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Abstract

In this study, maghemite, the second most stable iron oxide, has
been investigated using a DFT+U approach. The relative sta-
bility of the different surface terminations from the (001) and
(111) planes are discussed, allowing the discrimination of pre-
ferred terminations among oxygen vs. iron, with octahedral or
tetrahedral cations sites, etc. To move towards epitaxial growth
of maghemite on a Pt substrate, the strain effect induced by lat-
tice mismatch is then considered, first for isolated maghemite,
then when grown on the substrate. Among bare surfaces, (001)
terminations are more stable than (111) ones, strain effect sig-
nificantly destabilizes (001) in contrast with (111), resulting in
a change in stability. Moreover, the lower formation energy in-
dicates that the growth of the (111) surface will be favored over
the one of the (001) on the Pt substrate due to numerous Pt-O
interactions. Finally, various electronic properties such as bond-
lengths, bonding, charges, and density of states are analyzed to
understand the nature and stability of the surfaces. For sur-
faces, bandgaps are smaller than bulk, with a higher deviation
for (001) than for (111) surfaces.

Keywords: maghemite, epitaxial growth, surface terminations, formation
energies, density functional theory
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1. Introduction

Nowadays, transition metal oxides are essential components for the de-
velopment of novel catalysts for photoelectrochemical (PEC) water split-
ting because of their stability and abundance in nature. Particularly, iron-
oxides have gained significant attention as they are readily synthesizable,
have desired magnetic properties, and high electrical resistivity, and they
are resistant to corrosion and aging[l, 2]. Their potential uses range from
catalysis, magnetic drug delivery[3, 4, 5, 6], fuel cell[7, 8], and pollutant
remover|9, 10, 11].

Maghemite surfaces have shown promising reactivity for oxygen evolution
reaction, oxygen reduction reaction, photoelectrochemical water splitting|7,
12, 13, 14, 15], and CO oxidation.[16] Moreover, they are also proposed to be
a cathode or anode material for Li-ion batteries[17]. A recent study shows
an improvement on photo-catalytic activity of nanocomposite of reduced
graphene oxide (RGO-y—Fe3O3 ) over bulk 7—Fe;O3. [17] A phase junc-
tion of a—FeyO3 and y—Fey,O3 offers a well separated charge carriers and
reduced recombination rate[18] and helps to increase the catalytic activity.

Maghemite (y—FesO3) is the second most stable polymorph among iron
oxide phases. It presents a spinel structure derived from magnetite, and is
ferrimagnetic in nature[2]. The unit cell is composed of tetrahedral and oc-
tahedral iron atoms, oxygen atoms, and vacancies at octahedral sites[19, 20].
When used as cathode, these iron vacancies facilitate the lithium intercala-
tion thus allowing high capacity[21]. Low cost, exceptional stability in water
even at high pH[22], natural abundance, and most importantly, a favorable
band gap (~2.2 €V) in the visible light spectrum make it a promising can-
didate for photoanode in PEC water splitting. However, the high charge
recombination rate and low conductivity are still significant constraints for
efficient PEC water splitting. Various solutions can be deployed to over-
come these hurdles such as control of morphology to increase charge-hole
separation, nano-structuring, elemental doping, and the formation of hetero-
structures to refine the charge-transport properties[23, 24].

In all the uses of maghemite, the nature of species/sites present on surfaces
is a decisive component to determine reactivity. Therefore, a reliable surface
structure description is mandatory to understand the structure-reactivity re-
lationship. A few efforts have been made to understand the surface structure



of v—Fe;O3 to unveil the stability and reactivity. Baetzold and Yang per-
formed two-dimensional periodic calculations along with mean-field approx-
imation to gain insights into surface stability for various low-index surfaces
containing the largest interplanar spacing. In absence of reconstruction, vari-
ous low-index surfaces were found to be polar and unstable. Various surfaces
showed similar surface energy within the range of 0.1 J/m?. Moreover, (111)
surface terminated with Fepy, has the lowest attraction energy. [25] The study
of surface dependent adsorption properties on nanostructured particles using
X-ray diffraction and IR spectroscopy|[26] suggests a slight change in lattice
parameter due to water adsorption depending on the water pressure and a
number of water layers adsorbed on the surface. X-ray total scattering in-
dicates a strong relaxation on smallest size nanoparticles.[27] Chambers and
Joyce demonstrated v-Fe,O3 (001) as (1x1) and that it is prone to chemisorb
oxygen or hydroxyl groups by using surface sensitive electron diffraction
and angle resolved X-ray photoemission.[28] However, another study sug-
gests that reconstruction takes place on (001) surface and transforms it into
(V2 x v/2)R45°.[29, 30, 31] A classical Monte-Carlo study was carried out to
understand the surface effects of maghemite nanoparticles.[32] Reducing the
particle size increases surface disorder and surface presents higher magnetic
disorder than the core. Mou et. al synthesized rod-shaped nano-particles
of yv—Fe;O3 with a diameter of 40 nm and length of 400 nm with a domi-
nating end-plane of (110) and (110) and (001) as side planes[33]. Another
study indicates the lower stability of Fe-tetrahedral atoms on the surface due
to insufficient metal coordination with the ligands[21]. Low energy electron
diffraction (LEED), X-ray photoelectron spectroscopy (XPS), ion-scattering
spectroscopy (ISS), and scanning tunneling microscopy (STM) suggest the
presence of two types of terminations for the (111) facet, namely the (2x2)
and the (v/3 x v/3)R30° reconstructions[34]. Furthermore, the role of oxygen
vacancies for water oxidation and other reactions has been investigated by
Jian[35] and Wang[15].

Unlike hematite[36, 37, 38, 39, 40, 41], maghemite has been inadequately
understood due to competing claims among various models and random dis-
tribution of vacancies. Despite several attempts, the accurate understand-
ing of maghemite surface terminations and their morphology is still incom-
plete. Moreover, maghemite is barely used alone but rather deposited on
a substrate[42, 43, 44]. Tt thus appears essential to study the strain and
electronic effects induced by this substrate during maghemite growth.

Given the reactivity of the (001) surface evidenced by Chambers et al.[28]
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and the work of Baetzold et al.[25] which demonstrates that the (111) ter-
mination presents the lowest attachment energy, we decided to investigate
these two terminations of y—Fe;O3. Their equilibrium geometries, energetics,
and electronic properties are thus compared. Besides this study of bare sur-
faces, the effect of strain due to the lattice mismatch with the substrate, here
Pt(001), is considered and finally, we investigate the whole y—Fe,O3/Pt(001)
system. For each step, behaviors of (111) and (001) surfaces are compared.

2. Methods

2.1. Computational details

Calculations based on plane-wave density functional theory (DFT) have
been carried out using the Vienna ab-initio simulation package (VASP 5.4.4)[45,
46]. Due to maghemite’s ferrimagnetic nature, spin-polarised calculations are
performed. To describe the interaction between iron-oxygen ions projector-
augmented plane-wave (PAW) method is deployed[47]. Eight valence elec-
trons for Fe (3d74s'), six for O (2s?2p*), and ten for Pt (5d°6s!) are treated
explicitly in the PAW method. Perdew, Burke, and Ernzerhof (PBE) exchange-
correlation functional approach is used within the general gradient approxi-
mation (GGA) framework[48]. Grimme D3 (DFT-D3) dispersion correction
with zero damping is applied to account for long-range interactions[49]. Hy-
bridization between d-orbitals of Fe and p-orbitals of O is significant due
to the strongly correlated nature of maghemite. Over delocalization of d-
electrons of Fe atoms within the DFT framework results in underestimation
of the bandgap. This so called "bandgap” problem can be addressed using
semiempirically tuned numerical parameter (U) which takes into account the
localization of electrons within the same atomic orbital. We have used the
DFT+U Dudarev approach[50] to localize the Fe-d electrons. A value of 4.3
eV for U.ss has been adopted, allowing a good agreement with experimental
bulk properties [51, 52]

The Brillouin zone sampling is done by Monkhorst-Pack k-point mesh of
8x8x1 for (001) as the cell size is 8.39Ax8.39A x32A, but only T' point is
used for (111) surface due to the much larger supercell (19.60A x11.76A x49
A). To enhance the convergence and minimize the electronic energy, Gaus-
sian smearing with a smearing width of 0.1 is used while using a mixture
of the blocked-Davidson scheme and residual minimization method. The
kinetic energy cutoff is set to be 550 eV and the convergence threshold for
energy and forces are set to 1075 eV and 0.01 eV /A respectively. For the bare
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maghemite surface, all atoms are allowed to relax. However, for composite of
maghemite/Pt(001), the bottom two layers of Pt substrate are kept fixed. A
slab model truncated from bulk is used to describe all surface terminations,
and a large vacuum of 20 A is used to avoid the spurious interactions with
periodic images along the z-direction. Finally, the convergence of 18-Layers
slab model is relatively tricky. Therefore, we have first run a single point cal-
culation with tight convergence criteria and enforcing the parameter AMIX =
0.8, BMIX = 0.9, AMIXMAG = 0.4, and BMIX MAG = 0.9, to make sure
the right magnetic alignment for Fe species is obtained. Thereafter, we
use the previously generated charge density (CHGCAR) and wavefunction
(WAVECAR) to relax the structure and find the ground state minima.

2.2. Surface and interaction energies

In the following, we define the cleavage energy as the energy required to
cut the bulk and thus create a slab with two surfaces. The cleavage energy
per surface unit is calculated by using the following equation:

1
Yeleav = § X (Eslab —mX Ebulk:) (1)

where Fg,, and Ep,. are the energies of the slab and bulk structures,
respectively, while m corresponds to the number of bulk units in the slab
and S to the area of the slab unit cell.
The cleavage energy can also be defined in terms of surface energy (7s), with
Yeteaw = 2 X 7y for symmetric slabs and veeqw = Vs1 + Y52 for non-symmetric
ones.

To quantify the impact of strain we define the strain energy per surface

unit as follows:
Estra'ined - Eunstr‘ained

Ty —Fe303 y—Fe203
AEstrain - Sstrained ’ (2>

where EX5ee? and BT are the total energy of maghemite slab, native
and strained, respectively, and S*"%"¢d is the area of the strained unit cell.
In order to understand the strength of the interaction between Pt(001) and
strained maghemite we compute the interaction energy per surface unit with

the following equation[41]:

E
AEint =—

strained
7F6203/Pt - E»Y—F€203 - EPt

Sstrained <3>




where E,_pe,0,/p¢ is the total energy of the whole system, ES"#7% s

the total energy of strained maghemite surface and FEp,; is the total energy
of the Pt(001) substrate. To comprehend the stability of the different het-
erostructures, we evaluate the required formation energy (per surface unit)
to generate the surface from its bulk on the Pt substrate. The following
definition is used:

bulk
E’y—FezOg/Pt - EPt T Hy—Fe303

Eformation = Gstrained (4>

In the following, we will also discuss the adhesion energy defined as the sum
of strain energy and interaction energy, namely:

A-Eobdh - AEstrain + AEznt (5>

To analyze the electronic properties, we plot the density of states (DOS),
the Crystal Orbital Hamilton Population (COHP)[53], and the chemical
bonding analysis[54] using the LOBSTER code[55].

2.8. Structural models

2.3.1. Bulk maghemite

Maghemite comes from oxidation of magnetite (Fe3O,4) and thus presents
a similar spinel structure, apart from substitution of some cations by va-
cancies to ensure charge neutrality. According to numerous experimen-
tal studies, maghemite can keep the cubic space group P4332 (or P4,32)
[56, 57, 58, 59, 60, 31, 19] or further to a vacancies ordering, often occurring in
larger systems, the symmetry can decrease towards tetragonal group P4,2,2
(61, 62, 19, 1]. In this paper, we made the choice of keeping the cubic symme-
try in consistency with the size of our system, while avoiding a too large unit
cell. We thus use a unit cell composed of 8 tetrahedral irons, 13 octahedral
irons and 32 oxygens, combined with 3 vacancies at octahedral sites (see SI
for structure). This leads to a slightly modified stoichiometry of v-FesO3 g5 or
v—(Fern)s[(Feon)1313032], as already proposed[31]. However, for sake of effi-
ciency, maghemite will be named in the following v-Fe;Og3, or simply Fe,O3.
The computational parameters are optimized with respect to experimental
bulk properties such as bandgap, and magnetic properties.[63] The optimized
cell parameter (8.39 A) is in good agreement with experimental data (a =
b = ¢ = 83565 A) within 0.5% of error and with a previous theoretical
work([31]. We observed a magnetic moment of 2.26 uB/Fe;O3, indicating
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oppositely aligned spin moments for iron atoms in the cell. This value is in
good agreement with an earlier theoretical work (2.28 uB/Fe,O3[31]), but
deviates from the experimental value obtained for the stoichiometric tetra-
hedral model (2.5uB/Fe;03[64]). This latter statement can be explained by
our excess of Fe-vacancies leading to a small deviation of our cubic model
from the standard stoichiometry.

2.3.2. Surface models

To model the (001) surface, a 1x1 supercell cut along the (001) plane
is used. We consider a 16-layers slab model, leading to a stoichiometry
equivalent to the one of the bulk. Three types of planes can be defined
as reported in Figure la. Plane A (Fery) consists of two tetrahedral iron-
atoms; plane B (Fepy,-O) has eight oxygen atoms and four octahedral iron-
atoms; and plane C (Fepy,-O) is similar to plane B except for a vacancy at an
octahedral iron site. When cutting the bulk along (001), as the stoichiometry
and number of layers are fixed, the top and bottom surfaces are not identical.
We thus obtain four possible combinations of terminations: iron-tetrahedral
combined with oxygen/iron-octahedral with and without vacancy named as
AB, AC1, AC2, and AC3, according to the labels of the planes previously
defined, with additional numbers (1,2,3) to distinguish similar outer layers
with different sublayers. In all calculations, ferrimagnetism is respected.
In the case of y—Fe,O3(111), the bulk surface is cut along (111) plane and
the lattice vector is transformed by a C-centre matrix in order to obtain
an epitaxial relationship with the Pt(001)-substrate along one direction of
the surface. As for the (001) termination, the stoichiometry is kept with an
18-layers slab. This latter is reported on Figure 1b, as well as the following
labeling for the different planes: A: eight Fery,, D: eighteen Fep, without
vacancy, F: Fep, with vacancy, E: thirty-two O atoms sandwitch between
Feopn and Fepy,. As for the (001), cutting from the bulk leads to two different
terminations at each side. Therefore, studied slabs will be a combination of
two terminations, leading to four different systems, namely AD1, AD2, EF,
and AE.

To study the epitaxial growth of maghemite on Pt(001), the influence of
strain, namely the necessary compression applied on maghemite to reach the
lattice parameter of platinum, is then considered on both (001) and (111)
systems. Finally, all the possible strained terminations are used to build
the v—Fe,O3/Pt(001) composite in order to understand the impact of Pt
substrate on the different terminations. A (2x2) supercell of a 5-layers slab
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Figure 1: a) 16-layers (001) model of y—Fe;O3 with planes A (Fery), B (Feon-O without
octahedral Fe vacancies), and C (Fepy,-O with octahedral Fe vacancies), b) 18-layers (111)
model of y—Fey03 with planes A (Ferp), E (O layer), D (Fepp, without vacancy) and F
(Feon, with vacancy). Oxygen atoms are reported in red, Fery, in green, Fep), in bronze
and Fepy, vacancy in blue.

is used to model the Pt substrate, with ap; = 3.92 A. The bottom two layers
are kept frozen, while top three are allowed to relax. The used unit cells of
platinum, for both (001) and (111) maghemite are reported in SI. For each
strained maghemite, either (001) or (111), all possible relative positions, such
as top, bridge or hollow, with the platinum surface are investigated. Twenty

different possibilities for heterostructures are thus considered for the case of
(001) and four for the case of (111).

3. Surface structure: y—Fe;03(001) vs. y—Fe;05(111)

3.1. Bare surfaces

First step in the understanding of maghemite surfaces involves the study
of the different possible terminations of bare surfaces and their relative sta-
bility. As mentioned earlier, we have thus investigated four different bare
terminations for the 16-layers (001) surface and four for the 18-layers (111)
surface. Firstly the cleavage energies are calculated and compared to provide
insights on surface stability. A summary of the obtained results is reported
in Figure 2.

For the (001) surface, the optimization of the four possible cases men-
tioned previously leads to four stable systems. The AB slab, namely termi-
nated by Fer;, on one side and Fep,-O on the other, is the most stable one
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Figure 2: Cleavage energies (in meV/AQ) calculated according to equation 1 for stable
terminations of y—Fe;03(001) and (111) surfaces. Circles and diamonds refer to the (001)
and (111) surfaces, respectively, while dark and light shapes refer to native and strained
surfaces, respectively.

with a cleavage energy of 136.74 meV /A2, followed by AC1 (149.55 meV /A?),
AC3 (153 meV/A?), and AC2 (166.15 meV/A?). Slabs with one side pre-
senting an octahedral vacancy are thus always less stable, mainly due to the
unsaturated species present on the surface, not compensated by reconstruc-
tion. This is in agreement with the recent study of Righi et al.[65]. For
these three cases (AC1, AC2, AC3), the outer layer is the same (a C plane),
only the underneath layers differ. The arrangement of internal layers has
thus a non-negligible impact on the relative stability of the different AC-
terminations. These results can be positively compared with the previous
study of Bentarcurt et al.[31], even if they only relax one side of the slab
and thus only discuss relative stabilities of top surfaces. Nevertheless, some
comparisons can be made. Their most stable termination occurs to be the
one with tetrahedral atoms, namely our A layer, present in all our systems,
but they also demonstrated that the octahedral layer without vacancy is the
second most stable system. This fully agrees with our result of AB, namely
a combination of a tetrahedral layer on one side and a complete octahe-
dral layer on the other side, being the most stable case. Besides, they also
demonstrated that the presence of subsurface vacancy stabilizes the system.
However, in our case, the role of vacancy underneath is destabilizing the sys-
tem. As AC1 is more stable than AC2 and AC3 despite having Fepy, vacancy
on the underneath layer.

In the case of the (111) surface, after optimization, three combinations



of terminations remain stable: AD (Fer,-term/Fepp-term), with two dif-
ferent cases (AD1 and AD2) depending on the final relaxed surface; AE:
(Ferp-term/O-term); EF: (O-term/Fepp-term). Among these possibilities,
AD1, namely with iron terminations on both sides is the most stable one
(188.08 meV/A?), followed by the other combination of iron terminations,
AD2 (206.76 meV/A?). The last two cases with one side being an oxygen ter-
mination are far less stable: EF (284.88 meV/A?) and AE (318.70 meV /A?),
as it was already the case for hematite, with the Os-termination being widely
unfavorable compared to the Fe one.[41] Besides, if we compare the inher-
ent stability, all the (001) terminations are more stable than (111) ones, in
agreement with previous results[25].

All these results about stability can now be discussed in terms of geome-
tries. We first analyze the bond lengths of relaxed structures, compared to
non-relaxed ones (see Figures 3 and 4). In most cases, the layer underneath
is also exposed to the surface. Therefore, reconstruction of those particular
layers is expected. During the reconstruction, various bonds are shrunk or
elongated, and some new bonds are formed depending on the termination.

There are three classical bonds: Feo,—Feoy, (2.95/3.03 A), Fep,—0 (2.01/2.03
A), and Fer,—O (1.80/1.89 A), values in parenthesis refer to the average
length of each bond, for (001) and (111) terminations, respectively. How-
ever, after optimization, two new Fep,—Fer;, ranging from 2.96 to 3.15 A
and Fep),—Fer, between 2.65 and 3.10 A are formed (see Figures 3 and 5).
In the case of (001), all structures terminated by Fery, (A) on one of their
sides show a formation of Fer,—Fer, bond forcing the surface Fer;, to co-
ordinate with a Fer, present below the other layers. In particular, these
strong Fep,—Fer, bonds contribute to the stability of AB and AC termi-
nations. Even the formation of Fepp,—Fer;, bond comes from the surface
reconstruction of layer A. The interactions between the surface and the layer
underneath are increased by mixing of the A layer with underneath layer B
or C, resulting in a A-B or a A-C facet. Furthermore, one of the Fer; from
A layer occupies the vacancy site of underneath Fep;, and another one goes
into sublayer resulting in formation of a plane with three Fer;, atoms (see
Figure:3). In all of the AC cases, the formation of an oxygen molecule occurs
on the C side of the surface, and in the case of AC1, the oxygen molecule is
even desorbed.

Layer A is present in the initial state of the four studied cases, but after
reconstruction, the new facets differ significantly. In AB, AC2, and AC3
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cases, the underneath layer of A is C. Therefore, the reconstructed layer,
coming from the combination of the top two layers, has the same number of
atoms (13) in all three cases. Surprisingly, the same holds true for the AC1
case where the underneath layer is B, so the total number of atoms should be
14 for the reconstructed A-B layer. Here, one of the Fer;, atoms from layer A
is pushed below the reconstructed layer, keeping the number of atoms on the
reconstructed layer at 13. This is due to the unavailability of vacancy in layer
B and thus not all the atoms can be accommodated on the surface. AB, AC2,
and AC3 have thus two Fep;, and three Fepy,, however, AC1 has four Fep;, and
only one Fery,. No reconstruction takes place on the other side of the surface,
that is, B or C. This agrees with results of Bentarcurt et al.[31], where large
reconstructions were observed for surfaces with tetrahedral irons, while only
very limited changes occurred for terminations with octahedral irons. Apart
from some relaxation, Fe-O bonds become shorter as compared to the bulk.
The perturbation of reconstruction and relaxation remains limited to two or
three layers of the surface. Among all the structures, AC1 remains the most
planar surface.

The spin density integration around the PAW spheres for octahedral Fe
atoms results in local magnetization of 4.13 4+ 0.19 uB and for tetrahedral Fe
atoms -4.01 £ 0.02 pB. These results are in excellent agreement with those
reported earlier[1, 62]. A very small net moment (0.22 uB or less) is observed
on the O anions. From bulk to surfaces, a slight decrease in local magnetic
moment by about 0.05 uB is noted, mainly due to an increase or decrease in
the magnetic moment of the atoms of the surface.

Some of the above observations hold true for the (111) surface, despite
additional complexity compared to (001). Formation of new Fep,—Fer;, and
Ferp,—Fer, bonds (see Figures 4 and 5) takes place mainly due to surface re-
construction of the Ferp-layer. As the (111) surfaces are significantly larger
than (001), their average bond-lengths remain close to the bulk one, in con-
trast with the (001) surface. We observed a shorter Fep,—O (1.88 vs. 1.91 A)
and a longer Fepp,—Feoy, (3.04 vs. 2.95 A) as compared to the (001) surface.
The key difference comes from the Fer;, surface. This surface is heavily re-
constructed on the (001) surface, while on the (111) surface the Fep,, surface
with a vacancy is the most affected.

AD1, AD2 and AE all have a Fep;, surface on one side but present different
reconstructions, demonstrating again the role of underneath layers. In AD1,
some of the oxygens from the underlayer come out of the surface and pull
connected Fe atoms upwards from the surface. However, in AD2, oxygen
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atoms remain intact on the surface. The perturbation can be noticed on top
two layers of Fep, side. On the other hand, at the other side of the surface
(D layer, namely Fep,, without vacancy), top three layers are disturbed. Fegp,
remains on outermost side while some atoms of the underneath layer of Fery,
go to the oxygen layer, and several oxygen atoms are also pushed upwards.
Furthermore, the structural arrangement is not equivalent for AD1 and AD2
surfaces. Fery, termination side of AD2 surface is more regular than AD1.

On the other hand, for the F-layer (Fep;, with vacancy), the reconstruction
is even more dramatic. Many of Fep, atoms penetrate through the surface
and go up to three layers. This results in a rugged surface on this side of
termination. There are eight Fepy, eight Ferp, thirty-two O and eighteen
Fepy, in that order, which results in eight Fer,- four Fep, and thirty-two O
as one layer, and four other Fepy are being pushed towards the underneath
layer.

AE and EF both involve at least one O-termination on one side. For
EF, the oxygen termination (layer E) remains the most stable thanks to
Ferp, below the oxygen layer. This combination seems to be more favorable
compared to the case of AE. Indeed, octahedral irons below the oxygen ter-
mination (layer E) induce significant reconstruction. The oxygen layer forms
several vacancy sites, leading to the formation of O, and O3 species interact-
ing with the surface. This is an interesting case where the surface naturally
generates vacancies and can facilitate the adsorption of reactive species on
the surface. On the other hand, the reconstruction of Fey, occurs very dif-
ferently compared to AD1 or AD2. The reconstructed layer is a combination
of O, Fepy, and Fepy,, where some of the oxygens are on the surface and some
remain intact on the underlayer. The surface is slightly less irregular than
AD1 or AD2.

3.2. Effect of strain

To model the interface of Pt(001) with y—Fe,O3 surface, we need to
consider the strain effect due to the lattice mismatch between Pt(001) and
either y—Fe,O3 (001) or (111). The supercell is constructed in such a way
that the lattice mismatch is minimized. For surface (001), the strain is 6.56%
along the x and y directions, while for the (111) surface, the strain is 0.86%
along the x-direction and 4.64% along the y-one. Due to strain, most of the
surfaces are slightly destabilized. However, the impact is not of the same
order of magnitude on all systems.
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AB AC1 AC2 AC3

Unrelaxed

Relaxed

Strained

Figure 3: The four possible terminations of y—Fe;05(001): AB, AC1, AC2, AC3 (from
left to right). Top panel shows Unrelaxed surfaces (directly cut from the bulk), middle
panel reports the same surfaces after relaxation, and the bottom panel shows constrained
relaxed surfaces. The dashed blue line represents the missing bulk part of the surface,
as here, we only show the top/bottom 4-5 layers for each case. The blue arrows indicate
the location of octahedral vacancy (relaxed panel) occupied by Fe-Th atoms when applied
strain. The black circle indicates O5 or O3 species formation on the surface.
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Unrelaxed Relaxed Constrained

SRS s ot I e

Figure 4: The four possible terminations of y—FesO3(111): AD1, AD2, EF and AE (from
top to bottom). Left panel shows unrelaxed surfaces (directly cut from the bulk), middle
panel reports the same surfaces after relaxation, and right panel shows constrained relaxed
surfaces. For sake of clarity, the slab centers (not significantly modified under relaxation
and strain) are not reported. (See SI for complete structures). Only top and bottom 2-4
layers have been displayed; blue dotted line differentiate the top and bottom layers of the
surfaces. The blue circles indicate the formation of O or Oz species at AE surface and
top-O on ADI1 surface.
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Figure 5: Comparison of various bond lenghts in A. Average values for bulk are reported
in black, while values for unconstrained and constrained relaxed surfaces are reported in
red and blue, respectively. (001) and (111) surfaces are reported on left and right panels,
respectively.
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In the case of (001) terminations, the impact of strain is relatively similar
for most cases. All the surfaces are destabilized by the strain significantly.
However, the stability order does not evolve due to strain. It is important to
mention that even if both sides of the outer layers have the same surface, for
example, AC, AC2, and AC3, the impact of strain still differs. Therefore, as
for the unconstrained systems, the inner layers play a crucial role in stability.

The strain causes significant changes in the structure of the surface in
most cases. The A side of the surface undergoes similar reconstructions
for AB, AC1, and AC2. One of the Fer;, atoms from the three-Fepj,-atom
layer moves to a deeper sublayer and takes the position of a Fep;, vacancy.
The Fepn—Fer, bonds are elongated for all cases, while the Fer,—Fer,
bonds shrink for most cases, except AB. In general, the Fer,-O bond is
stretched compared to the Fep,-O bond, which is shortened in most cases.
The Fepp—Fep, bonds may be shortened or remain unchanged due to the
strain effect which does not disturb the octahedral layers much. Except for
AB, 0-O ( 2.5A) bonds are formed in all cases, but the oxygen molecules
remain strongly attached to the system. In the case of AC3, the sublayer
is composed of Fep; atoms without vacancies, keeping the two Fep;, atoms
in the top layer and the rest of the inner part of the system remains similar
to the bulk. In all cases, various Fep, atoms occupy the position of Fegy,
vacancies either on the top layer or the sublayers but do not create Fepy,
vacancies.

For (111) surfaces, the strain always destabilizes the different termina-
tions, but without any change in the relative order of stability. Moreover, the
impact on the most stable cases is greater than on less stable ones. In partic-
ular, the terminations that involve oxygen (EF and AE) are weakly impacted
in contrast with terminations with iron atoms on both sides (AD1, AD2).
This has already been observed for hematite, for which the Os-termination
is less affected by strain than the Fe-one.[41] The same holds true for the
(001) surface, except oxygen termination on (001) also involves iron atoms
(layer C, see Figure 2). No significant reconstruction is observed in any of
the terminations at the (111) surface, apart from some bonds present at the
surface becoming shorter. For EF, as there are many Fep, atoms present
on the surface due to strain, the surface becomes wavelike (Figure 4). In a
similar manner, some of the Fep;, are pushed out of the surface from the AE
termination. Among all the (001) and (111) terminations, after the strain
effect, AD1 is the most stable followed by AB, AD2, AC2, AC1, and AC3.

Finally, strain has only a slight impact on the local magnetic moment.
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The magnetic moment increases by 0.04 uB for AB, AC1, and AC2 with
respect to the bulk. However, in case of AC3 it decreases by 0.03 pB. The
average local charge on iron atoms is also not affected. Only a minor increase
or decrease of about £0.15 e™ in charge is observed.

3.3. ~v-Fey O /Pt interface

Finally, we study the heterostructures by combining strained surfaces
of maghemite with Pt(001). Three possible sites have to be considered for
the relative position of v-Fe;O3 on platinum: top, hollow, and bridge. While
considering facets of the surfaces, it generates twenty heterostructures for the
(001) surface. However, as calculations for the (111) termination on Pt(001)
are computationally very expensive, we consider only the four most stable
ones. The initial configurations are named depending on the position of the
Fe atom of the Fe-termination towards the Pt(001) surface. Nevertheless, for
the (111) surface, the distinction among top, hollow, and bridge is not very
clear as some Fe atoms fall on more than one type of site. The energies of
the most stable configurations for both terminations are reported in Table
1, while the corresponding structures are reported in Figures 6 and 7. Only
the most stable cases are now discussed for both surfaces.

To evaluate the stability of the surfaces, we compute the formation energy,
as defined in equation 5. Moreover, to form a stable heterostructure, it is
important to overcome the offset induced by the strain. Therefore, we also
consider the adhesion energy as the sum of strain energy and interaction
energy. It gives an indication of the feasibility of the growth of a given
surface on Pt substrate. All energies are calculated per surface unit, to allow
a direct comparison between (001) and (111) terminations.

In terms of interaction energy, EF shows the strongest interaction with
the Pt surface due to several Pt-O bonds, stabilizing the system. Indeed, the
importance of the strength of Pt-O bonds for epitaxial growth has already
been evidenced for hematite[41]. Interaction energy helps to overcome the in-
trinsic instability of oxygen termination and makes it the most favorable case
on the Pt substrate. We also calculate the formation energy per surface unit
on the Pt substrate with respect to the bulk. According to formation energy,
EF (33.01 meV/A?) is the most accessible termination that can grow over the
Pt(001) substrate, followed by AD2 (48.92 meV/A?), AD1 (88.02 meV/A?)
AC2 (103.37 meV/A?), AB (108.90 meV/A?), AC1 (116.38 meV/A?), and
AC3 (133.96 meV/A?). Though (001) appears to be more stable as a bare
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Figure 6: Most stable relaxed heterostructures of y—Fe;03(001)/Pt(001): AB, AC1, AC2,
and AC3 terminations, respectively. For the sake of clarity, only the top layer of substrate
are displayed. Blue arrow shows the occupied Fe-Oc vacancy site by Fe-Th atom.

Figure 7: Most stable relaxed heterostructure of y—Fe;O3(111)/Pt(001): AD1, AD2,
EF, and AE respectively. For the sake of clarity, only the top layer of the substrate are
displayed.
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surface, on Pt(001) substrate, the (111) termination of maghemite predomi-
nantly becomes more stable over (001) with almost half (AD2 vs AB/ACs)
or one-third (EF vs AB/ACs) of the required formation energy with respect
to (001) surface. This clearly indicates the dominance of (111) surface over
(001) on Pt substrate. This observation is also confirmed by adhesion energy.

If we only compare the interaction energy, (111) terminations show more
significant interaction than (001). Among them, oxygen layers or layers that
contain oxygen atoms predominantly lead to higher interactions. In most
cases of (001) surface, the most stable interaction occurs either from the B
or C layer but not from the A layer, due to the absence of Pt-O interactions
for this layer. Moreover, the respective Fe atoms present on the layer also
accommodate themselves in such a way that the number of Pt-O bonds can
be maximised. The situation slightly differs in the case of (111), where Fe
and O atoms are not simultaneously present in the same layer. Therefore,
there is no possibility of maximizing the O bonds. In that case, only Pt-Fe or
Pt-O bonds can exist, with the exception of AD2, where underlayer oxygen
atoms start interacting with the substrate. In all cases, (001) or (111), Fe
(tetrahedral or octahedral) always likes to sit either on the bridging site or
on the hollow site of the platinum surface and oxygen atoms on top of a Pt.
EF has the highest number of oxygen atoms in the outer layer therefore, can
exhibit the highest number of Pt-O bonds and require the lowest formation
energy.

Surface 1/ 2*Cleavage. CNCTEY || Strain | Interaction | Adhesion | Formation
termination unconstra.lned energy energy energy energy
/ constrained
AB 68.37 / 119.87 83.10 -130.84 -47.74 108.90
AC1 76.50 / 138.93 102.60 -161.48 -58.88 116.38
AC2 74.77 / 130.63 89.96 -157.90 -67.95 103.37
AC3 83.07 / 142.70 103.09 -159.46 -56.37 133.96
AD1 92.04 / 112.52 30.27 -137.04 -106.77 88.02
AD2 104.95 / 127.86 33.59 -206.77 -173.18 48.92
EF 142.42 / 158.50 15.58 -283.98 -268.40 33.01
AE 160.76 / 174.24 08.27 — - -

Table 1: Comparison of cleavage, strain, interaction, adhesion, and formation energies
of various (001) and (111) terminations. All values are in meV/A2. Corresponding het-
erostructures are reported in figures 6 and 7.
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4. Electronic properties

4.1. Density of states

The projected densities of states (PDOS) for each slab are plotted in
Figures 8 and 9. To better highlight the evolution of oxygen and iron states,
only iron and oxygen atom densities are displayed, even for Pt-supported
systems. The zero of the energy scale is shifted to the respective Fermi
energy of the system. Shift in Fermi energy plays a crucial role in the stability
of the slab and heterostructure. The common feature in the valence band
mainly consists of O-p states while the conduction band is mainly attributed
to Fe-d states of Fep, as spin-up and Fep,, spin down, near Fermi level. We
compare the DOS of the pristine surface with respect to both strain effect and
adsorption on Pt(001). In comparison with bulk DOS[31], a small number
of states appears in the bandgap region, mostly consisting of O-Fe states, in
agreement with earlier observations[31, 35].

The Fermi energy is close to the valence band in all cases except AB
where the bandgap is very small due to a small number of states appearing
in the bandgap region on bare surfaces. Under constrain the fermi energy is
shifted to the middle of the valence band (VB) for most cases except AC1
where the bandgap is reduced due to new states arising between the VB
and conduction band (CB) When adsorbed on top of the Pt(001) substrate,
the fermi energy is shifted towards the CB in all cases except AB where it
shifted towards the VB. Change in the position of Fermi energy indicates the
evolution in electronic properties of the surface. The Fermi energy of AB
is closer to the valence band than ACs. The shift in Fermi energy toward
VB stabilizes the surfaces, and towards CB destabilizes. On Pt substrate,
the small number of states that were present in the bandgap region is either
reduced or disappeared (Figures 8 and 9) as the unsaturated species present
on the surface are reduced with Pt-interaction. For most cases, some of the
d-unoccupied states of Fep,, are transferred to the occupied states due to the
Fe-Pt interaction. Changes in oxygen-p states are also observed due to the
Pt-O interaction.

For (111) surfaces, Fermi energy does not change its position significantly. A
small number of states appears in the bandgap region, as in the case of (001),
which diminishes or reduces after adsorption on the Pt substrate. Overall,
the pDOS does not evolve much for the (111) case near Fermi energy, in
contrast with (001). The evolution is mainly observed on the conduction
band spin-up densities of Fer,-d and spin-down densities of Fepp,-d of AD2
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Figure 8: Density of states of various terminations of y—FesO3(001): unconstrained,
constrained, and on Pt substrate. The zero of the energy scale is set to be respective
Fermi energy. Only the most stable case is shown for y—FeyO3/Pt heterostructure. For
simplicity, only iron and oxygen states are reported.

and EF. Oxygen-p states do not evolve except for the EF where an entire
layer of oxygen atoms is interacting with the Pt substrate.
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Figure 9: Density of states of various terminations of y—FeoO3(111): unconstrained,
constrained, and on Pt substrate. The zero of the energy scale is set to be respective
Fermi energy. Only the most stable case is shown for y—FeyO3/Pt heterostructure. For
simplicity, only iron and oxygen states are reported.

4.2. Crystal Orbital Hamilton Population (COHP) analysis and charge trans-
fer

Finally, to understand the nature of bonding and anti-bonding of (001)
surfaces and thus understand the change in the order of stability after ap-
plying strain; we plot the crystal orbital Hamilton population (see Figure
10). A higher number of bonding states demonstrates greater stability. The
crossing point of bonding and anti-bonding states thus evolves according to
stability. In a bare surface scenario, AB has a greater number of bonding
states than anti-bonding; consequently, the crossing point is upwards in con-
trast with AC2, AC1, and AC3. However, the crossing point changes after
applying strain. For all cases the crossing point shifts downwards, indicating
lower stability under the strain effect.
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Figure 10: Crystal Orbital Hamilton Population (COHP) for the different terminations of
v—Fe203(001): (Top) unconstrained, and (Bottom) constrained. The zero of the energy

scale is set to be the respective Fermi energy. The blue line indicates the crossing point
of bonding-antibonding states.
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5. Conclusions

A comprehensive study of maghemite surfaces cut along (001) and (111)
planes was carried out using the periodic DFT+U method. The surface
terminations were studied to characterize their geometry, stability, and elec-
tronic properties. The models of the surfaces were constructed from opti-
mized bulk parameters. Cleavage energy was used to describe the stability
of the surface, combined with DOS and COHP analysis to analyze the key
differences and electronic behavior.

For the (001) termination, a surface with an octahedral vacancy shows
lower stability than one without vacancy. Not only the outer layers but also
the layers underneath have a significant impact on the surface stability. Un-
der strain, all the surfaces are destabilized. As a consequence, reconstruction
takes place and allows to invert some octahedral-tetrahedral Fe. In general,
a larger number of Pt-O interactions are preferred on the Pt substrate. AC1
exhibits lower stability on Pt than AC2 despite having the largest interaction
energy (among 001 cases) due to several Pt-O interactions because of recon-
struction induced by the strain. As a result, the top layer of the epitaxially
grown (001)-maghemite surface on Pt(001) substrate would be a combina-
tion of A—DB layers (Fer;, and Feg;, without vacancy). Among the different
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(111) cases, AD1 is the most stable surface, and here, the strain does not
modify the order of stability. No large reconstruction takes place on (111)
surfaces due to relaxation/strain. A combination with oxygen termination
(EF) is less stable than others but becomes most stable on a Pt substrate
due to a large number of Pt-O interactions, which leads to greater stability.
Overall, (001) is more stable as a bare surface. However, after incorporating
the effect of strain, some of the (111) surfaces become more stable due to the
weaker impact of strain and relatively large cell parameters. However, on the
Pt substrate, the EF of (111) becomes the most stable one by accumulating
huge interaction energy due to several Pt-O bonds. Therefore, as a result, a
Fe-octahedral termination can be seen as the most stable surface on Pt(001)
from the top view.
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