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Abstract

We theoretically explore through systematic multiscale ab initio and Monte Carlo calculations

how the surface magnetism of a ferromagnetic surface can be fine-tuned by nonmagnetic organic

molecules containing a single π-bond. We demonstrate that a magnetic hardening or softening can

be induced depending on the electronegativity of the heteroatom or when the π-bond ”bridges”

the magnetic surface atoms. Finally, the Monte Carlo simulations revealed taylored macroscopic

hysteresis loops corresponding to soft and hard molecule-surface magnets.
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I. INTRODUCTION8

Organic and molecular spintronics aim at integrating the spin degree of freedom in elec-9

tronic devices by making use of the spin-dependent properties of magnetic hybrid organic-10

metal interfaces1–4. The feasibility of these fields was demonstrated by the preparation of an11

exciting device, an organic-based spin-valve5, where an organic layer was placed between two12

ferromagnetic contacts so that a giant magnetoresistance (MR) signal could be measured13

at low temperature6. Very recently, organic spin-valve devices with a large interfacial MR14

response even at room temperature7 or an improved air-stability8 have also been designed.15

Furthermore, single molecule magnets have been employed to design supramolecular spin-16

valve devices9 or have been integrated in a three-terminal device to access the nuclear spin17

state of a Tb atom10.18

A major challenge in organic and molecular spintronics is to provide a clear physical19

picture of the basic mechanisms that govern the spin injection into the organic layer and the20

subsequent spin transport process11,12. In this respect, a key feature of such organic spin-21

tronic systems is the presence of a hybrid molecule-metal interface formed upon molecular22

adsorption that crucially controls their properties13–16. For instance, for π-conjugated or-23

ganic molecules on magnetic surfaces the spin polarization at the molecular site can even be24

inverted with respect to the polarization of the substrate15–17 and this effect can be tailored25

by a chemical functionalization process18.26

It is important to note that so far most experimental and theoretical studies have been27

focused on the transport properties of hybrid molecule-surface systems while much less ex-28

plored is how the molecule-surface interactions alter the magnetic properties of the underly-29

ing substrate. In this respect, in a recent theoretical study it was clearly demonstrated that30

the adsorption of a non-magnetic organic molecule such as paracyclophane on a magnetic31

surface can locally strengthen the magnetic exchange interaction between the surface atoms32

directly interacting with the π-conjugated molecule19. This possibility to locally induce an33

increase (magnetic hardening effect) or decrease (magnetic softening effect) of the mag-34

netic exchange coupling J opens a new and exciting path to engineer the surface magnetic35

properties via molecular adsorption20. Interestingly, direct consequences of the increased36

surface exchange coupling constants are an increased Curie temperature19 and an opening37

of the magnetic hysteresis loop, i.e. an enhanced coercive field, of organic material-magnetic38
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surface systems with respect to the clean substrate one20–23.39

The next necessary step to bring these molecule-induced magnetic effects towards po-40

tential technological applications is to provide a practical recipe how to tune the molecule-41

surface interaction to obtain hybrid molecular-based systems with a specific magnetic behav-42

ior. Therefore, in this first-principles study we focused on the engineering of the magnetic43

properties of molecule-surface systems by systematically investigating the role played by44

heteroatoms within π-bonded organic molecules on the change of the surface magnetic ex-45

change coupling constants J . In particular, we have chosen to investigate a set of chemically46

functionalized non-magnetic π-bonded molecules on 1 ML Fe on a W(110) substrate since47

this is a commonly selected prototype system of a thin ferromagnetic film with an in-plane48

magnetization24. Note also that for this surface the magnetic hardening of the Fe intra-layer49

J due to the adsorption of organic molecules has been already demonstrated19.50

To unveil a clear recipe how to (i) induce a magnetic hardening and/or softening effect51

and (ii) tune their magnitude in a magnetic surface or thin film due to its interaction52

with non-magnetic π-conjugated molecules, we analyzed in detail how the surface magnetic53

properties are locally modified in the presence of the simplest π-bonded molecular systems54

possible. In practice this means that one starts with a molecule that has only one bonding55

π molecular orbital (MO), i.e., ethene (C2H4). The advantage of this starting point is that56

in a simple fashion hetero analogues can be derived by just exchanging one carbon atom57

by a specific hetero element as B, N or O [see Fig. 1(a)]. The basic aim of this chemical58

functionalization process is twofold: (i) to tailor the energetic position of the π MOs between59

the different systems and thus to tune the strength of the molecule surface interaction25
60

and (ii) to use elements with a different chemical reactivity (electronegativity) to locally61

modify the magnetic interactions between the surface Fe atoms via a specific heteroatom-Fe62

hybridization.63

Our ab initio results show that not only the strength of the magnetic hardening effect64

can be tuned as a function of the chemical electronegativity of the heteroatom but also that65

a magnetic softening effect can be achieved depending on (i) the nature of the heteroatom66

or (ii) by a specific molecular adsorption geometry. Furthermore, we demonstrate by tak-67

ing into account only the geometrical distortions on the magnetic surface induced by the68

organic molecules that these do not account for the observed changes in J with respect to69

its clean surface value. In particular, our theoretical study reveals that especially the local70
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hybridization between a specific heteroatom and the substrate are of crucial importance to71

strengthen or weaken the magnetic coupling between the surface Fe atoms. Finally, based72

on Monte Carlo simulations using a Heisenberg model with first principles parameters we73

demonstrate that the considered set of functionalized π-conjugated molecules allows to tune74

the coercive field over a large temperature range essentially via the modified J .75

II. COMPUTATIONAL DETAILS76

Our spin-polarized electronic structure calculations were carried out within the framework77

of the density functional theory26,27 using the VASP program28,29. In addition, the projector78

augmented-wave (PAW) method30 was used with projectors as constructed for the exchange-79

correlation functional of Perdew, Burke and Ernzerhof (PBE)31.80

Throughout all calculations the wave functions were expanded into plane waves with a81

cutoff of 500 eV. All structures were relaxed until the forces excerted on the atoms were82

smaller than 1 meV/Å. Concerning the Brillouin-zone integration, for the structural relax-83

ations only the Γ-point was taken into account, whereas the calculation of the projected84

density of states, the different antiferromagnetic configurations to obtain the exchange cou-85

pling constants and the magnetic anisotropy were carried out with a k-point set of 4×5×1.86

In our ab initio calculations the unit cell consisted of one Fe layer and six W layers each87

represented by a 3×4 in-plane unit cell containing 24 Fe or W atoms per layer. The vacuum88

distance along the axis z perpendicular to the surface plane separating the supercells was89

about 16 Å. The distance between molecules in the neighboring unit cells was at least about90

10 Å. During the geometry optimization the upper three W layers, the Fe layer and the91

molecular coordinates were allowed to relax.92

III. RESULTS AND DISCUSSION93

To start with the first goal of the chemical functionalization process, in Fig. 1(b) the94

calculated energy level spectra of the resulting set of π-conjugated molecules are presented.95

As expected, the bonding π- as well as the antibonding π∗-states are lowered in energy when96

going from methyleneborane (CH3B) to formaldehyde (CH2O) since the core potential of97

elements with higher atomic number is more attractive which goes along with an increase in98
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FIG. 1. (a) Chemical formula and atomic structure of methyleneborane (CH3B), ethene (C2H4),

methyleneimine (CH3N) and formaldehyde (CH2O). Color code: gray for hydrogen, black for

carbon, blue for boron, green for nitrogen and red for oxygen. (b) Energy level diagram for the

molecules in gas phase presented in (a). The bonding π-state as well as the antibonding π∗-state is

labeled for each system. The occupation of the states is marked by arrows. Note that the highest

occupied molecular orbital (HOMO) of each molecule has been aligned at its calculated ionization

potential. (c) Electronegativity scale for the elements taking part in the formation of the π-bond.

The values for the atomic electronegativities were taken from Ref.33. (d) The charge density plots

show that the specific chemical reactivity of the heteroatom is directly reflected by the spatial

extent of the bonding π- and antibonding π∗-states.

electronegativity [see Fig. 1(c)]. Hence using different hetero elements allows us to tune the99

energetic position as well as the spatial extend of the bonding π- and antibonding π∗-states100

[see Fig. 1(d)].101

To identify the structural ground states of the different molecules adsorbed on 1 ML Fe102

on W(110), six different adsorption sites have been considered by placing the π-bond of each103

molecular system initially either on top of an atom or between two, three or four ferromag-104

netic Fe atoms. The relaxed ground state geometries obtained for the different systems are105

depicted in Fig. 2(a)-(d). Obviously for ethene, methyleneimine and formaldehyde adsorbed106

on the Fe/W(110) surface [Fig. 2(b)-(d)] the π-bond is most favorably placed between three107

iron atoms. These three iron atoms are also pulled closer together as a consequence of the108

molecular adsorption (see Table III in appendix C for relaxed Fe-Fe distances.). However, in109

case of methyleneborane the boron atom adsorbs into the hollow created by the three iron110
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FIG. 2. Optimized ground state structures for (a) methyleneborane (CH3B), (b) ethene (C2H4),

(c) methyleneimine (CH3N) and (d) formaldehyde (CH2O) on 1 ML Fe/W(110). (e) Labeling of

the three surface Fe atoms which are influenced by the adsorption of the molecules in their stable

geometry. The different exchange coupling constants J are also indicated. Note that these images

have been obtained with the VESTA program34.

atoms under the molecule that consequently relax away from the boron atom.111

The adsorption energies for the optimized structures are presented in Table I. Follow-112

ing the discussion of the energetic position of the π MOs in the gas phase [see Fig. 1(b)],113

methyleneborane interacts most strongly with the surface whereas the adsorption energies of114

all other molecules are considerably smaller. Nevertheless, adsorption energies of more than115

1 eV for such small molecular systems already point to chemisorption as bonding mechanism.116

As regarding the aim to functionalize the C2H4 molecule to locally modify the surface117

magnetic properties, all considered molecules have a pronounced influence on the magnetic118

moments of the surface Fe atoms. More precisely, in all cases only the three surface Fe119

atoms close to the organic molecules labeled as Fe1, Fe2 and Fe3 are affected as illus-120

trated in Fig. 2(e). In Table I the magnetic moments of these Fe atoms below the π-bonded121

molecules are listed. The general trend is that the calculated magnetic moments are smaller122

than the value of 2.5 µB for clean Fe/W(110). This reduction is due to the hybridization123
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TABLE I. Adsorption energy Eads for each system (given in eV), magnetic moments of the three

Fe atoms in the vicinity of the π-bonded molecules (given in µB) and calculated exchange coupling

constants J between the Fe atoms for the molecules on the surface and the clean Fe/W(110) surface

geometries induced by the π-conjugated molecules (all in meV/µ2B). Note that the adsorption

energy is defined as Eads = −(Esys − (Esurf + Emolec)), where Esys is the total energy of the

molecule-surface system, Esurf represents the total energy of the Fe/W(110) surface and Emolec

corresponds to the total energy of the molecules in the gas phase.

molecule/surface Eads magnetic moments molecule/surface induced geometry

Fe1 Fe2 Fe3 J1 J2 J3 J4 J5 J1 J2 J3 J4 J5

clean surface - 2.5 2.5 2.5 5.9 5.9 5.9 5.9 5.9 5.9 5.9 5.9 5.9 5.9

methyleneborane (CH3B) 3.30 2.0 2.0 2.1 15.7 1.0 7.1 7.1 12.2 4.0 3.9 4.6 5.8 6.4

ethene (C2H4) 1.19 2.2 2.1 2.1 15.4 15.4 5.9 8.6 8.6 8.3 8.3 2.2 5.5 5.5

methyleneimine (CH3N) 1.76 2.2 2.3 2.0 6.4 11.0 9.6 8.1 7.9 5.9 7.0 3.3 5.6 5.3

formaldehyde (CH2O) 1.48 2.3 2.5 2.0 3.9 11.9 8.8 8.0 8.4 6.8 6.0 2.9 6.3 5.1

between the Fe-d states mainly with the pz-like atomic orbitals of carbon and heteroatoms,124

respectively. Remarkably, the magnetic moment of Fe2 that is close only to the molecular125

heteroatom increases towards the value of the clean surface when going from methyleneb-126

orane to formaldehyde suggesting a decrease of the heteroatom influence on the magnetic127

properties of the surface starting from B to O. This intriguing behavior can be assigned to128

an interplay between (i) a generally smaller heteroatom-Fe2 distance than the C-Fe ones129

(see Table III in appendix C) and (ii) a lowering of the energetic position of the pz orbitals130

starting from B to O as depicted in Fig. 1(b) for the corresponding π MOs. A similar, al-131

beit weaker trend is observed for the Fe1 atom while in the case of Fe3 close only to the132

carbon atom its magnetic moment remains almost the same for all molecules considered133

in our study. This observation already suggests a local reactivity-dependent impact of the134

heteroatom on the magnetic properties of the Fe surface.135

A smaller value of the surface magnetic moments can also change the strength of the136

Fe-Fe magnetic interaction with respect to the clean surface case. In consequence, we now137

thoroughly investigate the impact of the heteroatom in organic molecules with a single138

π-bond onto the magnetic exchange coupling constants J between the Fe atoms of the139
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substrate. As in Ref.19, we describe the exchange coupling between the magnetic moments of140

the Fe atoms by an effective classical Heisenberg Hamiltonian H = −
∑

i>j Jij mi mj taking141

into account only nearest neighbors, where mi and mj stand for the magnetic moments at142

sites i and j, respectively. Using this Heisenberg Hamiltonian, for a set of antiferromagnetic143

configurations a linear system of equations is obtained to determine the different parameters144

J labeled in Fig. 2(e) (see appendix A for more details). The calculated exchange coupling145

constants for the molecule-Fe/W(110) systems are presented in Table I and are also visualized146

in Fig. 3(a). Note that the calculated clean surface coupling constant is 5.9 meV/µ2
B and is147

also included in Fig. 3 as a reference35.148
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FIG. 3. Visualization of the calculated magnetic exchange coupling constants for (a) the molecules

on the surface and for (b) the surface geometries induced by the respective molecules with the

molecules removed. Remarkably, the coupling constants for the induced geometries in (b) do

not reproduce the coupling constants of the hybrid systems in (a). This difference highlights the

importance of the molecule-substrate hybridization for the calculated surface exchange coupling

constants J .

In general, the calculated exchange coupling constants using the procedure outlined above149

are considerably enhanced as compared to the clean substrate value and this behavior is par-150

ticularly pronounced for the ethene system with obtained values of J1 = J2 = 15.4 meV/µ2
B.151

These Js are similar to the value of 15.65 meV/µ2
B evaluated for the paracyclophane molecule152

in Ref.19 that also does not contain heteroatoms. Besides this, the J2 for methyleneimine and153

formaldehyde is also significantly enhanced to 11.0 meV/µ2
B and 11.9 meV/µ2

B, respectively,154
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as compared to the clean surface value. On the other hand, J1 systematically decreases155

when going from methyleneborane to formaldehyde (from 15.7 meV/µ2
B to 3.9 meV/µ2

B).156

Interestingly, we note that this decrease of J1 correlates to an increase of the heteroatom157

electronegativity. In particular, for formaldehyde containing the heteroatom (O) with the158

largest electronegativity the J1 = 3.9 meV/µ2
B is smaller than the coupling constant of the159

clean surface revealing a magnetic softening of the Fe-Fe exchange coupling due to oxygen.160

Since the surface Fe1-Fe2 and Fe1-Fe3 magnetic interactions leading to the calculated Js161

are mediated by hetero and C atoms, respectively, (see Fig. 2 and the discussion below)162

this behavior fundamentally shows that it is indeed possible to locally tune the magnetic163

exchange coupling of a surface by decorating it with suitable adsorbates.164

In contrast, the methyleneborane case is again qualitatively different. The J1-coupling165

mediated by the B atom is slightly larger than that of ethene but the J2 coupling which is166

mediated by both the B and C atoms [see Fig. 2(a)] is drastically decreased to only about167

1 meV/µ2
B. Therefore, from these results it can be deduced that if not only a single atom168

as O but a whole B–C bond mediates the magnetic interaction between two Fe atoms, the169

coupling can be significantly weakened. Besides this, the other coupling constants J3 to J5170

are also slightly larger than the clean surface value for all the hybrid systems investigated171

in our study.172

As regarding the mechanism of the magnetic hardening of the surface exchange coupling173

constants J due to molecular adsorption, the crucial role played by the hybridization be-174

tween the out-of-plane Fe d-like atomic orbitals and the pz ones of the molecular atoms175

was emphasized in Ref.19. In the following we will denote this contribution to the surface176

magnetic hardening as a molecule-surface hybridization effect.177

Furthermore, we address the question which contribution to J results from the changes178

in the Fe-Fe interaction due to the surface distortions induced upon molecular adsorption,179

a contribution denoted as a geometrical effect. To investigate this issue, we have performed180

similar calculations of the exchange coupling constants for each relaxed Fe/W(110) surface181

by removing the molecules from our systems. We note that for these induced geometries the182

magnetic moments of the Fe atoms with distorted positions deviate only negligibly from the183

clean surface moment of 2.5 µB.184

The calculated exchange coupling constants J are reported in Table I and their magnitude185

is depicted in Fig. 3(b). As a general feature, the exchange coupling constants J1 and J2 eval-186
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uated for the ethene-, methyleneimine- and the formaldehyde-induced surface geometries are187

typically larger than the corresponding clean surface value. Importantly, they do not reach188

the values obtained with molecules adsorbed on the surface. Besides this, J3 is considerably189

smaller for all three systems while J4 and J5 are close to the clean surface value. Overall,190

this behavior can be correlated with the geometrical distortions on the surface induced by191

the molecules. More specifically, all three molecules distort the surface in such a fashion192

that Fe1 is pulled closer to Fe2 and Fe3 (see Table III in appendix C) thereby enhancing193

the Fe-Fe magnetic couplings J1 and J2. The resulting enhanced distance of Fe1 to the194

unperturbed surface neighbors (more than 2.8 Å see Fig. 2) leads then to the weakening of195

J3. Furthermore, the distances of Fe2 and Fe3 to their unperturbed surface neighbors are196

practically unaffected and therefore the J4 and J5 exchange coupling constants are similar197

to their clean surface counterparts, as already mentioned. For the methyleneborane-induced198

geometry the situation is different. In this case the J1 and J2 are decreased, whereas J3 to J5199

are quite close to the clean surface value. This is due to the fact that the B atom in Fig. 2(a)200

pushes Fe1, Fe2 and Fe3 apart, which leads to a weakening of their magnetic coupling. But201

on the other hand Fe3 is also pushed towards its clean surface neighbors which leads to a202

slight enhancement of J5.203
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FIG. 4. Spin-polarized projected density of states (SP-PDOS) obtained for the d-states of Fe1

in the case of (a) molecule/surface and (b) molecular-induced surface geometries. For the sake

of clarity only the results for the C2H4 and CH2O systems are shown. Note that the differences

between the SP-PDOS in (a) and (b) are responsible for the large differences in J evaluated for

the corresponding systems as shown in Table I.

As depicted in Fig. 4, this difference between the full molecule-surface and surface-204
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distorted only systems is also qualitatively illustrated by the analysis of the spin-polarized205

projected density of states (SP-PDOS) evaluated for the d-states of the surface Fe1 atom.206

Conclusively, as compared to the d SP-PDOS of a clean surface atom, in the case of molecule-207

surface systems [see Fig. 4(a)] the d-states of Fe1 are significantly hybridized mainly with208

the pz-like orbitals of molecular atoms while these d-states look almost similar to the clean209

surface one for the corresponding molecular-induced surface geometries [see Fig. 4(b)]. How-210

ever, it is very important to emphasize that these small differences in the d SP-PDOS211

between the molecular-induced surface systems are still responsible for the significant differ-212

ences between their calculated exchange coupling constants J and that of the clean surface213

as depicted in Table I.214

Another important magnetic property is the magnetic anisotropy of the molecule-metal215

hybrid systems under consideration, i.e., we address here the question in which extent the216

adsorption of the molecules can change the magnetization direction at the Fe surface (a217

question that also determines the stability against the switching of the magnetization). In218

consequence, we calculated the magnetocrystalline anisotropy energies32 (MAEs) as total219

energy differences with magnetization directions along the three high symmetry directions,220

the in-plane directions [11̄0], [001] and the out-of-plane direction [110] for all molecules on221

the Fe/W(110) surface by taking into account the spin-orbit coupling. The obtained results222

are presented in Table II. We note that our MAE evaluated for the clean surface (2.7 meV) is223

very close to the one obtained by the linearized augmented plane wave method (2.8 meV)24.224

In all cases the easy axis of the system is the in-plane [11̄0] direction (long axis of a c(2×2)225

surface unit cell), which is the same as for the clean surface. However, importantly, our ab226

initio calculations suggest that the hard axis is changed upon molecular adsorption in the227

case of the methyleneborane and formaldehyde molecules where also a softening of J occurs.228

In order to illustrate now the consequences of the above findings for macroscopic magnetic229

quantities such as hysteresis loop and temperature dependence of the coercive field strength,230

we simulated the magnetization reversal process at finite temperatures using a scheme based231

on the Monte Carlo (MC) method36. To clearly show how the exchange couplings J and232

the values of MAEs control the magnetization reversal process, the initial coverage of the233

molecules on the surface in the MC simulations was twice as large as in the DFT calculations,234

i.e., 12 Fe atoms per unit cell. This corresponds to a coverage density of 3/12 for three closest235

Fe atoms to the π-conjugated molecules in the unit cell. The calculated hysteresis loops236
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TABLE II. Calculated MAEs for all systems.

molecule/surface MAE (meV/atom)

[11̄0] [001] [110]

clean surface 0.0 2.7 2.3

methyleneborane (CH3B) 0.0 2.3 3.1

ethene (C2H4) 0.0 2.1 2.1

methyleneimine (CH3N) 0.0 1.9 2.4

formaldehyde (CH2O) 0.0 2.2 3.0

depicted in Fig. 5(a) unambiguously demonstrate a fine tuning of the magnetization reversal237

process of the surface upon adsorption of the different π−bonded molecules. The narrowest238

hysteresis and therefore the smallest coercive field Bc corresponds to the clean surface.239

On the other hand, this switching field is strongly enlarged upon adsorption of the ethene240

molecule. It is less affected upon adsorption of methyleneimine and only slightly increased241

when formaldehyde is employed. Moreover, due to the strong J1 and J5 but the very weak242

J2 exchange coupling constants for the methyleneborane-surface system, the corresponding243

switching field closes the gap between the formaldehyde and the methyleneimine cases. We244

especially stress that for the simulations it is important to take into account all coupling245

constants individually since an average of the J-values would change the order of the coercive246

fields. Furthermore, also the temperature dependence [see Fig. 5(b)] of the coercive field247

strength is always linear and follows the same trend with the strongest J enhancement due248

to ethene adsorption and the weakest increase in the case of the formaldehyde adsorption.249

It is very important to emphasize that overall this engineering process of the magnetization250

hysteresis loop of the molecule-surface systems considered in our study is essentially related251

to the tuning of the exchange coupling constants J due to the molecule-surface interaction252

since upon molecular adsorption the calculated MAEs generally decrease with respect to253

the corresponding clean surface values. To substantiate this observation, note that the254

largest opening of the magnetisation loop is obtained for ethene with (i) the most significant255

reduction in MAEs and (ii) a very sizeable increase of the J1 and J2 as compared to clean256

surface reference.257

Interestingly, a second source of tuning of the coercive field can be achieved by varying258
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the concentration of the molecules on the surface as depicted by the inset of Fig. 5(b). In this259

case N0 is the total number of Fe atoms per molecule whereas NA = 3 denotes the number260

of Fe atoms closest to the molecule. In this way the switching field can be fine tuned261

over a range of 2.2 T. These results unambiguously demonstrate that due to adsorption of262

organic molecules containing elements with different chemical reactivity, a fine tailoring of263

the magnetic properties of a ferromagnetic surface can be achieved.264

FIG. 5. (a) Calculated hysteresis loops for the chemically functionalized π-conjugated molecules

depicted in Fig. 1 when adsorbed on the Fe/W(110) surface and (b) temperature dependence of

the coercive field strength for all these systems (Inset: concentration dependence of the difference

in coercive field between the respective molecule on the surface and the clean surface). In all

cases the clean surface is the softest magnet which can be hardened by adsorption of a chemically

functionalized set of organic molecules such that the strongest effect is obtained for ethene.

IV. CONCLUSIONS265

To summarize, in this theoretical study we have demonstrated that it is possible to tune266

the magnetic exchange coupling J of a ferromagnetic surface by tailoring it with a chemically267

functionalized set of non-magnetic organic molecules containing a single π-bond. Our first-268
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principles study revealed that a hardening or softening of the magnetic exchange coupling269

between the surface Fe atoms can be achieved depending on the chemical electronegativity270

of the heteroatom of the functionalized π-bonded molecule. In particular, the strength of271

the magnetic hardening effect can be specifically tailored by replacing one C atom of the272

ethene C2H4 by B and N ones. Importantly, a magnetic softening of the magnetic exchange273

coupling can be obtained when using a heteroatom with a large electronegativity such as274

O. Additionally, this magnetic softening effect can also be reached when a π-bond mediates275

the coupling between magnetic sites as it is the case for methyleneborane.276

Furthermore, the crucial role played by the hybridization between the molecular and277

surface electronic states (hybridization effect) to tune the magnitude of J was in detail278

analyzed by comparing the exchange couplings evaluated for the full molecule-surface sys-279

tems and those calculated from the molecular-induced surface geometry without molecules280

(geometrical effect).281

We also performed Monte Carlo calculations based on a Heisenberg model using ex-282

change coupling constants (J) and magnetocrystaline anisotropy energies (MAE) evaluated283

from first principles. These simulations demonstrate that the functionalized set of single284

π-bonded non-magnetic molecules employed in our simulations leads to a selective enhance-285

ment of the coercive field strength over a large temperature range. Notably, this tuning286

process of the magnetization hysteresis upon molecular adsorption is basically due to locally287

modified exchange coupling constants J induced by the formation of hybrid molecule-surface288

electronic states.289

Overall, our theoretical results clearly demonstrate that the adsorption of organic290

molecules on a ferromagnetic surface has the potential to engineer the exchange coupling291

down to the atomic scale and create harder magnetic systems via molecular adsorption. Im-292

portantly, our study reveals that carbon atoms mediate a very strong magnetic hardening293

and this effect can be further enhanced by increasing the spatial extent of the π−system294

as already demonstrated in Ref. 20. Furthermore, an additional degree of freedom to en-295

hance or weaken the magnetic exchange interactions of such hybrid organic – magnetic296

metal interfaces is to couple the spatial extent of the π−system with an appropriate chem-297

ical functionalization as suggested by the present study. To conclude, we expect that the298

systematic trends identified in our first-principles study are prototypical features for any299

molecule-ferromagnetic surface system and will challenge further research to investigate300
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their consequences for transport properties in spintronic devices.301
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Appendix A: Heisenberg model307

For the molecule-Fe/W(110) systems considered in our study there are in general five308

different exchange coupling constants for each system (see Fig. 2(e) in the main text).309

In case of ethene, however, the number of different coupling constants reduces to three310

since J1 = J2 and J4 = J5 due to symmetry. We describe the exchange coupling between311

the magnetic moments of the Fe atoms by an effective classical Heisenberg Hamiltonian312

H = −
∑

i>j Jij mimj taking into account only the interaction between the nearest neighbor313

atoms, where mi and mj stand for the magnetic moments at sites i and j, respectively.314

The Heisenberg parameters Jij are determined from first-principles by calculating the total315

energy for a suitable set of particular magnetic configurations for which Fe moments at316

sites i = 1, 2, 3 are flipped. Hence, the total energy difference between the ferromagnetic317

(FM) and antiferromagnetic (AFM) alignment of surface Fe atoms can be expressed as:318

EFM−EAFM = −2
∑

nNnJnmi,nmj,n, where mi,n and mj,n are the magnetic moments of the319

coupled Fe atoms at sites i and j and Nn denotes the number of equivalent neighbors of sort320

n. For example, in Fig. 2(e) of the main text the Fe2 atom has three equivalent couplings321

J4 to its unperturbed neighbors (N4 = 3) and one further coupling J1 to Fe1 (N1 = 1).322

From this relation a linear system of equations is obtained to determine the different J323

parameters labeled in Fig. 2(e) of the main text by taking into account a suitable set of324

antiferromagnetic configurations37.325
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Appendix B: Monte Carlo simulations326

In our Monte Carlo (MC) simulations we used the Heisenberg model containing the

exchange interaction between the nearest neighbors (Hex), the uniaxial anisotropy (HMAE)

and the Zeeman (HZ) energy terms. The Hamiltonian of the model then reads:

H = Hex +HMAE +HZ

= −
∑
i>j

Jij Si · Sj −K
∑
i

(Sx
i )2 −B

∑
i

Si. (B1)

where Si = m(ki)/µB is the normalized magnetic moment of the i-th Fe atom, µB is the327

Bohr magneton, Jij = J(ki, kj), and ki = 1, 2, 3, 4 is a site-dependent sort of iron atom Fe1,328

Fe2, Fe3 and clean surface Fe, respectively (see Fig. 2 of the main text). B denotes an329

applied external magnetic field and K represents the magnetocrystaline anisotropy param-330

eter. Values for K, J(1, 2) = J1, J(1, 3) = J2, J(1, 4) = J3, J(2, 4) = J4 and J(3, 4) = J5331

are specified in the main text. For the case of a clean monolayer Fe/W(110) it is assumed332

that ki = 4 for any i-th lattice site. For simplicity, we assumed that the different sorts of333

molecules are all distributed regularly over the surface.334

The MC simulations were performed by using a two-dimensional regular lattice (see Fig.335

2 of the main text) with periodic boundary conditions. Depending on the coverage density336

of the molecules the lattice extent is slightly adapted to fit the periodic boundary conditions.337

The average size of the simulated domain is about 90×90 spins. In order to enhance the338

efficiency of the MC simulations during the magnetization reversal process, we employed339

a combined sampling algorithm36. The combined sampling consists of a set of different340

trial steps in each MC step. In our simulations we used a combined sampling with three341

uniform trial steps and one small trial step, for details see Ref. 36. For the simulation of the342

annealing and the magnetization reversal process we utilized 104 MC steps for the system343

relaxation and 105 steps for the statistical sampling at each temperature or applied field344

step. The magnetization curves and the temperature dependence of the coercive field are345

obtained by averaging over ∼100 independent runs.346

The presence of different types of defects which represent nucleation centers can sub-347

stantially reduce the switching field. Thereby, in practice the coercive field might be lower348

than that predicted by the MC simulations, but the basic trends will remain unaffected.349

A detailed discussion of these issues require more complex and accurate theoretical models350
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and is beyond the scope of this work. In conclusion, the aim of the MC calculations was351

to present a qualitative description of the magnetization properties of several chemically352

functionalized π−bonded molecules adsorbed on the ferromagnetic Fe/W(110) surface.353

Appendix C: Structural Data354

TABLE III. Distances (in Å) for the different systems investigated in this study. Note that the

clean surface Fe-Fe distance is 2.75Å. cs stands for ’clean surface’ and h for ’hetero’.

molecule/surface Fe1-Fe2 Fe1-Fe3 Fe1-cs Fe2-cs Fe3-cs C-Fe1 C-Fe3 h-Fe1 h-Fe2 h-Fe3

methyleneborane (CH3B) 2.86 2.88 2.71 2.75 2.69 2.12 2.21 2.13 1.98 2.14

ethene (C2H4) 2.61 2.61 2.91 2.77 2.77 2.11 2.25 2.11 2.25 3.10

methyleneimine (CH3N) 2.71 2.65 2.85 2.78 2.77 2.11 2.19 2.05 2.01 3.00

formaldehyde (CH2O) 2.75 2.65 2.85 2.79 2.77 2.10 2.15 2.03 2.05 2.99
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