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1. Introduction

The interfaces between ferromagnetic 
thin films and chemisorbed molecular 
layers exhibit a variety of interesting phe-
nomena.[1] The active investigation of 
these so-called spinterfaces[2,3] started 
with the advancement of molecular or 
organic-based spintronic devices, and 
initially it was strongly focused on the 
modifications of molecular layers induced 
by the vicinity of a ferromagnetic mate-
rial. The spin-dependent broadening of 
the localized HOMO-LUMO electronic 
levels[2,4,5] and related spin filtering 
effects[6–8] had a key role in the under-
standing of organic spin valves and other 
organic-based spintronic devices. Also, the 
establishment of detectable spin polari-
zation in vicinal molecules has opened 
a new investigation field related to the 

propagation of the magnetic order in molecular materials. This 
results in the presence of magnetic dichroic signals on the 
molecule-constituting elements[9] or in the formation of non-
trivial oscillations of the spin order as a function of the energy 
of molecular electronic states.[10,11]

On the other hand, the interfacial proximity effects are likely 
to modify also the ferromagnetic counterpart. The first obser-
vation of this was reported in 2013, when a new 2D magnetic 
layer proved to form at the interface between metallic cobalt 
and an organometallic molecule (zinc methyl phenalenyl).[12] 
The new magnetic phase was characterized at low tempera-
tures by a coercive field enhanced by over an order of magni-
tude with respect to the underneath cobalt layer. Such magnetic 
hardening effects have been later observed for various other 
spinterfaces,[13–16] breaking the ground for a new research field. 
Among these, the Co/C60 interface has attracted major interest 
and exhibited a number of promising results, such as the con-
siderable enhancement of the in-plane magnetic anisotropy in 
polycrystalline cobalt layers,[13,17] or even the in-plane to out-of-
plane rotation of the easy axis for ultrathin epitaxial Co films.[14] 
Moreover, the interfacial hybridization effects were found to 
induce ferromagnetic order in copper-based Cu/C60 multilay-
ered structures, opening the extraordinary possibility to trans-
form non-magnetic in ferromagnetic materials.[18] One of the 
main questions arising in this context is whether the molecule-
induced modifications are localized near the interface or they 
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can extend to a significant portion of the ferromagnet. In this 
paper, we mainly address this question and investigate it by 
employing a detailed 59Co nuclear magnetic resonance (NMR) 
study of Co/C60 and Co/Gaq3 spinterface-based bilayers.

The resonance of nuclei of magnetic ions in ferromagnetic 
materials, also referred to as zero-field NMR or ferromagnetic 
nuclear resonance (FNR),[19] can be excited and detected in zero 
external applied field.[20,21] In such systems the nuclear spins 
experience a spontaneous hyperfine field (HF) generated locally 
by the ordered electronic magnetic moments.[21–23] As a conse-
quence of this, the radiofrequency (rf) field experienced by the 
nuclei is enhanced by the electronic magnetic susceptibility of 
the sample. The material characterization provided by FNR is 
based on the zero-field NMR spectrum, the rf enhancement of 
the resonance, as well as possible correlations between the spec-
tral response and inhomogeneities in the enhancement factor. 
The distribution of the hyperfine fields at the nuclear probe, 
directly proportional to the NMR spectral density, yields valuable 
information about the electronic state of the magnetic ion and 
the local structure of its surrounding. Moreover, the nanoscale 
magnetic properties of the material (e.g., the magnetic domain 
texture) are probed through the enhancement factor, arising 
from the coupling of the HF to the electronic magnetic moment 
and the coupling of the latter to the radio-frequency field in 
the sample coil. In a ferromagnet, the driving oscillating field at 
the nucleus and the oscillating magnetic flux in the pick-up coil 
are essentially due to the transverse oscillatory modulation of 
the hyperfine field, and to the oscillation of the hyperfine-cou-
pled electronic magnetization, respectively.[19] As a consequence, 
both the excitation and the response of the nuclear resonance 
are amplified by the enhancement factor η proportional to the 
transverse magnetic susceptibility, and hence inversely pro-
portional to the magnetic anisotropy. Over the years, FNR has 
proved to be a powerful technique for the characterization of 
magnetic multilayers[24,25] and alloys.[26] More recently, it has also 
been successfully employed for the investigation of the interface 
(spinterface) quality in hybrid spintronic devices with organic 
molecules placed between two ferromagnetic electrodes.[27,28]

In this work, we investigated the 59Co FNR response of 
7  nm polycrystalline cobalt films interfaced with two different 
molecules: Buckminster-fullerene (C60) and Tris(8-hydroxyquin-
olinato)gallium (Gaq3). The surface morphology of the starting 
cobalt layer was probed by ex-situ AFM microscopy, while its 
crystallinity and the quality of the Co/molecule interface were 
studied by cross-section transmission electron microscopy 
(TEM). The magnetization dynamics were additionally studied 
from hysteresis loops obtained from longitudinal magneto-optic 
Kerr effect (L-MOKE). To evidence the interface-induced effects, 
the data were benchmarked to those of a reference 7 nm-thick Co 
thin film capped with Al. The capping layer is necessary to avoid 
the formation of cobalt oxides, able to promote non-trivial mag-
netic interactions with the underlying cobalt. The choice of alu-
minum as a capping layer is due to its low atomic number and 
its low intermixing when deposited over a Co surface, a property 
that was successfully employed previously.[29,30] Moreover, it has 
been shown that even 2 nm of Al protect the cobalt layer from 
oxidation for at least 104 h.[31] Finally, the 7 nm thickness for Co 
films was selected as the lowest thickness enabling significant 
FNR signals, while emphasizing the role of the interface.

2. Structural Characterizations

The quality of the interface between the ferromagnetic layer 
and organic molecules plays a major role in the definition of 
the overall properties of investigated bilayers. To guarantee 
the highest quality of the cobalt layer, we employed terraced 
Al2O3(0001) substrates. For bare cobalt films (Al2O3(0001)//
Co(7  nm)), AFM microscopy shows a flat surface (Figure 1a) 
with RMS roughness of (0.3 ± 0.1) nm and clear evidence of the 
substrate terraces. The surface features are typical for a poly-
crystalline sample, showing grains with average lateral size of 
(9.8 ± 0.5) nm. The deposition of a 25 nm thick organic layer 
guarantees the full coverage of the Co layer, preventing it from 
oxidation and does not strongly enhance the surface rough-
ness, as shown in Figure  1b,c) for the Gaq3Co (Al2O3(0001)//
Co(7 nm)/Gaq3(25 nm)) and the C60Co (Al2O3(0001)//Co(7 nm)/ 
C60(25 nm)) samples. Similar roughness was observed also for 
the reference sample, AlCo (Al2O3(0001)//Co(7 nm)/Al(8 nm)). 
The microstructure of the Co layer was investigated by cross-
section TEM on an on-purpose fabricated 10  nm thick Co 
film capped with 25 nm C60 (see Figure 2). The image shows 
randomly oriented nanometer-sized grains in the fcc and hcp 
phases, as deduced from the crystalline interplanar distances.

3. FNR and L-MOKE Investigation

The 59Co FNR characterization of the samples was carried out 
at 77 K in zero dc field by a standard procedure, using the same 
radiofrequency (rf) circuitry and sample coil for all the sam-
ples. rf pulses of constant duration τ were used to excite 90°-90° 
nuclear spin echoes, at frequencies ν from 190 to 240 MHz (an 
interval comprising practically all the 59Co spectral intensity) 
and changing the power Prf of the driving rf pulses in the range 
of 14–40 dBm.

Figure 1. One micrometer wide AFM images of a) a bare Co(7 nm) sur-
face, showing a granular structure and also a substrate-induced terraces; 
RMS of (0.3 ± 0.1) nm. b) The AlCo surface, RMS of (0.3 ± 0.1) nm. c) The 
C60Co surface, RMS of (0.9 ± 0.1) nm. d) The Gaq3Co surface, RMS of 
(0.4 ± 0.1) nm.

Adv. Mater. Interfaces 2022, 2201394



www.advancedsciencenews.com
www.advmatinterfaces.de

2201394 (3 of 8) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

The rf power scan accounts for the distribution of excita-
tion conditions, originating from the distribution of enhance-
ment factors η in the material. As introduced above, in a fer-
romagnetic material the applied rf field excites the nuclear 
spins indirectly through the rotation of the electronic magnetic 
moment and its hyperfine coupling to the nuclear spins, so 
that the effective ac field B1

(eff) at the nucleus is essentially the 
oscillating hyperfine field. Note that the electronic magnetic 
moments respond adiabatically, since the used excitation fre-
quencies are far from any magnetic electronic resonance.[19]

As a consequence of this, B1
(eff) is enhanced with respect to 

the driving rf field Hrf in the sample coil by the enhancement 
factor η, ranging in ferromagnets between 102 and 104.[19,22] In 
polycrystalline samples the enhancement factor η is essentially 
inhomogeneous, due to the presence of different domain ori-
entations relative to Hrf, demagnetization fields, and different 

micromagnetic structures. In our experiments, by applying 
a given rf power (hence, a given H Prf rf∝ ), we select the 
population of nuclei resonating at the optimum nutation angle 
θ  =  π/2  =  ηγHrfτ (where γ is the nuclear gyromagnetic ratio 
and τ is the rf pulse duration) and η  =  π/(2γHrfτ). Nuclei with 
significantly different η, hence nutating by either θ ≫ π/2 or
θ ≪ π/2 under an rf pulse, are not properly excited and their
contribution to the NMR signal is negligible.

The 2D 59Co FNR spectra as a function of frequency and Prf 
for the C60Co and Gaq3Co samples, as well as for the reference 
Co-Al, are shown in Figure 3 as 3D maps (Figure 3a–c) and 2D 
contour colormaps (Figure  3d–f). These spectra, having most 
of their spectral weight in the 210–230 MHz range, are typical 
for polycrystalline cobalt samples.[19,32] The AlCo and C60Co 
films exhibit maximum intensity at ≈222  MHz, closer to the 
59Co resonance reported for hcp cobalt, while the main peak of 
Gaq3Co is found at ≈215  MHz, close the 59Co peak of the fcc 
phase.[16] It is unlikely that these samples are characterized by 
different microstructures since for each sample the growth of 
the Co pristine layer has been done during the same deposi-
tion, ensuring the same thickness, morphology, and crystalline 
composition. Even though the hybridization with molecules can 
lead to surface reconstruction of Co and other 3d metals,[33,34] 
it is generally not expected that molecules can induce in-depth 
modifications of the Co microstructure (see more details in the 
discussion).[1,13,15,35] The apparent hcp/fcc change may result 
from the specific modification of the hyperfine fields at the Co 
surface hybridized with molecules and inducing these charac-
teristic frequencies.

The comparison of the colormaps of Figure  3d–f of the 
three samples, clearly shows an increase in the optimum 
Prf

(opt)  needed to obtain the maximum spin-echo signal moving 

Figure 3. a–c) 3D contour plots showing the 59Co FNR signal as a function of the frequency and applied rf power for AlCo (left), C60Co (center), and 
Gaq3Co (right) samples. The colors attributed to each spectrum is merely a guide for the eye. d–f) 2D contour colormaps (blue: lowest value, red: 
highest value) of AlCo (left), C60Co (center) and Gaq3Co (right) samples. The white arrow indicates the position of the global maximum measured 
spin-echo signal.

Figure 2. CROSS-TEM image of a 10 nm Co ultra-thin film capped with 
25  nm C60. Colored squares identify some examples of regions with 
defined crystallinity.
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from AlCo to C60Co and further to Gaq3Co. This corresponds 
to a decrease in the mean enhancement factor 1/ Prf

(opt)η ∝ . 
Within the adiabatic response of the electronic moments to the 
rf field,[21,25] η is proportional to the dc transverse magnetic sus-
ceptibility,[19] in its turn inversely proportional to the combina-
tion of the magneto-crystalline anisotropy, the demagnetization 
and the applied field (if present). This is accounted for by the 
effective restoring field HR, defined as the equivalent magnetic 
field exerting a torque on the electronic spins tilted from their 
equilibrium direction.[19,21] Therefore, the progressive shift to 
higher optimum excitation power, hence to higher H PR rf

(opt)∝ ,  
witnesses an increased magnetic hardness in C60Co and even 
more markedly in Gaq3Co with respect to capped cobalt layer 
(AlCo).

In the 2D scans of Figure  3a–f, it is clear that the spectral 
shapes of each sample are practically independent of Hrf. The 
lack of noticeable correlations between resonance frequency 
and applied power provides strong evidence in favor of high 
structural homogeneity in the magnetic layer. The existence of 
segregated structural phases or exchange-decoupled magnetic 
domains would correspond to a power-dependent shape of the 
frequency spectrum. Indeed, a specific magnetic phase would 
be excited preferentially by tuning Hrf,[36] which is contrary to 
our experimental evidences.

The same conclusion can be drawn by examining the spectral 
dependence of the optimum rf excitation H ( ) P ( )rf

(opt)
rf
(opt)ν ν∝  of 

the C60Co and Gaq3Co samples, where P ( )rf
(opt) ν  is the applied 

power leading to the maximum spin-echo signal. It is deter-
mined for each frequency from a fit of the NMR signal ampli-
tude A(ν,Prf) to a Gaussian function in log(Prf).[19] For a more 
clear and accurate elucidation of the hardening effects, we 
analyze the frequency dependence of ratio R = Hrf

(opt) (X)/Hrf
(opt)  

(Al), where X stands for either C60 of Gaq3 based samples. 
In Figure 4a the ratio R is plotted versus frequency over the 
210–230  MHz range, where the spin-echo intensity allows 
for a reliable fitting. The main feature clearly emerging from 
Figure  4a, is that C60Co and Gaq3Co are magnetically harder 
than the reference AlCo film by factors as high as R = 3 and 
R = 5, respectively.

Importantly, the figure shows a substantially flat R, whose 
residual modulation ΔR/R  ≤  30% can be deemed small com-
pared to the typical H ( )rf

(opt) ν  profiles encountered in inhomo-
geneous cobalt layers and showing variations through the 
spectrum by nearly an order of magnitude.[21,32] This addition-
ally confirms that the investigated C60Co and Gaq3Co films 
are homogeneous on a mesoscopic scale. Finally, note that the 
use of ratios R = Hrf

(opt) (X)/Hrf
(opt) (Al) (X = C60, Gaq3) allows for 

eliminating all possible spurious contributions in the frequency 
response of the apparatus.

The magnetic hardening induced by molecular overlayers 
was confirmed by ex situ measurements of L-MOKE hyster-
esis loops at the same temperature of 77 K in external field H 
applied along the same direction as Hrf field (Figure  4b). As 
mentioned in the introduction MOKE technique is one of the 
most standard methods to investigate such interfaces. From 
these hysteresis loops, the coercive fields are determined as 
µ0HC  = (5.0 ± 3) mT, (9.6 ± 0.4) mT, and (14.1 ± 0.4) mT in 
AlCo, C60Co and Gaq3Co, corresponding to 1.9- and 2.8-times 
enhancement of the coercive fields, respectively.

Both FNR and MOKE techniques consistently indicate the 
same trend for magnetic hardening in C60Co and Gaq3Co sam-
ples. A quantitative comparison between the two techniques is 
not straightforward. The FNR restoring fields can be directly 
related to anisotropy field or coercive fields detected by MOKE 
only in particular cases and geometries, [21] like for example 
a single domain uniaxial particle. This is not the case in our 
polycrystalline samples. Moreover, the situation is complicated 
by the dissimilar magnetization dynamics generated in the 
two cases: high-frequency reversible modulation in FNR, and 
pseudo-static irreversible modification of magnetization in 
MOKE.

Importantly, the shifts of the optimal Prf of the molecule-
covered cobalt layer to higher powers, an effect emphasized in 
Figure  4a, clearly indicates that the observed hardening prop-
agates to the whole thickness of the investigated cobalt layer. 
Indeed, the optimal power for the excitation of AlCo does 
not produce measurable rotation of the electronic magnetic 
moment in C60Co and Gaq3Co.

Figure 4. a) Ratio R of the optimal rf field of the Co/molecule systems (( Hrf
(opt) (X)) divided by the optimal rf field of the reference sample (( Hrf

(opt) (Al)), 
proportional to the ratio between the mean enhancement factor of the Co/molecule system and the corresponding of the reference sample. b) L-MOKE 
normalized hysteresis loops at 77 K for Gaq3-Co and C60-Co. The applied field direction is the same as the rf field in NMR experiments.
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The analysis of the spectral shape of FNR signals allows nev-
ertheless extraction of additional details of the magnetic order 
unavailable to MOKE characterizations. It is possible to gain 
insight into the interfacial properties of the Co films with their 
non-magnetic overlayers, by comparing the spectral density of 
59Co nuclei n(ν) in various samples (Figure 5a). This last quan-
tity is calculated at each frequency ν, as the maximum spectral 
amplitude A( ,P )rf

(opt)ν , divided by the mean enhancement factor
( ) 1/ P ( )rf

(opt)η ν ν∝  and, subsequently, normalized to the full 
spectral area. Thus n(ν) represents the fraction of resonating 
59Co nuclei per unit frequency. Our normalized spectra clearly 
show a low-frequency tail extending well below 210 MHz, i.e., 
below the frequency range assigned to the bulk (shaded area). 
The fraction of nuclei resonating at such low frequencies (i.e., 
the area under the n(ν) curves for ν ≤ 210 MHz) is estimated 
as (17 ± 2) % in AlCo. This is significantly higher than in C60Co 
and Gaq3Co, which exhibit a low-frequency fraction of (10 ± 
1) % and (12 ± 1) %, respectively. The complementary transfer
of spectral weight to a higher frequency in C60Co and Gaq3Co
is also apparent in Figure 5b, showing the cumulative spectral
distributions of nuclei of the three samples, and in Figure 5c,
showing the difference in the spectral density of C60Co and
Gaq3Co with respect to the reference n(ν) of AlCo. This low-
frequency shoulder of the spectrum is associated in polycrys-
talline cobalt with Co atoms in a defective environment rela-
tive to the bulk, as for instance grain boundaries,[24] interfaces
with non-magnetic species like copper or aluminum[25–27,37] or
other. Within this interpretation, the spectral weight transfer
in C60Co and Gaq3Co indicates a reduced defectiveness at the
interface with the molecular layer. From our data, the mole-
cule-induced electronic modification involves ≈5% of Co atoms 
or a thickness of ≈3–4 Å close to the interface, effectively corre-
sponding to a monolayer. This indicates a modification of the 
magnetic order at the surface of cobalt/molecule structures, 
corresponding to a kind of magnetic reconstruction (see the 
discussion part).

Note that some residual low-frequency signal fraction in both 
C60Co and Gaq3Co, indicates that at least part of the disorder is 

independent of the interface and can be tentatively attributed to 
Co atoms in grain boundaries,[32] likely present in polycrystal-
line samples. Also, the difference between AlCo and molecular-
based samples can be partly due to the diffusion of aluminum 
in cobalt, producing up to 0.8 nm intermixed Co-Al interfacial 
layers,[29,30,38] and thus inducing additional defectiveness at the 
Co surface with respect to an ideal Co surface environment. 
Nevertheless, the above consideration alone cannot explain the 
strong, molecule-dependent differences in the spectral shapes 
of Co/C60 and Co/Gaq3.

4. Conclusion

Our paper presents the first-time detection by FNR spectros-
copy of the magnetic hardening in two Co/Molecule systems, 
namely in Co/C60 and in Co/Gaq3 bilayers. The hardening 
effect is confirmed by more standard MOKE characterizations, 
linking our results to previously published data. Noteworthily, 
the application of FNR technique allowed us to unravel previ-
ously unknown properties of Co/Molecule spinterfaces and 
sheds new light on already debated problems.

Considering the FNR measurements, the hardening 
was defined through the increase of the optimal applied 
rf power (Figure  3) and from the restoring field ratio R in 
Figure 4a. Figure 3, and especially the 2D contour colormaps 
(Figure  3d–f), firmly answer the key question advanced in 
the introduction of this paper, namely how deep does the 
interfacial-induced hardening penetrate in the Co layer. The 
clear shift of applied power maps with minor broadening and 
deformation indicates that the induced hardening character-
izes the whole 7 nm thick Co layer. We believe that this infor-
mation, even though perceivable from standard magnetiza-
tion measurements, such as MOKE or SQUID, is for the first 
time undeniably ascertained.

On the other hand, the large majority of 59Co nuclei reso-
nating at frequencies appropriate for bulk metallic cobalt[21,22,25] 
and the absence of long-range spatial segregations indicate that 

Figure 5. a) 59Co Normalized FNR spectra of each sample (shaded region corresponds to bulk Co). b) Normalized cumulative spectral area of each 
sample. Inset: normalized cumulative spectral area for frequencies below 210 MHz, highlighting (double arrow) the differences between the overall low-
frequency contribution to the spectral area from the low frequency shoulder. c) The normalized spectra of C60Co (red) and Gaq3Co (blue) subtracted by 
that of Al-Co, showing a minor negative contribution in the low frequency and a sample-dependent positive contribution in the bulk (shaded) region.
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the sizable modification of the magnetic susceptibility, though 
extended through the whole Co layer, is not accompanied by 
large structural or electronic modifications inside it. Conse-
quently, the magnetic hardening must be an effect of the inter-
face, propagating to length scales of several nanometers.

Finally, Figure  4 allows to quantify the modification of the 
magnetic anisotropy in interface-engineered cobalt layers: 
the restoring field and hence the magnetic stiffness[19,32] is 
noticeably enhanced by a factor of 3 in Co/C60 and by factor of 
5 in Co/Gaq3.

The interface-induced effects are additionally emphasized 
in the spectral weight transfer detected for the NMR spectra. 
The transfer from the low-frequency tail (below 210  MHz) to 
higher frequencies characteristic for the bulk cobalt was clearly 
observed for the two molecule-hybridized films with respect 
to the reference sample and involved ≈5–7% of 59Co nuclei 
(Figure  5b,c). Moreover, the spectrum of Gaq3Co features the 
appearance of a relatively sharp peak at 215 MHz representing 
≈7–8% of cobalt atoms, generated by the spectral weight shift
from AlCo (see Figure 5c).

As discussed above in the experimental part, the partial sup-
pression of the low-frequency spectral component indicates a 
reduced defectiveness of the magnetic structure of the cobalt 
surface in Co/Molecule systems. This effectively corresponds to 
a new kind of magnetic reconstruction of the surface. Indeed, 
as clear from Figure  5c the surface Co atoms in Co/C60 and 
Co/Gaq3 are characterized by a higher fraction of cobalt atoms 
resonating at bulk-like frequencies of Co than those of the ref-
erence sample.

The further spectral differences between the two molecular 
cases explicitly emphasize the role of molecules in this recon-
struction effect. Both C60 and Gaq3 molecules are covalently 
bound to a fraction of surface cobalt atoms and the resulting 
p-d hybridization modifies the magnetic moment of respective
atoms. This generates surface magnetic structures strongly
dependent on the molecular size, shape, and symmetry.[39,40]

It is important to mention that several experimental and 
theoretical papers claimed the possibility of a structural recon-
struction of Co[34] and Ni[33,41] surfaces interfaced with C60 mole-
cules. It has been predicted and observed that the molecules 
induce metal vacancies by substituting 7 metal atoms and lying 
nested into the first Co layer. We note nevertheless that such 
surface reconstruction requires special post-annealing proce-
dures at ≈550–600 K that was intentionally avoided in our fab-
rication methods.

Moving now to the hardening effects, the role of p-d hybridi-
zation between molecules and thin 3d magnetic films has been 
emphasized in a number of experimental and theoretical works. 
At the microscopic level extensive DFT calculations[12,14,39,42] 
unraveled the geometry and the energetics of the interaction 
between molecules and surface atoms. It was shown that the 
interfacial hybridization results in major modification of some 
magnetic parameters of the 3d metal atoms bound to selected 
atoms in the molecules. Among these, we would like to men-
tion a substantial decrease in the magnetic moments (up to 
30–40%[35,39]) accompanied by major modifications of the in-
plane exchange interactions between surface atoms.[42] All the 
models unequivocally point to the enhanced magnetic anisot-
ropy, calculated by summing the contributions from individual 

atoms. Noteworthily, this enhancement is strongly confined in 
the last monolayer of the magnetic surface, with minor exten-
sion to the second monolayer.[14,15]

The physical meaning of the processes induced by p-d 
bonding can be better understood on the basis of a stronger 
hybridization of molecular orbitals with out-of-plane 3d orbitals 
than with in-plane ones.[14] In our opinion, this can be linked 
to the Bruno's model of the magnetic anisotropy in ultrathin 
layers of 3d magnets,[43] by a hybridization-induced variation of 
the parameter Δ, associated with the energy difference between 
out of plane (yz, zx, 3z2-r2) and in plane (xy, x2-y2) orbitals.

Note that the above models and considerations promote as 
a key mechanism the purely electronic effect of the molecules 
on surface cobalt atoms via the modification of their d-orbitals, 
responsible in turn for the modification of all the magnetic 
properties in ferromagnetic metal.

It is clear that the described above theoretical models and 
calculations can explain well the modifications of magnetic 
anisotropy in a few monolayer thick films, and more gener-
ally must be taken into account for analyzing also the effects 
in thicker films. We believe nevertheless that for the latter case 
additional physics must be considered: indeed, in this paper we 
present data on strong variations of magnetic anisotropy across 
7 nm thick films of Co, approximately exceeding 20 monolayers 
and with magnetic hardening expanding to scales well beyond 
those predicted in the discussed models.

A possible scenario could be represented by an unusually 
strong pinning of domain walls by the surface hybridized layer 
of cobalt. The magnetic configuration of the uppermost Co 
atoms, modified by the interaction with the molecules, can act 
as an obstacle to domain wall motion. Given that the thickness 
of our cobalt layers is comparable to its characteristic exchange 
length of a few nanometers,[44] the interfacial layer affects the 
susceptibility of the entire magnetic system, resulting in the 
induced hardening of the bulk. The role of pinning effects in 
such systems has been considered also by other authors for 
both epitaxial[15] and polycrystalline cases.[17]

Furthermore, we cannot exclude at this stage possible vari-
ations of the microscopic magnetic parameters in the bulk of 
the cobalt layer. For example, the modification of d-orbitals at 
the interface may propagate to the bulk via the s-d hybridiza-
tion in Co, resulting in a modification of the spin polarization 
(SP) of the delocalized s electrons, and hence in a change of the 
hyperfine fields. Note that the conduction electrons account for 
≈10% of the HF,[45] so that our FNR results exclude a strong
modification of the SP, which would result in a measurable 
shift of the resonance frequencies. Yet, taking as an example a 
variation of about one tenth of the SP, which is critically impor-
tant for spintronic devices, would cause a frequency shift of the 
order of 1%, hardly detectable in our experiment. We believe 
this issue requires dedicated research in properly tailored spin-
tronic devices.

In conclusion, the 59Co zero-field NMR characterization of 
Co/C60, Co/Gaq3, and reference Co/Al samples has proven to 
be an efficient technique for the investigation of the molecule-
induced magnetic hardening in ferromagnetic layers con-
firmed in parallel by L-MOKE measurements. The increase 
of the optimal applied rf power and the overall increase of 
the restoring fields unequivocally demonstrates that magnetic 
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anisotropy is modified on several nanometer scales. The modi-
fication is dependent on the molecule and corresponds to a 
5- and 3-times enhancement of the restoring fields in Co/
Gaq3 and Co/C60 systems respectively, in comparison with the 
reference cobalt layer. FNR spectroscopy revealed additionally 
a molecule-dependent reconstruction of the local magnetic 
environment at the Co surface, induced by hybridization. The 
investigated interface hybridization proves to be a powerful and 
versatile technology for the design and fabrication of nm-scale 
thick films for magnetic and spintronic applications with tai-
lored on-demand magnetic parameters.

5. Experimental Section
Sample Preparation: The samples were grown in an ultra-high vacuum

environment on Al2O3(0001) single-crystal substrates. Deposition 
chambers were connected under high vacuum, so that samples can be 
transferred without breaking the UHV conditions. The pristine 7  nm – 
thick cobalt layers were grown by e-beam evaporation, with a deposition 
rate of 0.03 Å sec−1, during the same evaporation on different substrates. 
These latter were kept at room temperature with base pressure of 
4*10−10  mbar. The molecular layers (thickness of 25  nm) and the Al 
layer (8  nm thickness) were then deposited from effusion cells in a 
chamber with a base pressure of 1*10−8  mbar, keeping the Co layer at 
RT. Deposition rate was 0.15 Å sec−1 for C60, 0.25 Å sec−1 for Gaq3 and 
0.1 Å sec−1 for Al.

Structural Investigation: Surface morphology was investigated by 
ex situ atomic force microscopy (NT-MDT Solver P-47, Silicon tip). 
Cross-TEM microscopy was performed using a JEOL (JEM-2100F) field 
emission transmission electron microscope (TEM) operating at 200 KV.  
The measured samples were prepared by using a JEOL (JIB-4601F) 
focused ion beam (FIB) system.

59Co Zero-Field NMR Characterization: FNR was performed by using a 
home-assembled phase coherent NMR spectrometer[46] and an untuned 
probe circuit, consisting of a four-turn flat sample coil made of thin 
copper strip terminated onto a 50 ohm resistor, producing its rf field in 
the film plane. The probe head and the sample were cooled at 77 K by 
immersion in liquid N2. Spectra were recorded by exciting nuclear spin 
echoes at discrete frequencies by means of an equal-pulse spin-echo 
sequence, with pulse duration of 0.4 µs, delay between pulses of 2.75 µs, 
and repetition delay of 500 µs. The spectral amplitude was determined 
at each frequency point from the discrete Fourier transform of the 
echo signal, divided by frequency-dependent sensitivity ∝ ω2. For each 
sample, the experimental parameters were kept fixed, except rf power 
and frequency which were scanned.

L-MOKE Characterization: Hysteresis loops were measured with
the samples placed on a cold finger and in high vacuum conditions 
(pressure of ≈10−6  mbar). Light source: He-Ne laser source  
(λ = 638.2 nm). Applied H field was applied in the film plane, along the 
same direction of the rf field used. Note that both sample environments 
in FNR and MOKE setups are inert and should not result in any 
alteration of the properties of the samples.
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