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Abstract8

We analyse the spinterface formed by a C60 molecular layer on a Fe(001) surface covered by a two-9

dimensional Cr4O5 layer. We consider different geometries, by combining the high symmetry ad-10

sorption sites of the surface with three possible orientations of the molecules in a fully relaxed11

Density Functional Theory calculation. We show that the local hybridization between the elec-12

tronic states of the Cr4O5 layer and those of the organic molecules is able to modify the magnetic13

coupling of the Cr atoms. Both the intra-layer and the inter-layer magnetic interaction is indeed14

driven by O atoms of the two-dimensional oxide. We demonstrate that the C60 adsorption on the15

energetically most stable site turns the ferromagnetic intra-layer coupling into an antiferromagnetic16

one, and that antiferromagnetic to ferromagnetic switching and spin patterning of the substrate are17

made possible by adsorption on other sites.18
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Introduction21

The advancements in the field of spintronics are intimately related to the capability to control the22

magnetic properties of surfaces and interfaces. The magnetic switching of magnetic materials is23

usually controlled via externally applied magnetic field or by electric-field driven means [1], as24

spin torque methods, that requires large currents and complex setup and guarantee low efficiency25

in the process [2]. On the other hand, magnetic behavior at surfaces can be induced or modi-26

fied through the adsorption of foreign species and molecules and by the growth of magnetic thin27

films [3-7]. In past years it has been established that spin selective electron transfer through chiral28

molecules is able to magnetize the underlying substrate and induce a magnetic switching [8].29

In recent times, organic semiconductors (OS) have proven intriguing possibilities in the field of30

spintronics. Devices realized on the basis of the so-called spinterfaces [9,10], i.e., interfaces be-31

tween a magnetic layer (ML) and an OS, show indeed enhanced spin lifetimes and conducting32

paths with respect to their inorganic counterparts.33

It is known that the spin-transport process in such devices can be influenced by new electronic34

states arising at the interface, as a result of the hybridization between the d-band of the ML and the35

molecular orbitals of the OS [11]. On the other hand, the OS may itself influence the magnetism of36

the surface to which it is coupled [12,13] or induce a magnetic character into a surface that would37

be otherwise non-magnetic [? ]. Accordingly, achieving information and control over the electronic38

and magnetic properties of the interface, as well as over the occurring chemical interactions, may39

enable to better tailor such systems - via a suitable choice of the materials involved - in view of40

practical applications.41

In recent works [14-16] some of us focused on the C60/Fe(001) interface, both on the experimental42

and theoretical viewpoint. We demonstrated that the induced magnetic properties on the molecules43

depend on the spin polarization of the substrate states interacting with the molecule itself and by44

their decay toward vacuum. In particular we showed that the insertion of a thin two-dimensional45

Cr4O5 film at the spinterface is able to enhance the spin-injection process, inducing a larger spin46

polarization of the C60 molecules with respect to the clean substrate case.47
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Here we analyse the system in a different perspective, i.e., focusing on the capability of the organic48

layer to modify the magnetic properties of the Cr4O5/Fe(001) surface. The Cr atoms in an isolated49

Cr4O5 layer would naturally arrange with antiferromagnetic (AFM) ordering. The interaction with50

the Fe substrate turns the AFM intra-layer ordering into a ferromagnetic (FM) one [15] leading to a51

magnetization direction of Cr atoms opposite to that of Fe ones (inter-layer AFM coupling).52

The magnetic ordering at the surface is intimately related to the local symmetry of the electronic53

states involved in the magnetic interaction. It is reasonable to expect that, by controlling the local54

symmetry of the spinterface states –for example by tuning the local substrate-molecule interaction–55

the magnetic ordering of the Cr atoms in the oxide layer could be modified. We verified that the in-56

duced magnetic properties on the molecule are mildly dependent on the adsorption geometry. On57

the other hand we cannot assume that the same holds for the magnetic properties of the oxide sub-58

strate layer. Here we explore the possibility of inducing a rearrangement of the surface magnetic59

ordering by tailoring the C60 adsorption on Cr4O5/Fe(001), by means of calculations for a fully re-60

laxed overlayer of C60 molecules in different high symmetry adsorption geometries.61

We show that the adsorption of a C60 layer can indeed restore the AFM ordering in the underlying62

Cr4O5. Moreover, by moving the molecules onto different adsorption sites it is possible to switch63

the Cr4O5 ordering from AFM to FM, or to induce a nontrivial magnetic patterning involving the64

Cr atoms in the oxide layer. The possibility to control the adsorption geometry through experimen-65

tal techniques is not a remote scenario: recent works demonstrate indeed that the local adsorption66

configuration of organic molecules can be controlled by means of a STM tip [17-19].67

The total energy calculations performed in this work allow us to identify the most stable configura-68

tions that could lead to the desired magnetic pattern. The study of the possible adsorption configu-69

rations and the associated diffusion barriers can shed light also on the nucleation mechanism, as re-70

cently done for the clean Fe(100) surface, where the competitive adsorbate-substrate and adsorbate-71

adsorbate interactions give rise to a mixed layered growth [20].72
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Results and discussion73

The system under examination offers several possible adsorption configurations, depending on the74

adsorption site and the relative orientation between the C60 and the surface. We explore here nine75

high symmetry cases, by combining three possible adsorption sites - namely a surface vacancy,76

a Cr atom and an O atom - with three possible orientations of the fullerenes, facing towards the77

surface with a hexagonal ring, a pentagonal one, and a C-C covalent bond, respectively.78

Upon relaxation the system appears as reported in Figure 1. Major details regarding the surface79

structure can be found in our previous studies [21]. The configurations with adsorbed C60 reported80

in the two upper rows of Figure 1 (adsorption via a hexagon or a pentagon) show a partial roto-81

translation of the molecules on the surface, implying that the hexagon/pentagon is not perfectly82

centred on the chosen adsorption site. The leading force influencing the fullerene roto-translation83

seems to be the interaction with O atoms: indeed, with the exception of the adsorption on O, the84

molecules shift in order to get two C atoms facing to the surface close to two O atoms of the sub-85

strate. Differently, when C60 faces the surface with a C-C bond the starting adsorption site remains86

almost unaltered upon relaxation.87

The energetically most stable configuration turns out to be the central one in Figure 1, where a va-88

cancy acts as adsorption site and a pentagon faces to the surface (shortcut to Pent/Vac hereafter).89

We take this as a reference, and report in Table 1 the energy differences, Δ�03B, of the other config-90

urations. For what concerns the various configurations, we find no evident trend in the adsorption91

energy defining a preferential adsorption site or molecular orientation.92

The equilibrium distance of the fullerenes from the surface, evaluated as the difference between the93

average Î coordinate of the C atoms in the pentagon/hexagon/bond and of the Cr layer, ranges be-94

tween 2.67 and 3.15 Å. It is worth noting that the O atoms lie 0.25 Å further out from the Cr plane95

[21], resulting in a smaller distance between the molecule and the O atom acting as adsorption site.96

This confirms the tendency of the molecule to interact with oxygen. The most stable configuration97

is characterized by the intermediate distance of 2.89 Å; in this case, the average distance between98

the C atoms of the pentagon and the O atoms nearest to the vacancy amounts to 2.67 Å.99
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Figure 1: Top view of the explored configurations, depending on adsorption site and relative orien-
tation between C60 and Cr4O5. The color code is as follows: Fe - green, Cr - yellow, O - red and C
- grey.

In Table 1 we also report the charge transfer induced by the C60 adsorption, averaged for each100

atomic species. In all the explored configurations there is a partial electron transfer from the sur-101

face to the molecule, whose entity is obviously related to the adsorption distance. The depletion of102

charge on the O atoms is larger than in the Cr atoms while the contribution from the underlying Fe103

substrate is smaller.104

The analysed configurations display different magnetic properties, in particular for what concerns105

the magnetic alignment of the surface Cr atoms, as can be observed in the spin densities reported106

in Figure 2. Here, we cut the three-dimensional spin distribution onto the plane passing through107

the Cr atoms in the Cr4O5; the position of Cr and O atoms, and the vacancies in the unit cell are108
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Table 1: Adsorption energy (with respect to the low energy configuration), distance and Löwdin
partial charge for each atomic species. Charge differences Δq are evaluated with respect to the iso-
lated systems Cr4O5/Fe(001) and C60, both considered in their ground state. The adsorption dis-
tance d is given with respect to the Cr plane.

Configuration Δ�03B [eV] d [Å] Δq [10−2 e−/atom]
Fe Cr O C60

Pent/Vac 0.00 2.89 -1.24 -1.83 -9.01 2.92
Pent/Oxy 0.26 2.74 -1.02 -5.96 -8.22 3.22
Hex/Oxy 0.41 2.67 -1.17 -6.38 -9.02 3.47
Bond/Cr 0.61 2.64 -1.28 -2.56 -8.99 3.02
Hex/Cr 0.72 3.15 -1.09 -3.31 -7.73 2.64
Hex/Vac 1.12 2.97 -1.25 -1.96 -9.17 2.94
Pent/Cr 1.59 3.06 -0.79 -5.18 -6.99 2.75
Bond/Vac 1.95 2.78 -1.12 -1.90 -8.83 2.83
Bond/Oxy 4.65 2.79 -1.17 -3.55 -8.44 3.05

indicated in the central panel of Figure 2. They can be identified also on the basis of their differ-109

ent spin density: very large and flower-shaped on Cr atoms, small on O atoms and zero (white) in110

correspondence of the vacancies.111

We find that the adsorption of C60 in the most stable Pent/Vac configuration induces a recovery of112

the AFM ordering of the nearest neighbour Cr atoms (central panel in Figure 2), which would be113

the preferred magnetic state in absence of the underlying Fe substrate. Indeed some of us have al-114

ready shown [14] that the interaction between the Cr4O5 overlayer and the Fe substrate destabilizes115

the AFM coupling in the oxide layer, leading to a intra-layer FM alignment of the Cr atoms, that116

are in turn AFM coupled to the Fe substrate.117

The same AFM pattern, typical of the isolated oxide layer, occurs for the other two configurations118

featuring a vacancy as adsorption site (Hex/Vac and Bond/Vac, ordered by increasing energy). In119

three configurations (Pent/Oxy, Hex/Oxy and Pent/Cr) the final pattern is instead FM, i.e., with120

the magnetic moment of all the Cr atoms parallel to each other. For the remaining cases (Hex/Cr,121

Bond/Oxy and Bond/Cr), a different magnetic patterning appears on the surface, characterized by122

the spinflip of certain Cr atoms only.123

We report in Table 2 the magnetic moments calculated for the different species. In particular we124

report the average values for the outermost Fe substrate layer, for the Cr and O atoms in the oxide125
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Figure 2: Spin polarization dD? − d3>F= for each pattern (top view). A cut on the surface plane
passing through the Cr atoms is reported with an isosurface value of 0.02 Å−3. Red and blue area
corresponds to positive and negative value of spin polarization, respectively.

layer, for the whole C60 molecule and for the C atoms facing to the surface. In the non-FM cases,126

we give the average values separately for the positively and negatively polarized Cr atoms.127

The average magnetization of the Fe surface layer is about 2.6 `� showing a reduction with respect128

to the clean surface value (3.0 `�).129

Notably, the net magnetization of the Cr atoms in the oxide layer is always opposite to the under-130

lying Fe one, as in absence of molecules, confirming the antiferromagnetic coupling between the131

overlayer and the substrate evidenced by the experiments [14]. Indeed, also in the configurations132
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Table 2: Average magnetic moment for outermost Fe atoms, Cr atoms, C60 molecule and C atoms
closest to the surface, belonging to a hexagon, a pentagon or a bond. When two values are present,
those indicate the average magnetic moment for atoms with positive (aligned to Fe one) and nega-
tive spin polarization.

Config. ` [`�/atom] ` [10−2 `�/atom]
Fe Cr O C60 C�4G/�>=3/%4=C

Pent/Vac 2.25 -0.31 (2.26 / -2.88) 1.5 0.1 0.5
Pent/Oxy 2.32 -2.96 2.6 -0.6 -0.9
Hex/Oxy 2.32 -2.93 2.3 -0.4 -1.6
Bond/Cr 2.29 -0.87 (2.40 / -2.84) 1.8 -0.1 -0.2
Hex/Cr 2.32 -1.58 (2.45 / -2.92) 2.4 -0.1 -6.7
Hex/Vac 2.25 -0.31 (2.25 / -2.88) 1.5 0.2 1.1
Pent/Cr 2.32 -3.00 2.7 -0.4 -1.4
Bond/Vac 2.24 -0.29 (2.30 / -2.88) 1.4 0.1 0.6
Bond/Oxy 2.30 -1.55 (2.46 / -2.89) 3.4 -0.1 -0.3

with intra-layer AFM ordering the magnetic moment of opposite Cr atoms is not identical, and the133

total magnetization does not cancel out.134

The magnetic moment of the C atoms is three orders of magnitude smaller than that of the Cr135

atoms and its sign depends on the adsorption configuration. The largest magnetic moments on the136

molecule are found for the FM configurations and have the same sign of the magnetic moment of137

the Cr atoms. On the contrary, for the equilibrium configuration, and the other cases with AFM138

ordering of the Cr atoms, the net magnetic moment on the molecule and on C atoms facing to the139

surface is opposite to that of the Cr4O5 layer, but has the same sign as that of the Cr atoms closest140

to the molecule (see Figure 2).141

In the FM systems the magnetic moment of single O atoms is opposite to that of the surrounding142

Cr atoms, resulting into a net positive magnetization. In the AFM ones the magnetization of O143

atoms nearby the spin-flipped Cr atoms is reduced, leading to a smaller positive net magnetic mo-144

ment. It is worth noting that the configurations that display AFM ordered Cr atoms also display a145

peculiar symmetry of the spin density on the O atoms which resemble the in-plane ?-orbitals (see146

Figure 2). Differently, in the FM cases such feature is absent and the spin density on the O atoms147

shows an B-like symmetry. This peculiarity can be observed also in the freestanding Cr4O5 over-148
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layer by switching the system from the AFM ground state to the high-energy FM configuration (not149

shown).150

This evidence suggests that the AFM coupling between the Cr atoms may be mediated by the O151

orbitals that tailor also the interaction with the molecule.152

In order to give a deep insight into the induced magnetic properties at the interface, we consider153

the Projected Density of States (PDOS) of the different atomic species that, together with a detailed154

analysis of the spin- and orbital- dependent Mülliken populations, can help in understanding the155

driving mechanism for spin-flip of the Cr atoms.156

In Figure 3 we report the PDOS for the two lowest-energy configurations, namely Pent/Vac and157

Pent/Oxy, that exhibit a different magnetic ordering of the Cr atoms in the oxide layer. We consider158

the average 3 component of Fe surface layer and of the Cr atoms and the average ? component of O159

atoms in the oxide layer and of C atoms facing to the surface.160

The Fe PDOS is similar in the two configurations, demonstrating that the underlying substrate is161

on average weakly affected by the different adsorption conditions. The spin polarization of the Cr162

atoms in the Pent/Oxy configuration is opposite to that of the Fe surface layer, as already evidenced163

in our past study. Differently, in the AFM configuration induced by C60 adsorption one half of the164

Cr atoms are spin-flipped, with magnetization oriented parallel to the substrate (CrD?) while the165

other remain antiferromagnetically coupled to the substrate (Cr3>F=). The asymmetry between166

filled states of CrD? and Cr3>F= atoms gives rise to the net negative magnetic moment reported in167

Table 2.168

For what concerns the O atoms, they display a negligible spin polarization at the Fermi level in the169

Pent/Oxy configuration, which is enhanced in the Pent/Vac case due to the presence of majority170

spin states. From the analysis of the <-resolved PDOS, reported in Figure 4, we can assign these171

states mainly to ?I orbitals, that are emptied due to the charge transfer toward the molecule. The172

majority spin O ?I component (red line) in the Pent/Oxy configuration displays indeed an occu-173

pied feature at −0.8 eV which is shifted beyond the Fermi level in the Pent/Vac case. The ?I charge174

donated by O atoms to the C atoms in the pentagon is the major source of charge transfer to the175
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Figure 3: PDOS on Fe and Cr (3 component), O and C atoms facing to the surface (?-component)
for the Pent/Vac (left) and Pent/Oxy (right) configurations. Two representative Cr atoms with oppo-
site polarization are reported for the AFM configuration.

molecules in the Pent/Vac configuration, bypassing the Cr contribution (see Table 1). Indeed in this176

configuration the spatial proximity between O atoms and the C atoms in the pentagon facilitates the177

interaction between the two species.178

Also the in-plane majority spin ?-states of O atoms display a small increase of the spectral weight179

at the Fermi level with respect to the Pent/Oxy case, due to the charge transfer to the nearby Cr180

atoms. The majority spin character of the charge donated by O atoms explains the reduction of181

the magnetic moment of O in the AFM configurations with respect to the FM one. Accordingly,182

the magnetic moment of the molecule is positive. Being the in-plane charge transfer strongly direc-183

tional, the spin-density displays the asymmetry observed in Figure 2 with negative lobes pointing184
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toward the Cr atoms. As a consequence the nearest neighbour Cr atoms undergo a spin-flip to sta-185

bilize the magnetic interaction, as in the free-standing overlayer.186

Differently, in the Pent/Oxy configuration the charge trasferred to the molecule comes from the Cr187

atoms due to their spatial proximity with the pentagon facing to the surface. The charge donated188

to the molecule has negative spin character, being transferred from the spin-down 3 states of Cr to189

the B states of the molecule. Some electronic charge is also donated by the O atoms, with the same190

amount for both spin up and down, leading to a net negative magnetic moment of the molecule,191

while that of O atoms is unaltered with respect to the Cr4O5/Fe(001).192

On the basis of these results we can infer that the AFM patterning of the Cr atoms in the oxide193

layer is stabilized by the interaction between O atoms and the molecule, that induces a spin asym-194

metry in the Cr4O5 plane able to decouple some Cr atoms from the substrate and to destroy the195

substrate-induced FM ordering between Cr atoms.196

To conclude our analysis, we report some energetic considerations relative to the magnetic switch-197

ing between the AFM and FM ordering in the Cr4O5 layer.198

Once the C60 molecules are adsorbed in the most stable Pent/Vac configuration, the transition to199

Pent/Oxy and thus to FM ordering can be obtained with an energetic cost of 0.26 eV. Compared to200

the energetic cost for the FM/AFM switching of the clean Cr4O5/Fe(001) surface (note that in this201

case the ground state is FM), amounting to 1.12 eV in the (
√
10 ×

√
10)'−18.4◦ cell, this mecha-202

nism results energetically more convenient as well as easier to be realized.203

It is worth noting that the energetic cost reported above includes two contributions: the structural204

one, related to the shift onto a different adsorption site, and the magnetic cost associated to the205

spin-flip of certain Cr atoms. The difference in energy from the Pent/Oxy to the Pent/Vac adsorp-206

tion site, evaluated keeping the FM ordering of the Cr atoms fixed, amounts to +0.04 eV, corre-207

sponding to a temperature of 464 K, i.e. in the range of typical temperatures reached with anneal-208

ing.209

On the other hand, the energy gain upon allowing the system in the Pent/Vac free to relax in the210

AFM ground state is −0.30 eV (the sum of these contributions gives indeed the value Δ�03B = 0.26211
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eV, as reported in Table 1). The quite large absolute value of the magnetic contribution compared212

to the structural one demonstrates that the AFM ordering realized in the Pent/Vac configuration is213

stabilized by magnetic effects more than structural ones.214

Furthermore, by comparing the absolute value of the FM/AFM energy difference with and with-215

out the molecule (0.30 eV versus 1.12 eV) it is evident that the presence of the molecule reduces216

the magnetic coupling between the Cr4O5 and the Fe substrate which is responsible of the forced217

magnetic ordering in the overlayer. Indeed, in the absence of the substrate the energy cost for the218

AFM/FM switching in the Cr4O5 layer would be extremely small (0.04 eV).219

Conclusions220

In conclusion, in the present work we demonstrated that the adsorption of a C60 layer on the221

Cr4O5/Fe(001) surface can tailor the intralayer magnetic ordering between the Cr atoms restoring222

the AFM configuration proper of the freestanding oxide overlayer, destroyed by the interaction with223

the substrate. Moreover the AFM/FM switching is possible via a precise control on the adsorption224

site of the molecule that could be achieved by exploiting the ad hoc positioning via the STM tip225

or modified by thermal annealing. The presence of an organic layer at the interface - be it C60 or226

something else - is expected to be a notable step further towards the realization of more efficient227

spintronic devices; furthermore, attaining a patterning on the surface by means of the adsorption228

of organic species is expected to be far easier than creating it ad hoc on the bare Cr4O5/Fe(001) by229

exploiting magnetic or electric means. Therefore, our results may be considered as a route towards230

the design of desired magnetic patterning by means of adsorbed organic molecules.231

Computational methods232

Ab initio calculation have been performed in the framework of Density Functional Theory (DFT),233

following the scheme of our previous works [14-16].234

We have used a plane-wave ultrasoft pseudopotential method [22], as implemented in the PWSCF235

code of the Quantum ESPRESSO distribution [23,24]. We treat the DFT exchange-correlation term236
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by using the vdW-DF-c09x functional [25,26], also including van der Waals interaction between237

the C60s and the underlying surface.238

The clean Cr4O5/Fe(001) substrate exhibits an experimentally-observed (
√
5 ×
√
5)'26.6◦ re-239

construction [21], featuring a regular array of Cr vacancies. For the calculations, the introduction240

of a C60 overlayer calls for the employment of a larger periodically repeated cell: we employ a241

(
√
10 ×

√
10)'−18.4◦ supercell, whose area is twice that of the clean surface. The Cr4O5 layer is242

supported by a four-layers Fe slab, separated from its replicas along the Î direction by a 25 Å-thick243

vacuum layer.244

Equilibrium geometries were obtained by letting the C atoms of the fullerene molecules free to245

relax, up to the desired convergence threshold for the forces (0.001 Ry/Bohr).246

A Monkhorst-Pack grid [27] was adopted for the surface Brillouin zone sampling, equivalent to a247

14×14 mesh in the surface unit cell of Fe(001); the kinetic energy cutoffs were set to 55 Ry for the248

plane-wave expansion and 280 Ry for the effective potential and charge density.249

To disentangle magnetic contributions to energy differences, we have performed additional self-250

consistent calculations constraining the magnetic moment at specific atoms and keeping the geome-251

try unchanged.252
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Figure 4: 3 component of the PDOS of Cr atoms resolved in < components for the Pent/Vac and
Pent/Oxy configurations.
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