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Abstract 
We investigated the magnetic behaviour of an Fe overlayer on a Ni buffer layer (Fe/Ni multilayer system) 
grown on top of the Fe-p(1×1)O surface, with a particular focus on the modifications observed in the spin-
resolved electronic structure and the role of oxygen, introduced in the system in a well-defined amount at 
the substrate preparation stage. The structural properties are investigated by means of low energy electron 
diffraction, that confirms the formation of an epitaxial system featuring a metastable surface lattice. Spin-
resolved photoemission spectroscopy testifies a strong decrease of the spectral spin polarization for 
increasing thickness of the Ni buffer layer, reaching a minimum from a nominal thickness of 6 Ni atomic 
layers. Surprisingly, the growth of a single Fe overlayer is sufficient to restore most of the original polarization 
signal, thus creating an ultrathin bcc Fe film seemingly decoupled from the substrate. Ab initio calculations 
track the modifications of the magnetic moments of the surface layers that quench upon Ni deposition and 
restore with additional Fe growth. Spin-resolved inverse photoemission highlights a notable reduction of the 
density of majority states just above the Fermi level, possibly influencing the magnetic response of the 
system. 

Introduction 
The growth of Fe/Ni heterostructures offers the unique possibility of stabilizing unusual crystallographic 
phases, characterized by novel electronic and magnetic properties [1]. From a fundamental point of view, 
the investigation of such systems aims at (i) elucidating the physics which comes into play during the 
formation of hetero-interfaces and ultra-thin films and (ii) linking the structural and electronic properties to 
the magnetic response of such complex systems in terms, e.g., of their magnetic coercivity and anisotropy [2]. 
The study of metastable crystallographic phases, with reduced dimensionality, of known magnetic materials 
(like Fe and Ni) can give a contribution to the understanding of the physics that rules the magnetic behaviour 
at the surface of a highly interacting magnetic material. From the point of view of applications, magnetic 
Fe(Ni) nanostructures and metastable systems with novel magnetic phases are expected to rival the 
performances of more expensive rare earths-containing materials [3]. 

Previous literature investigations have studied bcc Ni films grown on low-interacting, non-magnetic 
substrates like GaAs(001) [4], or magnetic substrates such as Fe(001) to form a magnetically coupled 
interface with the magnetization of the film strongly affected by the substrate contribution [5]. Fe/Ni 
exchange-coupled multilayers grown on non-magnetic substrates such as Ag(001) or Cu(001), are also 
reported [6,7]. In the present work, the Fe(001) substrate is treated in order to form an oxygen-rich 
superstructure, namely the Fe-p(1×1)O surface. Generally, an oxygen overlayer has a surfactant effect since 
it tends to float on the growing film and lowers the kinetic barriers for adatom diffusion  [6,7]. This behaviour 
can be exploited in homo and hetero-epitaxial growth to improve the smoothness of surfaces and 
interfaces [8]. In the particular case of Ni on Fe-p(1×1)O, however, we demonstrated a peculiar 
morphological evolution where oxygen increases the roughness of the surface (anti-surfactant effect) at few 



monolayer (ML) coverage [9,10]. Additionally, in metastable systems oxygen is known to intervene in the 
process of structural relaxation  [11] and, in general, to influence the magnetic behaviour at the surface and 
at heterointerfaces  [12,13]. 

In this frame, we focused on the magnetic response of the Fe overlayer placed on a Ni buffer layer, the latter 
grown on the Fe-p(1×1)O system, by the combined use of spin-polarized ultraviolet photoemission (SP-UPS) 
and inverse photoemission (SP-IPES) spectroscopies. As Ni is deposited on the Fe-p(1×1)O substrate, a strong 
decrease of the spin-polarization signal associated to specific surface features is observed, indicating a 
quenching of the surface magnetization. The evolution of the spectral spin-polarization is then studied for a 
Fe overlayer deposited on a 6 ML Ni/Fe-p(1×1)O. We observe a sudden restoration of the spin polarization 
in the band structure by depositing only a single Fe ML on the Ni buffer layer. For empty states, we record 
the same re-activation of the overall spectral spin polarization, with the notable quenching of a majority 
feature located immediately above the Fermi level. For all the samples there were no signs of surface 
relaxation of Ni towards the thermodynamically stable fcc phase, as testified by low energy electron 
diffraction (LEED). This observation suggests the possibility of applying our method to the growth of 
metastable Fe/Ni multilayers with little or no structural evolution. As a further confirmation of this general 
picture, we ran complementary ab-initio simulations based on density functional theory (DFT) and a 
simplified model featuring an epitaxial multilayer film with atomically sharp interfaces. The simulation 
reproduces the general behaviour of the polarization signal and provides a rationale to link it to the evolution 
of the surface magnetization. 

Experimental 

The sample is prepared in UHV conditions (𝑝𝑝base ≈ 1 × 10−8 Pa) and characterized in-situ by LEED, X-rays 
photoemission spectroscopy (XPS) and spin-resolved photoemission and inverse photoemission 
spectroscopies in the UV range. A detailed description of the experimental apparatus can be found in 
Ref. [14]. The substrate is a 500 nm thick Fe layer deposited on MgO(001) by molecular beam epitaxy (MBE). 
Starting from clean bcc Fe(001), the Fe-p(1×1)O surface is obtained by exposing the substrate, held at 720 K, 
to 30 L of oxygen (1L = 1.33 × 10−4  Pa ∙ s), and flashing the sample at 970 K to desorb the oxygen in 
excess  [12]. Nickel (Iron) is evaporated by electron bombardment of a Ni (Fe) rod. The thickness of one nickel 
(iron) monolayer is 1 MLNi =  1.33 Å  (1 MLFe = 1.43 Å)  [15]. The evaporation rate (approximately 
0.6 Å min−1) is measured by a quartz crystal microbalance and the final coverage is determined by the 
substrate exposure time to the molecular beam. In this work, all the film coverages are reported in nominal 
thicknesses. The deposition was performed at room temperature to minimize Fe/Ni interdiffusion [10]. 
Cycles of Ar+ ion sputtering (𝐸𝐸beam =  1500 eV, 𝐼𝐼𝐴𝐴𝐴𝐴+ = 2.5 μA) and annealing at 750 K are used to recover a 
clean bcc Fe substrate. 

The growth process is studied by means of XPS performed with a non-monochromatic Mg K𝛼𝛼 source 
(ℎ𝜈𝜈 =  1253.6 eV). The valence band at normal emission is studied performing in situ SP-UPS. Spectra are 
obtained using a HeI photon source (ℎ𝜈𝜈 =  21.2 eV) and photoelectrons are collected by a 150 mm 
hemispherical analyser combined with a Mott detector, to get access to the in-plane spin polarization of the 
electronic band structure. The Sherman function of the detector is 𝑆𝑆 = 0.14 [14]. SP-UPS measurements are 
performed at magnetic remanence on samples previously magnetized by sending a current pulse through a 
coil, thus generating a peak magnetic field of 1000 Oe  along two opposite directions of the Fe(001) substrate 
([100] and [1�00]). Both magnetization directions are investigated to remove experimental asymmetries from 
the SP-UPS spectra, as explained in Ref. [16]. The energy levels above the Fermi level, i.e., unoccupied 
electronic states, are probed in situ by spin polarized inverse photoemission spectroscopy, performed using 
a GaAs photocathode as electron source and detecting 9.6 eV photons with a band pass detector 
(isochromatic mode) [14]. The full width at half maximum resolution of XPS is about 1 eV, while for SP-UPS 
and SP-IPES experiments is about 150 and 700 meV, respectively. 



Theory 
The theoretical analysis is based on first-principle density functional theory (DFT) simulations within the 
generalized gradient approximation for the exchange and correlation functional in the form proposed by 
Perdew, Burke and Ernzerhof (GGA-PBE) [17]. We considered a model featuring homogeneous and 
commensurate Ni and Fe layers with a p(1 × 1)O superstructure on top of bcc Fe. Such a system is modelled 
by a slab with a total of 25 metal layers, the bottom 13 fixed to their bulk positions, and O as a top layer. 
Slabs are periodically repeated with a vacuum portion of 22 Å. We adopt the Quantum-ESPRESSO simulation 
package [18,19] with plane waves and ultrasoft pseudopotentials. The latter, generated from scalar-
relativistic all-electron atomic calculations, are taken from our previous work [20]. We sample the surface 
Brillouin zone by a 14×14 Monkhorst-Pack mesh. 

Results and discussion 

Growth studies and morphology 

The results of XPS experiments, in the binding energy regions of Fe 2𝑝𝑝3 2⁄ , Ni 2𝑝𝑝3 2⁄ , and O 1𝑠𝑠 core levels, are 
shown in Figure 1. 

Focusing on the growth of the Ni buffer layer (Figure 1a), we observe that the intensity of the O 1s signal is 
almost constant as the Ni thickness increases, confirming the fact that the oxygen layer floats to the sample 
surface during the growth  [9]. The binding energy (BE) position of the O 1𝑠𝑠 peak is (529.9 ± 0.3) eV 

Figure 1: XPS spectra acquired in the Fe 2p3/2, Ni 2p3/2  and O 1s energy regions (a.1) for increasing Ni coverage on Fe-p(1×1)O substrate 
(blue series); (b.1) for increasing Fe coverage on 6 Ni/Fe-p(1×1)O (red series). A Shirley background has been subtracted from all the 
spectra. On the right the normalized area of Fe(Ni) peaks is plotted with yellow(green) symbols as function of the nominal Ni (panel 
a.2) or Fe (panel b.2) thickness. Continuous lines describe the exponential decay/enhancement of the photoemission signal assuming 
an uniform covering of the surface with Ni or Fe (dot lines account for the reported accuracy of the estimates regarding the 
photoelectron inelastic mean free path) [24]. 



considering all investigated samples, compatible with the presence of either Ni-O or Fe-O bonds {𝐵𝐵𝐸𝐸 =
(529.7 ± 0.3) eV and BE = (529.9 ± 0.4) eV, respectively  [21]}. The Ni 2𝑝𝑝3 2⁄  spectra are characterized by 
a main peak and a satellite structure at larger binding energies (about 6 eV), typical of metallic Ni [22]. No 
clear evidence is given of the typical features of oxidized nickel, in agreement with previous reports on 
chemisorbed O on Ni and Ni oxide phases obtained in oxygen-deficient environments [23], where the final 
peak position is distinctively different from that reported for the NiO bulk phase {about 854 eV [21]}. The 
normalized Fe 2𝑝𝑝3 2⁄  and Ni 2𝑝𝑝3 2⁄  peak area, determined at each growth step after background subtraction, 
is plotted in Figure 1a as a function of the nominal layer thickness. Continuous lines are exponential functions 
describing the attenuation/enhancement of the signal intensity in case of an uniform covering of the surface 
by a Ni layer of the reported nominal thicknesses. The inelastic mean free path for photoelectron is calculated 
for bcc Ni and Fe according to the TPP-2M model [24]. The attenuation of the iron signal is less pronounced 
than expected, possibly related to an increased surface roughness related to the aforementioned anti-
surfactant effect of O and/or a partial Fe segregation through Ni [9,10]. 

A Ni film with a thickness of 6 ML was used as the starting layer for the subsequent Fe depositions, up to 
6 ML of Fe (Figure 1b). The O 1s intensity is still high [≈90% of the signal characteristic of the Fe-p(1×1)O 
surface], confirming that oxygen is floating to the topmost layer. The intensity evolution of the Fe 2𝑝𝑝3 2⁄  and 
Ni 2𝑝𝑝3 2⁄  features is well described by the exponential growth model within our experimental errors, 
suggesting that Fe atoms progressively cover the Ni buffer layer. 

In Figure 2, the Fe/Ni multilayer LEED characterization (b-column, in the centre) is presented together with 
a peak-intensity analysis (c-column, on the right) and a schematic multilayer structure (a-column, on the left), 
where interfaces are depicted sharp for a comparison with the developed theoretical model (see below). 

Figure 2: (a.1 ÷ a.3) schematic side view of the multilayer structure for selected Ni and Fe coverages; (b.1 ÷ b.3) 
corresponding LEED pictures; (c.1 and c.2) evolution of the LEED spot intensities upon the growth of the multilayer 
structure (see text for details). 



Starting from the Fe-p(1×1)O substrate (Figures 2a.1 and 2b.1) up to 6 ML of Ni (Figures 2a.2 and 2b.2) and 
then for 1 ML of Fe on the 6 ML Ni/Fe-p(1×1)O buffer layer (Figures 2a.3 and 2b.3), the LEED square pattern 
of the bcc substrate is preserved. This means that the atoms of the buffer layer form a pseudomorphic square 
lattice, which remains stable after further depositions. This interpretation is strengthened by the LEED 
intensity spot analysis. In figure 2c the intensity profile of the LEED pattern along the [010] direction is 
plotted for different samples and normalized with respect to the maximum of each curve to highlight relative 
intensity variations between the different LEED spots. Starting from the Fe-p(1×1)O substrate (bottom panel), 
as the coverage of Ni increases, the (1,0) spot decreases its intensity and the (1,1) spot becomes more 
evident. The subsequent deposition of Fe has the effect to enhance the (1,0) spot, and lower again the (1,1) 
one. In the end, a LEED pattern very close to that of the Fe-p(1×1)O substrate is observed. The evolution of 
the (1,1) spot is directly linked to the growth sequence and confirms the restoration of the pristine surface 
lattice upon Fe dosing on the Ni buffer layer. 

Spin Polarization Evolution of electronic states 
SP-UPS and SP-IPES results for the Fe/Ni multilayer system are reported in Figure 3a.The green (red) lines 
represent the signal due to majority (minority) electrons, with their spin oriented along the in-plane 
magnetization direction. On the right, (Figure 3b) the spin polarization of selected energy regions (A,B,C,D) is 
reported for all the samples, normalized to the substrate polarization (𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆⁄ ) to highlight the evolution 
of the spectral polarization with the multilayer thickness. 

The Fe-p(1×1)O spectra, at the bottom of Figure 3a, is dominated by majority electrons below the Fermi level 
and minority electrons above, according to literature [14,25]. The spectroscopic fingerprint of the 
Fe-p(1 × 1)O substrate is the O 2p related state at about -4.5 eV (region A), mainly populated by minority 
electrons (𝑃𝑃 ≈ −25%). Above the Fermi energy (EF), the IPES signal is dominated by two spin-polarized 
features (regions C, D) associated to bulk Fe states located along the Γ�H� direction of the Fe Brillouin 
zone [12,25]. 

Figure 3: (a) SP-UPS and SP-IPES spectra at different coverages of the Ni buffer layer on top of the Fe-p(1×1)O substrate 
and Fe overlayer on the 6 Ni/Fe-p(1×1)O buffer layer. Green (red) lines are related to majority (minority) spin 
electrons. Normalized spin polarization (𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆⁄ ) of occupied (b.1) and empty (b.2) states, related to the A-B and 
C-D energy regions, respectively, plotted as function of the Ni and Fe layer thickness. Lines are guides to the eye. 



The spectroscopic signal related to oxygen is present in all UPS spectra, confirming that oxygen atoms are 
always present at the sample surface. The presence of an oxygen feature at about -4.5 eV is therefore 
characteristic of both the substrate p(1 × 1)O superstructure and the oxygen-reconstructed surface of the Ni 
buffer layer, consistent with literature results dealing with O chemisorption on other bcc surfaces, such as 
those of Cr(001)  [26] and 1ML Cr/Fe-p(1 × 1)O [27]. 

A complete quenching of the spin polarization is observed for the oxygen state (region A) upon the growth 
of Ni. A strong attenuation is observed also in the region B, where the polarization is reduced to some 10% 
of the value for the pristine Fe-p(1 × 1)O surface. For empty states we see a similar behaviour immediately 
above the Fermi level (region C, 𝑃𝑃𝐶𝐶 ≈ 15%), while the attenuation is less intense for the minority channel 
(region D) with a final polarization 𝑃𝑃𝐷𝐷 ≈ 40%. The strong attenuation of the spin polarization for filled 
electronic states can be compared with the results obtained when Ni is grown directly on the bare Fe(001) 
substrate {see, e.g., the results of Ref.  [5], obtained with a different photon source}. There, pseudomorphic 
bcc nickel was found ferromagnetic with a normalized spin polarization of 𝑃𝑃 ≈ 25% ±  5%. The 
comparatively lower signal observed in our case suggests that the presence of oxygen reduces the magnetic 
response of the topmost Ni atoms, as also found in our model calculations (see below). 

The evolution of the spectral spin polarization of the selected features is then studied when an Fe overlayer 
is deposited on the 6 ML Ni/Fe-p(1 × 1)O system (Figure 3b). At 1 ML coverage, a strong restoration of the 
spin polarization is observed for the oxygen peak (region A) as well as in the pre-Fermi region (B) and for the 
minority peak in empty states (region D). Such a restoration persists also for the 3 ML- and 6 ML-thick Fe 
overlayers. We note that the polarization of the IPES spectra related to region C is characterized by a different 
behaviour: the spin signal is always quenched also for the highest overlayer thickness explored, i.e., 6 ML of 
iron on the 6 ML Ni buffer layer. 

To better resolve the evolution of the spin-polarized spectra as a function of the buffer layer thickness, 
Figure 4a shows a comparison between SP-UPS and SP-IPES results of 1 ML of Fe on 6 Ni/Fe-p(1×1)O (bottom 
spectra) and a new multilayer system featuring a thicker Ni layer, namely 1 ML of Fe on 12 ML Ni/Fe-p(1×1)O 
(top spectra). The contribution of the buffer layer is plotted with light lines.  

Also for the thicker (12 ML) buffer layer, we observe a sharp restoration of the spin polarization signal 
suggesting that, within the explored multilayer systems, the restoration is independent from the distance 
between the Fe overlayer and the underlying (original) Fe-p(1×1)O substrate. The differences observed in the 
spectral lineshape can be related to the contribution from the photoemission features of the buffer layer 
(see, e.g., the minority peak at 0.8 eV). 

 
Figure 4: (a), SP-UPS and SP-IPES spectra of 1 ML of Fe on 6 Ni and 12 Ni buffer layers. Light curves are the spectra related to the 
buffer layer. (b) SP-UPS and SP-IPES spectra of 6 ML of Fe on 6 ML Ni buffer layer, compared with 6 ML of Fe directly grown on the 
Fe-p(1×1)O substrate. The Fe-p(1×1)O spectra are plotted with light colors, the position of the oxygen-related peak in SP-UPS is 
marked by a vertical dotted line. 



Figure 4b compares the photoemission spectra acquired from the 6 ML Fe/6 ML Ni/Fe-p(1×1)O system (top 
spectra) to the ones acquired in the case of Fe homoepitaxy on Fe-p(1×1)O (bottom spectra). In the SP-PES 
spectra, the oxygen related peak at around 4.5 eV below EF (vertical dotted line in Figure 4) is less sharp with 
respect to the bare Fe-p(1×1)O surface (light lines), resulting in a reduced spin polarization. Such a broadening 
of the oxygen signal can be explained by an increased disorder of the oxygen layer as a result of either the 
oxygen segregation process or an increased morphological disorder due to the RT growth of the overlayers, 
resulting in slightly different O adsorption sites. In the case of SP-IPES spectra, we observe a slight reduction 
in the signal intensity from both heterostructures, together with a similar shift in energy of the minority 
feature. The majority feature, instead, is quenched only for the Fe/Ni multilayer, which therefore presents a 
novel bulk band structure, possibly influencing also its electrical and magnetic response. 

Several hypotheses can be proposed regarding the quenching of the in-plane spin polarization of the Ni buffer 
layer. Hybridization with O atoms is expected to produce changes in the electronic structure at the surface 
and hence a variation of the Ni and O magnetic moments [28]. However, given the reduced dimensionality 
of the system, this can also result in the rotation of the easy magnetization axis perpendicular to the (001) 
plane, as observed, e.g., in the case of ultrathin bcc Fe films  [29] or in the Ni/Cu(001) system [30] This 
occurrence cannot be captured by our experimental setup. Similarly, we are not sensitive to any possible 
antiferromagnetic ordering of the topmost layer, often characteristic of ultrathin transition metal oxide 
layers [13]. Upon the growth of the Fe overlayer and the restoration of the spin polarization in filled states, 
only the minority channel is restored in empty states. The result suggests that the growth of the Fe/Ni 
multilayer system onto Fe-p(1 × 1)O significantly modifies the majority bandstructure above the Fermi level. 
This could have important consequences (i) in the understanding of magnetic properties of confined 
metastable multilayers and (ii) in the field of spintronics for possible spin-engineered systems at the 
nanoscale. 

Theoretical simulations have been therefore performed to better understand the quenching-restoration 
phenomena. We have performed simulations for: the Fe-p(1 × 1)O substrate; 1, 3, 6 and 12 Ni-p(1 × 1)O 
layers on Fe(001); 1, 3 and 6 Fe-p(1 × 1)O layers on top of 6 Ni layers on Fe(001). For simplicity, we present 
results here only for the Fe-p(1 × 1)O substrate (denoted as “substrate” in the following), O/6Ni/Fe (“6Ni”) 
and O/1Fe/6Ni/Fe (“1Fe/6Ni”). Theoretical simulations on the other systems are reported in the Supporting 
Information. 

In Table 1 we present the structural properties and the magnetic moment projected on the various atoms. 

Table 1: Interlayer spacing and atomic magnetic moments at the surface of selected systems: the Fe-p(1×1)O substrate; 6 Ni-p(1×1)O 
layers on Fe(001); 1 Fe-p(1×1)O layer on 6 Ni/Fe(001). The computed Fe bulk interlayer spacing (=100%) amounts to 1.416 Å. 

Substrate 6Ni 1Fe/6Ni 
Layers Spacing (%) Layers Spacing (%) Layers Spacing (%) 
O-Fe1 31.3 O-Ni1 16.6 O-Fe 31.7 

Fe1-Fe2 115.5 Ni1-Ni2 118.9 Fe-Ni1 113.9 
Fe2-Fe3 101.4 Ni2-Ni3 97.1 Ni1-Ni2 98.3 

Atom Magn. moment (µB) Atom Magn. moment (µB) Atom Magn. moment (µB) 
O 0.27 O 0.10 O 0.34 

Fe1 3.20 Ni1 0.21 Fe 3.38 
Fe2 2.59 Ni2 0.65 Ni1 0.63 
Fe3 2.40 Ni3 0.64 Ni2 0.60 

 

Given its (1 × 1) symmetry, the multilayer structure can be characterized solely by considering the interlayer 
spacing. The Fe-p(1 × 1)O substrate, reported as a reference, shows a remarkable expansion of the first Fe-
Fe interlayer spacing (Fe1-Fe2), by 15.5% in our calculations, with respect to the computed bulk distance of 



1.416 Å and in agreement with the literature [31,32]. The distance between the O layer and Fe1 amounts to 
31.3% of the bulk distance. For deposited Ni as in 6Ni, such O-surface distance is nearly halved to 16.6%, 
while the Ni1-Ni2 expands by 18.9%, so that the topmost Ni and O atoms form a single layer lift off the 
surface. Minor changes are seen in the layers below. For the 1 Fe/6 Ni system, a structure close to that of the 
first two layers (O, Fe1) of the p(1 × 1)O substrate is obtained. 

Looking now to the magnetic structure, the presence of O enhances the spin-polarization of the Fe surface 
by about 0.8 µB with respect to the bulk value. Upon deposition of 6 layers of Ni (6Ni system), however, the 
surface magnetic moment becomes significantly smaller: 0.21 µB for the topmost Ni atoms, and about 0.5-
0.6 µB for the subsurface ones. The strong reduction at the surface is due to binding to the O layer, since the 
value computed without O is 0.79 µB. Remarkably, as the 1Fe/6Ni system shows, adding one Fe layer is 
sufficient to restore the surface magnetization and indeed we find a larger value for the Fe atom than for Fe-
p(1×1)O. Concurrently, the magnetization value for the topmost Ni layer under Fe is increased to 0.63 µB. In 
all these cases, a contribution to the surface spin polarization also comes from the regions surrounding the 
O atoms. 

The changes in the spin polarization can be detailed by the analysis of the projected density of states for the 
same systems, reported in Figure 5. 

 

Figure 5: Partial Electronic Density Of States (PDOS) projected on the topmost four atomic layers for a) the Fe-p(1 × 1)O substrate b) 
6 Ni-p(1 × 1)O layers on Fe(001) c) a Fe-p(1 × 1)O layer on 6 Ni/Fe(001). Green and red lines mark spin-majority and spin-minority 
states, respectively. 

In all cases, the Partial Density of States (PDOS) of the first metal layer shows marked differences from the 
layers below. In the substrate (Figure 5a), also the second metal layer differs significantly from the deeper 
ones, whereas the PDOS of the third layer is similar to the bulk one (reported in the Supporting Information). 
The spin-majority d-states of Fe, that in the deep layers extend up to the unoccupied states, appear reduced 
around EF. At higher energies, mostly s-p dispersing bands and spin-minority states are found, as also 
expected from many-body calculations of the bulk band structure [33] The reduced spin-polarization of the 
topmost Ni layer in the 6Ni system is clearly visible as the PDOS for the two spin components nearly overlap 
(Figure 5b). Comparing Figure 5c (1Fe/6Ni system) to Figure 5a (substrate), we can see that the PDOS of the 
topmost Fe layer is moderately influenced by the presence of Ni underneath, and a shift of Fe empty minority 
states towards the Fermi level, as a result of hybridization with Ni, can be observed. Conversely, all the Ni 
layers, excluding the topmost one in contact with Fe, exhibit a PDOS very similar to the one corresponding 



to the 6 ML Ni case. Eventually, for thicker Fe overlayers grown on Ni (3 to 6 Fe layers on 6 Ni), the electronic 
and magnetic properties of the topmost Fe atoms closely match those of the Fe-p(1 × 1)O surface, as can be 
seen in the Supporting Information. States belonging to O atoms are found mainly in the energy range from 
-8 eV to -4 eV, with some spectral contributions close to the Fermi level as a result of hybridization with the 
underlying metal. 

For a better comparison with our photoemission results, acquired at normal electron emission (𝑘𝑘∥ ≲
10−1Å−1) [27], we have analysed the k-resolved PDOS, evaluated at the centre of the surface Brillouin zone 
(𝑘𝑘∥ = 0). It includes also the kz-dispersion, although this is sampled approximately, as the slab has a finite 
thickness. The results are shown in Figure 6. 

 

Figure 6: DFT electronic PDOS at the surface Γ point projected on the topmost two atomic layers for a) the Fe-p(1 × 1)O substrate 
b) 6 Ni-p(1 × 1)O layers on Fe(001) c) a Fe-p(1 × 1)O layer on 6 Ni/Fe(001). Green and red lines mark spin-majority and spin-minority 
states, respectively. 

The sharp states that emerge from the O PDOS around -4 eV are due to in-plane p orbitals, as we found by 
resolving the PDOS in angular components (only the summary of the analysis is reported here). Such states 
are spin-split when O lies on a Fe layer (substrate and 1Fe/6Ni systems, shown in Figures 6a and 6c, 
respectively), due to the Fe-O interaction, and mostly independent from spin for the 6Ni case (figure 6b). An 
excellent agreement is found with the experimental results of Figure 3, region A (O 2p states), definitely 
proving that the quenching of the polarization signal in our experimental result is due to a reduction in the 
surface magnetization. 

According to simulations, in the topmost Fe layer of the substrate, the two sharp peaks below -4 eV in the 
spin-majority states originate from 𝑑𝑑𝑥𝑥2−𝑦𝑦2 and 𝑑𝑑𝑧𝑧𝑥𝑥/𝑑𝑑𝑧𝑧𝑦𝑦 orbitals. The structures at about -3 eV and -2 eV 
include Fe 𝑑𝑑𝑧𝑧𝑥𝑥/𝑑𝑑𝑧𝑧𝑦𝑦/𝑑𝑑𝑥𝑥𝑦𝑦 and 𝑑𝑑𝑧𝑧2  contributions, respectively. Interestingly, the electronic structure of 1Fe/6Ni 
is very similar, with the same orbital assignments. Looking now to the empty states, we can see that in the 
range from the Fermi level to about 2 eV the electronic structure is dominated by spin-minority Fe states 
with d-character, while no such contributions are obtained for the Ni layers. 

Simulations reveal only little differences between the electronic structure of the topmost substrate layer and 
that of 1 ML Fe on the Ni buffer layer, mostly due to the electronic interaction with the metallic layer 
immediately below. Consistently with this picture, these small differences vanish on thick Fe overlayers (see 
simulations for 3Fe/6Ni and 6Fe/6Ni in the Supporting Information), which indeed reproduce the same 
atomic structure of the substrate. An accurate comparison between our experimental results and the layer 
wise simulation of Fe and Ni electronic structure is not straightforward for those states characterized by a 
strong dispersion in the direction perpendicular to the surface, such as the empty majority feature C, that we 
assigned to photoemission from a bulk state. Nevertheless, it appears likely to us that the observed 
modifications in the Fe overlayer electronic structure have to be ascribed to a crystalline quality worsening 
or a structural relaxation of the overlayer, as already observed in homo- and hetero-epitaxial systems, 



respectively [34,35], not captured by the simulations, rather than the effect of hybridization with the Ni 
buffer layer. 

Conclusion 
We have characterized the structural and magnetic properties of Fe/Ni multilayers growth on a Fe-p(1×1)O 
substrate by means of surface science techniques such as LEED, X-ray, and UV photoemission, complemented 
by DFT calculations. From the structural point of view, the XPS and LEED analyses confirm the growth of a 
commensurate bcc buffer layer with oxygen atoms in the first atomic layer. Spin-resolved photoemission 
results reveal a strong reduction of the spectral spin polarization. The subsequent deposition of a minimal 
amount of Fe (1 atomic layer) leads to an abrupt restoration of the pristine Fe-p(1 × 1)O surface and of the 
spin polarization in the band structure below the Fermi level. In addition, we observe a quenching of the 
majority electronic state above the Fermi energy. Simulations confirm that the magnetic moment of the 
topmost metal layer, enhanced by the presence of O for the Fe surface, is instead quenched when Ni is 
deposited. A single layer of Fe is sufficient to restore an even stronger magnetic moment of the topmost 
atoms. 
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