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ABSTRACT

Magnetic hardening and generation of room-tempegdrromagnetism at the interface between
originally non-magnetic transition-metals andonjugated organics is understood to be promoted
by interplay between interfacial charge-transfat eelaxation-induced distortion of the metal
lattice. The relative importance of the two conitibns for magnetic hardening of the metal
remains unquantified. Here, we disentangle théé& v@a Density Functional Theory simulation of
several models of interfaces between Cu and polywiedifferent steric hindrance;conjugation

and electron-accepting properties: polyethyleng;goetylene, polyethylene terephthalate and
polyurethane. In the absence of charge-transfe@aresion and compression of the Cu face-centered
cubic lattice is computed to lead to magnetic hairtgeand softening, respectively. Contrary to
expectations based on the extent-@bnjugation on the organic and resulting chargesfer, the
computed magnetic hardening is largest for Cufiated with polyethylene, and smallest for the
Cu-polyacetylene systems as a result of a diffgréavorable re-hybridization leading to different
enhancement of exchange interactions and DensByatés at the Fermi level. It thus transpires the
neither the presence of molecutaconjugation nor substantial charge-transfer magtbetly

needed for magnetic hardening of Cu-substratesming the range of organics of potential interest

for enhancement of emergent magnetism at metahargaerfaces.
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1. INTRODUCTION

Electronic hybridization at the interface betweegtahsubstrates and organic materials, and the
ensuing emergence of electronic states and prepaittiferent from the interface constituents, has
long attracted the interest of the scientific comity’® Understanding hybridization at metal-
organic interfaces holds the key to control and-fune the emerging electronic and spin properties
(injection, storage and transfer) with potentiahéi@s for the miniaturization and energy-efficignc

of sensing, information storage and classical @ntum computing:>*

As recently observed, hybridization between a maibktrate and an organic material can be used
also to promote magnetism and ferromagnetic orddratween originally non-magnetic
component$>**The phenomenon is appealing because control dreheament of emergent
magnetism between cheap and non-toxic materials @sitight transition-metals and organic
semiconductors may provide more eco-friendly arsdasnable alternatives to conventional

magnetic materials and devic8s?

Following earlier generation of molecular-localizeadgnetism in originally diamagnetic molecular
adlayer adsorbed on diamagnetic substratesecent experimental characterization of the
interfaces between paramagnetic (Sc, Mn, Pt) ondgmetic (Cu) transition-metal layers and
differently n-conjugated organic substrates (fullereggdhd amorphous carbaaC, films of
different density) has provided evidence of a sddgpe of emergent magnetism, with room-
temperature ferromagnetic ordering being mostlglized either on the metal substfiter at the
intimate metal-organic interfaééThe compelling experimental evidence on the enmergef
ferromagnetic ordering has been complemented bgiBelRunctional Theoryl§FT) modelling of
some of the interfaces considered. The availablé mBdelling points to both charge-transfer
between the metal and the organics, and interfaleeation induced distortions at the metal
substrates as the two key drivers for the magmhetidening of the metal substrate and consequent

emergence of magnetic orderifigTo date, the relative importance of charge-trartsééween the
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metal and £-conjugated) organic, and distortion of the medttide for the emergence of interfacial
magnetic ordering remains unquantified, with theniediate consequence of interfaces between
metal and nom-conjugated molecules having being overlooked aemnéinvestigations of

emergent magnetisii>

However, recent spin-resolved photoemission spsobmy measurements on a linear alkane,
pentacontane 4gH102, on Co(001) have unambiguously shown ttrabnjugation on the organic is
not necessary for emergence of strongly spin-pdrinterface states between ferromagnetic
metals such as Co and an adsorbed organic molecldger?® These results inevitably rise the
guestion as to whetharconjugation is actually necessary (or not) alsatlie magnetic hardening
and emergence of magnetism at the interface betamgginally non-magnetic transition metals and

molecular systems.

To answer this question, in this work we disentarlge role of metal distortion, metal-organics
charge-transfer, and orgamicconjugation for the magnetic hardening at metghaic interfaces.
Specifically, we screen via DFT the electronic amahnetic properties of several models of

interfaces between Cu (known to originate ferronegigrordering when contacted witlhdand aC

films32-3Y

and four polymeric systems of different steriodrancesn-conjugation and electron-
accepting properties, disentangling the relativpartance and interplay between these factors and

the resultant interface magnetic hardening or softg

2. METHODS

2.1 Computational details

Following Refs 3%t

standard and fixed spin-moménwan der Waals (vdW) correctétiDensity
Functional Theory (DFT) simulations were executedtlie Projected Augmented Wave (PAW)

method as implemented in the VASP progtawith the PBE exchange-correlation (XC)
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functional®® a 400 eV plane-wave energy cut-off, and (0.2 élrtler) Methfessel-Paxton
electronic smearind. The grids foik-point sampling were defined on the basis of coperce

tests on the magnetic properties of bulk Cu infélte-centered cubi¢-CC) structure (see Figure
S1 in the Supporting Information) and scaled adogrtb the size of the reciprocal lattice of the
system under consideration. The atomic-force thuesior geometry optimization was 0.02 eV:A
All the atoms in the Cu slabs and in the polymeesenfully relaxed in all the directions. A vacuum
separation of at least 15 A was present betweditatgd images of the 5-layer Cu(111) slab
models for the in-plane interface models (FigureBBder charge analys&svere computed on the

total charge density i.e. accounting for both tleeteonic and ionic core charges.

Due to the computed non-magnetic ground-statellfthe@models studied, atom-resolved
approximations to the Stoner exchange integgalére calculated by enforcing a magnetic
moment of 0.Jug/Cu-atom via fixed spin-moment DEY Following Refs® and*** and owing to
the weak wave-vectok] dependence of the energy difference betweenwgpend spin-down
bands (band-splittingyE),>® atom-resolved values of Were computed from the (PAW-core
projected)AE values integrated over the Brillouin zone, and(f®W-core projected) atomic

magnetic moment) as:

1) Iy =

AE
m

Owing to the dependence &£ on the energy of the Kohn-Sham statethie error for the

computed 4 was quantified by calculating the standard demmabetween thAE values at the
stationary points (maxima and minima) of the PAWecprojected PDOS in the energy interval
between the Fermi energyd) and E-3eV. This interval was chosen following numeritsts in
order to have at least three stationary pointt®RDOS used in the computation of the average |
value and its standard deviation (see Figure $8arSupporting Information). Following Refs:

13, 30-31

, Increase (decrease) g@fwith respect to the reference bulk value is takemdication of

magnetic hardening (softening) for a given substrate.
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Being based on a mean-field approximation to exgbanteractions (as approximately
parameterized in the adopted semilocal PBE XC-fanat) the procedure cannot intrinsically
account for spin-fluctuations that may be respdadidr the measured ferromagnetic ordering at the
interfaces between originally non-magnetic systéhisQuantitative description of these effects
would require more sophisticated (and computatigrildmanding) methods capable of describing
dynamical aspects of local magnetic susceptitslftie’®**In spite of these intrinsic limitations, the
approach is nevertheless capable of producing $renchagnetic hardening that semi-quantitatively
match the measured magnetization of Gya®d Cu-aC interfacé8 These consideration, and

the overall very light computational cost of theegach, enabling fast and convenient simulation
of systems up to over 200 atoms as considereddrstidy, in our view justify its use for
exploratory screening of novel strategies toward&enpule-induced magnetic hardening and

possible emergent magnetism.

Magneto-crystalline anisotropy Energies (MAES) wesenputed via fixed-spin moment (0.1
ug/Cu-atom), non-collinear DFT simulations with ingilon of spin-orbit coupling as available in
VASP # The simulations were carried out non-self-conaibgethat is, keeping the charge density
(from a collinear run) fixed. The magnetic fields\eelectively oriented perpendicularly to the
high-symmetry directions of the considered systaththe corresponding energy subtracted to
guantify the MAEs. These non-collinear DFT simwdas were performed with the same number of
symmetry irreduciblé-points tested to yield PAW-integratesvialues (Figure S1 in the

Supporting Information and Section 3.1 below) antdItDFT energies converged to within 2 meV
and <1 meV, respectively for bulk FCC Cu. After #maling due to the larger simulation cell for
the Cu- polyethylene models (Section 3.1), thioaots for 8,436 and 25 (symmetry irreducitke)

points for bulk FCC Cu and the Cu-polyethyleneriiatees, respectively.
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2.2 Interface models

To disentangle the role of Cu-lattice expansion @matge-depletion for the observed magnetic
hardening of Cu at molecular interfad®8! we study several models of interfaces between EGC
and organic systems with different electron-accgppiroperties, steric hindrance or excluded
volume and, owing to a different extentm€onjugation, conformational flexibility and relaian
possibilities when interfaced with the Cu-substrélfe focus on four different polymeric systems,
namely polyethylen€E), polyacetylendPAC), polyethylene terephthalaEET) and
polyurethanéPUR), whose monomeric units are shown in Figure 1. &lsgystems have been
chosen on the basis of their different electromaiés [EA), thence expected electron-accepting
properties neglecting interface-relaxation effeotbe quantified in the following. The measured or
computed EA for the considered systems range fregative for PE (experimentally derived value:
-0.520.5 eV*?9 to increasingly positive values going from PURBIB'P computed vertical value,
neglecting electronic and atomic relaxation: 0.63’gto PET (experimental value: 2.85+0.05
eV*®) and PAC (extrapolated —adiabatic- value for iitdirthain at B3LYP level: 5.5 €Y). Based

on these values, the expectation, to be verifiednsgthe results for the relaxed interface modsls,
that the charge-transfer from Cu to the polymeushmcrease following the series PE < PUR <

PET < PAC.

In addition, the systems examined have differersidnal flexibility owing to either the lack (PE)
or different extent ofi-conjugation (PET ~ PUR< PAC), and different stdiiedrance due to the
presence (PET and PUR) or absence (PE and PAQ)loébphenyl groups. Both these elements
are anticipated to affect the relaxation at theriiace with Cu, enabling quantification of the rofe
both the polymer-induced distortion of the Cu tatand the polymer-relaxation for the emerging

magnetic properties at the interfaces.

Before proceeding, we recall that all the Cu-orgamterfaces capable of emergent magnetism

measured to date have been prepared by alternaiguletnon sputtering deposition of Cu (metal)

S6



and organics (63 molecules or C-atoms) films. The sample prepamngti@tocol leads to creation of
films with nm-range roughneg%>! Since, in principle, alternative routes to prefiaraof single
Cu-organics interfaces could be realized via chahacelectrochemical deposition of Cu on a
polymeric-film, practical creation of the Cu-polymaterfaces studied below cannot be excluded a
priori, motivating out interest in exploring comptionally emergent magnetism at suitably treated

interfaces of polymer substrates.

In analogy to the molecular films in Re?&3 ordinary noncrystalline films of the polymers
considered are not atomically flat, with roughniesthe nm-rang® or above. Since such molecular
roughness would inevitably result in growth of teposited Cu inside pits of the polymer film or
around “self-passivating” protruding polymer logpssent at the surfaces of polymer-filfisye
bracket the possible interface geometries by tlweexireme cases shown in Figure 1: in the first
one, the polymer chain is placed parallel to th€lC1) planes of a five-layer slab (in-plane model).

In the second one, the polymer chain is perpenalic¢althe slab plane (perpendicular model).
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Figure 1. Monomer atomic structure for the polymers congdea) polyethylengPE), b)

polyacetylendPAC), c) polyethylene terephthala(PET) andd) polyurethan€PUR). Schematic
representation of the two interface models usg¢ah-plane {|) geometry with the polymer chain
inserted parallel to the Cu(111) plafieperpendicular¥) geometry with the polymer chain

inserted perpendicular to the Cu(111) plane.

Here, it is worth noting that magnetron sputteipngparation of the metal-organic interfacesas

a thermodynamic-driven process based on chemicdiium. Metastable systems can be initially
formed. Indeed, the magnetron-sputtering preparetdlrmolecule interfaces are experimentally
observed to relax, following thermal treatment geiag, into lower (free) energy systems of
partially or strongly modified magnetic propertf88! These considerations motivate the neglect of
thermodynamics-related parameters such as the fiomenergy (always positive for the
considered interface models and progressivelyfaggable as the number of Cu atoms in the
models increases) in favor of an exploratory fomuscreening the electronic and magnetic

properties of model Cu-polymer interface forcinffetent degree of interface geometric relaxation.
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As in Ref.®, to include the effects of differently constrairmatimization of the Cu-polymer
interface on the emerging magnetic propertiesesfit models were prepared for each interface
geometry and polymer using several cut-off's onithigal Cu-polymer distance ¢J.po=1.5, 2.0,

2.5 and 3.0 A). The Supporting Information (Fig&®) contains images of a selection of the initial
geometries prepared witld,o=1.5 A. The value of €l..poi Were chosen in order to start the
interface structural relaxation both in repulsive attractive regimes, as estimated from the
shortest Cu-C distances measured by |-V LEED faarahetypal interface between Cu and a
conjugated system: the 7-vacancgy/Cu(111)-4x4 reconstruction (shortest interfaciatC

distance: 1.98 A, longest interfacial Cu-C distar&@0 A)>* Since the interface properties depend
on the details of the electronic re-hybridizatiaich may change depending on the relaxation
freedom available in the system, this strategyreffiee possibility to quantify the role of diffetgn
constrained relaxations, as likely present in seahples of limited crystallinity®>* on the

emerging electronic and magnetic properties ohtbeels studied.

For the in-plane||) interface models, commensurability between th€LCL) slab and the polymer
chains was achieved by modelling the smallest Ci)(&hb, in either a hexagonal or orthorhombic
cell, capable of minimizing the lattice mismatchiwihe given periodic polymer chain.
Compromising between reduction of the periodicitigmmatch and size of the simulation cell, we
settled for lattice mismatches <1.2% for PE, PAG@ BWR and roughly 3% for PET. The positive
lattice mismatch values indicate that the polyntexilc was stretched to match the Cu(111) slab
one. Table S1 in the Supporting Information reparssimmary of the geometric parameters for the
simulation cells used for the different Cu-polynirgerface models. For the perpendicutsy (
interface models, the size of the simulation celhg the direction perpendicular to the Cu(111)

was based on the optimized period of the givenretychain.
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3. RESULTS AND DISCUSSION
3.1 Magnetic properties of isotropically distortedoulk FCC Cu

With the final aim of disentangling the role of che-transfer and lattice distortion for the magneti
hardening of Cu, we start our investigation by idesng the dependence of the magnetic
properties on the local geometry and coordinatio@watoms in the bulk phase. To quantify the
relative importance of both the Cu-Cu distance @yatdination symmetry for the magnetic
properties of bulk Cu, we focus initially on thdezt of isotropic expansion and compression of
bulk FCC Cu i.e. distortions altering the Cu-Cuaiee without affecting the local coordination

symmetry of the Cu atoms.

We first quantify the convergence of the computiednéc magnetic momentsnf and band-

splittings AE) (thence ¢ in Eq. 1) for bulk Cu in the FCC structure as achion of both thék-point
grid sampling and the volume of the FCC cell, véibetween compressions of 15% and expansion
of 20% around the computed energy minimum (3.648t##ce parameter, see Figure S1 in the
Supporting Information). It is found that a spacofat least 0.0079 Abetweerk-points is
sufficiently dense to yield computed values#E and k converged, over the range of volume
changes considered, to within <10, 6 meV and 2 meV, respectively. Based on thesetses
spacing of at least 0.0079"Avas used for all the simulations of bulk FCC g ¢hek-point
sampling for the Cu-polymer interface models wadestaccording to the size of the reciprocal

lattice to maintain this level of convergence fog tmagnetic properties.

For the range of volumes considered, the compuBEd32averaged (see Figure S2 in the
Supporting Information) values of for bulk FCC Cu as a function of the lattice paeden (Figure

2a) reveal a small variation (<0.05 eV or, equintie <6%) from the optimized reference value.
Compression (expansion) of the Cu FCC lattice tesnldecrease (increase) gfWwith slightly

larger changes (up to 6%, that is 0.05 eV) uponpression. The computed magnetic hardening for

expanded Cu lattices agrees qualitatively, bugoantitatively, with results for g-perturbed FCC
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Cu substrates, where increases up to a factoresftovee ind were computed for 15% expansion
of the local Cu FCC coordinatiofiThis result provides a first indication that irese of Cu-Cu
distances without changes of the local coordinasinmetry for Cu-atoms and depletion of the
electronic charge by the organics is not exceedieffective in inducing magnetic hardening of Cu
substrates. The similarity between the maximum gbai k as a function of the volume change
(<0.07 eV) and its computed error (up to nearl6@W for the most deformed cases in Figure 2a)

strengthens this conclusion.

However, the increase of With the lattice parameter is accompanied by alfgrise in the
Density of States at the Fermi Energy [DOS(Eigure 2b and 2c], leading to up to 30% larger
IsxDOS(E:) products (Figure 2d), closer to comply with therfer criterion for spontaneous onset
of ferromagnetic ordering i&d metals ((xDOS(E) >1>%> Conversely, compression of bulk FCC
Cu, and the ensuing reduction in balaihd DOS(F), leads to up to over 30% reduction of
IsxDOS(E). These results indicate that volume expansionase effective than compression in
inducing magnetic hardening of bulk FCC Cu. Notabig largest increase in gDOS(E:) for
20% expanded bulk Cu FCC, leading to a value ofinbu0.16 spift atom’ is substantially

smaller (-30%) than what computed, at the samd tdvbeory, for Cu-G interfaces (up to 0.23
spin* atom®),*° confirming that isotropic FCC expansion may nottiEmost effective strategy
towards magnetic hardening of Cu substrates. Hornyéedso worth noting that for the as prepared
Cu-aC interfaces measured to develop ferromagogdiering® the computedskDOS(E)

products are close to 0.15 spiatom®, which ultimately points to the exploration of EGC lattice
expansion, possibly by epitaxial growth of ultrathlms on suitable substrates, as a potentially
alternative route towards magnetic hardening ot@d ensuing emergence of ferromagnetic
orderingwithout the use of molecular interfaces. This aspectlvalthe subject of a forthcoming

study.

Non-collinear fixed-spin DFT simulations for alletitompressed and expanded bulk FCC systems

indicate minimal changes (<1@V/atom) in the MAEs, that remain consistentlytia order of 18
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eV/atom, in line with the weak shape anisotropieasared for ferromagnetic Cuginterfaces
(~10° eV/Cu-atom)*® Although the computed differences in MAEs are diearders of magnitude
below the (meV range, see Methods section) connergef the simulations, the computed MAE-
values can be nevertheless taken as an indicduatritte isotropic deformations studied are not
capable of substantially increasing MAEs for Custtdies to the meV range, as desirable for

practical application&®
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3.2 Cu-Polymer interfaces

3.2.1 Geometric relaxation of the interface models

Depending on the polymer, and in-plane or perpenaliénterface, geometry optimization of the
Cu-polymer models (Figure 3) leads to differenaxakion of the Cu slab and loosening of the Cu
lattice as quantified by the average cumulatived@rest-neighbor®{N) Cu-Cu distances for the
Cu atoms in the slab (Figure 4). In all cases, awiér-less breaking of the bonds of the polymer

chain and atom-transfer to interface Cu-atom dutlireggeometry optimization was observed.

In general, all the interface models consideredi@edoosening of the FCC Cu lattice. Not
unexpectedly, the distortions for the in-plane nie@ee larger than for the perpendicular ones. In
line with expectations based on the larger hindgasfche phenyl group (in PUR and PET) with
respect to -CH-CH,— (PE) and —-CH=CH- (PAC) fragments, the computeddaing of the Cu
lattice is largest for PUR and PET. Interestingiyy PAC-induced loosening of the Cu lattice is
closer to PUR values than PE results. This resiglgssts a predominant role of the presence (or
absence) of molecularconjugation (and ensuing Cu-organics charge-teaph&br the relaxation of
the metal substrate. In the following we quantifg extent to which such an enhanced geometric

relaxation directly correlates (or not) with théeirface electronic and magnetic properties.
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quantified by the average sum of the 12 NN Cu-Gtadices in the optimized slabs. The horizontal
red line marks the value of the cumulative 12 NN@udistance (30.962 A) for optimized bulk

FCC Cu (lattice parameter: 3.649 A).

3.2.2 Electronic properties of the interface models

In spite of the substantial relaxation inducedl@Cu-substrate by the polymer chain, all the
interfaces are computed to be metallic and chaiiaeteby a well-define@®d band with an absolute
Density of States (DOS) maximum at about 1.5 e\6Wwet, as present for bulk FCC Cu (Figure
5). Comparison between Cu and polymer-resolved RAdjected DOS (PDOS), shown in Figures
S4 and S5 in the Supporting Information, indicdled the DOS at DOS(E:)] is dominated by

Cu states and that the interface relaxation leadsetallization (non-zero PDOS at)Eor all the
polymers. These findings are in qualitative agregnaéth the results for other interfaces between
Cu and differently conjugated systems such @S$%aC* and linear alkane¥,suggesting that-
conjugation of the organics is not necessary ferctieation of hybrid Cu-polymer delocalized
metallic-states at the interface.
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Figure 5. Computed Density of States (DOS) for the in-pl@hecontinuous lines) and
perpendicular¥, dotted lines) ) models of the interface betweera@ida) PE,b) PAC,c) PET,d)
PUR. Black: @y-po~1.5 A, yellow: @upo=2.0 A, blue: dy.por2.5 A, green: g.po=3.0 A. The

computed DOS for bulk FCC Cu at the optimizeddatfparameter is shown in red.

Consistent with the larger hybridization betwees @u and polymer modelled for PAC, PET and
PUR by comparison to PE, leading to larger polyprejected PDOS(8 for the former systems,
(Figure S4 in the Supporting Information), Badearge analysis for the optimized models reveals a
larger Cu—~polymer electron transfer for the systems wittonjugation (PAC, PET and PUR in

Figure 6).
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Notably, the interfacial charge-transfer turns touualitatively correlate with the vertical eletr
affinity (EA) of the polymer chains, as first apgnmated by the position of the LUMO for the
isolated chain with respect to the vacuum levekhvihe exception of the in-plang) Cu-PUR
interface-model prepared with the shortestd (1.5 A in Figure 3d), the trend in Bader charge-
transfer (PE<PUR<PET<PAC) follows qualitatively wieapected on the basis of the vertical EA
as first approximated by minus the energy of thdlQlevel with respect to the vacuum (again
PE<PUR<PET<PAC from Table S2 in the Supportingimi@tion). These results suggest that, at
least for the Cu-polymer interfaces studied, trandaterfacial charge-transfer between different
molecular systems may be effectively estimateddasethe position of the LUMO level for the
isolated organic. It consequently follows, agaifeast for the systems considered, that the diftere
interface relaxation (PE<PAC<PUR~PET in Figure ldyp a secondary role with respect to the
organic EA for the overall interface charge-transtrger interface relaxation (Figure 4) does not

directly correlate with larger charge-transferteg interface.

Before proceeding, it is worth nothing that, intespf the substantial re-hybridization leading to
metallization of PE interfaced to Cu, the overakige-transfer from the Cu substrate to PE in the
in-plane models is less than 0.14 e in Figure 6a7(@ per PE unit in the simulation cell). This
result stems from the competition between<€tuganic donation and orgartCu back-donation
previously discussed for alkanes on metallic sabssrsuch as Ctior C5°. Here, it has to be noted
that empty (Kohn-Sham) states for PE chains, asdilp other saturated aliphatic molecules
(alkanes), tend to be localized mostly outsidentioéecular backbone, leading to accumulation of

ﬁ5-46, 55-57
1

excess charge in the interstitial regions aroued®k chai an aspect that may have

affected Bader partitionirigjof the electronic charge at the Cu-PE interfaces.

In line with previous results in the literatufeye find that in spite of the minimal net charge-
transfer, and the additional constraints inducethleyuse of infinitely periodic interface modelsgt
Cu-PE re-hybridization and ensuing metallizatiothaf organic system is accompanied by an

increase up to 1.5% (decrease up to 4%) of C-H ) Ge@d-distances and a parallel increase up to
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3% in the C-C-C bond angles in PE (Table S3 inrSthpporting Information). These results are
indicative of a partial Sp-spf re-hybridization of the aliphatic chain upon irtetion with Cu, as
also evident by the dramatic change in PE-resaD@& for all the Cu-PE interface models (Figure

S5 in the Supporting Information).

Finally, analysis of the computed Bader chargestiemas a function of the loosening of the Cu
lattice (Figure 6b) reveals another correlatioreptillly useful when designing Cu-organic
interfaces. For all the interface models considetteel Cu—organic charge-transfer decreases as the
local coordination environment of the Cu atomsxsamded. Thus, contrary to the CggCase’’
increased interface relaxation and loosening ofXtdattice is found to hinder, rather than
enhance, depletion of electronic charge at the ibistgsate by the considered organics. This result
indirectly suggests that strain on theystem (larger for § than the considered, originally planar,
PAC, PET and PUR) may play an important role ferititerface relaxation and charge-transfer, an
aspect worth of detailed investigation in the fatun the following, we quantify to extent to which
such a quantitatively different charge-transfeeetl§ the emerging magnetic properties of the Cu-

polymer interfaces.
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Figure 6.a) Computed Cw>polymer Bader charge transferred (Q, e) as a fonafa) dcy.po, and

b) the average cumulative 12 NN Cu-Cu distance irofitenized Cu-polymer interface models.

3.2.3 Magnetic properties of the interface models

We find the relaxed Cu-polymer interfaces to beratizrized by generally smaller band splitting
(AE) and magnetic moments (m) with respect to bulliCKLL (Figure S6 in the Supporting
Information). The direct (inverse) contributiontbese parameters to the approximated Stoner
exchange integral {I Eq. 1) leads to scattering of the computed Calvesl k both above and
below the bulk FCC Cu value, with largest valuethm1.1-1.3 eV range for all the different
polymer considered, close and in cases above thesiavalue computed for as deposited
ferromagnetic Cu-aC systems<1.25 eV)! In line with results for Cu-§ interfaces® the

increase indis not localized at the immediate Cu-polymer ifstee but spread over the whole Cu-

substrate (Fig. S6 in the Supporting Informati@gntrary to results for Cugghybrids® but in
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agreement with simulations of the Cu-aC interfa¢es immediate correlation is found between
the increase insland the loosening of the Cu lattice as measurdddgum of the 12 NN Cu-Cu

distances in the optimized slabs (Figure S7 irSheporting Information).

In general, Cu-substrate averaggddlues turn out to be either minimally larger ¢léisan 0.1 eV
increase) or smaller than for bulk FCC Cu (Figuage An exception to this trend is the parallel Cu-
PE interface with @,-po=2.0 A. For this system the averagealue is nearly 0.2 eV higher than
bulk FCC Cu, first revealing that, pending favomabiterface relaxation, significant increasegn |
can be also produced by interfacing Cu with naronjugated organics such as PE. The non-
monotonic, system-dependent change of the compgtesia function of €.po (Fig. 7a) clearly
indicates that relaxation of the interface undéfiedent geometrical constraints, as expected for Cu
samples of different crystallinity and homogenetgn majorly affect the interfacial magnetic

properties, answering one of the research quedbensd the choice of the models.

With the exception of the in-planf) (Cu-PAC (@y-po=2.0 A and dupo=2.5 A) and Cu-PUR .
po=3.0 A) systems, all the other interfaces resudt gubstantial increase (from over 20% to up to a
factor of two) of the computed DOS{Ewith respect to the bulk FCC value (Figure 7b)tably,
among the in-plane models, the largest D@pY&lues are computed for Cu interfaced with PE,
that completely lacks-conjugation. These results clearly demonstratethi®apresence ofa

system, and ensuing enhancement of thesGuganics charge-transfer (Figure 6) is not strictly
necessary for enhancing the interfacial DQ3(Buitable interface relaxation and composition ca
also be effective to this end. It thus emergesithand DOS(F), key quantities of the Stoner model
of ferromagnetism>>2are i) differently sensitive to the compositiordatructure of the interface,
and ii) not directly correlated at least for theteyns considered (see also Figure S8 in the

Supporting Information).

Notably, in spite of the reduced interface relaxaifFigure 4) and charge-transfer (Figure 6), the

computed DOS(B for the perpendicularX) interface models turns out to be comparable (or
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noticeable larger in the case of PAC) with the gadbtained for the in-plang)(systems. It thus
turns out that substantial increase of DQ$an be achieved also by relatively localized aotst

between the Cu-substrate and the organic.

As shown in Figure 7c, the combination of the ddfely alteredd and DOS(F) leads to
IsxDOS(E:) products generally larger than for bulk FCC Qulicative of magnetic hardening. The
only exception to trend is represented by the anelinterface between Cu and PAC, the system
with the most extendedconjugated system and the largest-&uganic charge-transfer (Figure 6).
Further evidence of the non-immediate correlatietwieen interface magnetic hardening and
charge-transfer is provided by the fact that §x®DS(E:) products for the Cu-PE interface are
comparable to those farconjugated polymers such as PET and PUR, in spitee substantially

different interfacial charge-transfer (Figure 6).

Contrary to what found in Ret’ for Cu-Gy interfaces, the largest computedDOS(E,) does not
appear to correlate with increased loosening oftthdattice as measured by the cumulative 12 NN
Cu-Cu distance (Figure 7d). Additionally, for tha-€UR interface, the computegDOS(E,) is

found to actually decrease as the Cu lattice isdned.

Perhaps surprisingly, due to the simultaneous as&rén bothd (Figure 7a) and DOSHE(Figure
7b) the in-plane Cu-PE interface fafugo~2.0 A is found to lead to the largeskDOS(E;) product
(0.21 spift atom), larger than what computed at the same leveiedry for the annealed Cu-aC
interface (0.19 spihatom’) measured to be ferromagnetic in R&fNon-collinear fixed-spin DFT
simulations of this Cu-PE interface points out miiai changes (<10eV/atom) in the computed
MAEs, that remain consistently in the order o #)//atom, in line with the weak shape
anisotropies measured for ferromagnetic Guifterfaces (~18 eV/Cu-atom)*® The same

considerations as for the sub-meV MAEs computedbétk FCC Cu (Section 3.1) apply also here.

It thus transpires that, in spite of the negligitharge-transfer (Figure 6), the PE chain is

nevertheless capable, via interface relaxationta@ensuing re-hybridization with the metal
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(Figures S4 and S5 in the Supporting Informatioh)nducing magnetic hardening of Cu
competitive to that observed for interfaces withsgantially larger electron-depletion of Cu.
Analysis of the computed Cu-resolvedralues as a function of the atomic Bader chargegife
S9 in the Supporting Information) rules out anyedircorrelation between atomic charges on Cu
atoms and ensuing magnetic hardness as quantifidtels parameter, strengthening the
conclusion that rather than charge-transfer, tihésCu-organic re-hybridization to be crucial foe t
interface magnetic hardening. As the data for theP€ interface (Figure 6) and published result
for alkanes on transition met&dls* indicate, important interfacial re-hybridizatideading to
emergence of interface electronic states of ddsigatoperties [in the present case an increased
IsxDOS(E:) product due to joint or separate enhancemergafid DOS(E)], may take place also
without substantial net charge-transfer betweemtbtal and the organic. The computed strong
magnetic hardening for the planag{g.~2.0 A) and perpendicular {glyo=3.0 A) Cu-PE interface
models in Figure 7d, together with the presencengbty “surface” states (amenable to PBE
simulatior{® as done here) with a typical vacuum decay lenfih®A for periodic PE chair¥; >
altogether suggest that re-hybridization of molac(@@mpty) surface states with a metal can also be

effective in tuning the interface magnetic propeesti

These results, if not contrast, at least signifigagdd to existing suggestions that charge-transfe
from the metal to the-conjugated molecule is necessary for magneticeémand and the emergence
of ferromagnetic ordering at Cu-organics interfat®&$ Although results about the unnecessity of
n-conjugation for the creation of highly spin-potaad states at the interface between a
ferromagnetic metal and an organic molecule haea peeviously publishe®f,to the best of our
knowledge, here we provide the very first insights i) negligible magnetic hardening at the
interface between Cu and a completelgonjugated substrate (PAC), and ii) the possybdit
magnetic hardening at the interface between aitramsnetal and a non-conjugated molecule.

The comparable magnetic hardening between the Cuma@sured to be ferromagnetic in &Y.
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and Cu-PE interfaces prompts further researcharotlerlooked possibilities offered by (nmn

conjugated) aliphatic molecules for promoting emnsatgnagnetism at metal-organic interfaces.

The computed decrease in Cu magnetic hardeningdi@im Gso to aC,***?to ther-conjugated
polymers considered here inevitably raises thetegpureas to whether optimal re-hybridization
between Cu ang-conjugated organics towards enhancement of irdiatfenagnetism requires fine-
tuning of the strain of the-system on the organics. We hope these resultstivilulate further

experimental and computational research into tpeet.

Finally, the computed substantial increase of #®0S(E-) products for discontinuous contact
between the organic and the Cu, as present indtpgepdicular+) PE and PAC interfaces
prepared with g,p02.5 A in Figure 7c, is also worth of mention. Tlsults for these systems
suggest that, depending on the nature of the argaon-homogenous interfaces (as in the
perpendicular models) may also be effective in anoly interface re-hybridization and emergence
of magnetic hardening, opening up for the studies$ regular or more complex multi-layer

depositions than pursued so ar!
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4. CONCLUSION

In summary, DFT simulations have been used to tigegs the role of lattice expansion and
molecularr-conjugation for the magnetic hardening of Cu-oigaumterfaces. Analysis of the
simulations for bare bulk FCC Cu and several modktke interfaces between Cu and differently
n-conjugated polymers, namely polyethyl¢R&), polyacetylendPAC), polyethylene

terephthalatéPET) and polyurethan@PUR) indicate that:

i) even in the absence of charge-transfer, 10-1%8aresion of the bulk FCC Cu lattice results in
magnetic hardening comparable to what computethiomterfaces between Cu and amorphous
carbon measured to develop room-temperature fegoet& ordering* Conversely, compression

of the bulk FCC Cu lattice leads to magnetic softgof the metal.

i) In spite of the substantially different, polym@ependent, geometry relaxation, all the integace

studied lead to metallization of the organic system

iii) Organics with larger vertical electron affigi{fEA) leads to larger charge-transfer when
interfaced with Cu. This result suggests a seconetde for the interface relaxation and, pending
further validation on a more extended set of systehat the EA of the isolated molecule may be
conveniently used in designing of charge-transf&waorganics interfaces. The Guwrganic
charge-transfer is found to be consistently sugaeby increase in the interfacial relaxation or

loosening of the Cu lattice.

iv) At least for the systems studied, charge-tranisf foundnot to directly correlate with the
interfacial magnetic hardening. The system withrttost extended-conjugation and largest
interfacial charge-transfer (PAC) leads to the $msaimagnetic hardening. Magnetic hardening
appears to be governed by the details of the eleictre-hybridization with the metal. The precise

role of strain in ther-system of the organic for such re-hybridizatiomais to be quantified.
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v) Depending on the interfacial relaxation, re-hgtzmation between Cu and vacuum decaying
empty states of the organic, as present in PEpareal to be effective in inducing interfacial
magnetic hardening comparable with or larger thara@orphous carbon systems recently

measured to develop room-temperature ferromagoediring®*

It thus transpires the neither the presence obthanic interface, molecularconjugation nor
substantial charge-transfer may be strictly neddechagnetic hardening of Cu-substrates, albeit
combination of the present results and availabpeamental data suggests that maximization of
the effect does require both (straineebonjugation and substantial charge-trandtét We believe
these results prompts for further research intthdate overlooked, possibilities of non
conjugated molecules with empty surface statesv@dmally strainedi-systems for magnetic

hardening and emergent magnetism at transitiontroeganic interfaces.
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Figure S1.Computeda) energy per Cu-atonb) band-splitting AE), andc) atomic magnetic moment (m) as
a function of the lattice parameter for bulk Cuhe face-centered cubic (FCC) structure for diffiefepoint
sampling. For each structure considered, the suitmeof2 shortest nearest-neighbours (NN) Cu-Cu
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-plane (||) and

perpendicular{) models of the Cu interfaces with P& [| geometryb) L geometry], PACA) || geometry,
S35

d) L geometry], PETH) || geometryf) L geometry] and PURY] || geometryh) - geometry]. The
periodic simulation cell is marked by blue contiddimes. C: cyan, O: red, N: blue, H: silver, Crovn.

Figure S3.Top (left) and side (right) view of the initial geetries (d..,o=1.5 A) for the in



Table S1.Geometric parameters of the simulations cellierdifferent Cu(111)-polymer interface models
studied. § (A): length of the monomer unit. Nnumber of monomer units in the Cu-polymer integfa
model. h: hexagonal cell. o: orthorhombic cell. Positive lattice mismatch values indicate that the

polymer chain was stretched to match the Cu(1Eb she.

Cu(111) In-plane Lattice mismatch
lo(A) N, Model o ,
super-cell | periodicity (A% (%)
1 I (1x5), 2.58x12.90 1.19
PE 2.55
10 1 (4x4), 10.32x10.32
10 I (5x6) 12.90x15.48 0.46
PAC | 2.45
10 L (5x6), 12.90x15.48
1 I (4x2) 10.32x8.94 3.09
PET | 10.90
3 1 (3x4), 10.32x13.41
1 I (3x4) 10.32x13.41 0.12
PUR | 16.90
2 L (6x4), 15.48x10.32
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Figure S4.Cu (continuous) and organic (dotted) resolved gioojected DOS (PDOS) for the models of the
interface between Cu am) PE,b) PAC,c) PET,d) PUR.
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Figure S5.a) PE-resolved PDOS for one isolated PE chain (witlebrdefined HOMO-LUMO gap) and
the different Cu/PE interface models consideb@dClose up of the PDOS around the Fermi level (E6E

eV). In all cases, and regardless of the initialRELdistance cut-off used to prepare the startaungtry,

re-hybridization and metallization [non-zero PDOS]6f the PE interfaced to Cu is evident.

Table S2.Computed vacuum-aligned LUMO energy for the isadathains of the polymer considered (at
their optimized periodicity).

System Eumo (€V)
PE -0.85
PAC -3.68
PET -3.28
PUR -1.68

S38



Table S3.Average computed C-H g, A), C-C (d, A) bond distances and C-C-C anglés:¢, degrees)
for PE in the Cu-PE interface models with standfdation. Values for one isolated PE chain at the

optimized periodicity are also reported for compani.

Average over all the PE atoms in the system

Interface Cut-off d d 0
geometry (A) cc CH ccc
15 1.5186 + 0.0003 1.1147 + 0.0019 116.3281 +@LO0
2.0 1.5242 + 00001 1.1146 +0.0043 115.6526 + @000
I 25 1.5217 + 0.0002 1.1156 + 0.0042 115.9453 +@00
3.0 1.5266 + 0.0002 1.1128 +0.0017 115.4468 +@L0O0
15 1.5220 +0.0110 1.1131 +0.0098 114.4590 +6.91
n 2.0 1.5240 + 0.00733 1.1097 + 0.0050 113.6498 3687
25 1.5229 + 0.0094 1.1102 + 0.0075 113.8548 (827
3.0 1.5254 +0.0072 1.1084 + 0.0049 113.6875 +7613
Average over all the PE atoms in the Cu-slab
15 1.5110 + 0.0110 1.1204 + 0.0068 114.8883 +@B50
n 2.0 1.5148 + 0.0056 1.1149 + 0.0047 114.0937 +8401
25 1.5123 + 0.0086 1.1180 + 0.0091 114.1678 +8540
3.0 1.5128 + 0.0068 1.1157 + 0.0049 114.3301 +3852

Isolated PE chain at the optimized periodicity

1.5274 + 0.0001

1.1049 +0.0001

113.1819 +0.0001
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Figure S6.Cu-atom resolved band-splittingf, panelsa) to d)], atomic magnetic moment [m, panejgo
h)] and Stoner exchange integral, [paneld) to s)] for the Cu-polymer interface models studied as a
function of the shortest Cu-C [ panalsto )], Cu-H [panelsn) to p)], Cu-O [panelsy) tor)] and Cu-N
[panels)] distance. The horizontal red line marks the valioe FCC bulk Cu at the optimized lattice
parameter (3.649 A). The horizontal continuous meagéne in panels (i-s) marks the maximuswvalue

(1.25 eV) computed for the interface between Cuamndeposited (1.7 gr/éramorphous carbon, measured
to be ferromagnetic in Ref. 31.

$40



PE/Cu ) PAC/Cu o) PET/Cu PUR/Cu

. 1,5” Q 1‘5|[ L5 ’ [o |.5"
20 204 200 0.07! 20
® 25| ® 25| 25 . ° 25 "
. 1.0|| . 3.0|[ 30 " . o+ ®o * 30
e 1511 * 1510 1511 1 e 1514
201 201 201 |+ 201
* 251 ® 251 251 ® 251
* 301 * 301 301 * 301
|® Bulk ® Bulk Bulk |® Bulk
.
. Sl -
0.03‘ 0.03 P f
| .
30 35 40 45 50 30 35 40 45 50 30 35 40 45 50 50
Cumulative 12NN Cu-Cu distance (A) Cumulative 12NN Cu-Cu distance (A) Cumulative 12NN Cu-Cu distance (A)
o 15 [o 151 [e 15
Yo Yo 2ol
® 25| ® 25| ® 25|
° 30 ||- ° 30| 1 ° 30| ff
® 1521 * 151 * 151
201 201 201
* 251 ® 251 ® 251
* 301 * 301 * 301
|® Bulk ® Bulk |® Bulk|
30 35 40 45 50 30 35 40 45 50 30 35 40 45 50 30 35 40 45 50
Cumulative 12NN Cu-Cu distance (A) Cumulative 12NN Cu-Cu distance (A) Cumulative 12NN Cu-Cu distance (A) Cumulative 12NN Cu-Cu distance (A)

0} k)

O 53l 3] s
20 1.2 . 20 1.2 20 i
® 25 ° 25| °25] i
° 30| ® 30 || Gl ° 30| Il
e 151 151 . ¥y e 151 1
i Bl Soqiaptayecad |01 i
® 25 P -2 ® 235 »
* 301 s 301 £99 A f‘} o 301 1
|® Bulk ® Bulk| 0.8 s |® Bulk i |
0.7/ge% w2 M
05 % ? ST 3 3,
. * ” :
30 35 40 45 50 30 35 40 45 50 30 3 40 45 50 30 35 40 45 50
Cumulative 12NN Cu-Cu distance (A) Cumulative 12NN Cu-Cu distance (A) Cumulative 12NN Cu-Cu distance (A) Cumulative 12NN Cu-Cu distance (A)

Figure S7.Cu-atom resolved band-splittingf, panelsa) to d)], atomic magnetic moment [m, panejgo
h)] and Stoner exchange integral, [panels) to )] for the Cu-polymer interface models studied as a
function of the cumulative 12 NN Cu-Cu distancese Tiorizontal red line marks the values for FCGkbul
Cu at the optimized lattice parameter (3.649 Ak Tbrizontal continuous magenta line in panel¥ ifidrks
the maximumd value (1.25 eV) computed for the interface betw@arand as deposited (1.7 gridm
amorphous carbon, measured to be ferromagnetiefin3g.
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Figure S9.Cu-atom resolved band-splittingf, panelsa) to d)], atomic magnetic moment [m, panelgo
h)] and Stoner exchange integral, [panels) to )] for the Cu-polymer interface models studied as a
function of the Cu atomic Bader charge. The horiabred line marks the values for FCC bulk Cu at th
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