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A novel functionalization of a ferromagnetic electrode employed in spintronic devices is reported. Self-assembling
monolayer technique has been used to chemisorb a paramagnetic phosphonate functionalized nitronyl-nitroxide
radical (NitPO) on the ferromagnetic Lao.7Sro:MnQO3 (LSMO) manganite surface. This interfacial layer causes
clearly detectable modifi cations of the behavior in prototypical LSMO/NitPO/Gaqs /AlOx /Co vertical spintronic
devices at temperatures below the ferromagnetic alignment (estimated by density functional theory) of the
magnetic moments of NitPO and LSMO. This behavior can be justified by a significant spin filtering effect at the
engineered interface, with a carrier selection (spin-up) opposite to that of the LSMO/Gaqs interface (spin-down).
It is proposed that the engineering of spin injecting interfaces with molecules having magnetic moment enables

additional mechanisms to control and manipulate the spin polarization of currents in spintronic devices.


raimo
Timbro


1. Introduction

Molecular magnetism is a very fertile fi eld of nanoscience, due to the intriguing properties of single molecule magnets merging
classical and quantum behavior in a nanosized object. [ 1-4 ] From the applicative point of view, the use of magnetic molecules in
spintronics can offer several advantages due to different aspects. On one side, molecular magnets have the functionality of carrying
magnetic information down to the molecular size.

This encourages the race toward miniaturization of magnetic devices as well as the exploitation of magnetic molecules for quantum
computing, [ 5 ] although this solution is still hindered by the low working temperature. [ 68 ] On the other side, nonmagnetic
molecular materials like organic semiconductors (OSCs) have been considered rather extensively during the past decade in the search
for optimal combinations for prototypical devices in the area of spintronics technology, i.e., spin-valves. [ 9 ] The magnetoresistance
in such devices, which consist of ferromagnetic metal electrodes sandwiching a semiconducting material, depends on the injection and
transport of the spin through the semiconductor spacer.

OSCs typically possess weak spin-orbit coupling and, because of this, they guarantee longer spin coherence time compared to

both inorganic semiconductors and metals. In this context, different organic materials, such as pentacene [ 10 ] and #ris (8
hydroxyquinoline) aluminium(III) (Algs ) [ 11,12 ] and the gallium(IIT) analogue (Gaqs ), [ 13 ] have been employed in combination
with several ferromagnetic metals, such as Fe and Co:TiO2 [ 10 ] or Co and Lao7Sro3MnO3 (briefly termed LSMO). [ 11,12 ] The
changes of physical properties of both the metal and organic molecule at the interface have also attracted great scientific interests, so
that the ad hoc term spinterface [ 14,15 | has been advanced to describe the topic. From the organic side the spinterface describes the
spin filtering effects caused by the spin-dependent hybridization of the organic and metallic orbitals, leading to different interfacial
broadening (and hence transmissivity) of the localized organic states for the two spin channels. [ 14 ] On the other hand, it has been
shown both experimentally [ 16 ] and theoretically [ 17-19 ] that some organic molecules can affect the magnetic properties of the
underlying magnetic surface, in terms of magnitude and direction of magnetic moments and spin polarization as well as of strength of
exchange interactions. Moreover, coupling between the spins of transition-metal based molecular magnets and magnetic surfaces can
be obtained promoting surface-induced magnetic ordering of the molecular layer [ 20 ] and the possibility to switch the molecular spin
orientation by switching the spin orientation of the surface. [ 21 ] These works have opened the path for controlling the magnetic
properties of the surface of the electrodes. The modification of the spinterface by inserting a molecular layer is strongly supported by
the richness of chemical systems that can be chemisorbed onto the spin-injecting electrode surface and the use of wet chemistry can
widen significantly the technological playground. For instance, the possibility to tune the properties of the LSMO substrate and its
spin-injection properties by grafting to the surface ad hoc functionalized alkyl chains through a chemisorption, i.e., the self-assembly
of a monolayer (SAM) from solution, has been recently explored. The insertion of the alkyl phosphonic unit as passivating layer on
the LSMO has been found to be compatible with the observation of a spin-valve effect in a nanoindented device, [ 22 ] a relevant
insight that can be correlated for instance with the fact that similar molecular layer reduces charge trapping problems in OSC-based fi
eld emission transistors. [ 23 ] Following these encouraging results, it is appealing to investigate the effect of a layer of paramagnetic

centres, [ 24-26 ] such as organic magnetic molecule, i.e., radical units, such as thiazyl, [ 27 | verdazyl, [ 28 ] and nitroxides, [ 29 ] on



the spin-injection and spin filtering phenomenon at organic spintronic interfaces. First, this research should help revealing the possible
drawbacks of the presence of paramagnetic centres for the propagation of the spin polarization following an approach widely used to
study the spin scattering processes in inorganic spintronics. [ 30 ] On the other hand, the coupling between the spins of paramagnetic
molecules or molecular magnets and magnetic electrodes could allow the control of the spin injection.

In this work, a stable nitronyl-nitroxide radical (NNR) functionalized with a protected phosphonate group has been synthesized and a
monolayer of these radicals was assembled on LSMO and chemically characterized using specific surface sensitive tools. A detailed
theoretical investigation based on density functional theory (DFT) of the adsorption process as well as of the resulting electronic
structure, confirmed that the radical nature of the organic molecules is retained and suggests that a weak ferromagnetic interaction with
the magnetic LSMO substrate is present at low temperature. A vertical spin valve embedding a monolayer of radicals between the
LSMO electrode and Gaqs was found to follow the typical magnetoresistance

trend of such vertical devices although clearly detectable differences of magnetoresistance and electrode switching fields were observed
roughly in the same temperature range where interaction between the molecular layer and the manganite, according to DFT calculations,

becomes relevant.

2. Synthesis and Characterization of the Radical

The functionalized NNR system (2-(diethyl 4-methylbenzylphosphonate)-4,4,5,5-tetramethylimidazoline- 1-oxyl-3-oxide, abbreviated
in NitPOR: hereafter, was synthetized by following the procedure described in Figure 1 using the Arbuzov reaction [ 31 ] to obtain
the diethyl 4-formylbenzylphosphonate in accordance with literature procedures. [ 32 ] Then, adopting the usual steps of condensation
of this aldehyde with 2,3-di(hydroxyamino)-2,3-dimethylbutane [ 21 ] and subsequent oxidation of the 4,4,5,5-tetramethyl-
imidazolidine- 1,3-diol derivative, [ 33 ] the functionalized NitPOR2 system was obtained after a purification on silica gel column
(eluted with CH2 Cl2 /MeOH, 3/1). The bulk phase of this compound was characterized by using mass spectrometry, IR spectrometry,
and electron paramagnetic resonance (see Figures S1 and S2 in the Supporting Information). In particular mass spectra analysis
indicated the presence of the molecular peak at 383.11 m/z with the expected isotopic distribution structure; additionally it was also
possible to identify typical fragmentation peaks of NNR systems: [ 24 ] 391.18 m/z [M O+H+Na]", 369.18 m/z [M O+2H]", 353.18
m/z [M-20+2H]" , 281.14 m/z [M-2Et-30+4H]* . The Fourier transform infrared (FT-IR) spectrum (see Figure S2a in the Supporting
Information) presents fingerprint bands of the phosphonate group at 1231 cm™! ascribable to the stretching (P O), 1167 cm™! attributed
to the stretching (C P) and 900-1050 ¢cm™' coming from the stretching (P OR), plus the N O stretching at 1393 ¢m™ confirming the
coexistence of the nitronyl-nitroxide radical function and of the phosphonate linker group. The recorded Electron Paramagnetic
Resonance (EPR) spectrum (see Figure S2b in the Supporting Information) of a 1x 10~ M solution in dichloromethane of NitPOR 2
was in line with what expected for a nitronyl-nitroxide function showing the typical five lines structure centered around g = 2.009 with
a relative intensity of 1:2:3:2:1 originated by two equivalent nitrogen nuclei 14 N ( /= 1) with an approximate hyperfine coupling of

7.5G.[29,34]

3. Preparation and Characterization of the NitPO Monolayer



By using a standard self-assembling strategy [ 24,35] (see the Experimental Section), a monolayer of NitPO molecules (where the
acronym indicates that the monolayer is formed with the loss of the two ethyl groups, R ) was assembled from solution (see Figure 1)
on a 15 nm LSMO film prepared by channel spark ablation according to earlier reports, [ 36] deposited on NGO (NdGaOs). The
functionalized LSMO substrate was characterized by X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass
spectrometry (ToF-SIMS), see Figure 2. A clearly visible N1s peak, absent in the pristine substrate, centered at 399.3 eV can be
directly ascribable to a NNR functional group, indicating the successful deposition of molecules on surface (Figure 2 a). [ 37,38 ] The
XPS analysis of a bulk NitPOR2 sample features in fact an N1s peak centered at 399.2 eV, in agreement with literature data. [ 39,40 ]
For the deconvolution of the N1s peak was necessary to use three components due to an X-ray induced damage in line with similar
behavior of the bulk sample (see Figure S2c in the Supporting Information). We notice that the grafting process cannot be followed by
monitoring the presence of the phosphorous on the surface (in the bulk at 132.9 eV) [ 37,38 ] because of the overlap of the P2p peak
with Sr3d signal of the substrate. In order to confirm the grafting of the NitPO system (i.e., the formation of a chemical bond between
the molecule and the substrate) ToF-SIMS characterization was carried out. A comparison between the ToF-SIMS spectra acquired on
the monolayer deposit and on the massive phase is reported in Figure 2 b. Actually, in the 270—410 m/z region, it is evident that the
[M] + peak of NitPOR 2 found at 383.11 m/z in the bulk is absent in the monolayer sample while a signal centered at 331.18 m/z is
present only in the SAM sample indicating that a new species is formed on surface due to the deposition process. Indeed this distribution
comes from a [M 2Et+4H] + ion and corresponds to a fragment of the NitPO without the two ethyl groups thus confirming the
occurrence of an hydrolysis reaction and the formation of a phosphonic function that can be chemisorbed at the manganite surface.
Moreover, the formation of a chemical bond between the phosphonic function and the LSMO surface is supported by the inspection of
ToF-SIMS spectra in the region from 253 to 261 m/z (see Figure S3 in the Supporting Information): only in the monolayer a molecular
fragment at 259 m/z is present. This corresponds to a molecular fragment (without the two ethyl groups of phosphonate linker) directly

bound to a strontium atom and agrees with Sr-enriched termination of LSMO evidenced in our previous investigations. [ 41 ]
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Figure 1. Schematic description of the synthesis of the radical (2-(diethyl 4-methylbenzylphosphonate)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-

oxide, NitPOR; , their chemisorption on the LSMO electrode, and the realization of the organic vertical spin valve LSMO/NitPO/Gaq; /AlO; /Co.



4. Ab Initio Modeling

4.1. Adsorption Geometry and Energetics

Although there are consistent evidences that the NitPO molecules are chemically grafted to the LSMO, it is not straightforward to
assess if the radical character is maintained. In particular, the presence of the magnetic substrate does not allow to employ EPR
spectroscopy and the detection of magnetism through synchrotron radiation is extremely challenging for light elements like O and N.
In order to have insights from modeling, fi rst principles calculations based on DFT have been performed to simulate the adsorption of
nitronyl-nitroxide phosphonate organic radical on the LSMO magnetic surface. We used the NitPO radical as absorbing molecule on
the surface, as indicated by the ToF-SIMS characterization (see Figure S4 and computational details in the Supporting Information)
and we simulated different adsorption sites in order to evaluate the most stable optimized structures of NitPO/LSMO interfaces (Figure
3). The adsorption energy has been estimated by subtracting from the total energy of the relaxed NitPO/LSMO interface, the total
energies of the isolated subsystems, i.e., the NitPO molecule in vacuum and the LSMO slab for the clean surface (with the respective

termination layers, MnO2 and LaSrO, Equation (1)), i.e.

Eads = ENitro/LsMO -ENitpo -ELSMO (D

As such, a negative FEags implies that the adsorption is energetically favoured. For NitPO/MnO: and NitPO/LaSrO interfaces, the
adsorption energies were estimated as -2.08 and -4.68 eV, respectively, indicating that the adsorption of NitPO radical on the LSMO
surface is energetically favorable, regardless of the layer termination, with a stronger bonding to the LaSrO surface. All other considered
starting configurations featured smaller magnitudes of the adsorption energy (i.e., leading to a less stable configuration) and are
therefore not further discussed. Compared to the isolated system, some differences in the adsorbed structure of the molecule are rather
clearly visible, in particular related to the structural coordination of the phosphonate group attached to the surface (see Figure 3 and
discussion in the Supporting Information). Of particular relevance is that in the most stable structural configurations (for both
termination layers) the spins of the radical and LSMO surface are ferromagnetically (FM) aligned. Geometry relaxations with
antiferromagnetic (AFM) alignment result in similar structures, their total energies being slightly higher when compared to FM values.
Using the FM relaxed structures, the total energy differences between FM and AFM alignments result in very small values (namely
AE rv-aF = -1.3 and -0.6 meV for NitPO/MnO2 and NitPO/LaSrO, respectively). This points to a weak magnetic interaction between
the radical and the oxide surface, with any consequence driven by the magnetic coupling expected to manifest only at very low

temperatures (see below) corresponding to an approximate range between 85 and 40 K.
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Figure 2. Chemical characterization of the NitPO monolayer assembled on LSMO: a) XPS analysis: XPS spectra in N1s, P2p/Sr3d regions for LSMO

pristine (top), bulk NitPOR, (middle), and NitPO monolayer on LSMO. b) Comparison between ToF-SIMS spectra of a bulk NitPOR, sample and the

NitPO monolayer on LSMO in the region 270-410 m/z.

4.2. Electronic Structures and Magnetic Properties

Table 1 summarizes the calculated magnetic moments of the radical and the Mn, La, and Sr atoms of the LSMO surface, in which the

moments of LSMO are shown in the first and second columns (see also in the Supporting Information the discussion on the density of

states, DOS for the clean LSMO surface). The inspection of the local moment of each Mn atom (not shown in the table) does not reveal

any Mn**-Mn*" charge-ordering effect, as expected due to delocalization effects occurring in a metal. [ 42 ]



MnO, LaSrO Nit-POR,  NitPO NitPO/MnO, NitPO/LaSrO
Mn (top) 3.759 3.557 3.717 3.611
Mn (mid) 3.317 3.648 3.339 3.611
Mn (bottom) 3.43 3.54 3.452 3.537
La(top) 0.029 0.02 0.029 0.018
La(mid) 0.025 0.026 0.025 0.025
La(bottom) 0.045 0.029 0.046 0.029
Sr(top) 0.008 0.005 0.008 0.003
Sr(mid) 0.007 0.006 0.007 0.005
Sr(bottom) 0.009 0.007 0.009 0.007
N1 0.184 0.182 0.173 0.19
N2 0.175 0.175 0.162 0.18
o1 0.241 0.239 0.221 0.248
02 0.238 0.239 0219 0.239
C ~0.057 ~0.057 -0.057 ~0.055

Table 1. Selected local magnetic moments, in up, for Mn, La, and Sr (top, mid, bottom) labels the average moment per chemical species located in top,
mid, and bottom layer. Columns are relative to the clean surface (first and second column), isolated molecules (third and fourth column), and joint
systems (fifth and sixth column).

Thus, no relevant information on the local moment is missing by averaging the magnetic moments per layers, as reported in Table 1.
The magnetic moments of the nitronylnitroxide radical are localized on the N-O groups, with a slight amount of negative spin moment
on the bridging C atom. Very similar values of magnetic moments are obtained for the NitPOR2 and NitPO molecules; this is expected,
since there is no relevant change in the structure, apart from the substitution of CH2-CH3 groups by H atoms. Importantly, when
anchoring the radical to the LSMO surface, the molecular magnetic character of the NitPO persists. Only a slight reduction of the spin
densities for NitPO/MnO2 can be noticed, and conversely, a slight increase upon the deposition on the LaSrO terminated surface. The

changes of the magnetic moments are observed to be even smaller than those of other nitronyl-nitroxide related radicals deposited on

gold surface, recently reported. [ 43 ]
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Figure 3. Optimization with MnO, (top) and LaSrO (bottom) layer terminations. Top view and side view of the most stable adsorption geometries
are shown in the left and right panels respectively. For the sake of clarity, only the phosphonate group of the molecule is displayed in the top views.

It is also worth noting that the oxygen atom Oa of the molecule shows some tiny induced moment of 0.015 uB (not shown in Table 1)
upon adsorption on MnOz surface. Being this O atom positioned as apical ligand atom of Mnl (cfr. Figure 3 a), the induced moment
is likely due to the delocalization tail of the Mn magnetic moment. Similarly, the magnetic moments of the LSMO surface after
adsorption do not seem to be altered, when compared to those of the clean surface. To summarize, we observe only small changes in
the computed moments on both the molecule and substrate due to the adsorption of NitPO on the LSMO surface. The obtained geometry
is such that the nitronyl-nitroxide moieties of the molecule are pointing away from the surface (Figure 3), thus making the molecular
magnetic moments spatially distant from the surface (indeed, the length of NitPO radical molecule is around 10 A). It was outlined in
previous studies on related surface-radical interfaces [ 44—47 ] that such geometry is expected to minimize direct molecule-surface
interaction, hence leaving the magnetic molecular orbitals of the radicals unperturbed. This picture is consistent with the spin density

plot for NitPO/MnO: (see Figure S8a in the Supporting Information), showing extremely weak charge and spin interaction between



substrate and molecule. In this sense, the magnetic behavior of both subsystems is conserved upon adsorption. In order to shed further
light on the interaction between the NitPO and the LSMO surface, we focus our attention on the ferromagnetically coupled NitPO/MnO2
interface, by showing in Figure 4 the density of states of the NitPO molecule after adsorption, together with the atomic projected DOS

(PDOS) on the Mn atoms at the surface top layer.
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The persistence of the magnetic character of NitPO is apparent from the PDOS of atomic species carrying the magnetic moments, i.e.,
the nitroxide groups (similar results are obtained for the molecule deposited on LaSrO-terminated surface). The relative positions of
the peaks (especially near the Fermi level) for the NitPO deposited on the surface are not significantly different with respect to those
for isolated NitPO (see Figure S6 in the Supporting Information). In the phosphonate group, however, the broadening of the DOS due
to adsorption is clearly observed. In fact, as the molecule is anchored to the surface via the phosphonate group, a delocalization of the
molecular electronic structure in the energy region below —1 eV can be observed, due to the overlap with the manganese d -band.
Focusing now on the surface Mn atoms, an increase in the intensity of PDOS onto the Mn1 atom directly connected to the phosphonate
group via O3 (cft. Figure 3 a) can be observed at the Fermi level, Er whereas Mn2 PDOS is basically unaltered by the adsorption. The
DOS of Mn1 resembles those of Mn atoms in deeper layer (see Figure S5 in the Supporting Information), the main difference being
the intense peak around —2 eV for the DOS of the Mn’s inner layer (attributed to t2g states). As a matter of fact, although Mn1 recovers
sixfold octahedral coordination (via the O3 of the molecule), its structural configuration is more tilted compared to the bulk-like one.
As for the band line-up, an important issue is to be noted: the LSMO/NitPO interface shows a spin-filtering effect, arising from (i) the
LSMO/NitPO FM coupling, (ii) the energy position of the spin-polarized molecular levels in proximity to the Fermi level, and (iii) the
half-metallic nature of LSMO. In fact, as schematically illustrated in Figure 4 d—e, the molecular spin-up HOMO state (the highest
occupied molecular orbital) lies very close to the Fermi energy, where LSMO majority electrons can hop; on the other hand, the
corresponding spin-down LUMO state (the lowest unoccupied molecular orbital) in the minority spin-channel lies at an energy much
higher than E F and within the minority gap of LSMO. As a result, the LSMO/NitPO band line-up is clearly spin-dependent, favoring
one spin-channel over the other. For the sake of clarity, we also illustrate the band line-up for the AFM configuration (shown
schematically in Figure 4 e and in Figure S7 in the Supporting Information) with HOMO (LUMO) state now parallel to minority
(majority) LSMO spins: in this case not only minority spins but also majority spins from LSMO are prevented from hopping on NitPO

levels, likely leading to higher resistance.

5. Device Preparation and Characterization

To investigate the effects on spin transport obtained by decorating with a monolayer of organic radicals the interface between the
ferromagnetic electrode and the OSC, a NitPO-based spin valve has been realized by using the protocol described above promoting the
chemisorption of these stable organic radicals on patterned LSMO spin injecting electrodes deposited on a strontium titanate oxide
(STO) substrate. After the deposition of the NitPO, a 150 nm molecular film of Gaqs was thermally evaporated on the functionalized
surface, and the spin valve was finalized by depositing a cobalt electrode similarly to earlier reports. [ 48] An additional layer of AlOx
(thickness 2 nm) was interposed between the Gaqs and the Co layers to avoid interdiffusion of the metal inside the OSC and possible
creation of short-circuits between the two ferromagnetic layers. [ 12] A device with a vertical geometry was in this way obtained
(Figure 1) where the LSMO and Co electrodes are characterized by different values of coercive fi elds in order to observe the spin-
valve effect induced by the different orientation of the magnetization of the two electrodes. The temperature dependent transport
properties are reported in the Supporting Information. Here, we focus on the magnetic fi eld dependent transport behavior of the device

and to its comparison with the ones without the magnetic radical at the interface. In order to characterize the magnetoresistance (MR)



properties of the spin valve, the dependence of the resistance on the external magnetic fi eld applied along the device surface was
measured at different temperatures in a range between 2.5 and 300 K (see Figure S7 in the Supporting Information). For each value of
the magnetic fi eld, electric transport properties were characterized by measuring in 2-wire mode the current flowing through the device
maintaining a fixed potential difference Vco— Vismo = 100 mV between the LSMO and Co electrodes. In this way, being Vismo < Vo,

the LSMO electrode acts as a spinpolarized carrier injector and the current flows perpendicularly to the interface between the organic

R(M-R(1Y)

component and the electrodes. Magnetoresistance, defined as MR = ROT)

X 100 where R(11) and R(1]) are respectively the

resistance values showed by the spin valve when the magnetic moments of Co and LSMO electrodes are parallel and antiparallel,
obtained at T = 100 and 3 K, are reported in Figure 5 a,b, respectively, showing values typical for devices without the NitPO layer. [
12] Moreover, these devices maintain the inversion of the MR (i.e., R(17) > R(1])) common to Mqs (M = Al, Ga) based spin valves
with LSMO and Co electrodes [ 12,36] and explained through a spin-down selective filtering at LSMO/Gagqs interface. [ 14] This
indicates that the insertion of paramagnetic molecules NitPO does not induce drastic modifications of the spin injection at the
LSMO/Mq; interface [ 14] in reasonable agreement with DFT calculations. The NitPO insertion induces nevertheless a clearly
detectable reduction of the magnetoresistance at low temperatures. Figure 5 ¢ reports the dependence of MR as function of T in the so
called linearizing plot where the parabolic dependence of MR (T) is clearly revealed by plotting MR 1/2 versus T. As already discussed
previously, [ 12] this parabolic trend is fully described by the spin polarization extracted from the manganite electrode, the most
sensitive component to temperature variation. While the standard device (green dots) shows no sizable deviations from this low, a
distinct dip of MR 1/2 values is visible below 25 K for NitPO interfaced device (blue dots). Interestingly, the same temperature region
is characterized by another deviation from the projected spin valve behavior. Figure 5 d shows the temperature trend of the parallel-
antiparallel (low) switching fi eld corresponding to the minimum in the MR curves. This fi eld is typically attributed to the coercive fi
eld of the manganite spin polarized electrode, [ 17] reflecting also possible interfacial modifications. [ 14] While the coercive fi eld
extracted from the longitudinal magnetoresistance of the manganite stripe (see Figure S11 in the Supporting Information) increases
monotonically, as expected, with lowering temperature (orange dots in Figure 5 d), an explicit drop of the switching fi eld occurs in
the device geometry (in violet) where the current is perpendicular to organic-LSMO interface. While it is not easy to give at this stage
a full quantitative description of the observed effects, there is a very good qualitative agreement with DFT results, having the latter
revealed a strong spin-up filtering at the LSMO/NitPO interface (see Figure 4). Indeed the introduction of NitPO monolayer includes
channels of opposite spin filtering (spin-down filtering at bare interface, see above), reducing thus the overall spin polarization and
hence the magnetoresistance. Indeed this takes place at temperatures where the moderate ferromagnetic interaction between LSMO
and NitPO is playing a significant role, while at higher temperatures the random magnetic orientation of the molecules with respect to

the one of LSMO nullifies this effect.
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Figure S. Inverse spin-valve effect detected on NitPO-based device at a) 100 K and b) 3 K; ¢) linearizing plot for the MR versus temperature for a
standard device (no NitPO, green dots [ 12 ]) and the NitPO-based device (violet dots). Black lines are guides to the eye. d)Temperature dependence of
low switching fi eld (violet dots) corresponding to the minimum of the resistance in MR(T) curves; the orange open dots delineate the bulk coercive
field of the manganite stripe extracted from the MR detected in longitudinal configuration.

The exact geometry of spin-up and spin-down filtering channels remains hidden, and will be object of further dedicated research.
Indeed, one can model the junction as a series or parallel connection between filtering processes respectively due to LSMO/NitPO/Gagqs
interfaces and [LSMO/NitPO/Gaqs + LSMO/Gaqs] interface. The former supposes that NitPO is represented by a continuous interfacial
layer offering a spin-up spin filtering, and the opposite spin filtering by the Gaqs is maintained nonetheless the absence of a direct
contact between this molecule and manganite. The latter, that looks to us more realistic, relates to a partial coverage of surface by
NitPO and describes spin-up channels of LSMO/NitPO/Gaqs; embedded into the spin-down matrix of LSMO/Gagqs. The additional
magnetic softening observed at low temperature (the decrease in switching fi elds, see Figure 5 d) though not further investigated in
our DFT analysis, can be described by a decrease in coercivity of the modified interface, given the isotropic nature of the radicals
magnetically coupled to the LSMO. In any case an electronic (hybridization) origin for this effect seems to be excluded as the latter

would have affected the coercivity at higher temperatures.

6. Conclusion

A monolayer of stable organic radicals has been assembled on a LSMO substrate by spontancous deprotection of the phosphonate
group introduced to the nitronyl-nitroxide derivative; grafting has been confirmed by XPS and ToF-SIMS experiments. Though
experimental evidence of the persistence of the unpaired spin on the organic molecules are hardly achievable due to the overwhelming

magnetism of the substrate, a detailed DFT investigation has provided a clear picture of the adsorption mechanism, evidencing a weak



ferromagnetic interaction between the radical unpaired electron and LSMO (independently of the Mn O or Sr O termination) and a
spin-filtering effect, based on the spin-dependent band line-up. When the layer of NitPO is embedded in a vertical device a negative
spinvalve effect typical of other OSC based spin-valves is observed, with MR values comparable to the ones observed in similar devices
without magnetic molecules. The presence of the NitPO layer, however seems to affect the magnetoresistance at low temperatures
when effects due to the magnetic exchange interactions between the radicals and the LSMO layer are foreseen by DFT calculations.
Though the mechanism of spin injection in the OSC is still debated and local measurements to avoid the overwhelming contribution
of defects and conduction through filament structures are necessary to ascertain the origin of the differences in the field dependence of
MR in the device embedding the organic radicals, the persistence of the spin-valve effect is on its own an important result, as scattering
induced by the unpaired electron of the radicals was expected. Moreover, comparably high values of MR are observed, although the
device preparation differs significantly from the commonly employed ultrahigh vacuum (UHV) procedure; the chemically
functionalized LSMO is in fact employed without any further treatment. These results open the perspective of a functionalization of
the spin injecting electrode with other types of magnetic molecules exhibiting intrinsic bistability, like single molecule magnets or spin

Cross-over compounds.

7. Experimental Section

Samples Preparation: Monolayer of NitPO on homogeneous LSMO and patterned LSMO surfaces was prepared in a portable glove-
bag by incubating NitPOR2 at 330 K for 20 h in 3 x 1073 M dichloromethane/ methanol (1:3) solutions of the molecules on 10 nm film
of LSMO deposited on STO by spark ablation. [ 36 ] Before the incubation, the LSMO was cleaned in acetone and isopropanol for 10
min both in an ultrasonic bath. After incubation, the functionalized surface was rinsed several times with dichloromethane and methanol
in order to leave on the surface only the chemisorbed molecules and dried with anhydrous nitrogen gas.

The bulk samples used for XPS and ToF-SIMS experiments as references to be compared with monolayers sample were prepared by
drop casting a 2 x 1073 M solution of NitPOR2 dissolved in methanol and leaving the solvent evaporate under inert atmosphere.
ToF-SIMS Characterization: ToF-SIMS characterization was performed using a TRIFT III time-of-flight secondary ion mass
spectrometer (Physical Electronics, Chanhassen, MN, USA) equipped with a gold liquid-metal primary ion source. Positive ion spectra
were acquired with a pulsed, bunched 22 keV Au' primary ion beam, rasterizing the ion beam over a 10* pm? sample area. The primary
ion dose was kept below 10! ions cm™? to maintain static SIMS conditions. 2 Mass spectra were calibrated to CH3* (m/z 15.023), C2
H3" (m/z27.023), C7H7" (m/z 91.05), and Mn™ ( m/z 54.93), Sr* (m/z 87.90), and La" ( m/z 138.90) (the latter three only for monolayer
spectra). For the monolayer sample, mass resolutions were 5760 m/Am while for bulk ones it was 38500 m/Am. These variations in
Am/m do not alter significantly our analysis. All the samples were treated under inert atmosphere before the insertion in the UHV
chamber.

Electron-Spray Ionization (ESI)-Mass Characterization: ESI mass spectra were recorded infusing the sample solution of 1075 M
directly into the ESI chamber by syringe pump. The characterization was performed with a ThermoFisher LCQ-Fleet ion-trap
instrument and spectra were recorded by using ESI + techniques. Ion mass/charge (m/z) ratios are reported as values in atomic mass

units followed by the intensities relative to the base peak in parentheses.



XPS Characterization: XPS experiments were carried out in a UHV apparatus with a base pressure in the 107! mbar range.
Nonmonochromatized Al Ka radiation was used for XPS measurements (1486.6 eV, 110 W). The detector was a VSW hemispherical
analyzer mounting a single-channel detector, the angle between the analyzer axis and the X-ray source was 54.44°. The XPS spectra
were measured with a fixed pass energy of 44 eV. The binding energy scale was calibrated setting the Cls signal of the adventitious
carbon 284.5 eV. In order to minimize air exposure and atmospheric contamination, samples were mounted on sample holder under
dry nitrogen environment in a portable glove bag which was then connected to the fast-entry lock system of the XPS chamber. Spectral
analysis consisted in a linear background subtraction and deconvolution using a mixed Gaussian and Lorentzian line-shapes for each
spectral component. The stoichiometry of the samples was calculated by peak integration, using sensitivity factors reported for constant
band-pass filter machines with similar geometric configuration in the www.uksaf.org database.

Computational and Structural Details: Ab initio calculations have been performed within the DFT framework using the generalized
gradient approximation (GGA) functional [ 49 ] as implemented in Vienna ab-initio simulation package (VASP). [50] The projected
augmented wave (PAW) potentials [ 51 | with a cut-off energy of 500 eV were used. The on-site Coulomb repulsion for the Mn atoms
was included using the GGA+U approach, as proposed by Dudarev et al. [ 52 ] where the Coulomb and exchange parameters U and J
were set to be 3 and 0.7 eV, respectively. [42] A 4 x 4 x 1 Monkhorst-Pack grid [ 53 ] k-point mesh centered at for the Brillouin zone
sampling was used. For the geometry optimization, the ions are relaxed until the forces were smaller than 0.01 eV A~!. The convergence
criteria for the electronic self-consistent loop was set to 1075 €V. The dispersion correction in our calculation was included by applying
the D2 method of Grimme. [ 54 ] The molecular adsorption was modeled by depositing the NitPO radical on the (001)-terminated
LSMO surface (see Figure S5c in the Supporting Information). The LSMO surface was modeled with a three layer thick slab,
comprising an area of 3 X 3 unit cells, for a total of 135 atoms. As starting geometry, the crystal structure of LSMO grown on top of
StTiOs substrate, [ 55 ] with experimental values of in-plane and out-of-plane lattice constants of a = 3.905 A and ¢ = 3.850 A,
respectively was considered. A sufficiently thick vacuum layer was included in the slab, resulting in a simulation cell size of 44.650 A
along the z -direction. Moreover, the dipole correction [ 56 ] to avoid spurious dipole effects that may arise along the out-of-plane
direction was included. Since conflicting information are reported in literature regarding the surface termination of LSMO grown on
STO substrate, either showing the presence of MnO2 termination layer [ 57,58 ] or SrO one, [ 41,59 ] both terminations are considered
in the present study. This choice is consistent with previous experimental characterization of similar LSMO films performed by some
of the authors [ 41 ] showing both Mn-rich and Sr-rich surface terminations. NitPO/MnO: and NitPO/LaSrO notations were used in
the text to indicate the NitPO/LSMO adsorbate with the MnO2 and LaSrO layer terminations, respectively (see Figure S5c in the
Supporting Information). Several adsorption sites and molecule orientations were explored, and a total amount of 10 starting models
for each termination layer were considered for the geometry optimizations, which were performed by keeping fixed the atomic positions
of the bottom layer. Finally, to include the effect of magnetic properties of the NitPO radical on the electronic structure of the system,
the geometry optimizations were performed for both FM) and AFM alignments of the magnetic moment of NitPO with respect to those
of the LSMO surface, in which the atomic spins are aligned ferromagnetically.

Electric Transport Measurements: Electric transport measurements were carried out with a Keithley 2601a SMU. The instrumentation
was interfaced with a PPMS by Quantum Design in order to perform measurements at cryogenics temperatures (down to 2.5 K) and in

presence of magnetic fi elds (up to 7 T). Measurements were performed in 2 wire-mode supplying voltages between Co and LSMO



electrodes and measuring the current. For MR measurements a constant voltage Vco — Vismo = 100 mV was employed. Connections

to the devices were supplied by gold wires fixed with indium to the samples and to the PPMS sample holders.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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