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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Co/H2Pc and Co/C60 heterostructures 
are fabricated by organic molecular 
beam epitaxy and thermal evaporation.

• Surface phenomena in the stacks are 
studied by SQUID, indicating interfacial 
unidirectional anisotropy below 20 K.

• Coupling energy is used to calculate the 
interactions magnitude, being lower for 
the stacks compared to MPcs.

• The influence of magnetic hardening of 
H2Pc and C60 molecular layers is 
considered for the bias field.

• The design of molecular spintronics may 
be made possible by the hetero-
structured layers serving as pinning 
sites.
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A B S T R A C T

Exchange bias is experimentally realized when the magnetization loop is shifted from the zero magnetic field, 
and used in spin valve sensors to pin their hard reference layer, nullifying the subsequent effect of any variation 
in the sensor layers. In this regard, fundamental insights into magnetic behavior of sufficiently thin films are 
important for tuning their properties, and are critical for better understanding of surface phenomena in nano-
devices. Here, the hysteresis loop shift phenomenon is investigated for nanoscale ferromagnetic-molecular layers 
using a superconducting quantum interference device (SQUID) over a wide temperature range (2–300 K). Two 
heterostructure systems consisting of cobalt (Co) nanolayers in contact with metal-free phthalocyanine (H2Pc) 
planar and fullerene (C60) spherical molecules are fabricated using organic molecular beam epitaxy and thermal 
evaporation methods, demonstrating the effect of surface phenomena on magnetic characteristics. For two stacks 
of Co/ H2Pc and Co/ C60 molecular layers, SQUID measurements indicate the presence of interfacial unidirec-
tional anisotropy (i.e., the anisotropy that is effective only in one direction at the interface between thin films) in 
the temperature range below 20 K. The magnitude of the strength of interactions through the shift and coupling 
energy is computed for both hybrid stacks, and compared with that for Co-magnetic and nonmagnetic transition 
metal H2Pc structures. Therefore, the influence of magnetic hardening of H2Pc and C60 molecular layers is 
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confirmed for the bias field. By contrast, antiparallel spin alignment inside the molecular layer results from 
magnetic ions in the organic layer detached from the contact area, being responsible for large value of exchange 
bias. Accordingly, such heterostructured layers may act as pinning sites, paving the way for designing cost 
effective molecular spintronics and spin logic devices with faster data processing, ecofriendly, and high flexi-
bility.

1. Introduction

Materials employed for spintronics technology have traditionally 
been dominated by conventional metallic compounds and inorganic 
semiconductors. Building molecular components into spintronic systems 
with a propensity toward new characteristics that may contribute to 
device downsizing is a natural concept. As a consequence, organic 
semiconductors have prompted the interest of the spintronics commu-
nity. Since the pioneering magneto-transport experiments in the early 
2000s [1], the area of organic spintronics has progressed rapidly in this 
set of research. Organic spintronics may offer advantages such as 
simplicity of fabrication, tunability of electrical and magnetic proper-
ties, and most significantly, a substantially longer spin relaxation time 
due to the extremely small spin orbit coupling in carbon-based com-
pounds. These materials might lead to the creation of devices that are 
considerably easier to fabricate and consequently much cheaper than 
their inorganic counterparts. prospects of organic spintronic devices 
include reduced power consumption (due to their lower energy con-
sumption), downscaled ecofriendly organic flexible spin logic devices, 
and higher speed or faster data processing, being realized by the ability 
of spin states to switch more quickly than charge states [1–4]. Given the 
wide range of materials available, carbon-based compounds are antici-
pated to serve as the foundation for future multifunctional devices that 
could push the integration limit. By utilizing the spin degree of freedom 
in spintronic devices, the efficiency with which spin polarization is 
transferred across multiple layers and interfaces becomes critical to the 
performance of these devices. This complex transfer process is influ-
enced by individual material properties as well as, most critically, the 
structural and electrical properties of the interfaces between the 
different materials and defects present in real devices [5–7]. In the late 
2000s, an initial understanding of the spin-polarized solid-state 
tunneling mechanism emerged across amorphous tunnel barriers such as 
those containing Alq3 molecules [1]. Furthermore, the barrier was 
initially assumed to be nothing more than a mechanism of spin transport 
between decoupled ferromagnetic (FM) electrodes. However, due to 
significant charge transfer, new electronic states with potential spin-
tronic features might emerge at the ferromagnet-molecule interface.

For instance, employing spin-polarized photoemission at room 
temperature (RT) on a wide range of interface elements (e.g., amor-
phous carbon) led to the discovery of a high spin polarization (P) of the 
ferromagnet/molecule interface. Nevertheless, this high P has only been 
observed in a solid-state device at low temperatures (up to 99% @ 2 K) 
[8,9], whereas equivalent observations of P at RT did not reach 28 % 
[1]. The full comprehension of magnetic exchange processes inside 
FM/molecular films involving the organic/molecular spinterface, is 
required to fully exploit the RT spintronic potential of the FM/molecule 
interface. In this regard, the two following effects have been discovered 
so far: magnetic hardening [10–12] of the topmost FM monolayer 
forming the organic spinterface in comparison to the underlying FM thin 
film, and the impact of molecular spin chains away from the interface 
and into the organic layer on magnetic properties of the organic spin-
terface [13–16].

Adsorption of a molecule onto an FM surface promotes the creation 
of an interface with magnetic properties different from the FM substrate, 
both on the molecule and on the highest FM layer. Magnetic hardening, 
in turn, might cause magnetoresistance at RT [12], which, depending on 
the strength of the interaction with the FM substrate, can cause addi-
tional macroscopic phenomena such as exchange bias (EB), thereby 

shifting the center of the FM’s hysteresis loop away from H = 0 by a 
magnetic field (Hshif t). The EB is associated with the exchange anisot-
ropy created at the interface between an anti-FM and an FM material. 
Magnetic hardening effects that do not require anti-FM ordering of 
molecular spin chains within the organic layer should be unaffected by 
the thickness of the molecular film deposited atop the FM layer. This is in 
contrast to the increased EB by increasing molecular film thicknesses of 
several nanometers, which is typical for inorganic materials. Neverthe-
less, little is known about EB in inorganic and carbon-based hetero-
structured layers.

Localized d states in metal organic frameworks of planar geometry 
and Pc molecules of spin-bearing transition metal (TM) centers stack 
into columns within films. The magnetic properties of these molecules 
are significantly influenced by their stacking structure. Moreover, the 
single ion anisotropy of the molecular framework stabilizes the localized 
TM spin centers, affecting the M − H response. In the case of H2Pc with 
no net spin, the strong orbital overlap resulting in d–p hybridization 
effects is realized by the planar geometry of the molecule [8,13,14,17].

The d states of the Co atoms, primarily the dz2 , dxy and dyz orbitals, 
strongly hybridize with the pz atomic-type orbitals of the planar H2Pc 
molecule to form hybrid molecule–metal pz − d interface states with 
bonding and anti-bonding characteristics. Anti-FM coupling is provided 
by the surface layer of Co atoms (JCo− H2Pc = 0), resulting in a decrease 
in the surface Co moment per atom. Compared to the bulk state, mag-
netic exchange interactions at the ferromagnet surface may be weaker. 
The interatomic magnetic exchange coupling (J) can decrease signifi-
cantly and approach or surpass the surface anisotropy due to a decrease 
in the moment and fewer magnetic neighbors at the interface. Under 
these circumstances, the bulk magnetization may change before the 
surface magnetization. With regard to the hybridized surface Co layer, 
the observation of an EB for the H2Pc implies a weakening of the mag-
netic exchange coupling JCo− H2Pc, giving rise to an independent 
magnetization switching of the magnetic molecular dimer from parallel 
to antiparallel alignment and vice versa.

On the other hand, due to its many advantageous characteristics, 
including low spin-orbit coupling and mechanical and thermal endur-
ance, C60 is a great choice for charge transfer applications [18]. Despite 
being typically diamagnetic, C60 has shown intriguing magnetic prop-
erties for organic spintronics, including a remarkably large spin diffu-
sion length (110 nm) at RT [19,20], transient triplet states, and a 
magnetic ordering state at low T. For this reason, there has been a 
concentrated effort to fabricate spintronic devices (e.g., spin valves) 
using C60 [21,22]. The Fermi level pinning and first electron affinity is 
high (2.6 eV) for C60, leading to a spin doping effect at the TM/organic 
interfaces [23,24].

Despite its potential, spintronics still faces limitations such as 
developing scalable manufacturing processes for spintronic devices, 
increasing integration density, achieving effective spin injection, and 
propagation, and detection at room temperature. In this paper, organic 
molecular beam epitaxy (OMBE) and thermal evaporation (TE) methods 
are used to fabricate inorganic (cobalt/phthalocyanine (Co/ H2Pc)) and 
carbon-based (Co/C60) heterostructured layers. Structural and mag-
netic characteristics of these layers are investigated by various tech-
niques. In particular, interfacial coupling properties are studied over a 
temperature range from 2 to 300 K. Herein, the nonmagnetic planar and 
spherical molecules are selected for a thorough examination of the 
properties of organic/ FM interfaces, thereby focusing on the impact of 
magnetic ions and molecular anti-FM ordering on EB, while also com-
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prehending the mechanisms of EB brought on by magnetic hardening, 
which include the influence of molecular geometry on coupling energy. 
Meanwhile, the following relevant issues are investigated: (i) the mag-
netic interaction between the nonmagnetic (planar Pc and spherical 
C60) organic molecular film and the inorganic FM Co layer, and (ii) the 
characteristics of the coupling energies upon contact with the Co layer 
when compared to the planar TM counterparts.

2. Experimental details

The hybrid stacks (Co(10nm)/H2Pc(12nm), Co(10nm)/C60(12nm),

Co(10nm)/MnPc(12nm) and Co(10nm)/ZnPc(12nm) were fabricated 
using a variety of growth methods, as explained in Supplementary Ma-
terial. Briefly, OMBE was utilized for growing phthalocyanine molecular 
layer, and TE was employed to deposit cobalt and gold capping layers 
(see Figs. S1 and S2 in Supplementary Material). To protect the cobalt 
layer against oxidation, the radial distribution robot chamber (served as 
a transfer medium with the ability to connect the various deposition 
chambers) allowed the sample to be maintained in an ultra-high vacuum 
(UHV = 10− 9 − 10− 11 mbar) throughout the entire deposition process. 
Accordingly, there was no contamination in any of the samples exam-
ined in this work. Complete surface coverage was observed by FM’s large 
scan characterization of the layers grown on Si/SiO2 (500 nm)

substrates.
To evaluate layer thicknesses and roughness of the samples under 

investigation in more detail, X-ray reflectivity (XRR), atomic force mi-
croscopy (AFM), and scanning tunneling microscopy (STM) were used 
(Figs. S3–S6 in Supplementary Material). X-ray photoelectron spec-
troscopy (XPS) revealed that there was no oxidation or contamination of 
the deposited FM layers (Fig. S7 in Supplementary Material). A super-
conducting quantum interference device (SQUID) magnetometer was 
used to investigate temperature dependence of magnetic properties. The 
most important step to eliminate the moisture and contaminants was to 
perform UHV storage of the source material at high temperatures. The 
objective of OMBE was to deposit thin, highly oriented films of organic 
materials at an extremely high vacuum (10− 10 mbar). Specifically, Pcs 
and C60 molecular stacks were evaporated using hot lip effusion cells. A 
quartz crystal thickness sensor was used to measure the growth rate, and 
temperature regulation was utilized to fine-tune it. At rates starting from 
1 Å/min, the best results were achieved, making it possible to produce 
and preserve extremely pure stacks. Fig. 1 (A and B) are photographs of 
the samples taken prior to measurements, Fig. 1 (C) is a representative 

diagram of bilayer systems with Au capping layers, Fig. 1 (D and E) are 
two and three-dimensional AFM images for Co, Fig. 1 (F and G) for H2Pc 
molecules, and Fig. 1 (H and I) for the Au capping layer. Schematic 
representations of the hybridized interface by the planar H2Pc and C60 
molecules are shown in Fig. 1 (J and K), respectively.

It should be noted that the names of the layers match the order in 
which they were deposited, starting with the substrate bottom 
Si/SiO2(500 nm). Various molecules (C60 and H2Pc, ZnPc, and MnPcs) 
with a thickness of 12 nm are represented by the molecule in the green 
section (see Fig. 1 C). Large scan AFM characterization with layer 
roughness ranging from 0.27 to 0.4 nm showed full coverage of cobalt 
layer. Full coverage of Au grown on molecules shows roughness in the 
range (0.8 to 1.2nm).

3. Results and discussion

In simple terms, the EB is an interface phenomenon. In turn, the 
strength of the interface exchange coupling is determined by the nature 
of the interface. The magnetic proximity effect is another intriguing 
phenomenon that could result from the interface exchange coupling, 
involving the combination of at least two dissimilar materials that 
possess different long-range magnetic ordering behaviors and/or func-
tionalities [25–27]. The magnetization of FM-anti-FM systems with only 
one easy direction (being commonly referred to as unidirectional 
anisotropy, as opposed to uniaxial anisotropy) involves two equivalent 
easy configurations in opposite directions. The spins of the anti-FM 
system adjacent to the FM align ferromagnetically with those of the FM 
system when cooling to below Néel temperature of anti-FM in the 
presence of the field because of the interaction at the interface 
(assuming FM interaction). The zero net magnetization is achieved when 
the other spin planes in the anti-FM system follow the anti-FM order. The 
FM spins begin to rotate when the field is reversed. However, the 
anti-FM spins do not change for sufficiently large anti-FM anisotropy.

In order to ferromagnetically align the FM spins with the anti-FM 
spins at the interface, the FM– anti-FM spins interact with one another at 
the interface. To put it another way, the FM spins are kept in their initial 
(ferromagnetically aligned) position by the microscopic torque applied 
by the anti-FM spins at the interface. Consequently, the anisotropy is 
unidirectional, meaning that the FM spins have a single stable configu-
ration. Since an additional field is necessary to overcome the micro-
scopic torque, the field required to fully reverse an FM layer will be 
greater if it is in contact with an anti-FM layer. However, because of the 

Fig. 1. A and B are photographs of the actual samples taken prior to measurements, C is an exemplary bilayer system with Au capping layers, and D and E are two 
and three dimension AFM images for Co, F and G for H2Pc molecules, and H and I for the Au capping layer. J and K are symbolics of hybridized interface by the planar 
H2Pc and spherical C60 molecule respectively.
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interaction with the anti-FM spins exerting a torque in the same direc-
tion as the field, the FM spins will begin to rotate at a smaller field once 
the field is rotated back to its original direction. Therefore, the FM 
hysteresis loop is shifted in the field axis or EB, indicating the presence of 
an additional (internal) biasing field applied to the material. Exploring 
exchange anisotropy at the interface between 3d TM conventional fer-
romagnets such as cobalt and metal-free H2Pc molecule represents an 
appealing challenge due to the electronic properties of the combination 
of FM layer and planar molecule, leading to the focus of the utmost 
previous experimental work on inorganic materials. The new concept of 
employing organic semiconducting molecules to pin the FM-metal is 
based on the fact that at the metal/organic interface, the hybridization 
of the molecular orbitals with the surface spin-polarized bands provides 
new interface states with distinct electrical and magnetic properties. 
Extensive research using X-ray magnetic circular dichroism has 
demonstrated this fact [14].

The temperature dependence of magnetic properties for Co(10nm)/

H2Pc(12nm) hybrid bilayer structure is shown in the following in order 
to demonstrate the existence of EB, while also examining the differences 
in the strength of interfacial coupling of the sample under investigation. 
As revealed by magnetostatic investigations in our previous studies, the 
hybrid bilayers form a complete EB system, with the exchange interac-
tion at the Co/MPc interface contributing to the pinning of the magne-
tization of the Co layer [17]. To explore the temperature dependence of 
hysteresis loops of Co(10nm)/H2Pc(12nm) structure, SQUID measure-
ments were performed, and the results obtained are shown in Fig. 2.

In this regard, the sample was cooled from 300 K (above the Néel 
temperature of H2Pc molecules) to below the target temperature of 2 K 
when applying a magnetic field of HFC = +3 T closely along the easy axis 
(in-plane) of the sample magnetization. This magnetic field was suffi-
cient to saturate the cobalt magnetization. For each desired tempera-
ture, the procedure was repeated. Following this field-cooling protocol, 
the (Co(10nm)/H2Pc(12nm) structure’s hysteresis loop is observed to 
shift along magnetic field axis towards the opposite (negative) direction 
to the cooling field, as depicted in the right panel of Fig. 2.

In fact, the absolute value of coercive field for decreasing (− HC1) and 
increasing (+HC2) fields differs from each other, indicating the presence 
of unidirectional anisotropy. This kind of anisotropy hinders spins at the 
Co(10nm)/H2Pc(12nm) interface from rotating towards the negative 
branch of the magnetic field because they require a higher magnetic 
field. It is also important to compare the field cooling (FC) with the 
second protocol called zero field cooling (ZFC), whose measurement was 
performed without applying a static magnetic field during the cooling 
down of the structure, as shown in the left panel of Fig. 2. The unwanted 
background signals from the substrate were subtracted (see Fig. S8 in 
Supplementary Material).

The most significant distinction between the two loop shapes is that 
they both have remnant magnetization Mr (FC) > Mr (ZFC). In turn, 

this results in EB field (HEB) and HC that are larger in the course of FC, 
thereby emphasizing the more prominent alignment of spins at the 
interface, with a greater energy product ((MrH)max). The hysteresis loop 
shift is commonly referred to as EB, or HEB. The Co(10nm)/H2Pc(12nm)

heterostructure’s hysteresis loop also has a higher HC value following 
the FC protocol compared to the Co/Au structure with no EB and a 
modest HC ~ 8 Oe. Then the field is first reduced to negative values, an 
abrupt magnetization reversal is observed at HC1. When the field is 
increased to positive values, the magnetization curve at HC2 becomes 
more rounded in shape that might be due to a different reversal 
mechanism.

Fig. 3 shows temperature variation of HEB, and the inset of the figure 
represents temperature variation of coercive switching fields (HC1 and 
HC2) for Co(10nm)/H2Pc(12nm) sample. Note that HC1 and HC2 values 
were extracted directly from the hysteresis loops measured at temper-
atures ranging from 2 to 300 K. Moreover, the corresponding HEB was 
calculated at these temperatures by the following relation: HEB = (HC1 +

HC2) /2. Meanwhile, coercivity was calculated by: HC = ( − HC1 +

HC2)/2. A more detailed analysis of the graph in Fig. 3 reveals that the 
HEB disappears at about 20 K, being in contrast to the interpretation of 
these data published by Boukari et al. [17] who demonstrated strong 
AFM coupling with an exchange energy reaching 100 K for MnPc,CoPc, 
and FePc thin films.

The results (inset of Fig. 3) also show that under this specific tem-
perature (20 K), HC1 increases strongly, whereas HC2 increases more 
slowly with temperature. This characteristic implies that at lower tem-
peratures, the FM-molecular layer interface’s spin structure becomes 
magnetically stiff, which is consistent with our magnetic findings on 
heterostructures. In general, it is clear that at temperatures below 20 K, 
the H2Pc layer becomes magnetically rigid and acts as a pinning sub-
stance, with the effect of pinned spins (via unidirectional anisotropy) 
exceeding the effect of reversible spins (via magnetocrystalline anisot-
ropy), resulting in the observed EB and HC enhancements.

The magnetic anisotropy of the cobalt layer has been found to be 
strongly enhanced by orbital hybridization at the Co/C60 interface, 
producing such hybrid systems with desirable components for memory 
and sensing devices. As a result, the same hybridization can produce a 
spin-filtering effect and cause significant variations in the Co/C60 
interface basis to support spin-polarized currents [28]. The weak 
spin-orbit coupling and hyperfine interaction of C60 molecule are 
particularly promising for obtaining a long spin diffusion length of more 
than 100 nm [19,20,29]. The ferromagnet/molecule interface appears to 
play a major role in transport properties, while also regulating the 
so-called spinterface. The magnetic anisotropy can be significantly 
altered due to the molecule-ferromagnet interaction.

The Cpz − Codz2 hybridization, for example, has been shown to be the 
source of increased perpendicular anisotropy at the Co/ C60 interface, 
resulting in magnetic hardness in either out-of-plane or in-plane 

Fig. 2. Zero-field and 3 T field cooling hysteresis loops (left panel), and M-H curves of Si/SiO2(500 nm)/Co(10 nm)/H2Pc(12 nm)/Au(10 nm) sample measured by 
SQUID at different temperatures after cooling in an applied static field of +3 T (right panel).
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magnetized samples [22,24,29]. Considering these facts, it seems 
tempting to compare the planar molecular layer of H2Pc with a spherical 
molecule (e.g., C60) in order to examine the relationship between 
magnetic properties and fine features of the interface structure. The 
SQUID measurements were utilized to explore the temperature depen-
dence of M − H curves of Co/C60 structure, as shown in Fig. 4. At 
multiple target temperatures, the sample was cooled from RT to 2 K with 
a magnetic field of HFC = +3 T applied closely to the easy axis (in-plane) 
of the sample magnetization, being sufficient to saturate the Co layer. 
This procedure was resumed for each desired temperature.

The temperature variations of HEB, Hc, and switching fields 
(HC1 and HC2) for Si/SiO2(500nm)/Co(10nm)/C60(12nm)/Au(10nm)

sample are depicted in Fig. 5. In this respect, HC1 and HC2 values were 
derived directly from the hysteresis loops measured at temperatures 
ranging from 2 to 300 K. In this context, it appears reasonable to 
compute coupling energies and compare the two different hybrid bilayer 
structures.

Since Meiklejohn-Bean model [25] assumes parallel orientation of all 

moments throughout the whole process of coherent rotation, the 
FM/anti-FM layer interface magnetization can be interpreted as 
macroscopic moments. Therefore, FM spins fulfill the following condi-
tion: SFM

i = SFM
i ∢i, making it possible to transform the microscopic spin 

interaction at the interface into the interaction of macroscopic interface 
moments according to 

∑
i,jSFM

i SAnti− FM
i ∝SFMSAnti− FM.

Essentially, the interface magnetizations (i.e., S SFM and SAnti− FM) are 
coupled via J, which is the exchange interaction constant. In order to 
compare different types of EB, a coupling energy of E = HEBMSVFM 
(where MS is the saturation magnetization and VFM is the volume of the 
ferromagnet) is evaluated instead of using the loop shift itself. If this 
energy is normalized to the coupling area (A), one will obtain the 
following relation: EA = E/A = HEBMSVFM/A. For a bilayer structure, 
this energy is expressed as: EA = HEBMStFM (where tFM is the thickness 
of the FM layer) [26,27].

As can be inferred, both Co(10nm)/H2Pc(12nm) and 
Co(10nm)/C60(12nm) structures exhibit almost an equal small amount 

Fig. 3. Exchange bias field (HEB) with temperature for Si/SiO2(500 nm)/Co(10 nm)/H2Pc(12 nm)/Au(10 nm) sample measured by SQUID after cooling in an applied 
static field of +3 T. The inset represents the variations of coercive switching fields (HC1 and HC2).

Fig. 4. Zero-field and 3 T field cooling hysteresis loops (left panel), and M-H curves of Si/SiO2(500 nm)/Co(10 nm)/C60(12 nm)/Au(10 nm) sample measured by 
SQUID at different temperatures after cooling in an applied static field of +3 T (right panel).
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of loop shift with a blocking temperature of around 20 K. To understand 
the mechanism of these planar and spherical molecules as molecular 
pinning sites, it is necessary to compare the above structures with a Pc 
molecule that contains a core magnetic ion of already computed bias 
field [17]. Accordingly, one can confirm the mechanism of the interfa-
cial interaction that causes the EB present in Co(10nm)/H2Pc(12nm) and 
Co(10nm)/C60(12nm) hybrid structures. As depicted in Fig. 6, the 
coupling energies of Co(10nm)/H2Pc(12nm) and Co(10nm)/C60(12nm)

structures are compared with those of a bilayer with a nonmagnetic 
center element consisting of a Co layer and another Pc molecule with a 
full shell Zn atom (ZnPc molecule) [17] that is not anticipated to carry 
any magnetic moment. In this case, the origin of unidirectional anisot-
ropy is unlikely to be explained by the concept of exchange interaction 

between FM and anti-FM ordering in molecular layers. The 
Co(10nm)/MnPc(12nm) and Co(10nm)/ZnPc(12nm) stacks were fabri-
cated under the same chamber conditions as those for 
Co(10nm)/H2Pc(12nm) Co(10nm)/C60(12nm) stacks. As well, the M −

H curves were recorded using the same protocol as those for the previous 
magnetization measurements. The results of the comparison are indic-
ative of very large coupling energies in hybrid system containing a core 
magnetic ion with a blocking temperature of about 100 K.

In fact, the results of exchange energy of all the fabricated systems 
were calculated after cooling them in a static magnetic field through the 
anti-FM Néel temperature. The exchange coupling at the interface be-
tween FM and anti-FM spin structures and the magnetic hardening 
typically cause the unidirectional anisotropy. A magnetic moment is 
produced by certain TMs in MPcs, leading to an intriguing magnetism in 
organic semiconductors. At low temperatures, MnPc (having a magnetic 
moment of 3μB) displays anti-FM ordering in thin-film form when grown 
on Co with a blocking temperature of about TB ∼ 100 K, as supported by 
density functional theory calculations, X-ray circular dichroism (XMCD) 
experiments and SQUID measurements [13,17].

The stabilization of the magnetization of Co layers has also been 
confirmed by XMCD and X-ray absorption spectroscopy for MnPc grown 
on Co. These techniques unambiguously demonstrated the occurrence 
of: (i) EB, (ii) FM interaction at the interface between Co and Mn, and 
(iii) intermolecular anti-FM interactions in MnPc [13,14,17,30]. The 
subtle balance occurring between molecule-molecule and molecule-FM 
interactions can be adjusted by the central metal ions of the MPc mol-
ecules and the metal FM layer, being the source of the various 
self-assembling behaviors of MPc molecules on the Co layer. Nonethe-
less, the unexpected HEB in Co(10nm)/ZnPc(12nm) system (where the 
full shell Zn nonmagnetic Pc exhibited EB), was significantly lower than 
that in the magnetic MnPc.

Similar to Zn Pc, it has been shown that the interface magnetore-
sistance induced by the interfacial chemical modification can be caused 
by charge transfer and hybridization of the molecular orbitals with the d 
orbitals of the FM layer [31]. This planar system with a nonmagnetic 
central element grown on Co, creating new hybrid metal-organic 
interface states that directly affect the electronic and magnetic proper-
ties of the adsorbed molecule. According to the mechanism proposed, 
the EB observed in the present study is therefore the combination of two 
effects: one arising from the interfacial FM/ molecule hybridization and 
the other from the anti-FM ordering of the bulk molecular layer.

On the other hand, for Co(10nm)/H2Pc(12nm), the exchange 
coupling energy was slightly smaller than that found in 
Co(10nm)/ZnPc(12nm). This might be due to central atoms or the 
different symmetry of the adsorbed molecule. Recent results have shown 
that, on metallic surfaces, the planar H2Pc symmetry is typically 
adsorbed with its molecular plane parallel to the surface. A mismatch 
between the symmetry of the molecule and the underlying surface re-
duces the symmetry of the H2Pc molecule [32]. Still much less than in 
Co(10nm)/ZnPc(12nm), spherical C60 layer showed comparable results 
of exchange coupling energy with H2Pc counterpart (see Fig. 5), having 
the same blocking temperature (TB ∼ 20 K).

Some results showed that, the morphology of the interface has a 
significant impact on the electronic properties of FM/C60 according to 
STM experiments. This finding raises the possibility of fine-tuning the 
electronic properties of organic/inorganic heterostructures by modi-
fying the structural coupling with the substrate. Furthermore, it may 
have implications for hybrid magnetic interfaces, where the develop-
ment of hybrid magnetic states can be aided by the molecular and 
magnetic order harmonization [33–35]. The huge difference between 
the values of coupling energies can be explained by the effect of spin 
chains or anti-FM ordering induced by Mn ions in Pc molecules, giving 
rise to an additional major influence on the increased coupling causing 
the EB.

It is worth noting that, despite their potential as a spacer layer and an 
effective way to pin the FM layer, nonmagnetic molecules have been 

Fig. 5. Exchange bias field (HEB) with temperature for Si/SiO2(500 nm)/Co(10 
nm)/C60(12 nm)/Au(10 nm) sample measured by SQUID at different temper-
atures after cooling in an applied static field of +3T.The inset represents the 
variations of coercive switching fields (HC1 and HC2).

Fig. 6. Comparison of coupling energies of Co(10nm)/H2Pc(12nm) and 
Co(10nm)/C60(12nm) structures with those of their counterpart Co(10nm)/

ZnPc(10nm) (as a nonmagnetic molecule) and Co(10nm)/MnPc(10nm) (as a 
magnetic molecule) structures within the temperature range of 2–300 K after 3 
T field cooling.
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neglected in earlier research on organic EB spin valves. The measure-
ments of the temperature bias dependence of the M− H loops revealed 
that the adsorption of H2Pc and C60 alters the magnetic anisotropy of 
interfacial Co atoms. The strong p–d hybridization causes the Co atoms 
to be bound to the H2Pc and C60 atoms to have an interfacial magnetic 
moment and enhanced anisotropy. The existence of spin-polarized cur-
rents at a near-zero magnetic field is necessary for many spintronic 
devices, being frequently achieved through spin EB. Coupled FM and 
anti-FM thin film layers make up a large number of spintronic device 
designs. The EB, which is required to pin the magnetization in a specific 
orientation, is generated at the interfaces between these layers. The 
coexistence of nonmagnetic spacer layers spontaneously biasing the FM 
layers could pave the way for the development of innovative spintronic 
devices. The absence of magnetic ions in their structures, which results 
in spin-flipping and scattering, makes H2Pc and C60 molecules superior 
to TMPc molecules as a spacer layer. These results suggest that when 
designing spintronic devices, it is particularly important to consider the 
nonmagnetic molecules as pinning sites at the interface as well as the 
spin polarization sources. By taking into account that the hyperfine in-
teractions of H2Pc and C60 are significantly weaker than those of other 
TMPcs, it is possible to create a more effective spin transport. Mean-
while, the nearly isotropic nature of the highly symmetric C60 produces 
spin-polarized carriers with tiny spin flip amplitude and energy loss.

4. Conclusions

Co(10nm)/H2Pc(12nm) and Co(10nm)/C60(12nm) heterostructures 
have been fabricated using OMBE and TE methods, and characterized by 
XRR, AFM, STM, XPS and SQUID techniques. The SQUID measurements 
examined the magnetic hardening of the organometallic interfaces, 
indicating that the molecular layers of the resulting heterostructures 
acted as pinning materials for temperature ranges lower than 20 K. In 
this regard, both planar and spherical molecular stacks slightly pinned 
the Co layer, as determined by calculating the values of low temperature 
EB and coupling energies of the two stacks.

While the comparison between coupling energies of the hetero-
structures and those of cobalt-magnetic (Co(10nm)/MnPc(12nm)) and 
cobalt-nonmagnetic (Co(10nm)/ZnPc(12nm)) TM phthalocyanines 
confirmed the effect of magnetic hardening for temperatures below 20 
K, Mn molecular spin chains or anti-FM ordering in the organic layer 
(separated from the contact region of the organic spinterface’s magnetic 
characteristics) was found to contribute to the enhanced EB of 
Co(10nm)/MnPc(12nm). Overall, due to the lacking of magnetic ions in 
their structures (thus resulting in spin-flipping and scattering), H2Pc and 
C60 molecules can function as pinning sites at the interface, making 
them especially crucial to be taken into account when designing spin-
tronic devices.
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V. Caciuc, R. Michel, D. Stalke, S.K. Mandal, S. Blügel, M. Münzenberg, J. 
S. Moodera, Nature 493 (2013) 509.

[13] M. Gruber, F. Ibrahim, S. Boukari, H. Isshiki, L. Joly, M. Peter, M. Studniarek, V. Da 
Costa, H. Jabbar, V. Davesne, U. Halisdemir, J. Chen, J. Arabski, E. Otero, 
F. Choueikani, K. Chen, P. Ohresser, W. Wulfhekel, F. Scheurer, W. Weber, 
M. Alouani, E. Beaurepaire, M. Bowen, Nat. Mater. 14 (2015) 981.

[14] M. Gruber, F. Ibrahim, S. Boukari, L. Joly, V. Da Costa, M. Studniarek, M. Peter, 
H. Isshiki, H. Jabbar, V. Davesne, J. Arabski, E. Otero, F. Choueikani, K. Chen, 
P. Ohresser, W. Wulfhekel, F. Scheurer, E. Beaurepaire, M. Alouani, W. Weber, 
M. Bowen, Nano Lett. 15 (2015) 7921.

[15] Sambhu N. Datta, Arun K. Pal, Anirban Panda, Chem. Phys. Impact 7 (2023) 
100379, https://doi.org/10.1016/j.chphi.2023.100379. ISSN 2667-0224.

[16] M. Serri, W. Wu, L.R. Fleet, N.M. Harrison, C.F. Hirjibehedin, C.W.M. Kay, A. 
J. Fisher, G. Aeppli, S. Heutz, Nat. Commun. 5 (2014) 3079.

[17] S. Boukari, Hashim Jabbar, F. Schleicher, M. Gruber, G. Avedissian, J. Arabski, 
V. Da Costa, G. Schmerber, P. Rengasamy, B. Vileno, W. Weber, M. Bowen, 
E. Beaurepaire, Nano Lett. 18 (2018) 4659.

[18] H. Li, B.C.K. Tee, J.J. Cha, Y. Cui, J.W. Chung, S.Y. Lee, Z.N. Bao, High-mobility 
field-effect transistors from large-area solution-grown aligned C60 single crystals, 
J. Am. Chem. Soc. 134 (2012) 2760.

[19] Z.X. Luo, X. Cheng, Y. Luo, B.H. Loo, A.D. Peng, J.N. Yao, Photoassisted 
magnetization of fullerene C60 with magnetic-field trapped Raman scattering, 
J. Am. Chem. Soc. 134 (2012) 1130.

[20] Xianmin Zhang, Shigemi Mizukami, Takahide Kubota, Qinli Ma, Mikihiko Oogane, 
Hiroshi Naganuma, Yasuo Ando, Terunobu Miyazaki, Observation of a large spin- 
dependent transport length in organic spin valves at room temperature, Nat. 
Commun. 4 (2013) 1392.

H. Jabbar                                                                                                                                                                                                                                         Materials Chemistry and Physics 340 (2025) 130816 

7 

https://doi.org/10.1016/j.matchemphys.2025.130816
https://doi.org/10.1016/j.matchemphys.2025.130816
https://doi.org/10.1103/PhysRevLett.98.016601
https://doi.org/10.3389/fchem.2019.00428
https://doi.org/10.3389/fchem.2019.00428
https://doi.org/10.3389/fchem.2020.589207
https://doi.org/10.3389/fchem.2020.589207
https://doi.org/10.1039/D3CP01261A
https://doi.org/10.3390/nano13030598
https://doi.org/10.3390/nano13030598
https://doi.org/10.3390/nano13020337
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref8
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref8
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref8
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref9
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref9
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref9
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref10
https://doi.org/10.1016/j.pmatsci
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref12
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref12
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref12
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref13
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref13
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref13
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref13
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref14
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref14
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref14
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref14
https://doi.org/10.1016/j.chphi.2023.100379
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref16
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref16
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref17
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref17
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref17
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref18
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref18
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref18
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref19
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref19
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref19
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref20
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref20
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref20
http://refhub.elsevier.com/S0254-0584(25)00462-6/sref20


[21] T.L.A. Tran, T.Q. Le, J.G.M. Sanderink, W.G. van der Wiel, M.P. de Jong, The 
multistep tunneling analogue of conductivity mismatch in organic spin valves, 
Adv. Funct. Mater. 22 (2012) 1180.

[22] M. Gobbi, F. Golmar, R. Llopis, F. Casanova, L.E. Hueso, Room-temperature spin 
transport in C60-based spin valves, Adv. Mater. 23 (2011) 1609.

[23] H. Zettergren, M. Alcami, F. Martin, First- and second-electron affinities of C60 and 
C70 isomers, Phys. Rev. A 76 (2007) 043205.

[24] T.R. Ohno, Y. Chen, S.E. Harvey, G.H. Kroll, J.H. Weaver, C60 bonding and energy- 
level alignment on metal and semiconductor surfaces, Phys. Rev. B 44 (1991) 
13747.

[25] W.H. Meiklejohn, C.P. Bean, Phys. Rev. 105 (3) (1957-02-03) 904–913, https:// 
doi.org/10.1103/PhysRev.105.904.

[26] J. Nogués, Ivan K. Schuller, Exchange bias, J. Magn. Magn Mater. 192 (2) (1999- 
02-15) 203–232, https://doi.org/10.1016/S0304-8853(98)00266-2. Bibcode: 
1999JMMM..192..203N.

[27] F. Radu, Fundamental Aspects of Exchange Bias Effect in AF/F Bilayers and 
Multilayers PhD Thesis, 2005. Ruhr-Universität Bochum).

[28] Ilaria Bergenti, Takeshi Kamiya, Dongzhe Li, Alberto Riminucci, Patrizio Graziosi, 
Donald A. MacLaren, Rajib K. Rakshit, Manju Singh, Mattia Benini, Hirokazu Tada, 
Alexander Smogunov, Valentin A. Dediu, Spinterface effects in hybrid 
La0.7Sr0.3MnO3/SrTiO3/C60/Co magnetic tunnel junctions, ACS Appl. Electron. 
Mater. 4 (9) (2022) 4273–4279.

[29] Xianrong Gu, Lidan Guo, Yang Qin, Tingting Yang, Ke Meng, Shunhua Hu, 
Xiangnan Sun, Challenges and prospects of molecular spintronics precision, 
Chemistry 2 (1) (2024) 1–13, https://doi.org/10.1021/prechem.3c00071.

[30] S. Caliskan, A. Laref, Manipulation of quantum spin transport of TM (Mn, Fe, Co, 
and Ni) (II) phthalocyanines coupled to carbon nanotube leads applicable in 
spintronic devices, Diam. Relat. Mater. 139 (2023).

[31] Karthik V. Raman, Alexander M. Kamerbeek, Arup Mukherjee, Nicolae Atodiresei, 
Tamal K. Sen, Predrag Lazic, Vasile Caciuc, Reent Michel, Dietmar Stalke, Swadhin 
K. Mandal, Stefan Bl ugel, Markus M. unzen-berg, Jagadeesh S. Moodera, Interface- 
engineered templates for molecular spin memory devices, Nature 493 (7433) 
(2013) 509–513.
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