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ABSTRACT: Antiferromagnets are a class of magnetic materials of great interest
in spintronic devices because of their stability and ultrafast dynamics. When
interfaced with an organic molecular layer, antiferromagnetic (AF) films are
expected to form a spinterface that can allow fine control of specific AF
properties. In this paper, we investigate spinterface effects on CoO, an AF oxide.
To access the magnetic state of the antiferromagnet, we couple it to a
ferromagnetic Co film via an exchange bias (EB) effect. In this way, the formation
of a spinterface is detected through changes induced on the CoO/Co EB system.
We demonstrate that Cy4 and Gaqs adsorption on CoO shifts its blocking
temperature; in turn, an increase in both the EB fields and the coercivities is
observed on the EB-coupled Co layer. Ab initio calculations for the CoO/Cyg,
interface indicate that the molecular adsorption is responsible for a charge
redistribution on the CoO layer that alters the occupation of the d orbitals of Co
atoms and, to a smaller extent, the p orbitals of oxygen. As a result, the AF coupling between Co atoms in the CoO is enhanced.
Considering the granular nature of CoO, a larger AF stability upon molecular adsorption is then associated with a larger number of
AF grains that are stable upon reversal of the Co layer.
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1. INTRODUCTION been elucidated yet.'' ™" The investigation of such effects on
systems featuring complex spin configurations allows thus to
enrich our fundamental knowledge of spinterfaces and also to
explore the possibility of tuning with molecules some intrinsic

The interface between organic molecules and a magnetic layer
is considered to be the key element in defining the spin
functionality of hybrid molecular spintronic devices."” Since

the proposal in 2010 of interfacial spin-hybridization-induced AF properties such as ultra-fast magnetization dynamics'* and
polarized states as the main factors that control the spin and magnon-mediated spin transport.'” In this view, because of the
magnitude of the spin current injected in a molecular insensitivity of AF to the external magnetic field and with the
spintronic device,” several investigations focused on the aim of evidencing the effect of coupling between AF and
formation of this so-called spinterface, a specific organic- organics, we have considered the AF layer also coupled to an
magnet interface that can exploit spin-dependent effects. The FM featuring thus an exchange bias (EB) effect. This effect
spinterface formation affects the spin properties of both manifests as a shift of the magnetic hysteresis loop along the
interface components. For example, it is responsible for the field axis after field cooling the sample below the Néel
generation of spin polarization in the molecules®” and for the temperature (Ty) of the AF. The selected AF is cobalt oxide
changée of the magnetic behavior of the ferromagnetic (FM) (CoO) since its properties are well known and the Co/CoO

layer.”” An emblematic example is provided by the adsorption
of buckminster fullerene molecule (Cyy) onto a cobalt (Co)
layer:” as a result of hybridization between metallic d,* and
carbon p, orbitals, the Co layer acquires an out-of-plane
interfacial anisotropy that is able to give rise to a spin
reorientation transition from in-plane to out-of-plane magnet-
ization. Hybridization effects have been widely investigated
both theoretically and experimentally considering FM metallic
layers® ™' while the adsorption and coupling of molecules on
oxide surfaces with antiferromagnetic (AF) order have not

interface is considered a model system for such investiga-
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Figure 1. a) Cross-sectional TEM images of Co/Co0O/Cg, deposited on Al O; substrate, (b) AFM images of bare CoO surface, (c) XPS spectra of
Co 2p region and the spectral deconvolution of Co 2p;),, arrow indicates the metallic Co contribution. (d) AFM images of 25 nm Gag; on CoO.
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Figure 2. a) Polar graphical representation of normalized remanence obtained from MOKE hysteresis curves acquired at different azimuthal angles
at RT. (b) Representation of the measurement setup employed for in-plane anisotropy study. (c) Hysteresis cycles corresponding to the easy axis

direction.

2. RESULTS AND DISCUSSION

The Co/CoO exchange-biased bilayers were prepared in UHV
conditions with subsequently controlled oxidations starting
from a Co film of 7 nm as reported in detail in Section 4. The
samples were produced in a single run with exactly the same
Co/CoO thickness. On top of the two samples, the organic
layer was deposited by means of shadow masking techniques
allowing exactly the same preparation conditions but a

3139

different organic overlayer. As organic materials, we considered
two molecules that are known to generate a spinterface with
EM layers: the tris(8-hydroxyquinoline) gallium (Gag,)'” and
the buckminsterfullerene (Cg).'® We start from the assess-
ment of chemical, structural, and morphological properties of
the Co/CoO exchange-biased bilayer. Figure la shows a
typical cross-sectional image of a Co/CoO bilayer covered by a
Cgo organic layer. A clear interface between the Co film and
the AL, O; substrate is observed. Layers are continuous and a
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remarkable crystalline order of CoO is visible, but it is worth
noting that, in some regions, the oxide layer is jagged and
penetrates into the Co layer. The average thickness of the Co
film is estimated at 5.1 nm, and that of the oxide layer is
estimated at 2.8 nm. The corresponding fast Fourier transform
analysis indicates that Co and CoO are crystalline with an FCC
structure. AFM measurements of the CoO surface indicate a
root-mean-square roughness of about 0.3 nm over an area of 1
X 1 um? at the surface (see Figure 1b). As the oxidation was
performed at room temperature, the formed cobalt oxide is
assumed to be CoO."” XPS was employed to confirm the
chemical nature of the oxide layer. The Co 2p;/,, peak is
dominated by the distinctive components associated with the
cobalt monoxide (Co(II)) at BE(1) = 780.3 eV, BE(2) = 782.4
eV, BE(3) 785.8 eV*° with a sharp shoulder at BE = 778.1 eV
associated with the metallic Co layer underneath.

The XPS spectra line shape confirms that the predominant
oxide species is the cobalt monoxide.”” The 25 nm thick
organic layer completely covers the CoO surface, thus
maximizing the CoO/organic interaction as evidenced by
both TEM measurements for C4 and AFM for Gaqs. The
deposition of the organic molecule increases the surface
roughness reaching the values of 0.7 nm for C4y and 1.2 nm for
Gaq; (Figure 1d) both values comparable with the molecule
dimension.

We move to the magnetic characterization of samples with
the aim of investigating the effects of the organic molecules.
Longitudinal MOKE measurements performed at 295 K i.e.,
above the nominal bulk Néel temperature Ty ~ 291 K of the
CoO, with the applied magnetic field at various azimuthal
angles ¢ with respect to the sample orientation in the
configuration shown in Figure 2b, evidence the presence of an
in-plane uniaxial anisotropy for Co layer as shown in Figure 2a
and evidenced in previous studies for the same growth
conditions.® The hysteresis loops shown in Figure 2c of the Co
layers do not present any EB effect, as expected at
temperatures above the Ty. Moreover, all samples have similar
coercive fields at 295 K within the error range of 3 Oe.

The temperature-dependent magnetic characterization has
been carried out with a magnetic field applied along the Co
easy axis direction. The AF state is set by a field cooling
procedure by applying H = 75 mT from 300 K down to 80 K.
Figure 3 shows the typical hysteresis loops collected at 90 K
featuring the EB effect.

As expected, the sign of Hgy is opposite the direction of the
cooling field, making it easier to reverse the magnetization of
the Co in the cooling field direction than in the opposite one.
This phenomenon is known as negative EB. Training effect
also appears in our samples, showing a reduction of Hgg
magnitude in successive hysteresis loops until stability is
reached.”’ ~** The origin of the training effect is still debated"®
but it is often ascribed to the rearrangement of AF moments
both at the frustrated FM/AF interface and in the bulk of the
AF layer, upon the application of the first mazgnetic field cycle
due both to athermal and thermal effects.”*™*°

Figure 4 shows the temperature dependence of both Hgy
and H fields deduced from hysteresis cycles measured after
the training process is completed, i.e, they do not show
significant variation between consecutive loops. Hgy strength
(Figure 4a) decreases linearly with increasing T starting from
the lowest initial temperature up to the temperature where the
value of the EB field changes sign. This temperature
corresponds to the value in which a positive EB field is
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Figure 3. Hysteresis cycles measured at 90 K obtained after cooling in
a magnetic field of 75 mT. The reported cycles refer to the three
samples after the training of the AF layer is completed.
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Figure 4. Temperature evolution of (a) EB field and (b) coercivity of

the samples. The three samples have been cooled from 300 K to 80 K
with a field of 75 mT.

registered and will be referred to as the positive EB
temperature (Tp). The Tp value varies for all three samples
as shown in Table 1. The lower T} is registered for CoQO,
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Table 1. Positive Exchange Bias and Blocking Temperatures
for all the Three Samples

sample Tp Ty
Co/Co0O 100 = 10 K 155§+ S K
Co/C00/Cg 125+ 10K 165 + 5K
Co/Co0/Gagq, 140 + 10K 170 + 5K

followed by the sample covered with Cg, and finally the one
covered with Gaq;. Moving toward higher temperatures, Hgy
reaches its maximum positive value and then approaches zero
at a temperature referred to as the blocking temperature (Tg).
The lowest Ty value is obtained for the CoO bare sample.
Higher Ty values are obtained in the presence of C¢, and Gagqs,
resembling the order registered for Tp.

The appearance of positive EB has been observed in Co/
CoO bila?}lers both in epitaxial”” and polycrystalline
forms.”>*** The intensity of positive EB and the temperature
Tp depend on the FC strength as shown in the Supporting
Information and it can be explained in terms of a competition
between bulk and interface magnetic ordering in the AF
occurring when a significant fraction of the AF uncompensated
magnetization follows the FM reversal.””*’

Also, the dependency of H: on temperature, shown in
Figure 4b, clearly shows the effect of the interaction with the
molecular layer. Looking at the evolution of H¢ in the three
samples, we can identify four temperature ranges. The first and
highest one corresponds to temperatures at which the AF is
expected to have almost completely lost its order and stability
not influencing anymore the Co: Hc does not show any
appreciable difference between samples. Moving toward lower
temperatures, at about 200 K, CoO covered with C4, and Gagqs
shows a significant change with respect to the bare CoO. In
this region, the effect of the AF layer is already detected. At
temperatures higher than the blocking temperature, the
increase in coercivity can be attributed to a partial order in
the AF able to influence the rotation of Co magnetization but
not strong enough to produce any visible shift of the hysteresis
cycle.'*%

In the region corresponding to the maximum positive EB,
each sample presents a hump in the H¢ temperature
dependence and, for temperatures below Ty, the H increases.
In addition, moving toward the lowest investigated temper-
atures for both Gaq; and Cg4, H¢ reduces its growth rate,
indicating that the AF moment configuration remains
essentially unchanged during FM moment reversal.’’ We
cannot exclude a similar trend also for bare Co/CoQO but at
temperatures lower than the investigated ones. The higher
blocking temperatures and EB values in samples with
molecular layers indicate that the presence of organic
molecules at the interface with AF generates an increased AF
stability over a wider temperature range.

The ability of organic molecules to modify magnetic states
has been tested both theoretically’>** and experimentally®” on
FM layers thanks to the hybridization between the d orbitals of
the FM and the 7 orbitals of the molecules. Such orbital
redistribution impacts both the exchange interaction and the
magnetic anisotropy energy producing an increase in the Curie
temperature as well as of the magnetic coercivity fields.”* To
elucidate the specific features of the coupling with the AF layer,
we investigated by means of density functional theory (DFT)
the adsorption of Cg molecules on CoO(001) in a high-
density packing arrangement, as described in Section 4.

3141

Nine possible adsorption configurations (see Figure S2 in
the Supporting Information) are explored that differ for the
orientation of the molecule with respect to the substrate
(facing with a pentagon, hexagon, bond) and the adsorption
site of the molecule (on Co, on O, on bridge site between Co
rows). The most stable configuration is obtained with a
hexagonal face adsorbed on an oxygen atom as shown in
Figure S (adsorption energy equal to E = —3.92 €V). For this

Az=272 A

Figure 5. Top and lateral view of the most stable adsorbed
configuration. Blue/yellow atoms correspond to Co with a different
spin forming the AF structure. Red and gray atoms are oxygen and
carbon, respectively.

orientation of the molecule and adsorption site, we considered
also a rotation of 30° that nevertheless makes the system less
stable (Figure S2). The C4—CoO distance is 2.72 A.

The interaction between the Cg4, and the CoO surface is
responsible for a transfer of electrons toward the molecule
accompanied by a charge redistribution in the surface layer of
CoO (see Figure 6a,b and details in the Supporting
Information). Such charge transfer is responsible for a tiny
variation of the magnetic moments of the Co atoms and a
small induced magnetic moment mostly localized on the C
atoms facing the surface (Figure 6c,d). One-half of the total
magnetic moment is localized on the six atoms of the
adsorbing hexagon, with atomic magnetic moments ranging
between +0.02 pp and —0.02 pp. The carbon atoms in the
hexagon display an AF ordering. The overall net magnetic
moment on the entire molecule is equal to 0.005 ys.

On the CoO surface, the absolute magnetic moment of
antiparallel aligned Co atoms (noted as Col and Co2) is
reduced with respect to the bulk; see Figure 6d in which the
difference with respect to the bare CoO surface is shown
(positive values correspond to spin down Co2 atoms and
negative ones to spin up Col). This effect characterizes the
whole Co surface atoms but it is enhanced in the four Co
atoms just below the molecule. Although the induced changes
in the spin polarization of oxygen atoms are negligible, they
lead to a net-induced magnetic moment in the first layer (0.02
ug) that decays quickly down into the CoO. Accordingly, also
the intralayer-induced net magnetic moment of Co atoms is
smaller in deeper layers (see Figure S3 in the Supporting
Information) so that the overall magnetic change arising at the
interface with the molecules is almost completely vanished in
the fourth and fifth layers.

Although the changes of magnetic properties induced by the
interaction with Cg, are mild and limited to the interface, we
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Figure 6. Induced charge (a,b) and spin (c,d) on selected planes parallel to the surface. Color scale reports the difference of charge and spin with
respect to the clean CoO surface when Cg, molecules are adsorbed. Panels (a,c) consider the plotted quantities onto a plane passing through the
lowermost hexagonal face of the molecule, near the surface. (b,d) Refer to a plane passing through the surface layer. Labels Col and Co2 in (a,c)
mark the position of Co atoms of the substrate with opposite magnetization and correspond to the large circle in panel (b,d), where O atoms are
instead reported as a small circle. The labels on atoms report the values of induced charge and spin, according to the color scale.

observe an overall charge redistribution in the CoO oxide layer
which alters the occupation of the d orbitals of Co atoms and
of the p orbitals of oxygen to a minor extent. The minority spin
projected density of states (PDOS) of the surface layer,
reported in Figure 7 together with the PDOS of the clean CoO
surface, evidence the changes of the Co d orbitals due to the
interaction with molecular states (energy position of HOMO
— 1, HOMO, LUMO, LUMO + 1 are reported with blue tics,
Cgo PDOS in the Supporting Information). The integral of the
occupied PDOS (values for pristine and covered CoO reported
in black and red in Figure 7) reveals an increase in the
electronic charge of d,, orbitals, which is mainly due to the
interaction with the HOMO and HOMO - 1 state of the
molecule. Conversely, the LUMO state lies in the energy gap
of CoO/Cg, while the LUMO + 1 hybridizes with unoccupied
d orbitals except the d,.. Upon the adsorption of Cg, we
observe a depletion of dx _,> states and a mild filling of d,,
states. This effect is expected to modify the superexchange
being associated with a change of the electronic density around
Co atoms with respect to the surrounding oxygen atoms.

The variations in the average occupations of the Co orbitals
affect all the layers in the slab and may be then related to the
change of the magnetic coupling in the CoO film.

To evaluate the impact of the orbital occupations on the AF
state, we have performed calculations for different spin
configurations of the CoO(001) surface with and without
adsorbed molecules to extract the exchange coupling in the
oxide layer. The geometry of the various spin configurations
was kept fixed to the ground state to exclusively account for the
effect of the spin-flip on the total energy of the molecules. By
exploiting a Heisenberg model for the magnetic interaction in
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the Hamiltonian, we are able to estimate the changes in the
strength of the AF order when the molecules are deposited on
the surface. The AF order is indeed due to a superexchange
interaction between Co spins with coupling parameter J,
mediated by oxygen atoms. This one represents the strongest
among the Co—Co interactions, being the one not mediated
by oxygen almost negligible.”** The value of J is derived from
a system of equations E;, = ZQJJ,-JS,CJS,CJ in which the sum on
indexes <i,j> is done on unique next nearest neighbor Co pairs,
Ey is the total energy of the spin configuration k (with arbitrary
reference) and Sy, St; are the spin directions associated with
Co atoms and they are set equal to +1 or —1. To set a system
of equations from which to extract J, we consider different spin
configurations in which the spin of a single Co atom on the
surface is flipped. The obtained exchange coupling parameter |
has an average value (mediated on the surface Co atoms) of
—21 meV that increases to —27 meV for CoO/Cg.

The evaluation of the critical temperature cannot be
extracted directly from these calculations, preventing any
quantitative comparison with the change of the blocking
temperature deduced experimentally. The thermal stability of
AF is a key ingredient for the modeling of polycrystalline
exchan%e-biased layers as described originally by Fulcomer and
Charap™® and others.””*” We stress that the Co/CoQ under
investigation in this paper presents a granular structure, as
evidenced by the TEM characterization in Figure 1. In the
simplest description, a polycrystalline AF layer can be modeled
by a granular domain structure in which the grains are weakly
interacting entities and the energy barrier that is opposed to
thermal fluctuations depends directly on the volumes of the
single grains.‘}’o’37 Following those models, the EB effect is
directly proportional to the number of grains with a volume big
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Figure 7. Minority spin density of states of surface Co projected on d
orbitals for the Cqy/CoO (red) and the clean CoO surface (black).
The electronic occupation of the orbitals is reported with the same
color code. The position of molecular states near the Fermi level is
marked with blue tics.

enough to remain pinned during the FM reversal. We can then
consider a volume distribution as shown in Figure 8 where
(V) represents the volume density distribution of domains of
the AF layer. It is then possible to identify a critical volume V
of domains below which the AF domain is not stable enough
and reverses following the FM layer, while domains with a
larger volume maintain the AF state stable. In this scenario, the
effect of increased AF stability of the CoO upon molecule
adsorption is then analogous to a decrease in V,, producing an
increase in the number of grains with a stable configuration as
shown in Figure 8b.

3. CONCLUSIONS

In this paper, we have investigated the effect of the adsorption
of organic molecules (Gaqy and Cg) on a polycrystalline CoO
AF thin layer coupled by EB to an FM Co layer. In both cases,
the molecular adsorption induces an increase of the blocking
temperature of Co/CoO associated also with higher EB fields
and higher coercivities. Ab initio calculations performed on the
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(V) V)

<4 Molecule effect
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Figure 8. Schematic of the energy barriers to reversal, showing the
critical volume V, of AF grains below which the AF domains are
thermally unstable and rotate with the FM layer (a). The increased
stability of AF domains induced by molecular adsorption can be
modeled as a decrease of the V,, reducing the number of thermally
unstable AF domains (b).

model CoO/Cy, interface indicate a partial transfer of
electrons toward the molecule accompanied by a charge
redistribution in the surface layer of CoO. While the magnetic
moments of the Co atoms are only slightly affected, the charge
redistribution in the CoO oxide layer alters the occupation of
the d orbitals of Co atoms inducing a more stable AF coupling
in the surface of the CoO. Considering the granular structure
of the Co/CoO bilayer under investigation, we refer to
polycrystalline models and we associate the increased AF
stability with the larger number of AF grains that remain
pinned under FM switching, inducing an increase of Hgg.

4. EXPERIMENTAL/METHODS

4.1. Sample Preparation. The Co/CoO exchange-biased
bilayers were prepared on single crystal AL,O; (0001) substrates. A
7 nm thick Co film was deposited by means of e-beam evaporation in
ultra-high vacuum (UHV) conditions under a base pressure of 107'°
mbar at room temperature. The AF CoO layer was obtained by
oxidizing the Co layer in situ in the atmosphere of pure oxygen
(purity 99.999%) with an exposure of 10* L. To obtain a thicker CoO
layer, an additional Co layer of 1 nm was then deposited on top of the
CoO and then oxidized with the same oxygen dose. Without breaking
the vacuum, on top of the CoO layer, a 25 nm thick organic layer was
deposited. The deposited organic materials are Gaq,'” and Cg.'® The
materials were thermally evaporated respectively at 255 and 360 °C at
a base pressure of 1 X 10™® mbar. The investigated samples were
produced in a single run with exactly the same Co/CoO thickness.

4.2. Transmission Electron Microscopy (TEM). TEM was
performed using a JEOL (JEM-2100F) instrument operating at 200
kV. Cross-sectional samples were prepared using standard “lift-out”
procedures on a JEOL (JIB-4601F) focused ion beam system and
were typically polished to a ~100 nm thickness: further thinning
tends to damage the delicate organic layer.

4.3. Atomic Force Microscopy. The topography of the films was
investigated using an AFM Smena microscope (NT—MDT, Moscow,
Russia) in intermittent contact mode under ambient conditions.

4.4. X-ray Photoelectron Spectroscopy (XPS). XPS measure-
ments were carried out using an ESCALAB 250Xi spectrometer
(Thermo Fisher Scientific, UK) equipped with a monochromatic Al
K-a source and six channeltrons as the detection system. The
apparatus works in a UHV system, where the base pressure of the
analysis chamber during the experiments was approximately 107"
mbar. The spectra were collected operating at constant pass energy
CAE = 50 eV. The accuracy of the measurements was +0.1 eV.

4.5. Magneto-Optical Kerr System. Magnetic hysteresis loop
measurements were performed with a longitudinal magneto-optic
Kerr effect system (Ao, = 632.8 nm) equipped with a SO kHz
photoelastic modulator (HINDS) and with H,,, = 4 kOe applied
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magnetic field in the film plane. To induce the EB effect, samples were
cooled in a static magnetic field and then hysteresis loop data were
collected in the temperature range of 80—300 K. For each loop, the
coercive (H¢) and EB fields (Hgg) were deduced. The quantities of
Higp, and H are calculated as Hyy = (Hc; + He,)/2 and He = (IHg,| +
|Hc,l)/2, where H¢; and Hg, denote the coercive fields at the
descending and ascending branches of the hysteresis loop,
respectively. The reset of the magnetic state of the CoO AF layer
was obtained by heating the sample to 300 K, above the Néel
temperature of bulk CoO (~291 K).'

4.6. Computational Model. Ab initio calculations were
performed in DFT, exploiting the plane-wave pseudopotential scheme
implemented in the PWSCF code of the Quantum ESPRESSO
distribution.”®*” We use the vdW-DF-c09 functional’®*' and the
scalar-relativistic ultrasoft pseudopotentials adopted in previous works
(see ref 42 and references therein) and from the PS library database.*
We adopt a Hubbard model for correlated electrons of Co in the
rotationally invariant formalism of Dudarev. The effective U
parameter has been set to 4 for Co. To reproduce the expected
occupation of the t,, d levels in the orthorhombic crystal field we set
the initial occupations for the bulk Co atoms in the inner layers of the
slab. Total energy calculations aimed to determine the adsorption
energy and the most stable adsorption site of the molecule were
performed for a slab including three layers of CoO(001) by relaxing
the molecule and the external surface layer until forces reached a
tolerance of 0.001 Ry/Bohr. Electronic and magnetic properties of the
stable adsorbed configuration are calculated for a thicker slab with 5
atomic layers. The free vacuum space in the direction perpendicular to
the slab amounts to 25 A. We considered Cq, molecules arranged with
a periodicity determined by a square 2 X 4 supercell of CoO(001)
including 16 Co atoms per layer. The energy cutoff for the wave
function and the charge density were set equal to 45 and 270 Ry,
respectively. A 4 X 4 X 1 k-mesh Monkhorst—Pack grid was used to
sample the Brillouin zone.
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