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I. Atomic structure of H 2Pc on Mn/Fe(001)

A. Methodology

To identify an adsorption geometry of H2Pc molecule on Mn/Fe(001) film, we have carried out

electronic structure calculations based on density functional theory using a pseudopotential method

as implemented in theSIESTAcode.1 A local spin density approximation (LSDA) to the exchange

and correlation energy has been employed using the parametrization of Perdew and Zunger.2 To

further refine the calculation of the molecule-substrate interaction, the generalized gradient ap-

proximation3 (GGA) was merged with the Grimme’s correction scheme4 to account for van der

Waals interactions. Both systems, Mn/Fe(001) substrate and H2Pc/Mn/Fe(001), were modeled us-

ing periodic supercell structure with each cell separated from its neighbors by a 15Å vacuum gap

to ensure a minimal interaction between repeated images. The Brillouin-zone was meshed by a

Monkhorst-Pack5 grid with 4×4×1 k-points. The standard Troullier-Martins6 pseudopotentials

are adopted and expressed in the Kleinman-Bylander7 factorization. The double-ζ atomic orbitals

have been used as the basis sets with an equivalent plane-wave cutoff of 500 Ry to represent the

charge density.

B. Structural properties of Mn/Fe(001) films

First, we have examined the optimal growth of Mn layers on a Fe(001) surface. In fact, bulk Mn

can be stable only in simplebcc or fcc crystal structures by alloying or epitaxial growth at room

temperature.8 Concerning the epitaxial growth, Mn layers grow on Fe(001) in thebct structure9,10

with an in-plane lattice constanta equals to the interatomic distance of the substrate’s surface layer.

In the present work, the Mn/Fe(001) substrate is modeled by 3monolayers (ML) of Mn de-

posited on three layers of bcc Fe(001) (see Suppl. Fig. 1). A simulation cell contains 294 atoms,

with 49 atoms in each layer. A calculated optimal distance between the Mn layers and the Fe(001)

substrate is about 3 Å in the out-of-plane and 2.858 Å in the in-plane direction. This structure can

be regarded rather as a body centered tetragonalbct with c/a∼ 1.05, which is in agreement with
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Suppl. Fig. 1: Three monolayers of Mn deposited on Fe(001).

that found by Krügeret al.10

In order to determine an adsorption geometry of the H2Pc on Mn/Fe(001) substrates, we have

checked four high-symmetry positions, i.e., thecenterandtop positions where the H2 atoms of the

H2Pc molecule are placed either in the center of the square or ontop of Mn atom of the Mn/Fe(001)

substrate, and the two equivalentbridgepositions (see Suppl. Fig. 2).

C. Adsorption geometries of H2Pc on Mn/Fe(001)

Concerning the stability of H2Pc on Mn/Fe(001), we found that thecenterand thetop positions

(see Suppl. Fig. 3) are the most stable and the optimal distance between the molecule and the

substrate is 2.1 Å within the LSDA. Computed relative energies of the optimized structures of

H2Pc adsorbed on Mn/Fe(001) are listed in Suppl. Table 1 for each of the adsorption sites. The

total energy as a function of the distance between the molecule and the substrate is displayed in

Suppl. Fig. 3. The figure shows that the difference between the total energy oftop andcenter

adsorption sites at 2.1 Å is small. Indeed, both curves are lower in energy compared to that of

the bridge position. Switching to GGA and Grimme’s correction scheme for vdW interactions4

reduced further the molecule-surface distance to 1.93 Å butthe top position remains the most

favorable.
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Suppl. Table 1: Calculated relative energy∆E (eV), within the LSDA functional, for different
adsorption geometries. The energy for the most stable position is set to zero.

top center bridge
∆E(eV) 0.0 0.06 3.1

Suppl. Fig. 2: Adsorption geometry of H2Pc on Mn/Fe(001) surface.
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Suppl. Fig. 3: Energyvs the distance between H2Pc and Mn/Fe(001) substrate for different ad-
sorption geometries. The left panel represents the LSDA results and the right panel those within
the GGA + vdW Grimme’s correction scheme.
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II. Binding of H 2Pc to the Fe STM tip

In this section we discuss a possible binding mechanism between the H2Pc and the Fe coated STM-

tip. As shown in Fig. 1 of the paper, STM tips are simulated by bcc (001) atomic clusters of Fe,

containing either 14 atoms (“sharp” tip) or 13 atoms (“flat” tip). Since only one phenyl ring of the

molecule is found in close proximity with the tip, it is essentially enough to consider binding of a

benzene molecule to the Fe atomic cluster. We assume that such binding could be realized via the

overlap between the highly directionald orbitals of the low-coordinated Fe atoms of the tip with

the carbonpz (out-of-plane) orbitals. In the case of “sharp” tip, we consider that Fe apex atom is

bound to a single C atom (Suppl. Fig. 4a, inset). In the case of“flat” Fe tip, four out of six C atoms

of the benzene ring are facing the corresponding Fe atoms of the cluster ensuring effective overlap

between orbitals (inset of Suppl. Fig. 5a).

To estimate a binding distanceD of the benzene ring to the Fe cluster(s), we have performed

ground state energy calculations consideringD as the only relevant parameter and keeping fixed all

other interatomic distances. We have employed modern full-electron electronic structure code FHI-

aims,11 which is based on the numerical atom-centered basis sets. The PBE exchange correlation

functional and the “tier1” basis set (of the split-valence plus polarization quality) have been used.

Furthermore, van der Waals contribution to the ground stateenergy has been accounted for within

the Tkatchenko-Scheffler model,12 which relies on the interatomic dispersion coefficients derived

from electron density.

Our results for the binding energy,Ebinding= Emol−tip−Emol−Etip, are shown in Suppl. Figs. 4

and 5. Indeed, we observe that a benzene molecule binds to theFe clusters. In the case of “sharp”

tip, a binding energy is around 0.75 eV at the optimal distance of 4.04 Å. Note that van der Waals

forces contribute up to≈ 50% to the bond energy. In the case of “flat” tip, because of thelarger

number of C atoms involved, the binding energy is sufficiently larger, around 2 eV, allowing for

the smaller molecule-to-tip distance of 3.78 Å. As follows from Supp. Fig. 5, this bond may be

quantified as predominately covalent, since 70% of the binding energy is already given by the PBE

functional, which does not account for the dispersion van der Waals interactions.
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Suppl. Fig. 4: (a) Binding energy of the benzene molecule to the apex atom of the Fe cluster with
14 atoms (exact atomic geometry is given in the inset). Red and blue curves show, respectively,
full binding energy (including dispersion vdW forces) and acontribution to the bond energy due
to a covalent overlap between Fe and C orbitals. (b) A hybrid molecular orbital of the H2Pc bound
to the Fe cluster, which illustrates a directional covalent-like character of the bond.

Suppl. Fig. 5: The same as in Supp. Fig. 4 but for the case of Fe cluster with 13 atoms.

To further support our statements, we present in Suppl. Figs. 4b and 5b selected hybrid wave

functions of the H2Pc bound to the Fe atomic clusters. Wave functions plots correspond to hy-

bird states in the majority spin channel placed approx. 4 eV below the Fermi level. Both hybrid

molecular orbitals show significant overlap between formely delocalizedπ orbitals of the phenyl

ring with those Fed like orbitals that point towards C atoms. Such a covalent-like hybridization

distorts the perfect conjugation of the involved side phenyl ring of the H2Pc.
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III. Electronic structure of Fe(001)/H 2Pc/Mn/Fe(001) junctions

A. TURBOMOLE

Methodology

Density functional theory (DFT) based electronic structure and transport calculations through H2Pc

molecular junctions were performed within the non-equilibrium Green’s function (NEGF) ap-

proach as implemented in a homemade simulation code13 AITRANSS (abbrev. stands forab initio

transport simulations) interfaced to the quantum chemistry packageTURBOMOLE.14 An approach,

which we follow here, is quite similar to that chosen in our previous work.15 Two slightly different

atomic configurations of the “extended molecule” used to simulate a bottle-neck of molecular junc-

tions are shown in Figs. 1a and 1b (see text of the paper): H2Pc is bound to the two bcc(001)-like

clusters, with 13 (or 14) and 28 atoms, representing an Fe tipand a Mn surface, respectively. As ar-

gued in the previous section, in the case of a “flat” tip geometry (Fig. 1a), four Fe atoms are bound

to four C atoms of the molecule’s side group, while in the caseof a “sharp” tip geometry (Fig. 1b),

an Fe apex atom forms a bond to only one C atom. Furthermore, the geometry of H2Pc molecule,

initially placed attop position on the bcc Mn cluster, was later on fixed by bending along the

low-energy vibrational eigenmode (ω = 15.5 meV). This choice was motivated by earlier experi-

ments, as discussed previously.15,16The GGA (BP86 functional17) and a contracted Gaussian-type

split-valence basis set with polarization functions (SVP)18 were used for calculations.

First, a closed-shell (nonmagnetic) solution was found forthe “extended molecule” compris-

ing either 1304 electrons (case of a “flat” Fe tip, Fig. 1a) or 1330 electrons (case of a “sharp”

Fe tip, Fig. 1b). To account for infinite reservoirs with spin-polarized electrons, spin-dependent

(σ = ±1/2) local self-energies,Σsub/tip
σ (x,x′) =

[

λ +σ∆sub/tip
ex − iγ

]

δ (x− x′), were ascribed to

the outermost boundaries of the simulation clusters. Here,a parameter|∆sub/tip
ex | = 1.43 eV ac-

counts for exchange splitting of thed-states of the Fe surface at the bottom of thed band.19 (At

this point we imply that a few atomic layers thick Mn film is deposited on the Fe substrate, which is

an experimental situation.) A freedom to choose a sign of∆sub/tip
ex independently for the "substrate"
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and "STM tip" clusters allowed us to achieve two solutions with a parallel (P) and antiparallel (AP)

alignment of the magnetizations of the Fe tip and the Mn surface.

We have applied the NEGF to evaluate the charge- and spin-density matrices in the presence

of open boundaries, respecting charge neutrality within the “extended molecule”. In an iterative

scheme, the density matrices computed byAITRANSSmodule are returned toTURBOMOLEto find

a modified set of Kohn-Sham orbitals, with a cycle to be repeated unless the self-consistent solution

is reached. For a given valueγ ( = 1.36 eV in present calculations) of the level broadening, the

contributionλ to the real part of the self-energy is defined by imposing the condition that the charge

on the outermost surfaces of the simulation cluster approaches the bulk value. An initial guess for

the charge- and spin-density matrices has been prepared in such a way that Mn spins within the

"substrate" cluster reflect antiferromagnetic (AF) ordering of magnetizations between the surface-

and next-to-the-surface atomic layers. We have insured that AF ordering is also preserved when

self-consistency is reached.

Electronic structure of Fe tip and Mn substrate.

One can deduce from Suppl. Fig. 6 that within our approach a desired solution reflecting magnetic

ordering within the Fe tip and the Mn surface is indeed achieved. Namely, the density of states

at the Fe tip is spin-polarized (here we consider the case of a“sharp” STM tip, Fig. 1b of the pa-

per), with the majority spin band being almost occupied and the minority spin band being centered

around the Fermi level. Based on the Löwdin population analysis, we found out magnetic moments

of 2.52µB at the Fe apex atom of the tip and 2.87µB at four next-to-the-apex atoms. These values

are slightly larger that the bulk magnetic moment of bcc-Fe (≈ 2.2µB) due to a lower coordina-

tion number. Electronic states at the Mn surface are even stronger spin-polarized with exchange

splitting≃ 4 eV being roughly twice as large as compared to Fe. Accordingto our calculations,

Mn surface atoms have (Löwdin) magnetic moments around 4.1µB. This implies that an electronic

configuration of Mn is close to 3d64s1 where ones electron (per atom) is redistributed among

the two spin bands. Due to the AF ordering, negative (and smaller) magnetic moments, around

−3.0µB, have been found within the next-to-the-surface atomic plane of Mn.
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Suppl. Fig. 6: Local density of states at the Fe tip (apex and four neighboring atoms are dis-
tinguished) and at the Mn (001) surface atomic layer (sum over 16 atoms). The case of parallel
alignment of spins in the Fe tip and the Mn surface is shown.

Spin-selective hybridization of electronic states at H2Pc.

To provide further arguments in support of our discussion (cf. text of the paper) on the formation

of spin-polarized states at H2Pc and on-resonance LUMO transport, we present in Suppl. Figs. 7

and 8 the local density of states (LDoS) at H2Pc and its projection on frontier molecular orbitals, a

highest occupied molecular orbital (HOMO) and a lowest unoccupied molecular orbital (LUMO)

doublet. We observe that LDoS at the vicinity of the Fermi level is dominated by LUMOs implying

a charge transfer (around 1.2e) from Mn surface to H2Pc. In case of weak hybridization to the metal

states, LUMO orbitals show up as sharp resonances. This is realized for the majority (α) channel in

the case of a “flat” tip geometry and P alignment of Fe tip and Mn-surface magnetizations (Suppl.

Fig. 7a), as well as for the majority (α) spins in the case of a “sharp” tip geometry, both for P and

AP alignment of magnetizations (Suppl. Fig. 8a,c). In contrast, for the minority (β ) channel, due

to a substantial hybridization to the minority spin Mn states, LUMO orbitals exhibit much broader

structures (quasi-bands) in the LDoS with long tails spreading above the Fermi level (see Suppl.
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Suppl. Fig. 7: A case of the "flat" Fe tip: shown is the spin-dependent local density of states
(LDoS) at H2Pc molecule, and contributions to it due to HOMO (orange color) and a LUMO
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-2 -1 0 1 2
0

1

2

3

4

5

-2 -1 0 1 2
0

1

2

3

4

5H2
Pc, α channel

α HOMO
α LUMO
α LUMO+1

-2 -1 0 1 2
E - E

F
 [eV]

0

1

2

3

4

5

Lo
ca

l d
en

si
ty

 o
f s

ta
te

s 
at

 H 2P
c 

[1
/e

V
]

-2 -1 0 1 2
E - E

F
 [eV]

0

1

2

3

4

5H2
Pc, β channel

β HOMO

β LUMO

β LUMO+1

P configuration AP configuration

(a)

(b)

(c)

(d)

Suppl. Fig. 8: The same as in Suppl. Fig. 7 but for the case of H2Pc molecule attached to a “sharp”
Fe tip.
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Figs. 7b,d and 8b,d). As we stressed in the text of the paper, peculiarities in the spin-dependent

LDoS at H2Pc molecule are transferred to the energy-dependent transmission function, which

therefore acquires a dependence on spin and gives rise to a magnetoresistance effect. Finally,

we mention that a significant charge transfer to the LUMO doublet (slightly larger than one elec-

tron per spin channel) is partially compensated by the leakage of charge from occupied molecular

levels.

B. SIESTA/SMEAGOL

Method

We have also performed complementary studies of electronicstructure of a H2Pc/Mn/Fe(001) sys-

tem employingSIESTA1 and SMEAGOL20 codes. These codes are based on a pseudopotential

method and numerically localized pseudoatomic orbitals forming a basis set for the valence elec-

trons. For the exchange and correlation potential, the LSDAwas used as parametrized by Perdew

and Zunger2 for non-metallic and metallic systems. The standard Troullier-Martins6 pseudopo-

tentials were adopted and expressed in the Kleinman-Bylander7 factorization. In our calculations,

we used double-ζ atomic orbitals as the basis set with an equivalent plane-wave cutoff of 500 Ry

to represent the charge density. For the structural optimizations, a conjugate gradient method was

employed, with a force at each atom converged below 0.04 eV/Å.

Results

Before examining electronic properties of a H2Pc molecule deposited on a Mn/Fe(001), we have

checked electronic structure of the isolated H2Pc. The resulting density of states (DoS) is shown

in Suppl. Fig. 9 plottedvsthe Fermi level,EF , of the Mn/Fe(001) substrate. The H2Pc molecule is

characterized by energetically isolated HOMO and LUMO levels located at−0.55 eV and 0.87 eV

below and aboveEF , respectively, with the HOMO-LUMO gap about∼ 1.42 eV. We observe that

the quasi-degenerate LUMO is projected both on C and N atoms,while the HOMO does not have

a weight on nitrogens, in agreement with our previous calculations.15
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Suppl. Fig. 9: Density of states (DoS) of isolated H2Pc plottedvs the Fermi level of Mn/Fe(001)
substrate.

Further, on Suppl. Fig. 10, we compare DoS of the first and second Mn layer of the substrate

alone and with that calculated when the H2Pc is deposited at thecenterposition on a Mn surface.

The H2Pc has negligible effect on Mn DoS, which clearly confirms an antifferomagnetic ordering

between neighboring atomic planes. The observed exchange splitting is, however, larger than that

found within a quantum chemistry based method (cf. Suppl. Fig. 6). This can be attributed to

different exchange-correlation functionals (LSDAvsGGA) and basis sets used and points out to

a known sensitivity in the prediction of a position of the localizedd bands of transition metals on

employed methodologies.

We now focus on the effect of Mn/Fe(001) substrate on the electronic structure of H2Pc mole-

cule. For that, we show in Suppl. Fig. 11 DoS projected at various atoms of H2Pc, namely, the two

central H atoms, and both N and C atoms which are nearest neighbors to the central H atoms. For

the majority spin states (upper plot), we observe a gap of∼ 1.5 eV between HOMO and LUMO

resonances, with the LUMO peak placed just above the Fermi level and the HOMO peak positioned

∼ 1.2 eV belowEF . In the minority spin channel (lower plot), the LUMO orbitalis much stronger

hybridized with the substrate and develops a broader structure aroundEF which spreads down

to −1.0 eV. The HOMO resonance is shifted to approx.−2.0 eV. The picture resembles a close

similarity to that shown on Suppl. Figs. 7 and 8, and implies acharge transfer from the H2Pc on

the Mn surface, in a full agreement with our previous discussion.
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