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Surface electronic structure of Ni-doped Fe;04(001)
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Magnetite (Fe;O,) doped with earth-abundant metals has emerged as a promising catalyst material, with
Ni-doped magnetite (Ni/Fe;O,4) being a cost-effective, durable, and highly active material for photocatalytic
and electrochemical water oxidation. While previous studies have investigated the incorporation of Ni atoms into
Fe;0, single-crystalline surfaces using surface science characterization methods and density functional theory
calculations, an experimental study is still required to understand the impact of Ni incorporation on the electronic
structure of Ni/Fe;O, systems. To address this, we employed angle-resolved photoemission spectroscopy,
analyzed within the one-step model of photoemission by a real-space multiple scattering code to investigate
the electronic structure of the reconstructed magnetite surface. Moreover, the half-metal to semiconductor phase
transition upon Ni incorporation is reflected in an almost complete disappearance of states near the Fermi level.
Finally, we report on the systematic changes in the unoccupied states observed with the increasing amount of
Ni dopant. These findings offer insights into the influence of Ni incorporation on the electronic structure of
Ni/Fe;0y4, which can link to an increased catalytic activity.
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I. INTRODUCTION

Magnetite (Fe;Oy) is the oldest magnetic material known
to humankind, discovered around 1500 BC. Recently, Fe;O4
became a very interesting system in other fields of stud-
ies, such as spintronics and electronic phase transitions, due
to its ferrimagnetic and/or half-metallic nature [1-5]. The
electronic structure of Fe;O4 has attracted attention as it un-
dergoes an insulator to half-metallic phase transition at 7y ~
120 K, the so-called Verwey transition [6]. Below Ty, Fe;O4
crystallizes in a low-symmetry monoclinic structure (C2/c)
[7,8]. This is reflected in the electronic structure as charge
and orbital ordering within octahedrally coordinated sites,
associated with the enhanced interaction between 3d electrons
due to the strong Coulomb potential, and in the subsequent
distortions in the lattice [8—10]. Heating through the Verwey
transition results in an increase in electrical conductivity by
two orders of magnitude [11], along with a crystal struc-
ture transformation into an inverse spinel structure (Fd3m),
where Fe;0, is composed of three inequivalent Fe cations in
the lattice: FeX! and Fe2! in octahedrally coordinated sites,
and Fe)! in tetrahedral sites. The crystal is considered to be
a half-metal due to charge hopping within the octahedrally
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coordinated cation sublattice. There is no allowed electronic
hopping between Fe,, and Fe,. atoms due to their antiferro-
magnetically aligned spins [1].

According to crystal field theory, the two different coordi-
nations of Fe ions in the Fe,; and Fe., sublattices induce the
3d shell to split into f,,/e, and 1, /e subbands, respectively, as
described for the inverse spinel-type transition-metal oxides
[12,13]. Note that e and ¢ imply double and triple degeneracy,
respectively, while the g index (“gerade”) stands for inversion
symmetry which is lifted for Fey, sites. The electronic struc-
ture of the multivalent Fe 3d shell was studied with resonant
[14,15], spin-resolved [4,16,17], and angle-resolved [18,19]
photoelectron spectroscopy as well as band structure calcu-
lations within the local spin density approximation (LSDA)
[1,3], local density approximation (LDA) [20], and general-
ized gradient approximation (GGA) [18]. The experimental
results suggested that the FeZ | electrons (| : minority spin),
which were reported to occupy a f,, band with a band bottom
at ~0.5eV [21] or 0.8 eV [18] below EF, are responsible for
the electrical conduction. The exact assignment of the con-
duction band, however, remains challenging due to the strong
correlation effects that emerge with many-body interactions,
in particular, electron-phonon and electron-magnon scattering
[21-24].

Surfaces of cubic phase Fe3;O4 can be functionalized
by doping with transition metals (M), forming M,Fe;_,O4
phases that have attracted attention as efficient and earth-
abundant catalysts for water oxidation [25-27]. Of particular
interest is the Fe;04(001) surface that can appear in two dif-
ferent surface terminations: (i) the bulk-truncated (1 x 1) sur-
face and (i) a (v/2 x +/2)-R45° reconstruction. The presence
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of the reconstruction was attributed to the coexistence of two
subsurface cation vacancies in the octahedral sites in the third
subsurface layer (S-2) and one interstitial cation in a tetra-
hedral site of the second layer (S-1), a structure termed the
subsurface cation vacancy (SCV) reconstruction [20]. Reor-
ganization of cations near the surface distorts the octahedral
lattice in the topmost layer, resulting in an undulation effect
in the surface Fe and O rows. This influences the adsorption
coordination of guest cations, and defines energetically favor-
able pathways for their incorporation into the subsurface. The
adsorption and incorporation mechanism of guest 3d cations
such as Ni [26,28-30], among others [31] on the Fe;04(001)
model system, were investigated widely with surface charac-
terization methods. Particularly, the presence of Ni dopants in
the Fe;O4 surface region was found to significantly enhance
its reactivity to water [25,32,33], where the amount of incor-
porated Ni near the surface was found to be a tuning parameter
for the efficiency of the oxygen evolution reaction [26]. Theo-
retical results suggest that a defect-free NiFe,04(001) surface
favors the adsorption of water molecules on Ni cations, al-
though they dissociate on neighboring Fe cations resulting in
the formation of Fe-OH bonds and H bonding with surface
oxygen [33]. The fact that initial water adsorption is governed
by surface Ni sites shows the importance of the Ni density
near the Fe;O4 surface.

LDA + U calculations showed that the Ni dopants tend to
occupy octahedral sites in the sublattice, while Ni occupa-
tion in the tetrahedral sites was reported to be energetically
unfavored [29]. The incorporated Ni ions have a 2+ charge
state, as they substitute for FeZ! to form ideal nickel-ferrite
Ni,Fe;_, 04 (x = 1). The density of states (DOS) of NiFe,O4
near Er was investigated with various computational [33-36]
and experimental [37,38] methods which showed that the spin
configuration of the two sublattices remains antiferromagnet-
ically aligned after FeZ!, is replaced by Ni2f. The extra two
electrons from Ni?t fill the I, band near Ef, resulting in
a gap in the band structure. The electronegativity difference
between Fe?™ and Ni*" shifts the 75, band deeper below
Ef, thus supporting the band-gap opening. Different values
for the band gap are reported in the literature ranging from
0.33 eV to approximately 3 eV for NiFe,04 [35,39-42]. In
order to gain further insight into electronic states of Ni-doped
Fe;0,4 systems, relevant for the catalytic activity, we first
focused on the electrons populating the f,, band of the bare

(ﬁ X \/5)-R45O reconstructed Fe;04(001) surface by ex-
ploiting angle-resolved ultraviolet photoelectron spectroscopy
(ARUPS). Emission intensities at fixed initial-state energy E;
are mapped as a function of lg”, investigated with ultraviolet
photoelectron diffraction (UPD) effects. Two different exci-
tation energies were employed to distinguish photoelectron
scattering, which emerge as a final-state effect. The data are
compared to simulations using a real-space multiple scattering
method [43]. Furthermore, we examine the changes induced
in the occupied states by the incorporation of Ni ions into the
Fe;04(001) surface. Finally, we report systematic changes in
the unoccupied states of Ni/Fe;04(001) as a function of the
Ni concentration, observed with x-ray absorption near edge
structure (XANES).

II. EXPERIMENTAL DETAILS

Naturally occurring and polished Fe3;04(001) single crys-
tals purchased from SurfaceNet GmbH were used in the
photoemission and low-energy electron diffraction (LEED)
measurements. To obtain the reconstructed surface, the
Fe304(001) samples were prepared with two cycles of Art
sputtering with a mean kinetic energy Umpean ~ 1 kV (10 min)
and annealing (T = 950 K) under an oxygen pressure of po,
= 5x 1077 mbar (20 min). After the sample preparation,
the surface reconstruction was confirmed with LEED mea-
surements (Scienta Omicron LEED). Detailed information
about sample preparation of Ni-doped Fe;04(001), as well as
its structural characterization, Ni incorporation kinetics, and
compositional quantification, is given in Ref. [28].

The samples for the synchrotron experiments were pre-
pared in a separate UHV chamber with a base pressure of
2 x 107! mbar. Here, the sample preparation consisted of
cycles of Art sputtering (mean kinetic energy of 950 eV,
30 min) and annealing alternating exposure to 5 x 10~/ mbar
of molecular O, for 10 min, and UHV annealing at 1100 K
for 15 min. The (v/2 x +/2)-R45° structure was verified by
LEED. Ni was deposited on the Fe;04(001) samples kept at
607 K from a 2-mm-thick Ni wire (Alfa Aesar, 99.999%)
using an electron beam evaporator (EFM3, Focus GmbH)
calibrated with a water-cooled quartz crystal microbalance
(Inficon) placed at the same position as the sample during
evaporation. For consistency with earlier work [44], the mono-
layer (1 ML & 1.4 x 10" cm™~2) coverage of Ni was defined
as one Ni atom per surface unit-cell area (8.44 x 8.44 A?).
Different growth methods have been employed for the data
sets shown below in Secs. IVB and IV C. In Sec. IV B, de-
positing 26 ML of Ni on the Fe;04(001) surface at 473 K
followed by a postannealing at 607 K overnight (=12 h)
resulted in a composition of x = 2 in Ni,Fe;_,04(001) in the
near-surface region of the crystal [28].

For the experiments described in Sec. IV C, Ni atoms were
deposited on Fe3;04(001) with coverages of 10, 50, and 120
ML, reached after 0.08, 0.4, and 0.96 h of constant evapora-
tion rate, respectively, at a substrate temperature of 607 K. No
postannealing was done. Based on our previous temperature-
dependent XPS measurements [28] we know that, even at
607 K, the Ni incorporation kinetics are slow with respect
to the applied evaporation rate once the content of incorpo-
rated Ni in the Ni,Fe;_,04(001) has reached x = 1 within
the XPS probing depth. The latter is the case for the 10-ML
sample where all Ni atoms are incorporated in the lattice (see
Sec. IV B). For longer deposition times this supersaturation
leads to the accumulation of excess Ni” on the surface in the
form of metallic clusters, and the formation of a ferrite phase
with x > 1, with x depending on the deposition time rather
than on the overall amount of deposited Ni. In Ref. [28], it
was found that values of nearly x = 2 could be reached after
postannealing at 607 K for approximately 12 h. In the case of
the present 50- and 120-ML samples, considerable amounts of
Ni’ remained on the surface, making a reliable quantification
of x by XPS impossible. Yet, based on the deposition times
we can ascertain that 1 < x(50 ML) < x(120 ML) < 2, with
values of x rather close to 1 due to the short deposition times.
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Photoemission measurements in our home laboratory [45]
were conducted in a modified VG ESCALAB 220 UHV
system with a base pressure of 2.1 x 107! mbar. The
core-level electrons were excited with nonmonochromatized
Mg K, (hw = 1253.6 eV) radiation from a twin anode
x-ray source. The Auger electron diffraction (AED) pattern
was obtained by measuring the angular intensity distribu-
tion of the Ni LMM Auger line. This pattern was recorded
with Si K, (hw = 1740 eV) excitation, as a function of az-
imuthal (¢ = 0° to 360°) and polar angles (6 = 80° to 0°)
at constant kinetic energy after the subtraction of the in-
elastic background [46,47]. In addition, a Gaussian-shaped
polar background was subtracted from the pattern to account
for purely instrumental intensity variations. Fourfold sym-
metrical rotational averaging was applied to the pattern to
improve the statistical accuracy, but all features were also
clearly visible in the nonsymmetrized data. A microwave-
driven high-flux monochromatized He discharge lamp (He
Iy, iw = 21.22 eV and He II,, iw = 40.8 V) was used for
the valence band measurements (Gammadata Burklint AB,
Sweden). The monochromatized UV source has a partially
linearly polarization (see Fig. SI1 [48]). Constant-energy an-
gular maps of valence band states were measured using this
UV source and applying the same angular mapping pro-
cedure as for the AED pattern. Since final-state scattering
appears to be the dominant effect producing these patterns,
they will be referred to as ultraviolet photoelectron diffraction
(UPD) patterns. Note that all the measurements discussed in
Secs. IV A and IV B were acquired with laboratory-based light
sources.

The experiments for XANES and XPS measurements
discussed in Sec. IV C were conducted at the In-Situ Spec-
troscopy (X07DB) beamline of the Swiss Light Source (SLS),
using the Solid-Liquid Interface Chamber (SLIC) end-station
[49]. X-ray photoelectron spectra were at a base pressure
below 1 x 1078 mbar, using a Scienta R4000 HiPP-2 analyzer
with an entrance cone aperture diameter of 500 wm and a
working distance of 1 mm, operated in a transmission lens
mode using 20-eV pass energy. The high background pressure
as compared to UHV conditions results in the formation of
approximately half of a dense monolayer of C contamination
during the measurements. We carefully checked by compar-
ing with measurements taken under UHV conditions that the
contamination did neither influence the line shapes nor the
relevant intensity ratios. Sample heating during Ni deposition
was performed with resistive heating, and the temperature was
determined using a Pt100 sensor [49]. The XANES measure-
ments presented in Sec. IV C were taken with synchrotron
radiation, with a monochromator that was not precisely cal-
ibrated to better than 2 eV in absolute photon energies. Since
the main focus is to demonstrate the changes in relative peak
positions and intensities within the Ni L, 3 [37], Fe L, 3 [50],
and O K [51] edges, they are presented with an energy offset
to match prior studies in the literature.

III. COMPUTATIONAL DETAILS

The reconstructed Fe;04(001) surface was modeled using
a 17 atomic-layer slab (see Fig. SI2 [48]) with atomic posi-
tions known from experiment [20]. All calculations were done

in the local density approximation (LDA) or the LDA + U ap-
proach with U = U — J = 3.8 eV for the Fe-3d states [20].
The surface electronic structure and projected density of states
(PDOS) were computed with the projector-augmented-wave
code VASP [52,53] using an energy cutoff of 400 eV. For the
photoemission calculations, we used the finite-cluster real-
space multiple scattering (RSMS) method by Kriiger er al.
[43]. The method needs atomic potentials which were gen-
erated in a Fe;O4 bulk calculation with the LMTO code [54].
We verified that the LMTO and VASP band structures are indeed
similar. Moreover, the PDOS obtained in RSMS for the inner
atoms of a bulklike Fe;O4 cluster (439 atoms) agrees very
well with the PDOS of the infinite crystal as computed with
VASP or LMTO.

We also calculated the LDA 4+ U band structure of
Ni,Fe;_,04 (x = 1,2) bulk with Ni substituting Fe cations
in octahedral sites. As for Fe;Q,4, the VASP code was used
with U = 3.8¢eV for Fe and U, = 4.8 eV for Ni [33]. We
assumed that the Ni atoms have the same spin orientation as
Fe at octahedral sites.

E(lg”) band dispersions were investigated along with pho-
toelectron diffraction effects for UV (He I, and He II,)
excitation energies. For photons with energy /i and polariza-
tion €, the photoemission intensity according to the one-step
model is given by

I, e,8) =) (WD) P8 (Ex — E, — hw), (q)

where |Y,) denotes a valence state with energy E, and D,
is the electric dipole operator. The photoemission final states
|, ) have energy Ej and are detected with momentum k. They
obey time-reversed LEED boundary conditions, i.e., far from
the surface, the wave function is given by

Vi) = exp(k - F)+ ) faexplikra)/ra (3
A

where the first term is a plane wave and the second term the
sum of the scattered, spherical waves, incoming onto some
atom A at position ﬁA. Furthermore, ry = |F — ﬁA| and fx
is the scattering amplitude, which takes into account mul-
tiple scattering events to infinite order in the cluster [43].
The RSMS method is used for both initial and final states.
Semiellipsoidal clusters of three different sizes were tested,
both for the bulk-terminated (1 x 1) and the reconstructed
(v/2 x +/2)-R45° surface terminations. A 448-atom cluster
model of the reconstructed surface (see Fig. SI2 [48]) gave
best agreement with the measured UPD patterns.

Additionally, the electron diffraction in atomic clusters
(EDAC) code [55] was used to generate simulations of XPD
patterns. For these simulations, atomic clusters were set up
that represent the bulk-truncated (1 x 1) structure along a
(001) plane. To compare to the findings from the Ni LMM
Auger diffraction data, layer-resolved XPD patterns were sim-
ulated for Fe 2p3/, by selectively considering Fe emitters
either on the surface or within the (S-n)th subsurface layer,
but using the kinetic energy of the Ni LMM Auger line
(840 eV) [28].
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FIG. 1. (a), (b) Sections through the bulk BZ boundaries within the [110] and [010] planes. Green and red lines represent the free-electron
final states covered by ARUPS measurements with He I, and He II, excitation, respectively. The solid and dashed lines represent the final
states for electrons with initial states at 0-eV (Er) and 2-eV binding energy, respectively. (c) SBZ boundaries projected from the bulk BZ given
in (a) and (b) for (1 x 1) (blue squares), and for the reconstructed surface (red squares). High-symmetry points for the latter are indicated.
(d) LEED image taken at 20 eV, and Fermi-surface maps (FSM) acquired with (e) He I, and (f) He 11, on the (v/2 x +/2)-R45° reconstructed
Fe;04(001) surface given with overlaid reciprocal cells. A fourfold symmetry averaging was applied to each FSM.

IV. RESULTS AND DISCUSSION

This part is organized as follows: In Sec. IV A, we present
E (lgn) maps from the pristine reconstructed Fe;04(001) sur-
face and discuss them in terms of final-state scattering (UPD)
effects; in Sec. IV B, we show the evolution of the occupied
states of this surface with Ni doping; and in Sec. IV C we track
systematic changes in unoccupied states of Ni/Fe;04(001) as
a function of coverage.

A. Final-state scattering effects in Fe;04(001)

The reconstructed surface structure of Fe;04(001) is re-
flected in reciprocal space, as illustrated in Fig. 1. Figures 1(a)
and 1(b) show the corresponding bulk Brillouin zone (BZ)
boundaries of an fcc crystal structure in extended zone scheme
with a cubic lattice constant a = 8.44 A [56] when the emis-
sion angle is tilted towards the [110] and the [010] directions,
respectively. Solid and dashed circles represent free-electron
final-state wave vectors k}, indicating measured points in the
bulk BZ in the emission range of Er and 2 eV below EFf,
respectively. Wave vectors k} shown with green (He I,) and
red symbols (He II,) were calculated as described in the

three-step model, where k. is not conserved upon trans-
mission through the surface potential step, an effect that is
modeled by a refraction of photoelectrons by the potential step
at the surface [57]. The magnitudes of k} were determined as
lkf| & 0.512+/Eyin + Vo, where Eyin = fio — Eg — ® is the
kinetic energy of a photoelectron in vacuum after excitation
from an initial state with binding energy Ep, ® is the work
function, measured to be 5.22 +0.19 eV, and the inner poten-
tial V was taken as 9.22 eV [18].

Figure 1(c) shows the surface Brillouin zones (SBZ) of
the bulk truncated (1 x 1) (blue) and the reconstructed (v/2 x
V/2)-R45° (red) surface. Note that the high-symmetry points
M and X are also labeled with blue and red according to
the respective surface unit cell. The sizes of the bulk and the

reconstructed SBZ can be determined with TX " = V27 /a
andTX " =n/a, respectively. The LEED image in Fig. 1(d)
was taken at 20 eV on the pristine reconstructed Fe;04(001)
surface prepared as described in Sec. II. The squares describe
the primitive cells in reciprocal space with respect to the
reconstructed (red) and bulk truncated (blue) surface. The
pattern shows clear evidence for a (v/2 x +/2)-R45° recon-
struction [20].
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The surface electronic structure of (v/2 x +/2)-R45°
Fe304(001) was first characterized with angular distribution
(6, ¢) maps of photoelectrons excited from their fixed initial-
state energy E;, corresponding to IQH maps. Figures 1(e) and
1(f) show Fermi-surface maps (FSM, for E; = 0eV binding
energy) taken with He I, and He II, excitation, respectively.
The squares overlaid refer to SBZ boundaries for bulk-
truncated and reconstructed surfaces, as depicted in Fig. 1(c).
The magnitude of the parallel momentum is given by |l;||| ~
0.5124/Einsin(@). The influence of surface states on the re-
constructed Fe;O4(001) was reported to be negligible [18].
Consequently, the observed spectral weight for both He I,
and He II, photoexcitations originate from the bulk states of
electrons populating the #,, band of FeZ ions. The solid lines

in Figs. 1(a) and 1(b) trace the final-state wave vectors k}
They indicate that He I, and He II, photon energies probe
different points in the bulk BZ. Interestingly, the He I, FSM
exhibits relatively sharp features of spectral weight that follow
the boundaries of the second and third reconstructed SBZ.
Notably, the spectral weight is significantly enhanced at the

intersection of the high-symmetry points X K and M along
[110]. This enhancement is particularly pronounced in the He
I, FSM, whereas the He II, FSM exhibits a weaker spectral
weight and cannot resolve the features precisely. These ob-
servations suggest that we see some features related to the
periodicity of the reconstructed lattice, although no band dis-
persion near Ef is resolved in the data presented in Sec. IV B.
On the other hand, other features do not show any connec-
tion to the reciprocal lattice, and they require a different
explanation.

It was discovered some time ago that photoelectron diffrac-
tion effects in the final state cannot be neglected in such
UV excited angular distribution maps of valence states [58].
The RSMS code provides an efficient tool to include such
effects (see Sec. III and Ref. [43] for details). In order to
elucidate the degree to which final-state scattering is impor-
tant, Fig. 2 shows the comparison between measured and
calculated E(k;) maps for six different fixed energies, for
both He I, [Fig. 2(a)] and He II, [Fig. 2(c)] excitation. All
six energies E; were measured simultaneously by recording
the count rates of six channeltron detectors distributed in
the detector plane of the hemispherical energy analyzer [45],
using an analyzer pass energy of 5 eV. The first three E;
values (Eg, 0.22 eV, and 0.43 eV) lie within the Feg; he |
states, while the last three (1.29, 1.49, and 1.70 eV) are
mainly contributed by FeZ e, 1 (1: majority spin) states [see
schematic level scheme in Fig. 5(h) and Fe 3d surface PDOS
calculations in Fig. SI4 [48]]. Therefore, the strong variation
between the patterns of the first and the last three E; can
be attributed to the different orbital symmetries and thus to
initial-state effects. Within each group only minor changes
are observed [Figs. 2(a) and 2(c)], while the corresponding
calculated patterns [Figs. 2(b) and 2(d)] show slightly more
pronounced changes. We speculate that this might be due to
strong electron-phonon scattering effects in the experimental
data that lead to broadening [18,22,59] not considered in the
LDA + U calculations. Particularly in the outermost parts of
the maps, the measurements are in good agreement with the

calculations, while the agreement is less good near the center
of the patterns.

According to a recent photoemission study [18], no clear
evidence for (v/2 x +/2)-R45° Fe304(001) surface could be
found in photoemission data. Therefore, we interpret these
patterns as emanating from bulk states. The free-electron
final-state wave vectors depicted in Figs. 1(a) and 1(b) for He
I, and He II, excitation illustrate how different bulk states
are probed with the two different photon energies. The pro-
nounced difference in the patterns between the two excitations
can therefore be attributed to both their initial as well as their
final states. Interestingly, the E(k]) maps calculated with the
RSMS code for He II, match the measured patterns very well
suggesting that the description of the final state is better at
higher energy than at low-photon energy. Indeed, the lower
the photoelectron energy, the larger the effect of the potential
details on the final-state wave function, including the shape of
the surface potential barrier, which is difficult to describe in
the muffin-tin approximation.

B. Occupied states of Ni/Fe;0,4(001)

The Fe3;04(001) surface can be functionalized by Ni in-
corporation by postannealing treatments [26,28,29]. In the
ideal case, Ni atoms are expected to occupy one of two sub-
surface Fe vacancies of the SCV reconstruction. However,
with increasing temperature and Ni coverage, Ni-Feo sub-
stitutional defects can also form. Figures 3(a) and 3(b) show
the evolution of Ni 2p3/, and Fe 2ps, core-level XP spectra,
respectively, taken before and after incorporation of a 26-ML
coverage of Ni on (\/5 X ﬂ)—R450 Fe3;04(001), where 26-
ML coverage is the amount equivalent to 2.3 densely packed
layers of Ni, assuming a Ni(001) orientation. The as-grown
sample shows three distinct peaks within the Ni 2p3/, spec-
trum, which can be assigned to Ni’ (852.8 eV) and Ni**
(854.9 eV) charge states and a Ni*'-related satellite peak
(861.5 eV) [28]. The relative spectral weight between Ni°
and Ni’* changes dramatically with postannealing at 607 K.
Ni° vanishes completely as Ni metal islands on the surface
disappear, while the Ni** signal is greatly enhanced, herald-
ing the incorporation of Ni. The significant apparent increase
of the integrated Ni 2p3/, signal can be explained with the
attenuation within three-dimensional (3D) Ni islands in the
as-grown sample [28]. Fe 2p3,, core-level XP spectra taken
on the pristine sample show a broad peak at ~711eV, as
a result of multiplet splitting. The spectrum can be decon-
voluted into separate multiplets from Fe?* and Fe’* charge
states (see Fig. SI3 [48]). The two most dominant spectral
contributions are reported to be at energies between 708.3
and 709.3 eV for Fe**, and between 710.2 and 711.3 eV
for Fe** [60]. The Fe’*/Fe’* ratio is found to be ~1.9
on the pristine reconstructed Fe;O4(001) sample, which is
known to be enriched in Fe** near the surface [20]. It is
worth noting that the ratio may be influenced by photoelectron
diffraction effects due to the different atomic environments of
octahedrally and tetrahedrally coordinated Fe cations. Depo-
sition of 26 ML of Ni reduces the Fe;04(001) surface, and
consequently the Fe?* contribution increases in the as-grown
sample and the Fe 2p3,, peak envelope shifts to lower bind-
ing energies. However, the spectral line shape recovers with
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FIG. 2. (a), (c) Angular distribution (6, ¢) maps of photoelectrons excited from their fixed initial-state energy E; and mapped versus Ia‘,
and (b), (d) the corresponding momentum distributions calculated with the RSMS code for fixed binding energies, highlighting the importance
of final-state effects. No symmetry averaging was applied to the experimental patterns. (Top to bottom: Eg, 0.22, 0.43, 1.29, 1.49, and 1.7 eV.)

postannealing, as the Fe’* /Fe?* ratio evolves from ~21.2 (as-
grown) to ~2.7 (postannealed) (see Fig. SI3 [48]), suggesting
that the incorporation of Ni** into the surface region re-
places predominantly Fe>*. When considering the robustness
of tetrahedral sites against subsurface cation exchange [29],
the Fe 2p3,> spectrum must be dominated by Fe2” while Ni**
occupies exclusively octahedral sites. To support this argu-
ment, the local structure near the surface was investigated with
AED measurements performed with Mg K, excitation of the
Ni LMM Auger line [Fig. 3(c)]. The measured pattern shows
a fourfold symmetric pattern of mainly forward scattering
maxima. In particular, cations on octahedral and tetrahedral
sites have different local environments, and they should pro-
duce distinctly different emission patterns. Figures 3(d) and

3(e) show simulated diffraction patterns calculated with the
EDAC code [55] for emitter atoms placed on octahedral and
on tetrahedral sites, respectively. For convenience, Fe emitters
were used, but emitting at a kinetic energy of of 840 eV
that corresponds roughly to that of the Ni LMM emission.
The simulated patterns are a linear combination of individual
patterns calculated for Fe emitters in the first several surface
layers [Feq: (S-0), (S-2), and (S-4), Feye: (S-1), (S-3), and (S-
5)] (see Fig. SI2 [48]). The comparison between measurement
and simulation suggests that incorporated Ni atoms mainly
emit from octahedral sites in the lattice, confirming both the
experimental results [28,30] and theoretical predictions [29].

ARUPS energy scans were taken with He I, excita-
tion before and after incorporation of 26 ML of Ni into
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FIG. 3. XP spectra of (a) Ni 2p3,; and (b) Fe 2p3/; acquired with
nonmonochromatized Mg K, excitation from the pristine sample
(black), and from as-grown (AG, red) and postannealed (PA, blue)
samples of 26-ML Ni/Fe;04(001). Dashed vertical lines mark main
components of individual charge states for Fe 2p3,, [60] and Ni 2p3»
[28]. (c) Measured Auger electron diffraction pattern of Ni LMM
taken after postannealing. EDAC simulations for Fe emission from
(d) octahedrally and (e) tetrahedrally coordinated Fe sites calculated
with the Ni LMM kinetic energy. The simulated patterns shown here
are a linear combination of the patterns individually calculated for
the first several layers (see text).

(v/2 x +/2)-R45° Fe304(001) in order to address changes in
the occupied electronic states near Ep. Figure 4 shows the
measured data before and after the Ni deposition along the
high-symmetry directions TM "~ ([110]) and TX " ([010])
of the SBZ of the reconstructed surface, down to 2.6 eV
below Ep. The bands in this energy window are examined
with momentum and energy distribution curves (MDC and
EDC) which are displayed after each curve has been normal-
ized between zero and one to visualize all the features. The
high-symmetry points of the reconstructed and bulk SBZ are
shown with vertical dashed lines in the MDC plots. When
considering the binding energies of the Fe 5, | of Fe2! o lons
[see Fig. 5(h)], which are located between 0.8 eV binding
energy and Er according to Ref. [18], there is no significant
indication of a Fe ,, band dispersion along either direction,
as observed in Figs. 4(a) and 4(b). This is likely due to the
dominance of broadened quasiparticle states near the Fermi
level, as a result of strong electron-lattice coupling [18,22,59].
Such strong correlation effects conceal the information about
the delocalization of the 1, | state due to the broad incoherent
states near Ef.

At higher binding energies the scans taken along the [110]
azimuth show a band dispersing between two M" points
with a band bottom at ~1.85eV [see Fig. 4(a)]. The band
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FIG. 4. Half-metal to semiconductor transition of the (ﬁ X
V2)-R45° Fe;0,4(001) surface upon Ni doping. (a) MDC and
(b) EDC representation of ARUPS energy scans taken along the
[110] and [010] directions in the range between Er and 2.6 eV
below Eg. In (b) the energy range is cut to 2.0 eV binding energy
in order to highlight the weak emission at low binding energies.
The measurements correspond to the M and T'X high-symmetry
directions in the SBZ of the reconstructed surface. The dashed lines
represent the dispersion of the e, band from Fe0 (c) MDC and
(d) EDC show the analogous data taken after 26 ML of Ni deposition
on and incorporation in the reconstructed Fe;O0,4(001) surface. Each
curve has been normalized between zero and one to enhance the
weak features.
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dispersion is visible in its corresponding EDC representation
[see Fig. 4(b) and zoomed-in version for a better visibility
in Fig. SI9 [48]]. Note that the high-symmetry M e points

superimpose with X The position of this band and its
dispersion suggest that e, 1 states of Fegzg ions are delocalized
(see Fig. SI9 [48]). This same state is also observed along the

[010] direction with downward dispersion between Tgo and

— bulk e .. .
M. Along this direction, an additional feature is observed

near Ep centered at X point. Recalling Figs. 1(c) and 1(e),
this emission appears to be connected with the boundaries
of the second SBZ of the reconstructed surface. This feature

is present over the entire occupied bandwidth of the f, |
band without noticeable dispersion. Overall, the dispersion
observed in our data reproduces qualitatively the results of
Ref. [18].

The MDC plots taken after Ni incorporation [Fig. 4(c)]
show that the dispersion of the e, 1 band of FeZ is reduced,
and that the emission near E at X is much less prominent and
shows some slight dispersion. The vertical dashed lines, which
refer to high-symmetry points of the reconstructed SBZ, are
left the same for comparison, although the incorporation of Ni

into the lattice transforms the (v/2 x +/2)-R45° reconstruction
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into a (1 x 1) structure, as observed by LEED (see Fig. SI7
[48]). The change in the band structure is more pronounced
in the EDC plot of Fig. 4(d), showing that the 26-ML Ni
incorporation significantly suppresses the spectral weight just
below EF.

Fixed energy maps acquired on the pristine reconstructed
surface, the as-grown 26-ML Ni/Fe3;04(001) as well as the
postannealed sample are given in Figs. SIS and SI6 for a
complete overview in momentum space [48]. From these data
it becomes more obvious that the changes in the 1, | state
at binding energies below 0.8 eV are more dramatic than
the changes in the e, 1 band at higher binding energies. The
feature near Ey following the boundary of the reconstructed
SBZ has vanished, mirroring the disappearance of the LEED
spots due to the lifting of the (\/5 X \/5)-R45O reconstruction
(see Fig. SI7 [48]).

For comparison with DOS calculations, all EDC curves
along the two high-symmetry directions were combined to
yield the angle-integrated DOS shown in Fig. 5(a). The UPS
measurements are given together with XPS measurements
of the O 2s shallow core level, showing a nearly identical
binding energy of 21.4 eV before and after Ni incorporation.
The angle-integrated UPS spectra of the pristine sample and
the postannealed 26-ML Ni-doped sample are compared to
the calculated total density of state (TDOS) and bulk Fe and
Ni 3d partial densities of state (PDOS) in Ni,Fe;_,0O4 for
x=0,x =1, and x = 2 [see Figs. 5(b)-5(g)]. A hypothetical
nickel ferritelike structure for x = 2 was considered in our
qualitative comparison because quantitative XPS suggested
a considerable excess of Ni within the probing depth [28].
Figures 5(b) and 5(e) represent the half-metallic DOS of the
Fe;O4 valence band, as reproduced with the parameters given
by Ref. [20]. The results of the calculations agree with the
measurements, particularly for the deeper lying Fel' states

oct
near 4 eV and the Fe3! states near 8 eV, as well as for the

tet
I, | state near Ef [see inset in Fig. 5(a)].

The UPS spectrum of the 26-ML Ni-incorporated Fe;O4
is compared to the calculations performed for x =1 and
x = 2 in a search for the best match between the two. Based
on the XPS measurements, all the incorporated Ni atoms
were assumed to be in the Ni>* oxidation state. The calcula-
tions were performed for bulk systems, while experimentally
the Ni,Fe;_,O4 phase is a thin layer whose Fermi energy
alignment with the Fe;O,4 substrate is a subtle issue. Exper-
imentally, we found that the O 2s core level does not shift
upon Ni incorporation. Therefore, we have aligned the energy
scale of Ni,Fe;_,O4 DOS calculations in Fig. 5 such as the O
2s peak coincides with that of Fe;O4 (see also Fig. SIS for the
extended TDOS calculations down to the O 2s core level [48]).
This procedure for locating the position of Ef in the calculated
DOS appears justified because the O 2s level does not shift
upon the incorporation of 26 ML of Ni, as demonstrated in
Fig. 5(a). Figures 5(b)-5(g) represent the TDOS and Ni,Fe 3d
PDOS after the O 2s core level has been aligned with that
of x = 0. For x =1 this energy alignment moves the Fermi
level into the conduction band [see Figs. 5(c) and 5(f)], which
is in contrast with the known semiconducting properties of
Ni ferrite [39-42]. This problem is likely to be due to the
LDA + U calculation, which underestimates the size of the

band gap by at least 0.6 eV. For x = 2, the issue is more
complex. Here the resulting DOS structure shows that Ef lies
in the band gap [see Figs. 5(d) and 5(g)]. Assuming a charge
state of 2+ for all Ni cations on octahedral sites, electron
counting leads to an extra hole charge per formula unit. This
is reflected in the LDA + U calculation for x = 2 before the O
2s energy alignment (see Fig. SI9c [48]) where Ef is located
below the top of the valence band. However, as the system
consists of layered structures comprising the Fe;O4 bulk and
overlayers of Ni;FeO, and/or NiFe,0y4, with a Ni concentra-
tion gradient, the respective Fermi level of the bulk compound
becomes irrelevant. It suggests that hole doping of the x = 2
surface layer seems to be a more appropriate picture of the
system.

When comparing the angle-integrated UPS spectra of the
postannealed 26-ML Ni-doped sample tothe x = 1 and x = 2
calculations, a slightly better match is observed for x = 2 than
x = 1. Particularly, the measured broad peak near 5.5 eV is in
good agreement with the TDOS calculation, and the PDOS
calculations suggest that this state originates from the Nig
sites. It is also worth noting that states near 8 eV, dominated
by the Fe,, atoms, remain robust upon the 26-ML Ni incor-
poration, which is consistent with the findings from the XPD
measurements [28].

According to Hund’s rule, the lowest Coulomb energy
favors the high-spin state being the ground-state spin config-
uration, as any spin flip transforms the electronic structure to
an excited spin state with an energy cost 3J [61]. As shown
in the schemes of Figs. 5(h)-5(j), the two extra electrons of
Ni** fill the #,, | band in the ground state. This results in
the reduction in DOS at Ef, evidenced by the opening band
gap, i.e., a half-metal to a semiconductor transition. However,
the measured spectral weight near Er has not completely
vanished with Ni incorporation. This could indicate the pres-
ence of remaining metallic states due to gradients in the Ni
concentration with depth. After postannealing, the 26-ML Ni
on Fe;04(001) sample is in a metastable Ni,Fe;_,04(001)
composition with x &~ 2 within the probing depth of XPS [28].
Such a ferritelike structure can form when excess Ni ions
beyond x > 1 stay in the Ni>* chemical state and substitute
FeT cations according to XPS measurements shown in Fig. 3.
In this state, the charge neutrality cannot be maintained, and
an extra hole charge leads to a metallic conduction band
[see raw PDOS calculation for hypothetical Ni,Fe;_,04(001)
for x =2 in Fig. SI9 [48]]. Therefore, the weak emission
near Ep observed in the ARUPS energy scans of Fig. 4(d)
may be linked to the Ni oversaturation. Strong correlation
effects might still remain after Ni incorporation, and some
minor occupation of tetrahedral sites by Ni ions, observed
on nickel-ferrite nanocrystalline structures [62], cannot be
excluded with our AED data.

C. Unoccupied states of Ni/Fe;04(001)

In this study we employed x-ray absorption near-edge
structure (XANES) measurements in Auger electron yield
(AEY) mode to investigate the evolution of unoccupied Fe and
Ni 3d states upon deposition of Ni on Fe;O4(001) with vary-
ing coverages. By detecting Ni LMM and Fe LMM intensities,
the measurements are not influenced by secondary electrons,
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FIG. 6. (a) Ni L,; edge measured in AEY mode taken after
deposition of 10 ML (green), 50 ML (blue), and 120 ML (purple)
of Ni on Fe;04(001) at 607 K. A scaling parameter was applied to
each spectrum by aligning them to equal peak height to highlight
the relative changes, and the spectra shown here were scaled with
a multiplier for comparison. Metallic and NiFe,O, specific Ni® and
Ni?* peak positions are represented by dashed lines. (b) Correspond-
ing XP spectra taken with a photon energy hw = 965eV. Vertical
dashed lines indicate the literature values oxidation states Ni’ and
Ni** [28].

leading to increased surface sensitivity. Figures 6(a) and 7(a)
show L, 3 XANES measurements of Ni and Fe, respectively,
acquired on the pristine sample and after 10, 50, and 120
ML of Ni, deposited at 607 K. Note that no postannealing
was applied in these experiments, but the deposition at high
sample temperature led to Ni incorporation already during
the deposition. Additionally, Fe 2p and Ni 2p core-level XP
spectra measured at normal emission before and after each de-
position are shown in Figs. 6(b) and 7(b). The photon energy
is tuned for both Fe 2p3,, and Ni 2p3/, regions to extract the
photoelectrons at a kinetic energy of ~ 110eV to maximize
the surface sensitivity for the XPS measurements.

In Fig. 6(b), two distinct peaks are observed at 854.9 and
861.4 eV in the Ni 2p region after 10 ML of Ni deposition,
which are assigned to the Ni 2p3/, main line of Ni** ions
and the corresponding satellite characteristic of NiFe,O4 [64],
respectively. Incorporating Ni into the magnetite lattice is a
slow process; any excess Ni accumulates on the surface in
the form of metallic Ni clusters [28]. Therefore, when the
coverage is increased to 50 ML, an additional peak emerges
at 852.8 eV, representing the Ni® chemical state. At 120-ML
Ni coverage, all the signal related to incorporated Ni atoms,
i.e., Nit, is attenuated by the metallic clusters, resulting in

Pristine Fe;0,
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(b) Fe 2p
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| | I‘ i
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FIG. 7. (a) Fe L,; edge measured in AEY mode taken on the
pristine sample (black), after deposition of 10 ML (green), 50 ML
(blue), and 120 ML (purple) of Ni on Fe;04(001) at 607 K. A
scaling parameter was applied to each spectrum by aligning them
to equal peak height to highlight the relative changes, and the spectra
shown here were scaled with a multiplier for comparison. Vertical
dashed lines indicate the absorption energy for the each inequivalent
Fe cation in the sublattice [63]. (b) Corresponding XP spectra taken
with a photon energy 7w = 820eV. Vertical dashed lines indicate the
positions of the two most dominating divalent and trivalent multiplet
components.

one dominant peak at the Ni’ binding energy. Due to the
existence of a metallic Ni overlayer, the XPS probing depth
for the substrate becomes reduced. Consequently, the Ni**
XPS signal obtained from the 50- and 120-ML depositions has
lower spectral intensity. Based on the incorporation kinetics
and growth durations [28], the 50- and 120-ML depositions
are expected to be oversaturated (x > 1). These findings are
consistent with the data set taken with the laboratory source
shown in Fig. 3(a).

Figure 6(a) shows a peak at 853 eV at the Ni L3 edge for the
10-, 50-, and 120-ML Ni/Fe;04(001) samples, indicative of a
NiFe, 0, related Ni**, with a broad shoulder at ~2 eV higher
energy contributing to the line shape. These peaks originate
from a transition from the Ni 2p core level to unoccupied 3d
states, and they show 2p3 ,3d° final-state character [37,65].
Particularly, the 10-ML sample matches a previous study by
van der Laan et al. [37], where a XANES simulation for
NiFe,04 with Ni occupying octahedral sites is shown to re-
produce the measurement, including the two-peak structure
of the L, edge. With increasing coverage, the visibility of the
Ni?* component in the Ni L, edge decreases, as the intensity
of Ni° from the metallic clusters increases. The presence of
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metallic Ni clusters at higher coverages also manifests itself in
a broadening of the Ni L, edge and a weak broad peak around
859 eV [65]. The Ni L, 3-edge XANES measurements are thus
consistent with the XPS observations.

The Fe L3 edge of pristine reconstructed Fe;O4(001) shows
a broad peak as a result of three inequivalent sublattices of
Fe cations and a multiplet splitting that occurs due to the
open 3d shell [Fig. 7(a)]. The shoulders at the low- and
high-energy sides are mainly contributed by Fe’*Og and
Fe’*Og octahedra, respectively. They sandwich the signal
from Fe3tQ, tetrahedra [50,63,65,66]. The energy separa-
tion between Fe’*O4 and Fe?* O is approximately 2.08 eV,
and that between Fe’TOg and Fe3*0, is about 1 eV [61].
Concomitant with the attenuation of the Ni** signal in XPS
[Fig. 6(b)], the absorption intensity of the Fe L, 3 edges drops
significantly as the Ni coverage is increased [note the mul-
tipliers on the left-hand side of the normalized spectra in
Fig. 7(a)]. This is due to both Ni-Fe cation exchange in the
octahedral sublattice and the presence of metallic Ni clusters
on the surface. For 10-ML Ni coverage, the former argument
dominates the spectral changes (see the raw data in Fig. SI11
[48]). The stronger attenuation of the Fe L, 3 edges after Ni
coverages of 50 and 120 ML is due to both factors when con-
sidering the Ni’ accumulation on the surface. The presence
of metallic Ni islands on the surface should not influence the
spectral shape of the Fe L, 3 edges nor that of the O K edge.

To obtain a complete picture of the incorporation process,
the O K edge was also measured before and after Ni de-
position. Figure 8(a) shows O K-edge XANES data which
reflect the evolution of unoccupied 3d and 4sp cation states
hybridized with O 2p states as a function of Ni coverage.
Considering that all the oxidized species are Ni and Fe related,
the spectral area under the curves can be normalized with a
multiplier to the pristine Fe;O4 spectrum in order to trace the
relative changes. For the pristine sample, the Fe 3d related ab-
sorption spectrum exhibits two distinct peaks at lower energy
associated with f,, and e, states, followed by a Fe 4sp related
absorption with two broad peaks at higher energies [51,67].
With increasing Ni coverage, Fe>*Og to Ni** Q4 exchange
reduces the 1, related absorption as two extra electrons of
Ni** fill the fe | band completely. The remaining 3d related
peaks slightly shift to higher energy and can be correlated
to increasing contributions of unoccupied e 1 and #, 1 states.
The reduction in 5, and e, absorption due to Fe-Ni exchange
in octahedral sites further produces a systematic rise in the
spectral weight at ~531.4 eV. The position of O 2p hybridized
with #,, states fades away with increasing Ni density, while
a hybridized state appears in the valley between 3d and 4sp
absorption, which is attributed to the e, band of the Ni?* [see
Figs. 5(i) and 5(j)]. Considering the difference in crystal field
splitting strength between Fe,; (0.6 €V [50]) and Nig (1.2 eV
[37]), a shift of the e, absorption to higher energy is expected.
Moreover, the cation exchange in the sublattice of octahedral
sites also significantly influences the 4sp hybridization levels,
as the absorption intensity is reduced at 540.5 eV while it
increases at 539.1 eV. Along with the XPD results shown
in Fig. 3, the redistribution of absorption intensities can be
correlated to the replacement of Feo. with Niy. The spectral
difference between the pristine sample and 10-ML points to
the presence of Nizt hybridized states at 532.1, 535.6, and

oct
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FIG. 8. (a) O K edge measured in AEY mode taken on the pris-
tine sample (black), after deposition of 10 ML (green), 50 ML (blue),
and 120 ML (purple) of Ni on Fe;04(001). The features related to
O 2p hybridization with 3d and 4sp cation states are indicated. For
comparison, the spectral area under the curves was normalized to
that of a pristine sample. (b) The difference spectra show the relative
changes compared to the spectrum of the pristine sample.

539.5 eV originating from x ~ 1 in Ni,Fe;_,04(001). When
the composition is x > 1 in Ni,Fe;_,04(001), the intensities
at 532.1, 534.1, and 539.1 eV become more prominent, as
seen in the 50- and 120-ML samples relative to the 10-ML
sample, while the intensities at 529.1 and 540.3 eV decrease.
These latter states can be attributed to the hybridized states of

the Fel, atoms that are replaced in the oversaturated case.

V. CONCLUSION

To gain a more complete understanding of the electronic
structure of the Ni/Fe3;04(001) surfaces, we first investi-
gated the occupied states of pristine magnetite. We examined
partially filled #,, and deeper e, levels using ARPES mea-
surements and analyzed the data with the RSMS code.
Alternatively, we observed that final-state effects are promi-
nent in photoemission angular distribution maps from valence
levels. The RSMS simulations, which include photoelectron
diffraction effects, show a good match with the measured data.
In particular, excellent agreement was achieved for He II,
excitation suggesting an accurate description of the initial and
final states.

The incorporation of 26-ML Ni in Fe;04(001) results in
the occupation of Ni atoms mainly in octahedral coordi-
nation, leading to the lifting of the surface reconstruction.
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ARUPS measurements show that the states near Er disappear
almost completely upon Ni incorporation, providing direct
experimental evidence of a band-gap opening. Remaining
weak emission near Er was discussed in terms of composi-
tional gradients near the surface. To further understand the
composition of Ni,Fe;_,0,, obtained after the incorporation
of 26-ML Ni/Fe;04(001), the angle-integrated UPS spectra
were compared to TDOS and PDOS calculations performed
with LDA 4 U for x = 1 and x = 2, with the latter showing
a slightly better match. Based on the agreement between ex-
perimental and computational results presented in this study,
and in combination with our previous study where we ex-
plored the structural properties of Ni,Fe;_,04 (for x = 2)
[28], a more complete picture of a Ni;FeOy-like compound is
achieved.

Moreover, the unoccupied electronic states of Ni, Fe;_,O4
were measured for x &~ 1 (10 ML) and x > 1 (50 and 120
ML). The Ni L, 3-edge spectra were successfully reproduced
for NiFe,Oy, reflecting the changes upon Ni incorporation.
The Fe L edge shifts to higher photon energy, where Fe>* and

Fell were previously reported in the literature, as a fu(;;(t:tion
of incorporated Ni. These findings are consistent with the XPS
and XPD analyses. The systematic changes as a function of
Ni coverage observed in the O K edge confirm the filling of

the f,, | band and unravel the emergence and shifting of new

hybrid states at higher energy, attributed mainly to FeZ! -Ni2!

exchanges upon Ni incorporation. These hybridized states can
be tuned by the amount of incorporated Ni atoms. These
states might be responsible for the enhanced catalytic ac-
tivity of the x > 1 surface [26]. Therefore, we believe that
our experimental results on the electronic structure of the
Ni/Fe304(001) model system may provide useful information
for enhancing the efficiency of NiFe-based (photo)electrodes
in electrochemical and photocatalytic water oxidation.

All data used to produce the findings of this paper are
publicly available on the Zenodo repository [68].
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