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1. Introduction

The  adsorption  of  non-magnetic  atoms  
and  molecules  on  a  ferromagnetic  (FM)  
transition  metal  surface  creates  a  hybrid  
interface  exhibiting  a  plethora  of  novel  
exotic  physical  phenomena.[1]  On  the  one  
hand, the adsorbate orbitals become spin-
polarized  because  of  the  contact  with  the  
ferromagnet,[2]  resulting  in  an  induced  
spin  polarization  that  can  be  measured  
in  nano-scale  tunnel  magnetoresistance  
experiments.[3–5] On the other hand, many 
magnetic  properties  of  the  transition  
metal  surface  are  drastically  modified.  
For  example,  in  ultrathin  FM  films,  CO,  
fullerene  and  other  molecules  enable  the  
steering of the magnetization direction.[6,7] 
The  adsorption  of  a  π-conjugated  organic  
molecule  on  a  ferromagnetic  substrate  
locally  increases  the  strength  of  the  mag-
netic  exchange  interaction  between  its  
underlying  magnetic  atoms,  thus  leading  
to magnetic  hardening.[8,9]  Chemisorption 
of  oxygen  on  Fe  induces  a  strong  Dzya-
loshinskii–Moriya  interaction,[10]  while  a  

Spin-resolved momentum microscopy and theoretical calculations are com-
bined beyond the one-electron approximation to unveil the spin-dependent 
electronic structure of the interface formed between iron (Fe) and an ordered 
oxygen (O) atomic layer, and an adsorbate-induced enhancement of elec-
tronic correlations is found. It is demonstrated that this enhancement is 
responsible for a drastic narrowing of the Fe d-bands close to the Fermi 
energy (EF) and a reduction of the exchange splitting, which is not accounted 
for in the Stoner picture of ferromagnetism. In addition, correlation leads to 
a significant spin-dependent broadening of the electronic bands at higher 
binding energies and their merging with satellite features, which are mani-
festations of a pure many-electron behavior. Overall, adatom adsorption 
can be used to vary the material parameters of transition metal surfaces 
to access different intermediate electronic correlated regimes, which will 
otherwise not be accessible. The results show that the concepts developed 
to understand the physics and chemistry of adsorbate–metal interfaces, rel-
evant for a variety of research areas, from spintronics to catalysis, need to be 
reconsidered with many-particle effects being of utmost importance. These 
may affect chemisorption energy, spin transport, magnetic order, and even 
play a key role in the emergence of ferromagnetism at interfaces between 
non-magnetic systems.
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hydrogenated  Fe  double  layer  on  an  Ir(111)  substrate  supports  
the  formation  of  magnetic  skyrmions.[11]  For  selected  inter-
faces, large molecules can surprisingly lead to a ferromagnetic 
response  in  otherwise  non-magnetic  nanostructures.[12]  For  
all  these  phenomena,  the  main  driving  mechanism  behind  
the  emergent  spin  properties  is  the  hybridization between the  
orbitals of the adsorbate and the 3d electronic bands of the sur-
face. However, the complex interplay between the change in the 
local  spin-dependent  electronic  structure  of  the  metal  surface  
layers  and  the  emergent  adsorbate  spin-polarization  is  not  yet  
fully understood.

Most  research  works  to  date  (for  example,  refs.  [2,12–14])  
describe  adsorbates  on  ferromagnets  in  terms  of  an  effective  
single-particle Stoner picture[15] derived from density functional 
theory  (DFT).[16–18]  This  explains  ferromagnetism  in  3d  transi-
tion metals (Ni, Fe, Co) and their alloys as resulting from a rigid 
energy  shift  (the  so-called  exchange  splitting)  of  the  majority  
and  minority  3d-bands  under  the  influence  of  the  exchange  
interaction  treated  in  a  static  mean-field  approximation.  How-
ever, FM transition metals are rather correlated[19,20] as the open 
3d  shells  are  tightly  bound  to  the  ionic  cores,  which  crucially  
affects  their  electronic  and  magnetic  properties  and  makes  
single-particle  approximations  inaccurate.[21–23]  Specifically,  
electron correlation leads to the narrowing of the 3d bandwidth 
and  the  reduction  of  the  exchange  splitting[24–29]  sometimes  
accompanied  by  intrinsic  many-body  features,  called  satel-
lites,  at  high  binding  energy  in  excitation  spectra.[30]  All  these  
effects are likely to be modified upon chemisorption of atomic 
and  molecular  adsorbates,  but  this  intriguing  physics  has  not  
been  thoroughly  investigated.  To  the  best  of  our  knowledge,  
even the most basic question on whether adsorption enhances 
or reduces electron correlation has never been posed in explicit 
terms. Here we are aiming to start filling this knowledge gap.

To  demonstrate  how  adsorption  alters  electron  correla-
tion and thereby affects  the electronic  and magnetic  structure 
of  interfaces,  we  consider,  as  a  model  system,  chemisorbed  
oxygen atoms atop FM iron forming a p(1 × 1)O–Fe(100) recon-
struction.  Besides its  interest  for  such fundamental  electronic 
structure  problems,  this  system  is  also  important  for  applica-
tions, as it is widely used for highly efficient spin detection in 
electron  spectrometers.[31–33]  We  provide  the  direct  proof  that  
the oxygen adsorption drastically enhances electron correlation 
at the surface, leading to the breaking down of the Stoner-like 
picture  of  band  ferromagnetism.  In  particular,  we  find  that  
hybrid O–Fe states become extremely narrow and localized in 
energy in a 1 eV range below the Fermi level, reducing, at the 
same time, the exchange splitting. Furthermore, strongly spin-
polarized  adsorbate–FM  satellite  features  appear  in  the  exci-
tation  spectra  at  low  binding  energies.  Overall,  the  system  is  
in  a  unique  intermediate  metallic  correlated  regime  between  
ferromagnetic  metals  and  strongly  correlated  transition  metal  
oxides.

Our  observations  have  been  possible  thanks  to  the  recent  
integration  of  imaging  spin-filters  with  a  new  generation  of  
photoemission electron microscopes (PEEMs) enabling the par-
allel  acquisition  of  momentum-  and  spin-resolved  photoelec-
tron  distributions  within  the  same  experiment  (spin-resolved  
momentum  microscopy).[34]  The  results  are  interpreted  using  
a state-of-the-art theoretical method, which includes correlation 

effects  beyond  DFT  overcoming  the  limitation  of  the  effective  
single-particle DFT picture.

2. Results

2.1. DFT Versus DFT+DMFT

In  order  to  rationalize  the  basic  electronic  structure  of  inter-
faces  formed  by  adsorbates  on  FM  surfaces,  at  first,  we  con-
sider  the  d-band  model  introduced  by  Hammer  and  Nørskov,  
which  is  widely  used  to  understand  and  predict  the  catalytic  
activity  of  transition  metal  surfaces.[35–37]  According  to  this  
single-particle  model,  hybridization  may  occur  when  an  atom  
or molecule is bound in the vicinity of the surface. In particular, 
the  adsorption takes  place  through two consecutive  steps.  The 
first includes the interaction of a molecular state with the delo-
calized, broad metal sp-band. As deduced by Newns in 1968,[38] 
the coupling causes the molecular state to shift and to broaden 
in energy into a resonance, as its lifetime is reduced due to pos-
sible  relaxation  into  the  metal  band.  In  the  second  step,  that  
resonance  interacts  with  the  narrow  d-band  of  the  metal  sur-
face,  which  acts  similarly  to  a  discrete  atomic  level  located  at  
the  band  center  and  splits  the  molecular  state  into  a  bonding  
and  an  antibonding  resonance.  At  a  ferromagnetic  surface,  
this  splitting  occurs  spin-dependently,  and  thus,  hybridization  
induces an exchange splitting on the emerging adsorbate reso-
nances,[39] as depicted by the single-particle picture in Figure 1a 
(left). The position of the bonding and antibonding resonances 
with respect to the Fermi energy determines the strength of the 
chemisorption, and moreover, the change in the filling of the d 
band.

This  rationalization  can  already  be  grasped  in  electronic  
structure  calculations  performed  by  means  of  spin-polarized  
DFT,  which  we  consider  as  an  effective  single-particle  theory.  
The resulting density of states (DOS) of the Fe(100) and p(1 × 1) 
O–Fe(100)  systems  are  reported  in  Figure  1b  and  projected,  
for  both  majority  and  minority  spin  channels,  over  the  sur-
face  Fe  atom  (black  curve)  and  the  O  adatom  (red  and  blue  
curves).  Qualitatively,  we can immediately  appreciate the basic  
physics described by the d-band model. In Fe(100), the majority 
d-band is  almost entirely filled and the band structure is  spin-
split  according  to  the  Stoner-like  picture  of  band  ferromag-
netism.  After  oxygen  adsorption,  the  formation  of  the  O–Fe  
bonding state with mostly O character appears in the majority 
spin channel  between −9 and −5 eV below the Fermi energy  ,  
whereas the minority states are centered between −8 and −4 eV. 
In contrast, the antibonding states with mostly Fe character are 
rather  close  to  or  above  EF.  The  orbital-resolved  DOS  is  pre-
sented in Section S1,  Supporting Information.  In the minority 
channel, the system tends to become more insulating with the 
DOS  that  is  reduced  around  EF,  while  a  fraction  of  electrons  
(≈0.17e) is moved from the dxy and zd 2  orbitals to other orbitals. 
On  the  other  hand,  in  the  majority  channel,  the  d  states,  in  
particular the dxy,  which are strongly hybridized with the O px 
and py orbitals, are dragged toward EF. Although the calculated 
reduction  in  the  majority  dxy  state  occupation  is  only  0.1  elec-
trons,  as  we  will  see  in  the  following,  this  effect  is  one  of  the  
ingredients that enhance electron correlations, since it enables 
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three-body  scattering  processes  between  d  electrons  and  par-
ticle–hole pairs.[40]

Now  we  include  correlation  effects  viathe  so-called  many-
electron  self-energy  Σ(E),  which  describes  the  potential  felt  by  
the  electrons  because  of  their  interaction  beyond  the  effective  
single-particle  picture  of  the  spin-polarized  DFT.  In  particular,  
Σ(E)  is  calculated  here  by  using  dynamical  mean  field  theory  
(DMFT)[41]  with  a  solver  that  includes  all  second-order  terms  
in  the  effective  electron–electron  interaction  U  and  Hund’s  
coupling J  between Fe 3d electrons[40,42]  (for further details see 
Experimental Section). DMFT neglects spatial fluctuations (i.e., 
the  spatial  correlation  between  electrons  on  different  atoms),  
but  considers  temporal  (i.e.,  dynamical)  fluctuations  due  to  
electron  correlations,  and  the  self-energy  is  therefore  energy-  
(or frequency-) dependent. The method was shown to describe 
the  physics  of  transition  metals[19,27]  and  our  implementation  
has proven accurate in reproducing correlation-related features 
in  photoemission  spectra  of  transition  metal  thin  films.[40]  In  
our calculations, the interaction parameters U and J are used as 
empirical  parameters  that  are  fixed  by  comparing  the  theoret-
ical  and the experimental  spectra.  The resulting DOS for  both 
Fe(100) and p(1 × 1)O–Fe(100) are shown in Figure 1c.

At  the  clean  Fe(100)  surface,  correlation  shifts  the  states  
toward  the  Fermi  energy  leading  to  a  noticeable  reduction  of  
the  exchange  splitting  between  the  majority  and  the  minority  
d-bands accompanied by the narrowing of the majority d-band 
compared  to  the  single-particle  DFT  picture.  Furthermore,  a  
pronounced  satellite  feature  for  majority  electrons  appears  
centered  at  about  −5  eV.  The  considered  U  and  J  are  respec-
tively equal to 1.8 and 0.5 eV, and they are within the range of 
values  that  were  used  in  previous  studies.[22]  Notably,  correla-
tion  effects  appear  much  more  pronounced  for  the  majority  
than for the minority d-band. The physical picture can be easily 
understood  considering  that  in  a  FM  metal,  electrons  propa-
gate  through  the  Stoner  mean-field  created  by  electrons  of  
opposite spin. The self-energy dynamical contribution added to 

the  system  describes  scattering  of  single  electrons  against  the  
Fermi sea creating particle–hole pairs. In a strong ferromagnet 
like  the  Fe  surface  studied  here,  the  majority  band  is  not  
entirely filled and, close to the Fermi energy, its contribution to 
the DOS is small. In contrast, the minority DOS near the Fermi 
energy  is  large.  Thus,  for  any  process  involving  particle–hole  
pair  creation,  the pair  is  more likely  to  appear  in the minority  
band.  Majority-spin  electrons  will  scatter  minority-spin  pairs,  
with  effective  interaction  U,  whereas  minority-spin  electrons  
scatter  minority-spin pairs  with a  lower  effective  interaction is  
U − J < U.  As  a  result,  majority  spin  electrons  are  more  cor-
related than minority spin electrons. These are well-established 
results, which were predicted by early DFT+DMFT calculations 
and supported by experiments.[26,27,43]

Crucially,  the  overall  physical  picture  changes  for  
p(1 × 1)O–Fe(100). The U  and J  values of the Fe surface atoms 
used  in  our  DMFT  calculations  for  the  p(1  × 1)O–Fe(100) 
interface need to  be increased to  U =  3.0 eV and J =  1.1 eV to  
account  for  the  experimental  spectral  properties  presented  
in  the  next  section.  The  DOS  of  p(1  × 1)O–Fe(100)  calculated  
with the same U =  1.8 eV and J =  0.5 eV as for Fe(100) is pre-
sented  in  Section  S2,  Supporting  Information  highlighting  
the  deficiency  of  the  results  for  those  smaller  parameters.  
This  finding  suggests  that  the  electron–electron  interaction  
becomes effectively less screened after oxygen adsorption. The 
quite  large  U  of  Fe  is  the  key  ingredient  leading  to  enhanced  
electronic  correlation  due  to  oxygen  adsorption.  In  fact,  the  
importance  of  correlation  effects  for  d  electrons  in  transition  
metals is primarily determined by the strength of the effective 
electron–electron  interaction  U  relative  to  the  band  width.  As  
mentioned  earlier,  the  other  factor  affecting  electron  corre-
lation  is  the  band  filling.  In  the  extreme  case  of  a  fully  filled  
band,  no  electron–hole  pairs  can  be  created,  and  correlation  
effects would be absent irrespective of U. Instead, when a band 
becomes  partially  filled,  correlation  is  activated.  The  relation  
between  band  filling  and  correlation  is  further  discussed  in  

Adv. Mater. 2022, 2205698

Figure 1. a) Scheme of the DOS for adsorbed atoms or molecules hybridized with FM surfaces. The left side depicts the typical result of the d-band 
center model (single-particle model) comprising the spin-dependent splitting of the atomic oxygen states into antibonding and bonding resonances 
(black lines). In this model the metal DOS (grey lines) is almost unaffected by the O adsorption. Including electron correlation (right panel) drasti-
cally changes the metal DOS, unveiling the emergence of satellites at higher binding energies and a severe reduction of the exchange splitting close 
to Fermi. b,c) DOS for the Fe(100) and Fe(100)–p(1 × 1)O surfaces projected on the surface Fe atom (and O atom) calculated with DFT (b) and with 
DFT + DMFT (c), respectively.
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Section  S3,  Supporting   Information.  The  value  of  the  on-site  
energy  of  the  atomic  levels  with  respect  to  the  energy  of  the  
d-band  controls  the  spin-dependent  occupation  of  the  surface  
Fe d orbitals, and with that, the strength of electron correlation 
and  the  consequent  changes  in  the  electronic  structure.  We  
generally  find  that  the  system  becomes  more  (less)  correlated  
for a large (small) adsorbate on-site energy when the number of 
electrons of the majority d orbitals, and in particular of the dxy 
orbital, is reduced away from (increased toward) full occupancy, 
while  the  minority  d  orbitals  are  overall  filled  (emptied)  with  
respect  to  the  case  of  the  clean  Fe  surface.  This  indicates  that  
an adsorbate can effectively be used to tune electron correlation 
effects  at  metallic  surfaces.  According  to  our  DFT  calculation,  
since the p(1 × 1)O–Fe(100) surface presents 0.1 holes in an oth-
erwise almost filled majority 3d orbitals, it can be considered in 
a regime of relatively high correlation. This fact,  together with 
the  discussed  U  enhancement,  is  enough  to  drive  dramatic  
changes  in  the  electronic  structure:  the  exchange  splitting  is  
quenched, and the d-band becomes narrower than in the clean 
surface  because  of  the  larger  U.  Comparing  the  results  for  
p(1 × 1)O–Fe(100) in Figure 1b,c,  we see that also the minority 
d-band,  and  not  just  its  majority  counterpart,  becomes  renor-
malized by correlation. Interestingly, while correlation does not 
change  the  charge  of  the  surface  Fe  atom  d  shell  occupation  
(6.8  e),  it  strongly  reduces  their  magnetic  moment  from  3  to  
1.8 µB.  Besides  that,  we  note  that  the  enhanced  correlation  in  
the  minority  d-band  also  leads  to  the  formation  of  a  minority  
satellite  feature,  which  was  absent  in  Fe(100).  These  findings  
are rationalized in Figure 1a (right).

The change in the electron correlation can be quantitatively 
evaluated through the mass enhancement factor m*/m, which 
is the ratio between the effective mass m* of surface d orbitals 
including  electron  correlation  and  the  effective  mass  m  in  
the  single-particle  picture.  The  mass  enhancement  measures  
how  much  d-electrons  effectively  become  heavier  because  of  

correlation.  For  uncorrelated  electrons  m*/m  would  be  equal  
to 1. In Fe(100) we find an average mass enhancement for sur-
face  d  orbitals  equal  to  1.23  (spin  up)  and  1.36  (spin  down)  
(the  results  resolved  for  each  orbital  are  presented  in  Sec-
tion  S4,  Supporting  Information).  The  surface  is  weakly  cor-
related.  After  oxygen adsorption,  the  average  m*/m  increases 
up to 1.52 (spin up) and 1.43 (spin down).  The system, there-
fore,  becomes  medium  correlated.  In  particular,  the  largest  
mass enhancement (1.60) is found for the surface spin up Fe 
dxy  orbital,  which,  as  stated  above,  is  hybridized  with  the  O  
px  and  py  states  and  slightly  hole-doped.  This  confirms  that  
the  formation  of  metal–adsorbate  bond  strongly  affects  the  
electron correlation. Adsorbates can effectively be used to vary 
the material parameters accessing intermediate metallic corre-
lated regimes rather different from that  of  pristine ferromag-
netic surfaces.

2.2. Spin-Integrated Band Structure of the Interface

Now  that  electron  correlation  effects  have  been  introduced  
from the theoretical point of view, we will investigate how they 
manifest in experiments. We obtain the p(1 × 1)O–Fe(100) sur-
face by exposing a bare iron substrate to oxygen and we employ 
angle-resolved  photoelectron  spectroscopy  to  access  the  elec-
tronic  structure  of  the  system  under  study  (see  Experimental  
Section). We start by comparing the so-called momentum maps 
(i.e.,,  the  photoelectron  distribution  as  a  function  of  the  elec-
tron  parallel  momentum)  taken  at  the  Fermi  level  before  and 
after exposing the clean iron sample to O2. The corresponding 
momentum maps are reported in Figure 2a,b, respectively. For 
guidance,  the  first  surface  Brillouin  zone  (SBZ)  is  sketched  
(gray  square)  alongside  the  high-symmetry  lines  connecting  
the ΓΓ, X,  and  M  points  (red  lines).  The  surface  normal  is  
assumed  along  the  Cartesian  z-axis.  Both  incidence  plane  of  

Adv. Mater. 2022, 2205698

Figure 2. a,b) Momentum maps at EF for the clean Fe(100) (a) and passivated Fe(100)–p(1×1)O (b) surface. In (a) the surface Brillouin zone of the 
two systems is indicated by a gray square and red lines mark the high-symmetry lines. The direction of the incidence light beam (impinging at 66° with 
respect to the surface normal) and the magnetization M lie parallel to the ky-direction. Comparing the two images reveals the emergence of additional 
states that originate from the hybridization between iron substrate and oxygen overlayer. The maps were acquired using p-polarized light with photon 
energy hν = 64 eV.
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the  photon  beam  and  magnetization  direction  lie  parallel  to  
the ky-direction  as  indicated  by  the  black  and  the  gray  arrow,  
respectively.

For pristine Fe(100) two prominent features can be observed 
within  the  SBZ that  are  closely  related  to  the  dxz, dyz  states  of  
bulk iron.[44–46] The first one extends along the XΓ  path (blue), 
and vanishes near Γ  and X. The second one is along the MΓ  
path  and  located  close  to  the  M-point  (orange).  As  already  
observed  in  previous  studies,  the  passivation  with  oxygen  
leads  to  the  formation  of  the  Fe(100)–p(1×1)O  phase,  which  
shows  remarkable  changes  in  the  electronic  structure.[47]  The  
corresponding  momentum  map  is  shown  in  Figure  2b.  Com-
pared  to  the  clean  surface,  the  state  along  XΓ  is  replaced  by  
a  diamond-like  shaped  state  close  to  Γ  (blue)  together  with  
a  ring-shaped  one  in  the  center  of  the  SBZ  (violet),  while  the  
feature  near  M  (orange)  becomes rounder  and more  intense.  
Furthermore,  another  diamond-shaped  state  arises  that  con-
nects the four X -points (green). Notably, all these states appear 
much sharper and more prominent than the ones for the clean 
Fe(100) surface. The enhancement can be directly related to the 
dramatic  narrowing  of  the  d-bands  caused  by  the  larger  elec-
tron correlation.

The  changes  in  the  electronic  structure  can  be  further  
appreciated by observing the energy dispersion of the marked 
features along the symmetry directions indicated in Figure 2a. 
The resulting plot is shown in Figure 3a, where we also high-
light  the  electronic  orbital  nature  of  the  states  related  to  the  
Fe(100)–p(1×1)O surface.  Their  surface  nature  was  established 
by comparing photoemission measurements taken at different 
photon  energies  (further  details  are  given  in  Section  S5,  Sup-
porting Information.  Those states  close  to  the  Fermi level  are  
all  antibonding  states  formed  between  the  antibonding  O  p-  
and the Fe d-orbitals,  but,  in contrast  to  the bonding states  at  
−6  eV,  their  main  contribution  stems  from  the  Fe  d-orbitals.  
They  are,  therefore,  quasiparticle  states,  which  means  single-
particle-like  electronic  states,  but  renormalized  by  interaction  
effects.  They  extend  over  a  narrow  energy  region  about  1  eV  
width  and  their  flatter  energy  dispersion  compared  to  quasi-
particles  states  of  the  clean  Fe  is  a  consequence  of  enhanced  
correlation as discussed above. The photoemission data can in 
fact be compared to the momentum-resolved DOS of Figure 3b 

calculated with DFT+DMFT (a comparison of ARPES data and 
DMF T for Fe(100) is reported in Section S6, Supporting Infor-
mation).  The  agreement  between  theory  and  measurements  
is  remarkably  good  with  the  position  and  dispersion  of  most  
features, which appear quantitatively consistent. We note that, 
in  contrast,  the  momentum-resolved  DOS  calculated  by  DFT  
without  including  the  many-electron  self-energy  completely  
fails to match the photoemission data, and a similar failure is 
also found when using “static” corrections for DFT designed to 
account for insulating behaviors in oxides (see Section S7, Sup-
porting  Information).  This  is  because  the  system  is  an  inter-
mediate  correlated  metal  and  only  dynamical  self-energy  con-
tributions  can  capture  the  correct  physics.  The  narrowing  of  
the  electronic  bands  found  in  experiments  for  Fe(100)–p(1×1)
O reflects the enhancement of  the m*/m  ratio induced by the 
stronger electron–electron correlation. Previous studies already 
speculated that the mismatch between the experimental results 
and  the  DFT  calculations  might  be  due  to  electron  correla-
tions[48] and first attempts to implement many-body corrections 
were performed.[32] However, the full magnitude of many-body 
effects was not captured, and thus, it was not possible to estab-
lish  a  conclusive  model  conceiving  the  physics  occurring  at  
the chemisorbed interface. Here we provide the first direct evi-
dence  of  enhancement  of  electron  correlation  induced  by  the  
oxygen adsorption.

We  now  focus  on  the  bands  at  higher  binding  energy  cen-
tered  at  −6  eV.  We  identify  three  parabolic  dispersing  states  
along  the  XM-path  (Figure  3a).  They  unambiguously  stem  
from the  bonding states  between the  2p  (px,  py,  pz)  orbitals  of  
the oxygen and the d orbitals of the metal[49,50] (see Figures S10 
and S11 in Section S8, Supporting Information, for the orbital-
resolved  spectral  functions).  Yet,  the  most  striking  feature  in  
this  energy  region  is  the  merging  of  the  sharp  bonding  states  
into the broad satellite feature of iron. This satellite appears as a 
diffuse background in the region from −5.0 to −7.0 eV, near the 
Γ-point  (Figure  3a)  and  it  can  be  clearly  identified  also  in  the  
total  density of states (see Figure 1c).  This is  a many-body fea-
ture, which is absent in a single-particle band structure descrip-
tion,  and  which  is  enhanced  through  the  oxygen  adsorption  
because  of  the  strengthening  of  the  effective  electron-electron  
interaction U.

Adv. Mater. 2022, 2205698

Figure 3. a,b) The surface band structure for the Fe(100)–p(1×1)O interface along the MM  – ΓΓ  – XX  – MM  direction, determined by momentum-resolved 
photoemission measurements using a photon energy of hν = 64 eV (a), and calculated including electron correlation via the self-energy (b). The upper 
panels in (a) and (b) depict the band structure in an energy range from EF to −1.0 eV, while the two bottom panels show the sections from −1.0 to −8.5 eV.
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2.3. Spin-Resolved Band Structure of the Oxygen-Passivated Fe 
Surface

After  having  assigned  the  main  features  of  the  surface  band  
structure,  we  now  analyze  the  spin-resolved  photoemission  
data,  which  are  shown  in  Figure 4a.  These  allow  us  to  track  
the  dispersion  of  the  antibonding  and  bonding  states  in  the  
two spin channels. To visualize both the intensity and the spin-
polarization  within  the  same  plot,  the  color  scale  becomes  a  
2D  map  like  the  one  depicted  in  Figure  4a.  From  these  data,  
we  can  immediately  extrapolate  the  spin  character  of  the  ear-
lier  reported  antibonding  states  near  the  Fermi  level.  While  
the states close to the center of the SBZ stem mainly from the 
minority electrons (blue), the one located near the M-point has 
a strong majority character (red).

For  a  one-to-one  comparison,  the  spin-resolved  theoretical  
results  are  placed  side-by-side  in  Figure  4b.  As  mentioned  at  
the  beginning,  it  is  in  the  spin-resolved  spectra,  where  the  
severe  consequences  of  the  enhanced  electron  correlation  can  
be  better  appreciated.  The  first  one  is  the  breaking  down  of  
the single-particle Stoner-like picture of ferromagnetism in the 
region  close  to  the  Fermi  energy,  where  there  is  no  evidence  
of  the  expected  exchange  split  3d-bands.  Although  there  are  
some differences between the theoretical and the experimental 
results near the Γ -point possibly due to matrix element effects 
or  to  DMFT neglecting  non-local  correlation,[51]  the  theoretical  
and  experimental  picture  are  qualitatively  consistent,  and  the  
agreement is  overall  good for  other  points  in the SBZ. Impor-
tantly, the overall reduced exchange splitting of the d-bands due 
to oxygen does not manifest  by a suppressed spin-polarization 
of the states at the Fermi level. Therefore, in previous publica-
tions (see for example ref. [49]) it was assumed that the d-bands 
remain mostly  unaffected,  which was in agreement with com-
putational  predictions  at  the  time  that  were  based  on  single-
particle  approximations.  The  comparison  with  previous  works  
further highlights the importance of our work, since only state-
of-the-art  spin-resolved  ARPES  experiment  compared  to  state-
of-the-art  calculations  can  disentangle  and  correctly  identify  
the complex features in the spin-resolved band structure of the 

Fe–O system. This is also true for the region from −4 to −8 eV, 
where at first glance the experimental spectra seem fully spin-
polarized,  while  the  theoretical  calculations  indicate  that  the  
minority  resonances  are  sharper,  and  the  majority  bands  are  
significantly broadened.

To  single  out  this  effect  in  the  experimental  data,  the  two  
spin contributions can be viewed separately. The corresponding 
spin channels are reported in Figure 5. The energy broadening 
and  the  exchange  splitting  are  quantified  by  extracting  inten-
sity profiles along the energy axis from the graph and by fitting 
the resulting spectra with a Gaussian function. The energy and 
momentum ranges are delimited by dotted boxes. The extracted 
peak position is  superimposed to the data (red and blue trian-
gles), while the broadening is assumed to be the FWHM of the 
corresponding  Gaussian.  Strikingly,  these  results  demonstrate  
the  collapse  of  the  exchange  splitting  close  to  the  Fermi  level.  
In fact, the exchange splitting appears even slightly reversed as 
we  measure  the  minority  states  E∆ Γ,F

 =  –(40  ±  10)  meV lower  
in  energy.  In  addition,  the  broadening  of  the  majority  state  is  
enhanced  at  Γ ,  where  it  amounts  to  wE ↑,F

  =  (250  ±  20)  meV  
compared  to  wE ↓,F

  =  (180  ±  20)  meV  for  the  minority  states.  
The same trend is observed near M , although here the change 
is subtler and appears to increase when moving toward Γ  (see 
Section  S9,  Supporting  Information,  for  the  full  overview).  
Next,  we discuss  the  results  for  the  bonding oxygen 2p states,  
where, contrary to the findings at the Fermi level, an exchange 
splitting is still present.[49,50,52] For the px,y states close to the Γ
-point  we  observe  a  splitting  of  

p
∆ ΓO ,2

 =  (360  ±  30)  meV  and  
for the pz  states of 

p
∆O ,M2

 =  (230 ±  50) meV near the M-point. 
These results are in good agreement with the previous ones by 
Getzlaff et  al.  and Johnson et  al.,[50,52]  which are also based on 
spin-  and  angle-resolved  photoemission  data.  Notably,  toward  
Γ ,  the pz  bands broaden into resonances that overlap with the 
iron  satellites  and  therefore  the  two  contributions  cannot  be  
disentangled (see Section S8, Supporting Information, for more 
details).  As  shown  by  the  calculations  presented  in  Figure  1c,  
this  broad  and  spin-polarized  resonance  arises  due  to  many-
body  interactions  and  was  therefore  not  present  in  previous  
single-particle based calculations. Generally, the measured 

p
∆O2  

Adv. Mater. 2022, 2205698

Figure 4. a)  Experimentally  measured  spin-resolved  band  structure  of  the  Fe(100)–p(1×1)O  surface  taken  at  hν  =  64,  with  the  corresponding  2D  
color scale where blue indicates minority and red majority states. The experimental data cover the energy sections of the antibonding states from EF 
to −0.5 eV (top panel) and of the bonding states from −4.0 to −7.5 eV (lower panel).  A 2D spin- and momentum-resolved photoemission map for 
Fe(100)–p(1×1)O can be  found in  Figure  S7,  Supporting Information.  b)  The theoretically  derived spin-polarized band structure  is  depicted for  the  
same energetic range as (a).
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is  considerably  smaller  than  the  exchange  splitting  of  about  
1.5  eV  that  can  be  estimated  from  the  DFT  Stoner-like  pic-
ture and the DOS reported in Figure 1a.  This difference is the 
result  of  electron correlations.  Besides drastically  reducing the 
exchange  splitting,  electron  correlation  also  makes  the  broad-
ening,  i.e.,  the  inverse  lifetime,  strongly  spin-dependent.  Con-
sequently, we see a strong enhancement of the broadening that 
considerably  smears  out  the  majority  features.  At  Γ  the  esti-
mated  width  of  the  band  is  w

p Γ ↑O , ,2
  =  (640  ±  50)  meV  for  the  

majority  band  in  comparison  to  w
p Γ ↓O , ,2

  =  (310  ±  20)  meV  for  
the  minority  one.  In  accordance,  the  same  behavior  is  found  
for the states close to M. We remind that the electrons’ lifetime 
in this energy region is related to the damping into the Fe sat-
ellite.  This  satellite  is  much  more  prominent  in  the  majority  
channel  than  in  the  minority.  Therefore,  majority  electrons  

relax faster than minority ones. This is an example of dynamic 
spin-filtering[53] driven by electron correlation.

3. Conclusion

In  the  study  of  atomic  adsorption  on  transition  metals,  the  
adsorbate-induced  changes  in  the  DOS  of  the  metal  are  gen-
erally  considered as  an insignificant  perturbation compared to  
the metal-induced changes on the adsorbate state.[54] Our work 
shows that this is clearly not the case for ferromagnetic metallic 
surfaces.  The  chemical  bond  between  the  adsorbate  and  the  
metal  can  enhance  correlation  effects  and,  as  consequence,  it  
can  drive  dramatic  changes  in  the  electronic  structure,  spin-
polarization,  and  magnetic  moment.  This  phenomenon  was  
here  analyzed  in  great  detail  for  the  p(1×1)O–Fe(100)  interface  
and carefully verified experimentally.

Based  on  our  results,  we  propose  that  the  adsorption  of  
atoms  or  small  molecules  makes  possible  the  realization  of  
intermediate  correlated  metallic  regimes,  which  would  other-
wise not be found in any other material systems. Furthermore, 
concepts  developed  to  understand  the  physics  and  chemistry  
of adsorbate–FM metal interfaces, as the d-band center model, 
eventually  need  to  be  reconsidered  with  many-particle  effects  
being  of  utmost  importance.  Correlation  may  affect  chem-
isorption energy, transport or also play a key role in stabilizing 
magnetic order or even in the emergence of ferromagnetism at 
various molecular interfaces, such as C60/Cu.[12]

4. Experimental Section

Sample  Preparation:  For  preparing  the  iron  film,  a  MgO(100)  crystal  
was  cleaned  in  vacuum  by  two  cycles  of  ion  sputtering  at  2  keV  Ar+ 
and subsequent  annealing at  870 K for  45 min.[55]  Afterward,  a  300 nm 
thick  Fe(100)  film  was  epitaxially  grown  in  situ  by  e-beam  deposition  
on the clean MgO. This preparation ensures an in-plane magnetization 
direction lying along the Fe [001] axis. The resulting surface was cleaned 
in  the  experimental  chamber  through cycles  of  ion sputtering (typically  
0.5  keV  Ar+)  and  annealing  (up  to  870  K).  The  Fe(10)–p(1  × 1)O  was  
prepared by passivating the Fe surface through O2 exposure (30 L) while 
the  sample  was kept  at  ≈820 K.  After  closing the  O2,  the  interface  was 
annealed to870 K for 5 min, removing excess oxygen and obtaining the 
desired reconstruction.

Angle-Resolved  Photoelectron  Spectroscopy:  The  momentum-resolved  
photoemission was performed using a PEEM microscope in momentum 
operation  mode  which  is  installed  at  the  NanoESCA  beamline  of  the  
Elettra synchrotron in Trieste (Italy). The microscope is equipped with a 
W(001)-based spin detector,[56] which enables collecting constant energy 
spin-resolved  maps  within  the  entire  Brillouin  zone  of  the  system.  The  
photon beam impinges under an angle of 24° with respect to the sample 
surface  and  along  the  kx  =  0  line.  The  analysis  of  the  spin-resolved  
images  was  performed  following  the  procedure  described.[57]  Before  
each  measurement,  the  Fe  sample  was  remanently  magnetized  along  
the  Fe[001]  direction  using  an  oriented  permanent  magnet,  which  was  
brought close to the sample surface in the analysis chamber.

Electronic Structure Calculations: Electronic structure calculations were 
performed  by  using  the  Green’s  function-based  code  Smeagol,[58,59] 
which  obtained  the  Kohn–Sham  DFT  Hamiltonian  from  the  DFT  
package  Siesta.[60]  The  system  was  described  as  a  surface  region  
comprising  eight  Fe  layers  plus  eventually  one  O atom in  contact  with  
a  semi-infinite  bulk  Fe  substrate.  Details  on  how  the  partitioning  was  
implemented  can  be  found  in  ref.  [40],  while  the  embedding  function  

Adv. Mater. 2022, 2205698

Figure 5. a,b) The separated majority and minority photoemission inten-
sities for the antibonding Fe–O states (a) and bonding states (b) are dis-
played in the bottom and top panels, respectively. In (a) and (b) the blue 
and red triangles resemble the peak positions of Gaussian fits that were 
performed for line profiles along the energy axis within the highlighting 
boxes.  c)  Both  fitting  results  are  displayed  mutually,  including  also  the  
widths of the determined Gaussians. To maximize the signal for the anal-
ysis, the antibonding states presented here were recorded using a photon 
energy of hν = 64 eV, while the bonding states were probed at hν = 30 eV.
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describing  the  electronic  coupling  between  the  surface  region  and  the  
substrate  is  calculated  using  the  algorithm  in  ref.  [61].  Core  electrons  
were  treated  with  norm-conserving  Troullier–Martin  pseudopotentials.  
The  valence  states  were  expanded  through  a  numerical  atomic  orbital  
basis set including multiple-ζ and polarized functions.[60] The electronic 
temperature  was  set  to  300  K.  The  real  space  mesh  was  set  by  an  
equivalent  energy  cutoff  of  300  Ry.  DFT  calculations  were  carried  out  
within the local spin density approximation (LSDA),[16,17] and considering 
a  21  ×  21  k-point  mesh  to  compute  the  self-consistent  charge  density.  
The photoemission simulations were then performed using that density 
matrix  as  input  for  a  non-self-consistent  calculation  and  plotting  the  
k-dependent spectral function for 206 k-points along each high symmetry 
line  in  the  SBZ.  Matrix  elements  effects  were  neglected.  DFT+DMFT 
calculations  were  carried  out  using  the  computational  implementation  
described  in  refs.  [40,42].  Second-order  perturbation  theory  in  the  
electron–electron interaction was employed as solver[42] allowing for the 
fast  evaluation  of  the  self-energy  directly  on  the  real  energy  axis  with  
no need for any analytic continuation schemes. The downfolding of the 
system onto  the  correlated  subspace  of  the  Fe  3d  orbitals,  which  were  
treated within DMFT, was achieved using the algorithm in ref. [62]. Only 
the first  three out-most  surface layers  were considered as correlated to 
reduce  the  computational  effort.  It  was  checked  that  the  inclusion  of  
more  correlated  layers  had  no  visible  effect  on  the  electronic  structure  
of  the  first  topmost  surface  layer.  The  general  orbital-dependent  
Coulomb  interaction  parameters  were  considered  in  the  calculations  
and expressed in terms of  Slater  integrals F0, F2,  and F4.[63]  These were 
connected to the average effective Coulomb and exchange interactions, 
which were reported in the main text,  through the relations U = F0  and 
J =  (F2  + F4)/14.  The  ratio  F4/F2  was  assumed  to  correspond  to  the  
atomic  value  of  ≈0.625.[64]  In  the  case  of  p(1  × 1)O–Fe(100),  the  U  and 
J  values  of  only  the  first  topmost  surface  layer  were  varied  to  obtain  a  
good agreement with the experimental results as described in the main 
text. The U and J for the second and third layer were instead fixed to 1.8 
and 0.5 eV.  All  energies  were  shifted in  such a  way as  to  set  the Fermi  
level  at  0  eV.  To  calculate  the  second-order  self-energy,  an  energy  grid  
comprising 4400 points and extending from −16 to 6 eV was used. The 
surface  region  was  optimized  by  DFT  within  the  LSDA  by  means  of  a  
slab  calculation  using  Siesta.  The  Fe  lattice  constant  was  fixed  equal  
to  experimental  bulk  value.  The  position  of  the  atoms  in  bottom  4  
layers  were  constrained,  while  the  position  of  the  Fe  and  O  atoms  in  
the  topmost  4  layers  were  allowed  to  relax  until  the  ionic  forces  were  
smaller  than  0.01  eV  Å−1.  The  obtained  structure  was  then  attached  to  
the semi-infinite bulk Fe substrate for the Smeagol DFT and DFT+DMFT 
calculations.
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