Co film.?° Finally, and more
trivially, although we show that 10nm of Au capping layer is thick enough to protect the reference
sample it is possible that the same Au(10nm) capping layer is not thick enough to protect the bilayer
samples leading to their contamination due to exposure to air. This exposure to air might lead to the
partial oxidation of the Co film resulting in an exchange coupling between the remaining metallic Co
layer and newly formed cobalt oxide (Co0).*° The extent of the Co film’s oxidation might simply
increase with time.

To address the efficiency of the Au capping layer, the thickness of the capping layer is increased to
50nm keeping the rest of the heterostructure similar to the previous sample:
Si/SiO2/Au(25nm)/Co(6nm)/ZnTPP(10nm)/Au(50nm). The magnetization loops of the 50nm capped



hybrid samples are presented in Fig. 1(c). Remarkably, the freshly prepared Co(6nm)/ZnTPP(10nm)
bilayer sample capped with 50nm of Au shows a symmetrical hysteresis loop with no evidence of
exchange bias (Fig. 1(c)), black curve). However, after 2 weeks while the sample is intentionally kept
at room atmosphere, a shift in its hysteresis loop with Hgg = —510 Oe (Fig. 1(c), red curve) is
observed. The onset of this bias is rather surprising since the Au(50nm) capping layer is much thicker
than the Co(6nm) and ZnTPP(10nm) films and should properly encapsulate the samples. It can be
highlighted that such thick capping layer is seldom used in other published works. While these results
strongly suggest that despite such thick capping layer, the Co layer becomes partly oxidized, they do
not completely rule out the possibility that a solid-state chemical reaction with a slow kinetic of weeks’
time scale might take place at the organic/metal interface.

As an ultimate check, the same heterostructure Si/SiO,/Au(25nm)/Co(6nm)/ZnTPP(10nm)/Au(50 nm)
is again prepared but this time the sample is kept in the UHV chamber for 2 complete weeks with no
exposure to air until the time of measurement. The sample has a very similar magnetic behavior (Fig.
1(d)) to the previous sample that was not kept in UHV for 2 weeks (Fig. 1(c), black curve). The
magnetization loop shows perfectly symmetric response with no shift at all. This last experimental
procedure shows that the exchange bias is never observed prior to the air exposure of the sample.
Therefore, the presence of exchange bias can only be attributed either to the direct partial oxidation
of the Co films or to an atmosphere mediated solid-state reaction at the metal/organic interface.

From these investigations it is clear that diamagnetic ZnTPP molecules cannot induce the molecular
exchange bias. An alternate MTPP molecule has been investigated: NiTPP. Compared to the Zn(ll) free
ion that has a closed shell with a 3d*° configuration, the Ni(ll) free ion has an open shell with a 3d®
configuration. However since the Ni(ll) ion site symmetry in NiTPP is D4, the molecule shows a
diamagnetic behavior®! like the ZnTPP molecule. NiTPP also has the advantage of being more stable
than ZnTPP. The increased stability of NiTPP results from the atomic radius of the Ni atom (163pm)
compared to Zn (139pm), thus the Ni cation has stronger single chemical bonds with the four nitrogen
atoms within the core of the porphyrin macrocycle.

The sample is directly grown with a thick Au capping layer
(Si/SiO2/Au(25nm)/Co(6nm)/NiTPP(10nm)/Au(50nm)) and the magnetization loop of the “freshly
deposited” sample is recorded right after sample preparation and measured again after 1 week while
the sample is intentionally exposed to air. Its hysteresis loops are shown in Fig. 2. The “freshly
deposited” sample (Fig. 2, black loop) has a symmetrical magnetization loop with respect to the field
origin and zero exchange bias field. Its shape is very similar to the one observed for the ZnTPP samples
measured directly after being removed from the UHV chamber (fig. 1 (c) and (d)). After 1 week, a more
interesting magnetization loop is observed (Fig. 2, red loop) with two different reversals at different
field ranges. This hints at the presence of different magnetic domains with different magnetic
anisotropies in the ferromagnetic Co film. One part of the sample reverses at small fields (|HC1 Soft| =
|HC2 Soft| = 100 Oe) and shows no exchange coupling. The second part shows an asymmetrical
reversal at higher fields and with a small shift towards the negative field axis in the hysteresis loop
which indicates the onset of exchange bias in these domains (Hgg = —70 Oe). However, the main
result is that the properly capped and “freshly deposited” sample does not show any molecular
exchange bias.

The investigations conducted on Co/ZnTPP and Co/NiTPP samples allow concluding that the molecular
exchange bias in these Co/MTPP hybrid systems is not a spinterface effect but is more trivially due to
the air-driven partial oxidation of the Co film or to an air mediated solid-state reaction at the interface.



Surprisingly even a Au capping layer as thick as 50nm is still not large enough to protect the samples
on a time scale larger than few days.

In order to understand if the exchange bias originates from the partial oxidation of the Co film or from
an air mediated solid-state reaction at the interface, AFM studies and XPS investigations are
performed to reveal the morphological characteristics of the topmost Au capping layer and to probe
the chemical species of the buried layers, respectively.

Fig. 3 represents the Co2pz,, XP spectra of the CoTPP compound, of the uncapped
Au(25nm)/Co(6nm) reference sample which shows exchange bias (see supplementary Fig. S1) and of
the aged Au(25nm)/Co(6nm)/ZnTPP(10nm)/Au(10nm) hybrid sample. In Fig. 3(a), the black spectrum
representing the Co 2ps, signal of the uncapped Au(25nm)/Co(6nm) reference sample, and the red
spectrum representing the Co 2p, signal of the aged Au(25nm)/Co(6nm)/ZnTPP(10nm)/Au(10nm)
hybrid sample, show exactly the same two main peaks: a first peak at binding energy of 778.1 eV which
corresponds to Co(0) for metallic Co®? and a second peak at 781.1 eV attributed to CoO and Co30,
structures.33343> The similarity of the two spectra is consistent with our hypothesis that the Co film in
the Au(25nm)/Co(6nm)/ZnTPP(10nm)/Au(10nm) hybrid sample is partially oxidized.

In addition, the spectrum of the reference CoTPP powder is shown in Fig. 3(b). It has a sharp main
peak at 780.1 eV that is typical for Co(ll) peak in the molecule3*3” and a much broader and weaker
shoulder at around 782 eV. This shoulder is a multiplet structure of the signal which is due to the
unpaired electrons of the d’ shell of the Co(ll) within the molecule and is in good agreement with
previously reported experimental and theoretical works.3®*® |t is important to note that no
contribution is observed in the range of 780.1 eV in the spectrum of the aged
Au(25nm)/Co(6nm)/ZnTPP(10nm)/Au(10nm) hybrid sample (Fig. 3(a), black spectrum) which shows
that the Zn(ll) ion of the molecule is not being replaced by the Co metallic atoms of the Co film when
the ZnTPP molecules are adsorbed on the Co surface.

Moreover, Fig. 4 shows the N1s and Zn2ps, XP spectra of the aged
Co(6nm)/ZnTPP(10nm)/Au(10nm) hybrid sample, and of the ZnTPP and CoTPP powders. The dark blue
line of Fig. 4(a) represents the fitted spectrum of the N 1s signal acquired from the aged
Co(6nm)/ZnTPP(10nm)/Au(10nm) hybrid sample. In this spectrum, the observed peaks are analysed
in three-peak component. The first peak is at 398.6 eV and lies in the binding energy range of the four
aminic nitrogen atoms bonded to the Zn(ll) ion within the molecule. A second peak appears at 400.1
eV and could result from the pyrrolic nitrogen in the porphyrin compound that has a single bond with
the hydrogen atom. Finally, a third peak of low intensity appears at higher binding energies (402.2 eV)
that corresponds to charged nitrogen moieties.*

Fig. 4(b) shows the N 1s spectrum of ZnTPP powder in which the observed peak is also analyzed in
component to show the possible differences with the corresponding peaks observed in the spectrum
of the aged Co(6nm)/ZnTPP(10nm)/Au(10nm) sample. In the ZnTPP powder’s spectrum, there is a
main, narrow peak at 398.3 eV which corresponds to the four aminic nitrogens of the molecule, and
a high binding energy component of drastically lower intensity. The difference in the N 1s spectra-
shape of the aged Co/ZnTPP sample and the ZnTPP compound could result from the deposition of the
top-most Au capping layer. This is because it is possible that the metallic atoms (in our case Au
adatoms) deposited on top of soft organic films might partly diffuse into the organic film and intermix
or chemically react with the molecules of the organic film.



However, in Fig. 4(c), the Zn 2p3,, red XP spectrum of the aged Co(6nm)/ZnTPP(10nm)/Au(10nm)
hybrid sample shows only one main peak at 1021.9 eV which corresponds to Zn(ll) ion of the molecule
in the multilayer regime.3*%” This peak is very close to the Zn(ll) ion peak observed in the Zn 2p3/,
spectrum of ZnTPP powder (Fig. 4(c) black spectrum) and suggests that Zn(ll) ion-sites of the molecules
are most likely not hindered by the incoming Au adatomes.

The XPS analyses allow concluding that the peak at 781.1 eV in the Co 2p3,, spectrum of the aged
Au(25nm)/Co(6nm)/ZnTPP(10nm)/Au(10nm) hybrid sample is due to the air-driven partial oxidation
of the Co film. It confirms that the partial oxidation of the Co film is at the origin of the exchange bias
observed in the studied hybrid samples.

Actually, XPS also indirectly revealed that a thickness of 10nm for the Au capping layer is not large
enough to efficiently protect the samples from airinduced oxidation. Indeed, a layer thickness of 10nm
is already very thick compared to the XPS electron escape length and no XPS signal should be detected
from the inner layers if this capping layer would have a continuous morphology with a homogeneous
thickness. The fact that XPS signals could be easily recorded shows that a significant surface area of
the samples is covered with only a very thin layer of Au, if any at all.

Finally, to get a direct insight into the surface-morphology of the sample the surface of the Au(10nm)
capping layer of the aged Au(25nm)/Co(6nm)/ZnTPP(10nm) hybrid sample is studied with AFM.
Supplementary Fig. S3 presents the surface morphology image of the 10nm Au capping layer scanned
at 3um scan size. Indeed, the surface has discontinuous morphology. It is composed of un-patterned,
elongated worm-like disconnected islands separated by darker contrasts which are typical signatures
of deep cracks. The surface RMS roughness is opys ® 7nm. The height profile of the Au(10nm)
capping layer’s surface clearly illustrates that these cracks go as deep as 25nm and are extended over
a width of the order of 200nm. Such poor morphology of the sample could be considered one of the
main reasons for the oxidation of the Co films. The deep cracks probably extend down to the Co film
allowing the ingress of oxygen.

From this study it is clear that the Co/MTPP hybrid systems do not show molecular exchange bias.
However, this could result from a bad choice of buffer and/or capping layers. To check this point, the
measurements were repeated using a Cu buffer layer and a Cr capping layer (see supplementary
information fig. S6 and S7). Samples with thinner Co layer thickness have also been measured (fig. S8).
All freshly deposited samples did not show any exchange bias. In addition, the Cr capping layer
revealed to be very efficient, and the onset of exchange bias is not observed even after several months
from sample preparation (fig. S7).

This study raised one important question about the Co/MPc systems in which the molecular exchange
bias has been initially observed: does the reported molecular exchange bias really originate from the
exchange field due to the organic molecules? At the light of the results obtained on the Co/MTPP
systems, we decided to reproduce the study with the Co/CoPc system. CoPc molecules are

L 1 . .
paramagnetic with § = 3 and have a Co(ll) magnetic central ion.

The Co/CoPc bilayers are grown using the same procedure as in ref. 22 and have the following sample
stack: Si/Si02/Co(10nm)/CoPc(10nm)/Au(10nm). The CoPc thickness that has been used is the
thickness for wish the exchange bias is maximum in ref. 21. SQUID measurements are conducted using
the same methodology as for the Co/MTPP/Au samples and the magnetometry results of the Co/CoPc
samples are presented in Fig. 5. The magnetization loop of the “freshly deposited”
Co(10nm)/CoPc(10nm) hybrid sample capped with 10nm of Au has a symmetrical loop showing no
hints of exchange bias. However, already after 5 days of intentional exposure to air (Fig. 5(a), red loop),



a loss in magnetization is observed and exchange bias appears with a magnitude of Hgg = —352 Oe.
Finally, the Co(10nm)/CoPc(10nm) sample capped with 10nm Au shows no onset of molecular
exchange bias when kept in the UHV chamber for several days before measurement. Therefore, it can
be concluded that, as with the MTPP molecules, the molecular exchange bias in this Co/CoPc hybrid
system is also the consequence of the partial oxidation of the Co films that occurs when the samples
are exposed to air for ex-situ measurements.

IV. CONCLUSION

For developing the next generation of fully organic devices, molecular exchange bias, if existing, could
have a huge impact on implementing mechanically soft and environment friendly devices. To
understand the origin of this spinterface effect, we investigated the existence of molecular exchange
bias in Co/MTPP and Co/CoPc bilayer systems. Our investigations revealed that when the capping layer
is thick enough, the samples directly measured after being removed from the UHV chamber
consistently do not show any molecular exchange bias effect. It is only after the samples have been
exposed to air during some time (few hours to several weeks, depending on the capping layer
thickness) that the onset of exchange bias is observed. Finally, when the same samples are kept in an
UHV chamber for several weeks they never show any sign of exchange bias prior to air exposure. This
simple experimental protocol suggests that in all the samples we have investigated, when exchange
bias is observed, it is induced by the air-driven partial oxidation of the Co film, and it is not a spinterface
effect. This is confirmed by using alternate buffer and capping layers. This hypothesis is supported
with AFM and XPS measurements which show that the partial oxidation of the Co films is made
possible because of the poor efficiency of the capping layers even when the Au capping layer is as
thick as 50nm. These observations point out that such organic/metal systems can show tricky
behaviors. However, the simple experimental protocol that has been used in this work can be applied
to any organic/metal hybrid system in order to check if the observed phenomena are truly spinterface
effects or result from the oxidation of the samples. This work also demonstrates that new
experimental approaches have to be developed to probe the stacking quality of such organic/inorganic
hybrid heterostructures.?® 4°

SUPPLEMENTARY MATERIAL

See supplementary material for additional magnetization curves of samples with alternate capping
layers and Co thickness. Additional data about the structural and morphological characterisations of
the films are also shown.
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FIG.
1. Magnetization loop of (a) Au(25nm)/Co(6nm)/Au(10nm) reference sample after field cooling in +3T
external field (b) Co(6nm)/ZnTPP(10nm)/Au(10nm) bilayer sample, "freshly deposited" (black) and
measured after 2 months (red) (c) Co(6nm)/ZnTPP(10nm)/Au(50nm) bilayer sample, “freshly
deposited”  (black); measured after 2 weeks (red) (d) fresh “as deposited”
Co(6nm)/ZnTPP(10nm)/Au(50nm) bilayer sample kept under UHV for 2 weeks. The hybrid samples are
field cooled in +5T in-plane external field and the loops are acquired at T=2K.
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FIG. 2. Magnetization loop of Co(6nm)/NiTPP(10nm)/Au(50nm) bilayer, “freshly deposited” (black)
and after 1 week of exposure to air (red). Measurements are conducted at 2K after field cooling the
samples in +5T in-plane external field.7
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FIG. 3. Co 2p3,, XP spectra of (a) Au(25nm)/Co(6nm) uncapped reference sample (black) and of
Co(6nm)/ZnTPP(10nm)/Au(10nm) hybrid sample (red), (b) Co(ll)TPP compound. Scattered points are
the raw data, and the bold lines are the smoothed spectra. A satellite peak is present at 786.3 eV for
all spectra, and it results from the multi electron excitation process during a photoemission
mechanism.
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FIG. 4. (a) N 1s XPS experimental spectrum of the aged Co(6nm)/ZnTPP(10nm)/Au(10nm) sample in
scattered points and the corresponding fittings in full lines. (b) N 1s XP spectrum of the ZnTPP
compound. (c) Zn2pz, XPS spectra of the ZnTPP compound (black) and of aged

Co(6nm)/ZnTPP(10nm)/Au(10nm) sample (red).



0.0015

—a— freshly deposited
1—e— after 5days
0.0010 J|—*—in UHV for 1week

—

0.0005 -

0.0000

+-0.0005

-0.0010 -

Magnetization (emu/cm?

45 30 15 00 15 3.0 45
Magnetic Field (kOe)

-0.0015

FIG. 5. Magnetization loop of the “freshly deposited” Co(10nm)/CoPc(10nm)/Au(10nm) hybrid sample
(black loop), of the same sample measured again after 5 days in air (red loop) and of a similar
Co(10nm)/CoPc(10nm)/Au(10nm) sample (blue loop) after being kept in a UHV chamber for 1 week.



