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Iron-phtalocyanines (FePc) adsorbed onto a Ag(110) substratasselinble into different monolayer phases going from rectangular to
differentoblique phases, with increasing moléaudensity. We have investigated theygen uptake capability of thdifferent phases and
their associated magnestructural changes. Our study combines scanning tunneling microscopy and spectroscopy (STMAAYS), X
magnetic circular dichroism (XMCD)nd density functional theory (DFT) calculations. STM measurements reveal that the oxidation reaction
of the FePc/Ag(110) generally involves a displacement and a rotation of the molecules, which affects the electrotihedtateaiters. The
oxygen irtercalation between FePc and the substrate is greatly obstructed by the steric hindreinigh-density phases, to the point that a
fraction of obliqgue phase molecules cannot change their position after oxydizing. Depending on the oxidation adatptiod geometry,

the STS spectra evidence clear differences in the Fe local density of states, whictosed mifte XAS and XMCD experiments. Particularly,
XMCD spectra of the oxidized phases reflect the distribution of FePc speciesxygenatedoxygenatedotated and oxygenatadrotated)

in the different cases. Sum rule analysis yields the effectivesigif) and orbital () magnetic moments of Fe in the different FePc species.
Upon oxidation, the magnetic moment of FePc molecules iresedmut an order of magnitude, reachimgr~2.2n% per Fe atom

1.INTRODUCTION

Molecular overlayers oarystallinesubstrates have a broad field of

application in catalysis, sensing, molecular electronics, -tigtht
energy conversion, etc. In particular, {ispired oxygerbinding
metalated macrocies, such as irephtalocyanines (FePc), are

between 410 and 520 K. The R1 phhss a centered rectangular
unit cell, as shown in Fig. 1. In this phase, Fe centers osiipy
on-top of a silver aton{OT site9 and all the molecules are oriented
alike, with the molecular axis bisectitige phenyl rings forming a

45° angle with the substrate JQ}-direction (OTF45 positions, see

Fig. 2a). The R2 phase is formed by the ordered and alternated

investigated as viable substitutes for precious metals in catalysis of sequence of singly oriented rows parallel to the [001] direction of

the Oxygen Reduction Reaction in laemperature fuel cells.

Recently the spontaneousissemblyand theelectronic and
magnetic propertiesf FePchave been studiedn a vargty of
substrates Au(111)"3, Au(001y, Au(100p, TiO2(110¥,
INAs(100Y, InSb(100j, Cu(110¥, NaCl/Cu(111), Ag(111)°1y
graphité?> and graene/Cu(111), Ni(11Zf. In particular,
FeRc/Ag(110) hasbeen intensively investigated shedlight into
the selfassembly, interaction mechanisms, structural
transformations upon thermal treatmengnd its capacity to
accommodatsmall moleculetike Oo.

The properties of FePsublimated onto Ag(110) were first
investigatedy Palmgreret al'4 by low energy electron diffraction
(LEED). Casarinet al'® reportedcoveragedependentstructural
and selassembly properties of Febased on STM and DFT
simulations They found that in themonolayer regime FePc
molecules ke flat on the Ag(110) surfacét molecular densities
below 0.49 molecules per nf a mixture of two structurally

the Ag substrate (see Fig. I) this phase, Fe centers occupy short
bridge sites between two silver aton¢SB sites) and the FePc
phenyl rings areotate 30° (either clockwise or anticlockwise) with
respect to the substratel{ll-direction (SB30 positions, see Fig.
2b).

At highe mo | ecul ar 9 ndokecules perynfpthé 0 . 4 4
thermal treatment stabilizes an oblique phasel{O&s reported by
Sedonaet al'é. The moleculamdsorption site angossiblelocal
orientations in the OBphasewith respecto the substratare those
described for the R2 phase: in the Oihase the Fe centers apy
SB sites andill of themhave the same orientatiogither+3 or -
30° within the sameordereddomain Caiet al'” did observewo
additonaliobl i qued arrangements of F
have not found reproducipbs stable phases.

Interestingly, lowdensity R1 and R2 phases have been shown
to be catalytically activ€. Upon oxidation of thee two phases,
oxygen atoms intercalate between the FePc and the substrate,

distinct, equally dense phases coexist, namely c(10x4) = R1, and forming the FeP¢h?-O)-Ag coordination complex. The oxygen

p(10x4) = R2 phases. Both phases stabilpmnanrealing in UHV
1

uptake in R2 phase involves shifting and rotatihg molecules
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Figure 1. FePc/Ag(110) sudML phases with increasing molecular density (from left to right). Each column identifies a phase containi
STM image acquired at room temperature, the unit cell model, the matrix notation and the LEED [itattéien a@rresponding simulation
of the phase. STM imaging parameters for the top (753 %#ages: R1q.4 V, 0.3 nA, R2 0.4V, 0.7 nA, OB1 (3.2 V, 9.0 nA, R3(-0.9
V, 0.8 nA), OB2(0.6 V, 0.4 nA. LEED parameterfR1(28 eV), R2 (30 eV), OB(28 eV),R3 (35 eV),0B2(30 eV).

from its original SB30 to an OX(O¥45) position, and adsorbing
two oxygen atoms at the neighboring SB sites, as shoWwigirgc

(in the pristine R1 phase the FePc molecule is alrpasifioned on
OT-45). Remarkably, this process decouplése tmolecular
electronic states from the metal surface resulting in a concomitant
increase of one order of magnitude of the Fe magnetic moment

(frommrd O . s @ Mo, & 2 M), as demonstrated by XMCD
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Figure 2. Different geometries ofas deposited and oxidize:
molecules irFeP¢Aa(110)phases: top and lateral views.

Notably, the molecular arrangement and the Fe ntegmoment
is reversible upoonxidationrannealing cyclg'.

However the oxidation of highdersity FePc phases on
Ag(110) is still unreported. It is known that the related case of
high-density FePc on Ag(108) oxygen is adsorbed (as-@ind
monac-oxygen) ortop of the [e centerinstead of being intercalated
beween the molecular layer and the substfate this case, the
FePcreactivity to oxidation seems to be mediated by the presence
of Ag adatoms between the molecules, therefore involving a
completely different reaction mechanism with respect to Ag(110).
A temptative explanatiofor this differenceassumeson one hand,
that Ag(100) is atomically "flat" compared to thecorrugated
Ag(110), which hinders the dissociation and transport of oxygen
underneath the FePc molecylesmd on the other hand that on
Ag(110) there is no evidence of the presence of Ag adatamns
between the FePc molecules

In this paper w report the formatiorof new highdensity
FeR/Ag(110) phases thesubML to ML regime, which, desjie
ther steric limitations,still present catatic activity, at variance
with the saturated Fe/Ag(100) monolayEhe oxygenntercalation
capabilty and associated magnetization changes of these- high
density phasesre reported byorrdating highresolution STM
images, STS spectrAMCD measurementand DFT calculations
and systematically compared with the analogous results obtained on
the lowdensity phases, thereby obtaining a more detailed
description of this complex and intringuisgstem.

2.METHODS

Samples. FePc molecules were evaporated on a Ag(110) single
crystal substrate irseveralultrahigh vacuum (UHV) chamber
(base pressusén the low10'° mbarrangg, containing equipment



for sample sputtering, thermal annealing, FePc deposition, and (BOREAS beamlin®) and ESRF (IB82%7,28) synchrotron
connected to the XAS & XMCD experimental chamber. The radiation facilities. The sample was oriented with thg140}
Ag(110) singlecrystal was cleaned by repeated cycles of 1keV Ar  direction perpendicular to the beam plane of incidence.
sputtering and annealing at 380(10 min). The surface quality and Experiments were performed with therXy beam forming an angle

orderwas monitored byEED. of incidence 0 <g< 7 with the normal to the substrate. The
A few mg of FePc (Alfa Aesar GmbH, 95% purity) were loaded  detection mode was total electron yield (TEY).
into a pyrolytic boron nitride (PBN) crucible connected to the In X-ray linear polarized absorptioXI(PA) measurements,
preparation chamber. The FePc sample was carefully degassedthe polarization of incident Xay is denoted as horizontal (H) and
while monitoring the UHV base pressufdie cricible temperature vertical (V) for parallel and perpendicularspectively, to the
was raised to 540 K in approximately 30 h, held at this temperature synchrotron ring plane.
for 25 h and increased to 5600 K for additional 6 h. Depositions X-ray magnetic circular dichroism (XMCD$pectra were
were performed with the crucible temperature at 550tk Ag measured at ALBA (BOREAS=6 T, T=3.4K) and ESRKFIDS,
substrate was held at room temperatuRd)(during molecular B=4 T, T=6.0 K) endstations, respectivelio guarantee magnetic
deposition. Different subML phases of FePc/Ag(110) were saturation. To rule out experimehtartifacts and reduce drift
prepared, and the structure controlieditu by LEED. phenomena, XMCD was measurby either changing the light

The oxidation of the FePc deposited on the Ag substrate was helicity or the field direction. @ increase statistics, tHMCD
achieved by exposing the sample surface to an oxygen préssure spectravere determined fromp to 16 XAS spectra with righand
for a timet (P x t Langmuir) in the closed chamber at room left-handed circular polarizations.
temperature. The exposures for the samples used in this paper are  To determine the FePc signal, the background contribution

collected in Table S1. from the Ag substrate has to be carefully subtractedayX

absorption spectroscopy (XAS) and XLPA experiments on pristine
STM.The structural evolution of FePc phases up toftileML Ag substrates were performed under the same experimental
with the oxygen dosing was monitored BganningTunnelling conditions used fo FePc/Ag(110) samples. The background
Microscopy (STM). The experiments were performed using two subtracted XAS and XLPA spectra were subsequently normalized
different instruments: a rootemperaturesetup Emicron VT- to the atomic continuum signalell above the Fe 43 absorption
STM) at the University of Padova and alow temperature edges

equipment@micronLT-STM) operated at 4.6 KttheLaborataio
de Microscopias Avanzad@sMA, Zaragoza).
3. RESULTS

3.1 Modification of FePc/Ag(110) phasagion oxidation

At room tempeaiture, FePc on Ag(110) selésemblsup to the ML

in several ordered phases, all of them characterised blyifigt
molecular overlayerdle detect fivedePc phaseshen increasing
the surface densitywith occupation densities ranging from 0.421
to 0.5 molecules per nfnFig. 1 summarizes these arrangements
by showing their STM topography, LEED pattern, structural model
and matrix notation with respect to the Ag(110) substrate.

STSDifferential conductance [@V) curves at the Feentresvere
obtained using the Omicron EFTM at 4.6 K in two different
operating modes: witlopenfeedbackoop at constant tip height
(CH) and in cortant current (CC) mode. While the CH mode is
generally used to measure the local density of states (LDOS) around
the Fermi level, we found more convenient to close the feedback
loop (CC mode) for extended voltage ranges in order to avoid
structural damagef tip and sample by excessive electric fields
and/or electron injection. Here we combined the two modes in order At low densitiesthe surface is characterised byiture of the

to obtain the spectra over the entire range of interest. For better ooy larR1 and R2 phasgthat show the same centred unit cell
wsugallsatlon, the _CC data is multiplied by a constant factor |n_order dimensions. Byricreasing the FePc density, titsliqueOB1 phase

to stich the experimental curves. It shobkeinoted that we refrain is stabilized with 0.449 molecule/Anit even higher densities, two
from comparing different phasesdpnsds%pbakifl a it &P dnfo& Squated butlsy 2 7 2t

experimental runs since the tip apex termination was found to be distorted)R3 ; )
. ) ) 'R3 phasgeand a newbliquephaseOB2. Among the five
altered. Given that the surface was saturated with moleeusedid phases reported in Fig. 1, only in R1 the Fe is found ir4®T

not have full control over the tip nanostructuring that ultimately configuration, whereas in all the other phasesRéésin SB-30
|nf|uence_ the ddV spectral Ilneshap_e (the observed signal is a positions The R3 andOB2 phases often coexist, likehecause of
convolution of both the sample and tip LDOS). their similar structure (see also Fig. S1). Due to this similarity, in

) the subsequent discussion regarding oxidation they are treated as
DFT.DFT+U calculations were performed on FePc adsorbed on gquivaleniR3°*/0B2°X).

Ag(110) kefore and after the oxygen dosage, using the Quantum  Fig. 3 shows STM images exhibiting the effectexposing to
ESPRESSO suite of CO&éSAS we need to deal with two different Oxygenthe differentphasesl Before oxidation (F|g 3, top pane|)’

adsorption configurations, i.e. the 8B and rotated OS5, the FePc molecules characteristically show a bright central spot
simulgions were run on a(px4) rectangular cell, which can  corresponding to the Fe atom. Oxygen uptake has the effect of
allocate both geometries The PBE? exchangecorrelation idi mmingo this central point (Fi
functional was adopted and wavefunctions were expanded on a was earlier repred for lowdensity phaseR1/R2 The formation
planewave basis set with a coff of 27 Ry, while the cubff on of the FePgh2-O2)-Ag complex is accompanied bydawnward

the density was 250 Ry and a 2x2 mesh-pblats was used. The || of the Fe atomwhich iswell below the macrocycle plarfas
interaction between valence electrons and ion cores was described yisiple in Fig. Z, 2d side views)The oxidized Fe atoms present
through ultrasoft pseudopotent#isThe Hubbard U was used on  gi50 4 different electronic configuration, and appear as dark spots in
the Fe site only and was set to 3.988TM images were simulated the ST™M images. The ljh-resolution STM image Fig. 3g shows
within the TersoffHamann approaéh while STS curves were the R1/R®X phase contains a distribution of noridized

compared to the density of states projected on the Eeaunic molecules and oxidized molecules, OX(38), see green box.

orbital. Atomic charges, magnetizations and holes were computed We have found that OB R3 andOB2 high-densityphasesre

within a Lowdin approachs in our previous wotk also catalytically activeand behave similarlyd R1 and R2, as
_ S evidenced in the middle and bottom rows of Fig. 3.

XLPA, XAS, XMCEnft X-ray absorption and magnetic dichroism Fig. 3i displays a highesolution STM image of a highly

experiments at the Fekand N K edges were carried out at ALBA  oxygendosed phase R3X, where approximately80% of the

This journal i®© TheRoyal Society of Chemistry 20xx J. Phys. Chem.2D20, XX, XX-XX



Figure 3. Catalytic activity of thedifferent FePc/Ag(110) phaseBop panelsSTM images of pristine phasds) R1/R2 ¥ =05V, | =0.1
nA), (b) OB1 (05V, 0.1 nA), (c) R3/0B2 (-1 V, 2.5 nA);Middle panelsimages ofpartially oxidized phasegd) R1°* /R2°X (0.5 mV, 0.2
nA), (e) OB1°% (0.4V, 0.1 nA), (f) R3°X/OB2°X (-1 V, 5.7 nA. Non-oxidized molecules are recognizable by their bright centers, wr
oxidized molecules have dark centeBsttom panelshigh-resolution STM images of oxidizgzhases(g) R1°*/R2°X (0.5 V, 0.15 nA),(h)
OB1°% (0.5V, 0.2 nA), (i) R3°X (0.5V, 0.05 nA). TheR1°%/R2°X and R®*/OB2°X phases contain a distribution mdén-oxidizedmolecules
(SB-30) and oxidized, rotated molecules OX(@3). In contrastthe OB1°* phase contains a distribution of noxidized FePc at SB0 and
two species obxidized FePcOX(OT-45) (green box) and OX(G30) (blue box).

molecules were oxidizedn comparison with preaausly reported
oxidized RPX and R®X, the highdensity oxidizedR3°* phase
shows considerable disordéndeed,numerous vacancies appear
and occasionallyphenylrings of neighboring oxidized molecules
overlap. Fig S2 (top)shows azoom into anonroxidized molecule
(SB-30) and an oxidized one, OX(@45). The oxidation
mechanism in th&3°X phasehereforeresembles the one found in
R2°X phase, although the increased molecular density strongly
distorts the initial arrangement bytroducingdisorder dued steric
hindrance.

In the case of theblique phase after oxidation (@8¢) shown
in Fig. 3h, the system largely maintains its initial arrangement. As
extracted from this figure, we can distinguish mainly three FePc
speciesi) a majority ofnon-oxidized moleculeswhich remain at
their originalSB-30 positions (bright centers); ii) oxidized, rotated
molecules in OXQT-45) positions (green box in Fig. 3h),
resembling thexidized molecules ilR2°* andR3°* phass, and
iii) oxidized, norrotated moleculesnaintaining theiroriginal
positions OX(SB-30), blue box in Fig. 3h This last species had
not been previously reportethh Fig. 3i we find 70% of non
oxidized molecules, 22% of OX(SB0) and 8% of OX(O#5)

4

oxidized species. It is not surprising thag @B order is preserved
by the SB30 specieswhile grain boundaries are generated around
FePcds s hi-45sitesugon oxiudtialt is@vident that in
the OBL®X phase the FePc molecules struggle to accommodate
oxygen underneath, as seen by theMSimage of oxidized
moleculesand their corresponding profiledong the pyrroleings
(Fig. 2, botton). Even if allnon-oxidizedmolecules for the high
density phases start from S configuration, the oxidizing
activity of this OB phase is significagtlower compared to thR3
andOB2 phases, even whenetse two present lsigher molecular
density. Therefore, the local molecular environment mightttoe
key for a higher reaction efficiencgs it can probably control the
ultimate molecular degrees oé&dom.

3.2 Spectroscopy aholecular speciesn selected phases
STS experimentand DFT calculations have been perfedrio
follow the changes upon oxidation in the local density of states of
the Fe centers The square planar symmetry around Fe in the non
oxidized molecules is modified when oxidized, since the Fe is
shifted downwards and has 4 N and 2 O atoms as neaigisbors,
with local C2 symmetr§?. One may expect therefore a strong



change in the electronic stat&e assura that the Fe ions are oxidized molecules are unable to rotdtethe unoccupied region,
practically unaffected by adjacent molecules, so only three both oxidized species expeentally show dominargeaks €) and

molecular species have to be considered:-aadized SB30, eb6) close to +1.8 V, which find
oxidizedOX(OT-45) and OX(SB30). These molecular species can  slight energy deviations are observed.
be identified on partially oxidize®@2°* and OBL°X samples. The In essence, the STS main experimental features are well
STS spectraremeasured with the tip of thmicroscope on top of reproduced byurtheoretical calculations. Importty, the HOMO
the Fe atoms either oxidized and nowxidized. The energ guenching (peak (b)) and concomitant appearance of the dominant
positions of the spectral features are summarized in Table S2. unoccupied statesd(and € ) ) evi dences a stro
Fig. 4a shows the STS spectra corresponding to Hréafly of the electronic density of metallic dtates upon oxidatiothat
oxidized RZ2®X low-density phase. The nonoxidized SB30 simply depend on the adsorption positiaetermined by the
moleculesarefoundat SB-30 positiors eitherclockwise or counter molecule rotation) of the individual oxidized moleculeBo
clockwise rotatedTheyarefound toexhibit identical conductance understandhe extenof the electron transfer of the centratiba
spectraTheir spectrunfred line) exhibitsesonanceat-1.15V (a) upon oxygen adsorption we complement our findings by studying
and -0.32 V (b) below the Fermi level. \Waker features these systems using surface averaging XMCD.

corresponding to unoccupietiates can be found above the Fermi
level: peak €) at +0.80 V and an incomplete peald)(in the
proximity of +2 V.
In contrast, the spectrurat the Fe centeof the oxidized
moleculeOX(OT-45) (green ling showsonly onedominantfeature
(e) above the Fermi level atl.52 V, and another below the Fermi
level (a)at-1.14 V.
For the oxidizedhigh-density OB1°% phase Fig. 4b), we
acquirel the STS of the thredifferent species.In the case of the (@) R2°%

pristine (noroxidized) FePc (red line)lespite the different tip

LDOS, we find a close resemblance to tR@-phasespectrum, al b

T

which is expectedincein both casemolecules have the Fe centers :
a, E d
i | \/CE\/

at SB30 adsorption ites. In contrast, the oxidized species can

e

correspond either to rotated molecules(OX-45), green linepr
to unrotated FePc species, OX(SB), blue line.

The spectrum of Fe in OX(SB0) moleculesshows a new
resonance at0.80 V, peak f), absentin the rotatedmolecule
OX(OT-45), but no other peak is fourid the occupied®DOS cc o eH .
region (notewe assign themall features betwee®.5 V and the 2.0 -1.5-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Fermi energyto tip contributions). In the region above the Fermi V(V)
level, the dominant peaks Jéand €) are found at +1.58 eV for the (b) OB1°* T R B
OX(SB-30) and at +1.78 eV forOX(OT-45), respectively —— OX(SB-30)
Moreover, thespectrum of OX(O745), blue ling exhibits a broad OX(OT-45) 1
resonance(c) close to +10 eV. Importantly, these energy E
differences allow us to spectroscopically distinguisie two Sl
oxidized species. f oy ¢t

These experimental results can be compared toPDOS ;
predictions for the different d orbitals, calculated for the three *1@'/:
molecular species depicted in FigTRe experimental STS appsar ~‘?'*--... : e
to follow closely the & orbital PDOSpredictions, as displayed in R A L 1S
Fig. 4c, and to be less sensitive to the other calculated orbitals tha -2.0-15-1.0-05 00 05 1.0 1.5 2.0
are shown in Fig. S3. A reason for this orbital selection relates to (c) PDOS ViV
the instrumental response since the tip is prone to interact x
predominantly withverticaly protruding wavefunctions, which
fulfills with the d? orbitals geometry.

In the case of the pristine FePc in-88(red line in Fig. 4c),
the dminant peak (pin the occupied region corresponds to the
HOMO orbital of the molecule, which energeticaligrees well
with the experimentadpectraobserved for the R2 and Qphases
(Table S2) The occupied peak (a), which is clearly observed in R2 f
but barely visible in OB at a lower energy, is neatly present in the
calculation, in good agreement with thepermental result in R2. Ve == i
Above the Fermi level, peaks)@nd ¢) can also be correlated with S
the experiments, albeit these peaks are weak and show slight enerc

di/dV (arb.units)

1
1
1
1
\cc
[

e

di/dV (arb.units)

——SB-30 b e
—— OX(SB-30)
OX(OT-45)

PDOS, d,? (arb.units)

-3.0 -25 -20 -15-1.0 -05 00 05 1.0 15 20 25 3.0

shifts. vV (V)
Noteworthy is that in the occupied region we find
experimentally that the oxidizedtated species OX(G%5) in the Figure 4. STS spectra at the center of the molecule iroxidized

R20X exhibits the state (a) below the Fermi level, but lack the X X . ..
HOMO peak (b). The absence of this peak in the OXAGY (a)R2%%phase and (b) OF* phase (dottedries mark the regions

species of both phases could be interpreted as a quench of th measured in eitherCor CCmodes) (¢) DFT-smulatedPDOS

HOMO state when the molecules oxidisel@otate. Contrarily, the dZ component for theSB-30, OX(SB30) and OX(O¥45)
existence of peak (f) in GB* (SB-30) in proximity to (b) suggests molecular specieee also Fig. S3)
a gentle electronic reconfiguration of the HOMO state whenever the

This journal i®© TheRoyal Society of Chemistry 20xx J. Phys. Chem.2D20, XX, XX-XX



3.3Probing «idation of a high-density phase using XLPA
XLPA measurements at the N-édge werefirst performed to

Qualitatively, a similar behavior was observed upon oxidation
of the R2 phadé although m that case the D peak was more

reassess the planar arrangement of the FePc molecules on thePronounced, and the process was completely reversible after

studied samples. In each of the samples, the vertical (V) and
horizontal (H) NK-edge spectra in grazing incidenge{() were
clearly different, exhibiting the characteristic peaks corresponding
to p* and s* resonances which allowss to confirm the planar
adsorption of the FePc molecules at the Ag(110) suifamece
placed in the XAS sample holder.

Fig. 5a displays the XLPA at the Fes ledge for the freshly
deposited highest density pha3B2. At normal incidenceaE0°),
V and H spectra are coincident (as expected), while in grazing
incidence §=70°), the linear absorption is strongly dichroic. In
particular, the intense peak B in the H configuration is practically
quenched in the V one. This behavior was previooblserved in
R1 and R2 phases, where the B peak was identified with the
excitation of the Fe 2pelectrons to the empty antibonding(dp)
state hybridized with the i and Npyxy states of the next neighbor
nitrogen atom$. Features AE, which were also found in R1 and
R2, are less pronounced in 1882 phase.

Fig. 5b shows the evolution of the-¥A XLPA spectra obtained
in grazing incidence g70°) for four different stages in an
oxidationrannealing cycleOB2Y OX 1 Y OX 2 Y Awhare the
Oz dosing of oxidized samples are given in Table Btk evolution
observed in the XLPA spectra reflects the evolutitthe oxidation
reaction, i.e. OB2X! sampe was less oxidized thadB2°*2 as the

annealing. In the R2 phase, the FePc molecules have, in principle,
space enough to change from-S8to OT-45 and back upon
oxidation and annealing respectivelydut much steric hindrance
(although colisions between molecules shifted in opposite
directions may occur)Ve associate the intensity transfer from peak
B to D upon oxidation with a ~2 eV peak shift, compatible with an
increase in the hole density abdbhe Fermi EnergyEr, which is
compatible with the LDOS changes observed in STS on the Fe sites
(cf. Fig. 4). It is feasible thdhat the formatiof the FePgh?-Oy)-
Ag complex has associated eharge transfer from Fe towards
oxygen, increasing the hotlensity

Fig. 5¢c shows the H polarization XLPA spectrum of the
oxidized sampleOB2°*? (black thick line). The experimental
spectrum can be qualitatively approximated by a weighted sum of
the spectra obtained for the pristine sample, whereonahzed
FePc molecules aren SB-30 positions (green line), and that of a
fully oxidized R2°X sample made of 100% oxidizedotated
OX(OT-45) molecule¥. By this procedure, we could estimate a
yield of 20% of oxidized moleculefor OB2°*! and 50% in
OB2°%2, We conclude that the oxidation of the denser pli2
is less effective than for the ledensity R2 (comparing these
results with those reported in ré¥for similar Oz dosing level see
Fig. 108). We note that we could reach up to 80% of oxidized

OB2 phase gets oxidized, peak B fades while an intense peak D SPecies when the sample was exposed in a different chamber to a
emerges. The reverse process occurs upon annealing, although thdligher oxygen dosing, as shobpthe STM image in Fig. 3i.

initial state was not completely recovered. The strong structural
disorder observed i®B2 upon oxidation by STM (see Fi@i)
probably justifies thancomplete recover of the pristine sample
after annealing.
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3.4 Magnetic properties of oxidized higtiensity phases.

The XAS and XMCD spectra were measured @B2 and OBL
pristine and oxidized samples at the kEeédges, under different
incident angles from normal to grazing incidence, including the so
called fimagic angledo to allow
magnetic moment.

Fig. 6 shows the XAS & XMCD spectra obtained for pristine
and oxidizedOB2 and OB phases (upper and lower panels
respectively). First, it has to be noted that Féhanoxidized FeRc
(h2-O2)-Ag(110) complex presents a much larger XMCD signal
than the pristine FeP&g(110), inagreementith the experimental
results in R1 and R2 phad&d-or exampleQ: dosing produces an
increase in the XMCD signai OB1 phase of a factor ~7 gt55°.
Determination of the fraction of oxidized molecules on each sample
and sum rule analysa@lowsusto properly quantify the orbital and
spin magnetic moment of each configuration. Second, it is
interesting to remark #t although pristin®©B2 and OBL XMCD
spectraare essentially equal, and very similar to the XMCD of the
R1 and R2 samples, the lineshape of XMCD spectra in the oxidized
OB1%X phase is clearly different to that observegamplesR1°%,
R2°X (Fig. S.7)and OB2°X (Figs. S5 and 6)the intensity of the

peak atE=710 eV is uniquely strong in comparison with all the
other samples, which is indicative of the presence of a fraction of
Fe species with a different electronic structure. This observation
correlats with the spectral differences obtained in STS of the
diffeeent gxigliged spactameviqueytdiscussadn at i on o f
Fig. 7 (left) comparesthe XMCD spectra along the cycle
OB2Y OX 1 YOX2 Y Adbtdined ato=0° and 2=7(°. The
XMCD of pristine FePc on Ag(110) has ad.lineshape very
similarto that of metallic Fe, suggesting the strong hybridization of
Fe in FePc with the metal substrate. Similar resuéiee obtained
for other investigated incidence angles (see F&). Bhe analysis
of the spectra evidences an kiimn from the asleposited phase
to the most oxidized configuration. The XMCD obtained at the
OB2°X1 andOB2°*? phases present a progressively larger intensity
and a shape evolving towards that observed formetallic Fe(lll)
in a crystal field. Aftethe annealing process, the XMCD recovers
the metallic aspect, although tliree shapés not exactly coincident
with that of the asleposited sample. Qualitatively, the same
behavior was observed along the oxidatieduction reaction of the
R1 and R2 phas'®,
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(d) oxygenated QIBX samples, aB=4 T,T=2.8 K.
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usingEgs. [1] and[2], as well asurves earlier reported for ledensity phases R2 and ®2 ref. 16,

The sum rules allowsto determine the orbital and effective
spin magnetic moment per hole in the 3d basd function of the
incident angle The right side ofFig. 7 yields the angular
dependence of the orbliand effective spin magnetic moments per

3d hole, m{" /' n, and m / n,(g), determined for theOB2,

OB2°X1, OB2X*2andOB2*"N phasesFor the sake of comparison,
the previously determined dependencies for pristine ardizexi
low-density R2 phases are also shown.

At a given angle of incidence, the orbital moment per hole can
be expressed as a function of its components in the direction

perpendicular {1} ) and parallel (") to the FePc molecular plane
as:

m(g)/n=n/n én* g A/ p cod [1]

On the other hand, the effective spin moment is

m"(g)/ n,=m( Y/ n, -7 m( )b n, wherems is the isotropic

spin moment andir the angledependent intratomic spin dipole
moment, which is norrnegigible in this casemr expresses the
inhomogeneous spatial distribution of the spin density over the
atomic unit cell, due to the anisotropic charge distribution arising
from strongly directional bonds or crystal field. In thesgmmetry

of the FeR molecule, thein-plane( M) and outof-plane (M)
components of the dipolanoment are related by’ +2m® =0;

thus, theeffective moment angular dependerﬂi\éff (9)/ n,can be
written as:

m"(g)/ n,= m/ n, -7}/ plcos g st LR) (2

At the magic anglegt=54.7°), the dpolar term cancelsand so

m¢" provides directlym, .

Thesum ules were applied to obtain the angular dependencies
m"(g)/ n,and m (g)/ n, (see Fig7cand Fig. $) and the fitting
of the experimental dataising Egs. [1] and [] allowed us to
determinem,/ n,, M/ N, M*/ n, and m; / 1, for Fe in pristine,
oxidized and annealedB2 and OBL samples, which are

summarized iMablel.

All phases display planar anisotropy, in agreement with the
previous findingdor FePc in diverse environments. However, the
highly unquenched orbital magnetic moment of FePc when the
molecule is not in contact with a metallic surface/(ns &
fully lost in FePc/Ag(110) phases, both in the pristine (or annealed)

phases as in the oxidized ones.

m/n | min | M/ mi/n | Ref
R2 0 6.5x10° |7.1x10% |4.3x10° |18
R2DOX |1.2x10? |2.2x10% |3.7x10' |2.9x102 |18
R2ANN 4.0x10° |1.5x10% |7.1x10% |5.9x10% |18
OB2 1.4x10° |8.1x10° |7.2x102 |1.8x10% |*
OB2°X1 |8.3x10% |1.7x10% |1.3x10! |4.5x10° |*
OB2°%2 | 1,1x102 |2.1x10% |1.8x10! |7.5x10° |*
OB2°NN | 8 8x10° |1.8x102 |1.2x10' |2.8x10° |*
OB1 1.5x10°% |1.2x10% |5.2x10% |5.6x10° |*
OB1°% |2.0x10% |4.2x10% |4.9x10! |6.2x10% |*

Table 1.Magnetic moment parameters (in unitsiefhole) for
the different FePc/Ag(110) samples. * This work.
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3.5 Discussion

Fig. 8 showsa comparisonof the XMCD at g=5% of the two
oxidized high density phases OB2°*? and OB1°X. Oxygen

exposuregoroduces in both cases an increase in the dichroic signa

compared to the ptime caseshowever, differencem the spectra
are observed, whickshould be correlated with thedifferent
molecubr speciesletectecby STM.

The XMCD of the oxidizedOB2°X phases can be well fitted
using a linear combination of thexperimental signalsbdained
from the pristineOB2 sample and the fully oxidized sample, i.e. a
linear combination of ncoxidized FePc on SBO and oxidized
OX(OT-45) molecules as shown irFig. 8a. For theOB2°*! and
OB2°*2samples the percentages of pristine vs. oxidizeldentes
are 5050 and 8€R0, respectively, matching the values found for
the XLPA fitting (Fig. 5c).

Qualitatively, the XMCD of theOB2°X oxidized phases
resemble that of the previously reportedtangular R2* oxidized
phase, which contained a major fraction of oxidized OX@3}
moleculesand some pristine moleculescupying SB30 sites. tis
interesting to note that the spectrum of the OX{5) molecules
very closely corresponds to Feoxidation state in an octahedral
site, as previously shown by Ligand Field Multiplet (LFM)
calculation®® (Fig. S7).

Figure 8. Comparison of XMCD ¢=5%°) of oxidized phase (a)
OB2°%2 (B=6 T, T=3.4 K): the measured spectrum can
expressed as a linear combination of the spectnambxidized
SB-30 molecules, and oxidized, rotated OX{@3) molecules;
(b) OBXX (B=4 T, T=6.0 K): the measured spectrum is a line
combinaton of the spectra of three molecule species:38B
OX(OT-45) and OX(SB30).
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Figure 9. Above: XMCD of OBP* phase {=5.0 K,B=6 T,g=0°):

it can be described as a linear combination of the spectra o
SB-30, OX(OT-45) and OX(O¥F30) molecules; below (vertically
shifted for comparison), spectra of*Fand Fé* simulated with
CTM4XAS 5.0 pograni? including spinorbit coupling, crystal
field (CF) effects and reduction of the Slater integrals to incl
the interatomic configuration interactiorhe parametersised for
the simulations were close to thoseref!% the CF parameters
were 10q=1.86 eV, 1.0 eV[}=Ds=0) for Fé*Oh, F&*Oh (Oh:

octahedral site) respectively; a Slater reduction of 70%, 80%,
was used to F(dd), F(pd) and G(pd). The msswere convoluted
by a Lorentzian 0f5=0.3(0.4) eV for the §(L2) edge to account
for intrinsic corehole lifetime broadening, and by a Gaussian
s=0.2 eV to account for instrumental broadening.

In contrast, the&XMCD of the OBL®X oxidized samplecannot
be described considering only these two spediesiew of the
STM images obtained in this samplEig. 3hH, we require an
additional component for the OX(SB0) molecules that in the
XMCD accouwnts for the dichroic signal contribution observed at
710.6 eV.

This contribution can be empirically determined, as shown in
Fig. 8b: to obtain the XMCD of the oxidized OX(G30) molecules
(blue line), we subtract from the experimental XMCD of the

(SB30) OX(SB3() OX(0H45)

Ny 0.7 0.3 0.1
n,S 2.7 3.6 4.0
Ny 3.4 3.4 4.1
Fe netharge 0.1 0.4 0.6
m;PFT(my) 2.1 3.3 4.0

Table 2. DFT simulations o5TM images in CC mode 8t1V
(top), and (bottomyhe Fe 3d Sholes (7" ) and Sholes (" ),
the Fe net charge, the number of holes1f, = °* +7° ") and the

magnetic moment Ity ), for the noroxidized (left), oxidized

rotated (center) and oxidized nootated (right)species.
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