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Abstract

We performed a numerical investigation of the possible atomic and electronic recon-
structions at the NiFeyO4(001) surfaces. Using ab initio thermodynamics calculations,
we identified that, Ni,Fe,Og-terminated surfaces can be stabilized in oxygen-rich con-
ditions and are expected to be obtained with growth temperatures below 950 K. The
stabilization of the NisFeyOg termination obtained from a truncation of the bulk struc-
ture ends up in a slight reduction of the surface magnetization because of the transfer of
holes at the surface, as a consequence of the polar character of the NiFeoO4(001) layer.
The associated surface states are expected to present a small band gap of 0.21 eV at
the Fermi level, resulting from a charge ordering, which could disappear at high tem-
perature to the benefit of the appearance of a spin-polarized two-dimensional hole gas.
However, we demonstrated that the appearance of such a two-dimensional hole gas is
subject to the conditions that the cation ordering in octahedral sites is not modified and
that the stoichiometry is preserved. In particular, we highlighted that the formation of
oxygen vacancies is expected to be easier at the surface and may help to recover the
surface insulating state. According to our results, the surfaces stabilized in iron-rich or

oxygen-poor conditions should present a higher magnetization.

Introduction

Spinel ferrites, MFe,O,, are promising materials for numerous applications ranging from
medicine and catalysis to electronics and spintronics.*™® As for catalytic materials, ™% the
constituents of electronic and spintronic non-volatile memories, such as magnetic tunnel

HALS are mainly functionalized through their sur-

junctions®? or resistive switching devices,
faces or interfaces. The control of the structural and chemical properties of their interfaces
is thus often considered as the ultimate key to successfully miniaturize and to improve the

efficiency and versatility of these devices.

Complex bulk oxides crystallizing within the spinel structure possess a distorted face-



centered cubic sublattice of oxygen atoms in which mixed-valence cations occupy tetrahedral
(Td) and octahedral (Oh) atomic sites. In MFe,O4 spinel ferrites, the M?* and Fe3" cation
distribution among Td and Oh sites depends both on the chemical nature of the M?* divalent
cations and on the experimental growth conditions; it is characterized by the inversion degree
A (0 < X < 1) according to the chemical formula [M7F, Fel™|ra[ M5t Fes ™\ JonO3 . Along
the [001] direction, the periodicity of the spinel structure thus corresponds to a succession of
4 {[M;_x,Fey|ra} 2T /{[M)y,Fea_»]onO4} 2N~ atomic bilayers (respectively called A/B in
the following). Such materials are considered as polar. 4% Not surprisingly, changes of the
physical properties have been reported in spinel ferrites thin films, compared to their bulk
counterparts. Tentative explanation has been proposed, based on the formation of structural
defects and on the contribution of the interfaces and surfaces, eventually considering their
polar character.

NiFe, Oy is a well-known member of the spinel-ferrite family, which displays an insulating
behavior and a ferrimagnetic ordering with a high Curie temperature of 850 K. Its bulk
ground state corresponds to a so-called inverse cation distribution (A = 1), which means that
Td sites are only occupied by Fe?" cations. The M?T /Fe?" cation distribution in Oh site can
be more difficult to control, but different experimental studies succeeded in stabilizing and

measuring an ordered distribution corresponding to the space group P4;22 (No. 91)1047

which was also confirmed by numerical calculations as being the most stable distribution. 8
In (ultra-) thin films, different variations of the conductivity and magnetic properties have
been reported. For example, Liiders, et al.? studied the thickness effect of NiFe,O, thin films
grown by radio-frequency sputtering on a Sr'TiOg substrate: they measured an enhancement
of the spin magnetization of nearly 250% with the appearance of a metallic character when
the thickness is decreased down to 3 nm, which they explained in terms of a lowering of
the cation inversion parameter A down to 0.83, and in terms of the significant role of the

interface. In thin films with thicknesses of hundreds of nm grown by PLD, Anjum, et al.,*!

also found an increase of the electric conductivity, but they measured a reduction of the



magnetization to between 0.4 and 40% of the bulk value, the latter being measured for the
samples grown with the highest values of the oxygen pressure. To explain these variations of
properties, they highlighted the formation of lower-valent Ni cations, which may result from

[.,%2 evidenced the formation

the formation of atomic vacancies. More recently, Nonaka, et a
of magnetically-dead layers in NiFe;O4(111) thin layers grown on Al,O3(111) substrates,
which they attributed to the formation of Fery vacancies |V (Fery).

To summarize, NiFe,O,4 thin films can display an increase of their conductivity and differ-
ent and opposite variations of their magnetic properties. To understand these modifications
of their physical properties, several hypotheses have been proposed in terms of changes in
their atomic structure, like the formation of structural defects or the modification of the
inversion degree. If the contribution of the surfaces and interfaces is also mentioned, their
influence on the formation of defects remains unclear. Interestingly V(Fery) vacancies, which
have been predicted to be unstable in bulk NiFe,O4,* are often considered as probable de-
fects in NiFe,O4 thin films.”%#% This discrepancy between bulk and thin films can partly be

explained by possible surface/interface reconstructions, with the relaxation of surface Ferq

atoms into the nearest B layers.?2? Moreover, the polar character of NiFe,O, gives rise to a

15124 2324

charge discontinuity at its surfaces or interfaces: electronic or atomic reconstructions
are thus likely to happen.

In this study, we calculated from first-principles the formation energy of (001) NiFe,Oy4
surfaces, considering different atomic terminations in order to identify the most stable ones.
These atomic terminations differ mostly by the presence of ordered atomic defects (atom
vacancies, substitutions, exchanges), which may be more stable at the surface than in the
bulk compound. In this paper, we will first explain how the experimental growth conditions
should be adjusted to target specific terminations. In a second step, we will describe and
explain the electronic and magnetic properties corresponding to the most stable atomic

terminations which are relevant for the possible technological applications. In particular,

we will show that the surface termination can preserve or suppress the insulating character



of bulk NiFe;O4, and eventually achieve the formation of spin-polarized two-dimensional
electron or hole gases located at the surface. We will also describe which surface terminations

should be favored to increase the spin magnetization of a thin film.

Methodology

To study the (001) NiFe,O,4 surfaces, we performed first-principles calculations based on the
density functional theory (DFT), using the VASP code?™26 and the projector augmented
wave (PAW) method.?” The exchange-correlation potential was approximated thanks to
the functional proposed by Perdew, Burke, and Ernzerhof and revised for solids (GGA-
PBESol),2829 to which was added an on-site and rotationally-invariant +U correction.?
The effective U parameters were set equal to those used in our previous study on bulk

NiFe 04,12 ie. 4.0 €V and 2.5 €V, respectively for the Fe-3d and Ni-3d orbitals.

(a) A-terminated surfaces (b) B-terminated surfaces

vacuum # layers vacuum
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Figure 1: Schematic representation of the symmetric (001) slabs used for the calculations
before any structural optimization with (a) two perfect A terminations and a chemical com-

position Fey/[NiFeOyls or (b) two B terminations, formed by a [NipnFeonO4lo/Fes bi-layer.
Ni, Fe, and O correspond to atoms in blue, brown, and red color, respectively.

The surfaces were modeled using slabs with a thickness of 13 (A or B) atomic layers,
as shown in Fig[l] In the center of the slabs, we considered that NiFe,O, crystallizes in
a perfectly inverse spinel (A = 1) and the Ni/Fe cation distribution was set to that of the
ground-state structure with the space group P4,22. The continuity of the crystallographic

spinel structure is preserved in the entire slabs. Only the chemical composition or cation



ordering in the surface bi-layer (S-0/S-1) was changed to generate 27 different (001) surface
terminations (more details are given in Sec. S.I of the supplementary information). To study
their stability, we chose to use symmetric slabs with two equivalent surface terminations,
having (v/2 x v/2)R45° in-plane dimensions, according to the vectors of the spinel primitive
cell; in other words, the dimension of these supercells is ag X ag, where ag = 8.277 A is the
fixed in-plane equilibrium lattice parameter, which was calculated for bulk NiFe,O, with a
conventional cubic cell of 56 atoms. Each A/B (001) bilayer of this cubic cell thus contains 2
formula units (f.u.) of NiFe;Oy4. The first Brillouin zone was sampled by a Monkhorst-Pack
grid®L of 6 x 6 x 1 k vectors. A vacuum layer with a thickness of at least 15 A has been
added to avoid any spurious interaction between the periodically repeated surfaces. The
atomic positions and the out-of-plane lattice parameter have been optimized by minimizing
the internal forces.

Schematic representations of the atomic structures have been plotted with the VESTA

software®? and the band structures have been post-processed with the PyProcar package.”

Results

Thermodynamic stability and atomic reconstructions
Thermodynamic stability

We first investigated the thermodynamic stability of NiFe;O4(001) surfaces as a function of
their atomic termination. According to Fig. [I| cutting a perfect NiFe,O4 bulk crystal can
lead to two different (001) surfaces, which either correspond to a perfect A termination or
to a perfect B termination. In the following, the surface terminations are labelled by the
chemical composition of their surface (S-0) and subsurface (S-1) atomic layers: (S-0)/(S-1) =
[Fea]a/[NigFes]onOs for the perfect A termination, while (S-0)/(S-1) = [NigFes]onOs/[Fea]a

for the perfect B termination. It is also understood that because of the dangling bonds, the



oxygen octahedra are changed to square pyramids (Py) and the cations initially located in
tetrahedra can be seen as bridge adatoms; for the sake of simplicity, we will continue to write
octahedra or tetrahedra. In addition to the two perfect surface terminations obtained from a
direct truncation of the bulk structure, we have generated 25 additional surface terminations
(of which the list is given in Fig. S1) by substituting, removing or swapping cations, or
by creating oxygen vacancies in these perfect surfaces. We systematically calculated their
formation energy 7 per surface area A, which can be expressed as a function of the ground
state energy E5'%P of each cell and of the chemical potentials j; and numbers of atoms n;

inside the cell, i = Ni, Fe, O being the chemical species constituting the slab:#4%30
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Figure 2: Phase diagram displaying the most stable (001)NiFe;O, surface terminations
as a function of the variations of chemical potentials (Appe, Apni). The area delimited
by the black dotted lines corresponds to the stability domain of the bulk crystal.’® The
black triangle |of coordinate (Apge, Apni, Apo) = (—3.63,—2.12,—0.50)| and black circle
[(—1.13,—0.31, —2.20)] are used to illustrate oxygen-rich and oxygen-poor growth conditions,
respectively.

It is customary to plot the surface-stability phase diagram (Fig. [2) as a function of the
difference Apu; between the chemical potential p; of the chemical species i and the total energy
per atom E&®™ of the same chemical species in its pure elemental phase: Au; = (y; — E&™).

We have considered the stability of surfaces at equilibrium both with a Oy gas reservoir

located above the surface and with the infinite bulk NiFey,O4 oxide below it.%% In other



words, we are interested in finding the surface terminations which are stable in the range
of chemical potentials delimited by the black dashed lines in Fig. 2] which corresponds to
the experimental conditions which would allow the growth of bulk NiFe;O4 and avoid the
formation of competing phases, as already calculated in our previous work.™

From Fig. 2| we conclude that among the 27 surface terminations considered in our
calculations (see Fig. S1), 9 terminations only can become the most stable ones and ful-
fil the chemical-potential criteria for the bulk NiFe;O,4 to be stable. None of these sur-
faces corresponds to the perfect A or B termination [As discussed later, the termination
(NigFesOg/Feo)* has the same stoichiometry as the perfect B termination, but a differ-
ent cation ordering inside the Oh sublattice at the S-0 layer|. Two other surfaces, namely
NigOg/NiyFesOg and FegOg /NigFe,Og, could also be stabilized for growth conditions beyond
these criteria, with small values of Aun; and Apuge; these two surface terminations would
correspond to the formation of a full NiO(001) or FeO(001) atomic layer on top of a B-
terminated NiFe,O4 surface. According to Fig. S1, we can also see that, in addition to the
most stable surface terminations, 4 other surfaces display energies close to the most stable
ones (with a surface energy less than 80 meV/A? above that of the most stable termina-
tions, for at least one of the two growth conditions represented in Fig. [2)) and may thus be
metastable, i.e. likely to be grown in out-of-equilibrium conditions. The physical properties
of the above mentioned 12 selected surfaces are summarized in Table [I} Interestingly, we
can see that 5 of these terminations (Niy /NigFesOg, Ni/NiFe3Og, Ni/NigFeyOg, NigFeo O /Fey
and Fe Og/Fey) present a variation of their formation energy between the two selected chem-
ical potentials which is of less than 20 meV/ A?, suggesting that their stability is robust and
may be quasi-independent on the experimental growth conditons.

To get a better insight in the relations between the growth conditions and the stabilization
of a specific surface termination, it is possible to express the oxygen chemical potential Auo

entering in the calculation of the surface energies, as:347



Table 1: Summary of the different physical and chemical properties calculated
for the 11 most stable surface terminations: surface formation energy v, charges
Q carried by the surface (S—0) and subsurface (S—1) atomic layers before and
after the electronic reconstruction associated to the charge transfer AQ (posi-
tive /negative values corresponding holes/electrons; see more details in the text),
work function ¢, conducting state (metallic M or insulating I), total spin mag-
netic moment integrated over 3 atomic A/B bilayers (from S-0 to S-5) of 2 f.u.
of NiFe,O, and variation of total spin magnetic moment according to the bulk
value AM = Maut. telec. — 12 .

Surface 5 Qs—0/Qs-1 AQ @  Conductivity M AM

Y
termination (meV /A2) (e/2 fu.) (e/2 fu.) (eV) (M/1) (pp/6 fu.) (g /6 fu.)
S-0/S-1 O-poor O-rich  atomic at.+elec. atomic at.felec.
A terminations
Niy/Fe,Og 7 114 4+ /4— 2+ /45— —2 — 2Nipy, 4.21 M 24 24.63 +12.63
—0.5 — 2Feqn,—0.5 = 1Feon(S-3)
Nis/NisFesOg 74 90 4+ /6— 3+ /6 ~1 — 2Nigg 4.31 M 18 19 +7
NiFe/NiyFe;Og 76 102 5+ /6— 34 /6— —1 — Fepq, —1 = Nigg 4.43 I 15 17 +5
Ni/NiFe;Os 78 78 24 /5— 15+ /55— ~0.5: Niop — Nimg 4.92 I 23 23 411
Ni/NiyFeyOg 87 7 2+ /6— 25+ /55— +1 — Nipg+2Nigy 5.30 I 20 19 +7
B terminations
NioFe,07 /Fo, 84 74— J6+ B3— 6+ 1 Nioy 5.57 I 12 11 )
Fe,Og/Fey 87 70 4— /64 3— /6+ +1 — 2Feoy 5.50 M 18 17 +5
NiFe30s/Fesy 93 67 5—/6+ 3—/6+ +1 — Feon, +1 — Niop 5.69 1 15 13 +1
(NiyFeyOg)* /Fey 102 66 6-—/6+ 3—/6+ +1 — 2Feoy, +2 — 2Nioy, 5.78 I 12 9 -3
NiyFeoOg/Fey 103 67 6— /6+ 3— /6+ +1 — 2Feon, +2 — 2Nion 5.77 ~M 12 9 -3
NisFeOg /Fe, 112 65 T—/6+ 4-—/6+ +3 — 3Nigy, +1 — Nipy(S-2)  5.85 I 9 5 -7
NisOs/Fes 123 67 8—/6+ 4—/6+  +4— 4Nigy, +1 — 2Nigy(S-2)  5.90 I 6 1 —11

Ao (T, P) =2{[Ha -+ AH(T)] ~ T [, + AS(T)])

2)
1 P (
ZkaTIn(=
i 2kB n<PO)

where AH(T) = C,(T —1Tp), AS(T) = C,In(T/Ty). Ho = 8.7 kJ mol™' and Sy =
205 J mol™! K~ are tabulated values.*™= We used C, = 3.5kp for the constant-pressure
heat capacity per diatomic molecule and py = 1 atm and T, = 298 K as the standard pres-
sure and temperature. Considering the sets of chemical potentials (Apge, Apni) associated
to the white dashed line in Fig. [2l and corresponding to the surface formation energies given
in Fig. S2, we used Eq. [2] to plot in Fig. 3| a phase diagram of the most stable surface
terminations as a function of the growth temperature 7" and oxygen partial pressure p.

As expected, it can then be seen that stabilizing A-like-terminated surfaces will preferably

require oxygen-poor conditions, i.e. low p and high 7. According to our calculations, such



1800
1600
1400
1200
1000
800 1
600
400

200 _
o Ni,O,/Fe,

104 103 102 101 1 10 102
p/pg

T(K)

Ni;FeO,/Fe,

Figure 3: More stable (001)NiFe,O, surface terminations as a function of the growth tem-
perature 7" and the oxygen partial pressure p.

surfaces would indeed require temperatures higher than 954 K for p/py > 10~*, which is far

For temperatures

from the growth conditions generally used for synthesizing such materials.
lower than 954 K, we will mostly stabilize B-like-terminated surfaces. The lower Apug is,
the higher the ratio between the number of Ni atoms over the number of Fe atoms is. The
predominance of Ni over Fe cations near surfaces cannot however be asserted with precision:
the results given in Fig. |3 are indeed mostly qualitative as there is not a unique set of
(Appe, Apini) corresponding to a specific value of Aug and because, as mentioned previously,
several surface terminations have very close formation energies. Our calculations nonetheless
tend to predict a higher stability of B-like NiFe;O4 surface termination. As explained later
in more details, the perfect B surface (NigFe,Og/Fes), absent in Fig. |3 could be stabilized
through the formation of oxygen vacancies or after a Ni/Fe cation re-distribution inside the
octahedra sublattice.

It is interesting to compare our results with those reported for the (001) surfaces of the
half-metallic magnetite Fe;O4, which has extensively been studied, both theoretically and
experimentally. As we calculated for NiFe;O4, B-terminated surfaces have generally been
found more stable for the Fe3O,4 oxide. For this compound, it has however been demonstrated
that iron-rich surfaces with a A-like termination can be synthetized by properly selecting

the suitable growth conditions. %1 Such surfaces have however been found metastable and

10



annealing the sample induces a re-oxidization of the surface with a recovering of a B-type
termination.“? In iron-rich conditions, calculations have also shown the possibility to stabilize
a surface termination by localizing Fe adatoms in vacant octahedra sites where they form
dimers, when the excess of iron corresponds to a full A monolayer.* This formation of
dimers has been confirmed but becomes unstable when the temperature is increased, leading
to the diffusion of the additional Fe atoms into the bulk, or when the surface is exposed
to O, inducing the appearance of Fe,O, clusters,*? in agreement with the earlier reported

.4 Considering these results on the FesO,

formation of a FeO(001) layer at high Fe conten
surfaces, we calculated the surface formation energy corresponding to the appearance of Ni
(NiyFesOg/Fey termination) or Fe (NigFe,Og/Feq) dimers at the B-type surface, but we found
that such terminations are less stable than their A-terminated counterparts, Nis/NisFeyOg
and Fey/NigFeyOg respectively (see Fig. S1). Owing to this first discussion, we can thus
consider that NiFe,O4 A-like surface terminations, even if less probable than B-like surfaces,
could also be grown under appropriate growth conditions.

Secondly, it is interesting to point out that the perfect B termination (NigFeoOg/Fes) that
we propose corresponds to the distorted bulk truncation (DBT) model which was considered
in the early studies of Fe304(001) surfaces.** In 2014, a more complex atomic reconstruction
was proposed and observed for FezOy; it is referred as the subsurface cation vacancy (SCV)
structure, which consists of the simultaneous creation of 2 Fe(Oh) vacancies in the S-2
atomic layer and of 1 Fe(Td) interstitial in the S-1 layer, equivalent to the appearance of a
Fe;1016 phase** and consistent with the formation of Koch-Cohen defects in bulk Fe;_,O
oxide.*¥ Such a surface model would be more difficult to calculate for a ternary compound
like NiFe;O4 and has consequently not been considered in this paper.

Finally, the possible formation of a full NiO or FeO(001) atomic layer has already been
discussed with Fig. 2l Such terminations may indeed appear to be stable, but chemical-
potential values outside of the ranges for the stabilization of bulk NiFe,O,4 crystals. The

boundaries between the different domains remain nonetheless relatively close one from each
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other and the possibility of growing such a surface cannot however be totally discarded; this
is particularly true in the case of the NiO layer for which the domain boundary is close to the
bulk one for a large range of oxygen chemical potentials, on the contrary to FeO, which would
require both oxygen-poor and iron-rich conditions to be grown. It is moreover important
to note that the presence of rock-salt NiO phases has already been reported near antiphase
boundaries in NiFe,O,4Y and that the formation of a NiFeyOyu-like film was successfully
demonstrated through the diffusion of Ni atoms at the Fe3O,/NiO interface.””

To explain the stability of the surfaces as a function of their chemical composition and to
understand their physical properties, we will discuss in the next sections their corresponding
atomic and electronic structures. NiFe,O,4(001) layers being polar,™ the localization of
compensation charges can happen due to electronic reconstructions, to avoid a divergence of
the polar electrostatic field or due to the presence of defects,™® in order to help stabilizing

the surfaces.

Surface atomic relaxations

In this section, we will describe the atomic relaxations induced by the surfaces.

In Fig. [4fa) and (b), we show how the atomic structure is modified in the vicinity of
the surfaces. For a A-terminated surface, with the Niy/NiyFesOg termination for example
[see Fig. [ff(a)], the A layer at S-0 relaxes toward the subsurface B layer (S-1), in agree-
ment with calculations performed on Co,Ni;_,Fe,O,4 surfaces.” Such a relaxation induces
a lowering of the out-of-plane lattice parameter at the surface, by approximately 0.7 A for
the A-terminated surface, while the B-terminated surface presents spatial oscillations of the
interlayer distance, with an amplitude lower than 0.1 A [see Fig. (c)]

In addition to the lowering of out-of-plane lattice parameter, we can see from the (001)
plane view that oxygen atoms are displaced to form pairs separated by narrower distances
[represented by the green arrows in Fig. [ff(a) and (b)] along the [—110] direction, these pairs

being orientated perpendicularly to the chain of cations in octahedral sites. The O-O distance

12
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Figure 4: Optimized atomic structure near (a) a A-terminated surface with a Niy/NisFeyOg
atomic termination and (b) a B-terminated surface with a NisFe;Og/Fey termination. The
same color code as in Fig. [ is applied to the surface bilayer, while subsurface layers are
plotted in gray. (c) Layer-resolved out-of-plane lattice parameter ¢; = (z);11 — (2);_1 and
cation-oxygen rumpling dz; = (z(Ni, Fe)); — (2(0)); calculated for these two surfaces.

13



between oxygen atoms of these pairs is ~ 2.4 A(2.5 A) for the B(A)-terminated surface,
while the O-O distance is ~ 2.8 A in the less-distorted S-2 layer. These distortions in the B-
terminated surface are a direct consequence of the broken bonds formed by the oxygen atoms
which are only bonded to Ferq atoms of the S-1 layer. Still for the B-terminated surface, the
average cation-oxygen bond length in the S-0 (001) atomic layer of the NisFe,Og/Fey surface
is decreased down to 1.917 A, while it is of 2.031 A in the S-2 layer, and the O-cation-O angles
are of 82°/98° in the S—0 layer, while they are closer from 90°(88°/92°) in S—2. A similar
Jahn-Teller distortion was already proposed to explain the stabilization of the (v/2x v/2) R45°
B-terminated (001) polar surfaces of magnetite Fe304,*¥ without requiring the formation of
a pattern of ordered defects such as oxygen or Ferq vacancies.*®®Y Analyzing more in detail
these distortions, we also found that, according to the Fe-O bond lengths between Fe and
O located in the same atomic layer, the two Fe atoms at the B(S-0) surface layer are not
equivalent anymore. Indeed, while the Fe-O distances for both Fe atoms at the center of the
slab (S-6) are equal in average to 2.02 A, the averaged Fe-O distance is 1.90 A and 1.97 A,
for the two surface Fe atoms, respectively.

Finally, from Fig. [f[(c), we can see that both surfaces present the formation of a neg-
ative cation-oxygen rumpling of dzg; = —0.14 A (A-terminated) and dz59 = —0.075 A
(B-terminated), which means that oxygen atoms are, in average, pulled outward of the sur-

face, while cations are displaced in the opposite direction.

Electronic reconstructions

As written previously, NiFe,Oy4 is polar along the [001] direction. Consequently, electronic
and/or atomic reconstructions are expected to appear according to the polar-catastrophe
scenario.’?! ITn a (001) bi-layer containing 2 f.u. of NiFeyOy4, (Fes)rq (A) and NipFeyOg
(B) atomic layers carry a charge Q of +6e or —6e, respectively.* To cancel the divergence
of the electrostatic potential in asymetric layers, or to preserve the charge neutrality in the

non-stoichiometric and symmetric slabs, the charge of the surface A or B layers should be
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lowered down to half of its value in bulk NiFe,O4,2%%4 ie. Qg = £3e per 2 f.u., whatever
the local stoichiometry imposed by the details of the surface termination.

In Table [I} we reported the theoretical charges (Qs—o/Qs—1 “atomic”) that the surface
and subsurface layers would carry if there was only atomic reconstructions but no additional
charge compensation and if the charge of all the Ni, Fe and O ions was respectively of
2e, 3e and —2e. In the same table, we also provide the charges (Qs_o/Qs—1 "at.+elec.”)
calculated from first principles, accounting for additional electronic rearrangement between
ions within the slab. The next column of the table indicates how the additional charge
AQ = Q(atomic) — Q(at.+elec.) induced by the electronic reconstruction is distributed
within the slab. These charge redistributions have been evaluated approximately, from the
variations of the contribution of the different atoms to the density of states (DOS) (displayed
in Fig. S3) and from the changes of spin magnetic moments.

In oxygen-poor(rich) growth conditions, the most-stable A(B)-terminated surfaces do not
display any significant difference of formation energy, except for the Ni/NiyFe;Og termina-
tion; the predominance of a specific termination will mostly depend on the thermodynamic
conditions.

In an oxygen-poor growth condition (Apuo = —2.2 V), the B-terminated surfaces, which
are metastable, display on the contrary strong variations of their formation energies. We
can in particular notice that the B surfaces are more stable when their Ni-content decreases
and when the surface stoichiometry is the closest from fullfilling the requirement of a surface
charge (Qs—o "atomic”) of —3e, which minimizes the required additional charge redistribu-
tion. The more stable B-terminated surfaces under oxygen poor growth condition are those
with a Fe;Og/Fey termination (containing no Ni atoms) or with a NigFe,O7/Fes termination
(with an oxygen vacancy). The localization of the charges after the electronic reconstruction
moreover depends on the difference between the number of charges to be distributed and the
number of available host cations, i.e. Ni?* to accomodate holes and Fe3* for electrons accord-

ing to the energy of their respective occupied and unoccupied bands. The surfaces with not
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enough surface host cations, such as the Ni/NiFe3Og and Ni/NiyFe;Og A-like terminations or
the NigFeOg/Fey; and NiyOg/Fey B-like terminations are the least stable in O-poor or O-rich
conditions, respectively and their electronic reconstruction will extend in subsurface layers as
mentioned in Table [T]and in Fig. S3. How the minimization of the charge transfer may help
the stabilization of a specific surface termination is difficult to assess, but it may not play a
determinent role if compared to the choice of chemical potentials. For example, the surface
termination |Fe]>T/[NigFeyOg|®™ (with a half A layer coverage), for which AQ vanishes, is
not found among the most stable surfaces for the chosen set of chemical potentials, similarly
to the results found for Fe304(001) surfaces.*?

The calculations presented in this study have been performed with a rather low surface
area because of the technical constraints imposed by DFT calculations. The stabilization
of surfaces with more complex atomic reconstructions and thus a larger in-plane periodic-
ity cannot be ruled out and would minimize the transferred charge AQ. As discussed in
the previous section, the present reconstructions appear nonetheless realistic in light of the

experimental results from the literature obtained on Fe3zQy, for example.

Surface electronic and magnetic properties

We will now discuss the consequences of the atomic and electronic reconstructions, described

in the previous section, on the functional properties of NiFe;Oy.

Work function

The charge reconstruction gives rise to a compensating charge (g9 at the surface layer S-0,
which depends on the surface termination and modifies the work function ¢. Similarly to
what is known for perovskite compounds, positively-charged (A-terminated) surfaces have a
lower work function than the negatively-charged (B-terminated) ones.” The 2 A-terminated
surfaces in Table [I| which have a full Nity coverage, have work functions between 4.2 and

4.3 eV. ¢ increases up to 5.3 eV for the half-full Nij 5 terminations, when charges start to be
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transferred into the B subsurface layer (S-1). The work function of the B-terminated surfaces
increases from 5.50 €V to 5.90 eV as we increase the Ni atom content at the detriment of Fe
atoms. This increase of ¢ is consistent with the increasing number of transferred holes, from

+1e to +5e, which will have the effect of lowering the Fermi energy.

Electronic structure and two-dimensional electron gases
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Figure 5: Layer-resolved density of states calculated for a surface with a (a) B-like
NiyFeyOg/Fes and (b) a A-like Niy/NipFeyOg terminations. (¢) The projected DOS of bulk
NiFe; Oy is given for comparison. Positive and negative DOS values correspond to majority-
and minority-spin projections, respectively.

The bulk inverse spinel NiFe;O,4 crystal is insulating with a calculated fundamental band
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gap of 1.34 eV."™¥ The valence-band maximum (VBM) belongs to the majority-spin channel
and mostly involves Nigy-d+O-2p orbitals, while the conduction-band minimum (CBM) is in
the minority-spin channel with Fegy-d contributions. For certain terminations, we idendified
from the layer-resolved DOS (LDOS) of Fig. S3 that the charge reconstruction can lead to
a conductive surface, with a localized spin-polarized two-dimensional electron or hole gas,
as already proposed for spinel/spinel interfaces.** Indeed, as it can be seen in Table , the
surface terminations for which one transferred electron is shared by two atoms of the same
chemical species become metallic; the only exception is the Ni/NiyFe,Og termination, which
remains insulating; the band gap for the S-1 layer is however strongly lowered, down to
0.21 €V in this case.

For a perfect B termination, 3 holes/2 f.u. are transferred to the surface layer |Fig. [f|(a
)]: 1 hole will localize on each of the two Ni*™ cations, turning them into Ni** cations,
both holes contributing to the unoccupied Ni-d,2_,2 surface states corresponding to the
bands with energies between ~ 0.6 and ~ 1.2 eV above the Fermi level; the last hole,
corresponding to the bands of energies ~ 0.1-0.2 eV above the Fermi level, is shared between
the two Fepn and the surrounding oxygen atoms. Roughly, we can consider that these

35+ If we

two surface Fe cations change their oxidation state to the unusual value of Fe
allow these two atoms to relax independently, a charge ordering appears due to structural
distortions described previously, leading to the opening of a small direct band gap of 0.21 eV
at the X point [Fig. [6(a)]. The corresponding charge dispropornation can be regarded as
a 2d3%t — @3t + d*t Mott transition. More precisely, the unoccupied band above the
Fermi level involves hybridization between d,2_,» and (p, + p,) orbitals and because of
the strong contribution of the O-p orbitals, this state can rather be described by a partial
ligand hole state d°9 L'~  as already proposed in other Fe-based oxides.® As shown in the
charge density of Fig. @(a), this hole spreads over the surface Fe atom displaying the lowest

Fe-O distances and its four surrounding oxygen first neighbors, reducing its spin magnetic

moment by 0.3 pug. If the two Fe cations of the B surface are fixed to be equivalent, the

18



AE = 0 meV/f.u. AE = +41 meV/f.u.

Figure 6: Band structure of the perfect B surface with a NisFe;Og/Fey termination, calcu-
lated for (a) the (v/2 x v/2)R45° conventional surface with the dimension ay x ag and con-
taining 2 formula units of NiFe,O4 and (b) the primitive cell containing 1 formula unit (as
delimited by the black dotted lines in the bottom structure). In the subfigure (a), the high-
symmetry points of the Brillouin zone of the conventional cell have the reduced coordinates
X(1/2,0,0) and M(1/2,1/2,0); in subfigure (b), the high-symmetry points X (1/2,1/2,0)
and M(1/2,0,0) have been oriented to get Bloch vectors along the same crystallographic
axes as in subfigure (a). In the band structures, red and blue bands represent the majority-
and minority-spin projections and the intensity of the plots highlights the contribution of
the surface atoms. The calculated top-view surfaces are shown at the bottom, with the
yellow surfaces representing the partial charge densities calculated for the unoccupied bands
of energies between Fr and Er 4 0.45 eV. The blue and brown values correspond to the spin
magnetic moments (in pg) of Ni and Fe cations, respectively. The relative total energy AE
shows that the surface (a) is more stable.
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charge ordering will not occur and the calculated hole band will cross the Fermi level, leading
to the formation of a two-dimensional hole gas, with an effective mass at I' of 2.14 mg along
the I'_, x direction (parallel to the Fep,-O chemical bonds) and of 4.09 my along the I'_,,,
direction [Fig. [6[b)]. This second surface configuration (for which surface Fe cations are
equivalent) is however found 82 meV/2 fu. less stable than the surface which allows a
charge ordering. Nonetheless, it cannot be excluded that the perfect B surface can become
conductive at high temperature, when the consequences of electronic correlations are less
important® and/or when more disorder is present.=°

As it can be seen in Fig [5(b), the Niy/NirFe,Og-terminated surface is predicted to be
metallic, due to the AQ = —1e charge transferred to the two Ni% cations. Because of the
distance between these two Ni?g cations, we can observe, on the DOS curve, the formation
of a quasi-band gap, with the crossing of dispersive d,2_,» bands at the Fermi level, char-
acteristic of a semi-metallic character. The effective mass of the holes in the bands at the
Fermi level is of 2.12 mg along the I'_, x direction and of 1.35 mq along the I'_,; direction.

In this section, we have shown that, for both the perfect A or B terminations, the
transferred charges are well localized at the surface and could lead to the generation of two-
dimensional electron or hole gases, with small effective masses along in-plane directions and

with a spin polarization of +100%, which could be interesting for spintronic applications.

Surface spin magnetization

The calculated total spin magnetic moment of bulk NiFe,O, is of to 2 ug/f.u., which agrees
with the theoretical value expected for a ferrimagnetic ordering (with an antiferromagnetic
coupling between cations in Td and Oh sites) and a magnetic moment of 2 ug for Ni?* and
5 up for Fe3* cations.

In every calculated surface, we found that the ferrimagnetic ordering is globally preserved.
As discussed in Sec. S.III of the supplementary information, the magnetic ordering is however

more complicated in the presence of surface interstitial atoms or when a full FeO or NiO
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Figure 7: Averaged spin magnetic moments per atom near the (a) B-terminated
(NigFeqOg/Fey) or (b) A-terminated (Niy/NigFeyOg) surface.
monolayer is added.

In agreement with a previous study on the consequences of structural defects in bulk
NiFe,O4,™ the variations of magnetic moments at the surface can be understood and de-
composed as a sum of an atomic (i.e. before the electronic reconstruction) and an electronic
(i.e. after the electronic reconstruction) contributions (see Table |If). From the LDOS dis-
cussed in the previous section, we have shown that the electronic structure can be drastically
affected at the surface, which can even become metallic. Due to the modification of their
oxidation states, the spin magnetic moment of the cations will also change.

For the perfect B termination NisFe;Og/Fey, we calculated a local decrease of the total
spin magnetic moment of 3.0 ug, which is independent of the presence or not of the charge
ordering. This variation is strongly localized at the surface layer and can be related to the
localization of the 3 holes during the electronic reconstruction. These 3 holes are associated
with the 3 unoccupied majority-spin surface bands (shown with red lines) in Fig. [f](a), which
is consistent with the decrease of the averaged spin magnetic moment of the Feg;, and Nigy
surface atoms (atomic layer S-0) by 0.24 and 0.73 ug, respectively, as displayed in Fig. (a).

Concerning the Niy/NiyFesOg A-terminated surface, the 2 surface Ni cations display a

magnetic moment of ~ 1.1 up (in absolute value) lower than their bulk counterpart of
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~ 1.5 pp (in Oh sites far from the surface) [see Fig.[7{b)]. This decrease of the spin magnetic
moment is consistent with the transfer of 1 electron in the minority-spin bands. Nonetheless,
the calculated total spin magnetic moment increases by +7 pug/2 f.u. compared to the bulk
value; this increase mostly has an atomic origin and is governed by the substitution of the
Ferq by Nitq atoms at the surface.

More generally, the calculated moments reported in Table[I]show that, among the 12 most
stable surfaces, only 5 terminations (mostly corresponding to the Nigy-rich B-terminated
surfaces) will show a lowering of the spin magnetic moment, which conversely increases for
all the other surfaces. Our calculations thus suggest that the excess of Nipy atoms at the
A-terminated surfaces stabilized under oxygen-poor growth conditions could partially be
considered as an explanation of the large spin magnetizations measured for NiFe,O,4 sur-
faces. 2258 According to our calculations, such surfaces could be stabilized due to a local
lowering of the inversion degree (Ni/NiFe3Og or Niy/Fe,Og), but also due to substitutions of
the Ni atoms at the surface (Niy/NiyFesOg). On the contrary, the excess of Nigy, atoms at
B-terminated surfaces stabilized under oxygen-rich growth conditions lower the spin magne-
tization. The spin magnetic moments per atom calculated for the 12 most stable surfaces
are provided as supplementary materials in Fig. S4.

As shown in Table S1, if a NiO layer formed at the surface, it would display an antiferro-
magnetic ordering with a zero net magnetization, which would result in a decay of the layer

magnetization.

Stability of defects

In the previous sections, we analyzed the atomic and electronic properties of the perfect B-
terminated surface. We also discussed the evolution of these physical properties for other B-
terminated surfaces obtained by subsequent Fe/Ni substitutions, and also for A-type surfaces,
which can be viewed as B surfaces decorated with metallic adatoms. In this last section,

we will now explain which effects could be expected from different cation distributions or in
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the presence of atomic vacancies, as these defects are the most commonly reported in the

literature.

Cation ordering

In Ref.,"¥ we confirmed that the spinel ferrite NiFe,O, possesses a robust inverse Ni/Fe
cation distribution between Oh and Td sites and the Ni/Fe cation distribution in the Oh
sites corresponding to the space group P4;22 (No. 91). This cation ordering was kept
constant to build the slabs with the perfect B-terminated surfaces (NigFe,Og/Fes). With
this cation distribution, we furthermore found that the B-terminated surface displays a small
band gap of 0.21 eV, resulting from the presence of a charge ordering, which might disappear

to the profit of a metallic state at high temperature (see Fig. @

E — Eg (eV)

AE = —48 meV/f.u.

Figure 8: Same as in Fig. @.a, but for the (v/2 x v/2)R45° (NigFe,Og)* /Fe, surface in which
Ni and Fe cations have been exchanged, as shown by the double-head arrow in the right
subfigure. The total energy AFE is given according to the energy of the perfect B surface
[Fig[6l(a)]. The partial charge density (yellow surface) has been calculated for the unoccupied
bands located between Er + 0.4 €V and Ex + 0.7 eV.

As shown in Fig. , by modifying the Ni/Fe cation ordering in Oh sites by swapping one Ni
with one of its first-neighbor Fe atoms, we obtain the (NiyFe,Og)* /Fes termination, of which
the stability is increased by 94 meV per 2 surface f.u, compared to the original B surface.
Such a cation swap also results in an increase of the band gap between the valence-band
maximum and the lowest unoccupied surface states up to 0.50 eV, which is accompanied by
stronger charge localization at the surface, with a larger spin dispropornation between the

two Fe atoms, of ~ 0.57 ug, compared to ~ 0.34 up with the regular cation ordering (see
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Fig. [6] and [§)).

The variation of the cation distribution between Td and Oh sites is characterized by the
so-called inversion degree A. Its value depends on the chemical composition, growth condi-
tions and layer thickness, and it can be modified by post-annealing.**®¥ The A termination
Niy /Fe Og and the B termination Fe,Og/Niy both preserve the stoichiometry of NiFe;Oy,
but correspond to the local formation of a normal spinel (A = 0) at the surface layer, with
the divalent Ni?T cations located in Td sites, while the rest of the spinel structure remains
inverse (A = 1). The A-terminated Niy/Fe Og surface is one of the most stable termina-
tions, but would require to use oxygen-poor growth conditions, with high temperatures; the
B-terminated surface is less likely to be formed. The strong increases of the spin magne-
tization measured in thin films are often explained in terms of a decrease of the inversion
degree, "8 which could be consistent with the stabilization of the Niy/Fe,Og surface. Us-

I.,2Y moreover confirmed a non-zero

ing ultraviolet photoemission spectroscopy, Liiders, et a
density of states at the Fermi level, in their thin films, which is also in agreement with our
calculated metallic surface, originating at the same time from the mixed valence states of
Ni cations at the surface (S-0), but also of Fepy, cations in the subsurface layer (S-1) (see
Fig. S3). It is nonetheless important to keep in mind that our structural model remains
certainly too simple to completely account for the complexity of a real sample. At the
Ni, /FesOg-terminated surface, the Ni cations are not anymore in a Td environment and the
experimental measurement of a reduced inversion degree would rather refer to the presence
of Nipq cations located deeper in the film. Rather than an increase of the spin magnetiza-
tion, some studies have reported the appearance of a magnetically-dead layer thin NiFe,Oy4

films:%? in these films, experimentalists measured a change of the inversion degree and the

presence of cation vacancies, which may have a strong impact on the magnetic ordering.
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Atomic vacancies

The formation of atomic vacancies may strongly affect both the magnetic and conductive
properties. In oxygen-poor conditions, previous calculations predicted that neutral oxygen
vacancies are the most likely to be present in bulk NiFe,O4 with the perfect inverse spinel
structure, but that these vacancies should not change the spin magnetic moment and only
induce the appearance of occupied gap states (resulting from the redistribution of electrons
onto surrounding cations) in the band gap near the Fermi level.™ Recently, we demon-
strated that the neutral oxygen vacancies have different consequences when the structure is
partially inverse: in that case they can almost totally destroy the band gap and also slightly
reduce the spin magnetization.%! In oxygen-rich conditions, we rather expect the formation
of partially-ionized Ni vacancies, which would tend to decrease the spin magnetization; in
the presence of these vacancies, the insulating state is preserved, but if the Ni vacancies
were neutral, NiFe,O, would turn in a hole conductor.*® Experimentally, oxygen vacancies
are common defects in oxides and their formation/disappearance is often proposed to ex-
plain the processes of resistive switching, notably in NiFe;O4-based resistive devices, where
they could help creating conductive domains because of the simultaneous formation of Fe?*
cations.™4 In addition, atomic vacancies have also been proposed to explain the decrease
of the magnetization measured in thin films.*2

In the current study, we decided to investigate how vacancies can form in the vicinity
of a NiFe;O4 perfect B surface. To do so, we first calculated the variation of formation
energy AFE; of one single neutral vacancy located in the successive atomic layers parallel
to the surface. The results of these calculations are reported in Table [2} each column is
independent and all the energies are given according to the most stable configuration, for
a given type of vacancy. In a given atomic layer, when several atomic sites were found
non-equivalent, we calculated all the different configurations and only kept the most stable
one (see Fig. S5 and Table S2 for more details). Table [2| shows that the different formation

energies change monotonously with the distance from the surface layer (S-0).
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Table 2: Relative formation energies AF; of atomic vacancies V calculated in
a slab with two B-type NiyFe,Og/Fe, surface terminations. The energies are
calculated as a function of their position to the surface and relatively to the
most stable positions.

Layer AFE; (eV /vacancy)
V(O) V(Ni) V(Fe)
SO0 000 046 1.52 (Py

)
S-1 1.11 (Td)
S2 153 014 0.0 (Oh)
S-3 0.84 (Td)
S-4 253 000 0.0 (Oh)

On average, the formation energy of cation vacancies increases from the center of the
slab towards the B surface; the energy increase AFy is however much larger for Fe atoms,
(1.52 eV between S-0 and S-4), than for Ni atoms (AE; = 0.46 €V). As already calculated in
bulk NiFe,O4,* these slab calculations confirm that the formation of Fery vacancies should
be less probable than that of Fep, vacancies, which may be in contradiction with some
experimental evidence of their presence in thin films.*? As Fe?’rg cations carry a —H pp spin
magnetic moment, if the ferrimagnetic ordering is preserved, creating Ferq vacancies should
increase the spin magnetization.” On the other hand, these vacancies also suppress the
dominant antiferromagnetic Td-O-Oh interaction, which may destabilize the ferrimagnetic
ordering and lead to the formation of magnetically dead layer;?? our calculations confirm that
the effective magnetic interaction is reduced in the presence of Fery vacancies even if the
ferrimagnetic ordering is preserved for a relatively large amount of vacancies (see Table S1).

The oxygen vacancies show a large variation of their formation energies, of nearly 1.5 eV
between the layers S-0 and S-2, and of 2.5 eV between S-0 and S-4. An oxygen vacancy
at the B-terminated surface leads to the NigFeyO7/Fey termination, which is in the list of
the most stable surfaces (see Table[l)), and which can be seen in the middle of the stability
domain shown in Fig. 2| As explained in the Sec. S.IV of the supplementary information,
the oxygen vacancies at the surface are more stable when they involve oxygen sites which
are not bound to Fery, in agreement with previous findings reported in Ref.® As we have

seen before for the perfect B-terminated surface, the electronic reconstruction consists in the
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Figure 9: Same as in Fig. |§|, but for the NiyFe,O7/Fe, surface, ie. the (v2 x v/2)R45°
B surface including one oxygen vacancy, represented by the red cross. The partial charge
density (yellow surface) has been calculated for the occupied bands located between Ep —
0.1 eV and FEF.

localization of 3 holes at the surface; when a neutral oxygen vacancy is present, two electrons
are released, leaving only 1 hole on the Nigy(S-0) cation, the furthest from the vacancy, and
corresponding to the majority-spin bands with the d,2_,» character, ~ 1 eV above the Fermi
level. Because of the oxygen vacancy, the ligand hole associated to the majority-spin band
just above the Fermi level for the perfect B surface |Fig. [6fa)| disappears to the profit of an
occupied band, localized just below the Fermi level and mostly built from the hybridization
of dy2_,2 + p; + p, orbitals of atoms far from the vacancy [See Fig. EI] As a consequence
of this less-important surface electronic reconstruction, the reduction of the spin magnetic
moment is found lower when an oxygen vacancy is present (—1 up instead of —3 ug/2 fu.
for a perfect surface) and thus helps recovering an insulating state with a band gap also close
to its bulk value, increasing from 0.21 eV for the perfect B surface without vacancy, up to
around 0.9 eV with a vacancy.

In this section, we found that the formation energy of cations and oxygen anions vary
in an opposite way as a function of their distance from the surface. It may be claimed that
the formation of oxygen vacancies at the surface is energetically effective because of the
lesser number of chemical bonds to break. We found that it is particularly true when the
oxygen vacancies are located in an atomic site where no Ferq are present as first neighbors,

which concerns half of the 8 surface oxygen sites (see Fig. S5). The number of broken
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chemical bonds is not the only parameter which explains the thermodynamic stability of a
vacancy, as if it was so, cation vacancies should also preferentially form at the surface, and the
competition between the defect- and surface-induced charge reconstructions has also to be
considered. Creating neutral oxygen vacancies transfers electrons to the surface and reduces
the hole doping. This statement will remain true until the density of neutral oxygen vacancies
remains below or equal to 1.5 vacancy per surface of 2 formula units of NFO. Creating neutral
cation vacancies will on the contrary transfer more holes to the B-terminated surface; the
cations present at the surface will in that case not be in a sufficient number to accommodate
all the holes provided by both the surface and the cation vacancies (more particularly if
the number of cations is decreased) which may explain why such structural configuration is

energetically not favorable.

Conclusion

We performed a numerical investigation of the possible atomic and electronic reconstructions
at the NiFeyO4(001) surfaces, through the consideration of 27 different terminations. Using
ab initio thermodynamics calculations, we identified that, among these surface terminations,
9 terminations could be stabilized by a proper selection of growth conditions, while 3 other
surface terminations also present low surface formation energies, and could thus be found in
real samples, even if metastable.

B-terminated surfaces can be stabilized in oxygen-rich conditions and are expected to be
obtained with growth temperatures below 950 K, while A-type surfaces can be obtained oth-
erwise. According to our calculations, we predict that to avoid a reduction of the surface spin
magnetization, growth conditions leading to A-type Ni-rich or B-type Fe-rich terminations
should be favored.

The stabilization of the B termination obtained from a truncation of the bulk structure,

i.e. NigFeyOg/Fey, should reduce by approximately by 4.38 ug nm~2 the surface magne-
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tization, according to the expected bulk value. This local decrease of the magnetization
would result in an electronic reconstruction, associated with hole transfer at the interface,
because of the polar character of the NiFe;O4(001) layer. The associated surface states are
expected to present a small band gap of 0.21 ¢V at the Fermi level, resulting from a charge
ordering, which could disappear at high temperature to the benefit of the appearance of a
spin-polarized two-dimensional hole gas. However, the appearance of such a two-dimensional
hole gas would be subject to the conditions that the cation ordering in Oh sites is not mod-
ified and that the stoichiometry is preserved. We indeed found that a more stable cation
distribution is expected to help the surface to recover its insulating character. A good control
of the Ni/Fe ratio is also necessary as the perfect B termination is the only one which is close
to being metallic, if we discard the surface terminations grown with extreme experimental
conditions (like Fe Og/Fes terminations, which would correspond to the formation of hole-
doped magnetite Fe3O4 on top of the nickel ferrite or the Ni-rich A-type surfaces Ni,/Fe Og
and Niy/NisFeyOg, grown at high temperatures). On the contrary to cation vacancies, we
calculated that oxygen vacancies are easier to form in the vicinity of B surfaces than in
the bulk, in particular at oxygen sites which are not bound to Ferq atoms. These defects
also induce a recovery of the surface insulating state and also diminish the reduction of the
surface magnetization, to end with a value close to the bulk.

Our calculations also show that, the formation of a NiO layer on top of the surface,
could be possible as its stability domain is close to the bulk one for a large range of oxygen
chemical potential; the formation of a FeO layer could on the contrary be possible only in
oxygen-poor and iron-rich conditions. The growth of these less-oxidized phases, which does
not present any intercalated cations in Td sites, could be facilitated by the low formation
energy of oxygen vacancies at surfaces.

Finally, according to our calculations, we predict that surfaces grown under iron-rich
(NiFe3Og/Fey or Fe,Og/Fes terminations) or oxygen-poor (every stable A termination, but

also surfaces with oxygen vacancies which will counteract the effect of hole transfer) conditons
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are suitable to maintain good magnetic properties.

Our results have confirmed the complexity in understanding and controlling the spinel
ferrite surfaces. This study is not exhaustive: more complex surfaces could have been envi-
sioned, for example to investigate (i) how the properties change when we vary the density of
oxygen vacancies which may tend to segregate at the surface, (ii) if the variation of cation
ordering can extend away from the surface, or (iii) the combined effect of cation ordering
and oxygen vacancies.%! It would also be interesting to have a better understanding of other
structural parameters such as the film thickness or the in-plane lattice strain, which can re-
sult from an epitaxial growth. A logical continuation of this work, focused on bared surfaces,
could be to search how their properties could be tuned by using adsorbates or capping layers.
Finally, it would be also interesting to calculate how the oxygen vacancies which form at
the surface could transfer to the bulk in order to understand the formation of conductive

domains during memristive processes.
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atomic spin magnetic moments for the most stable surfaces, and (S.IV) some details

about how the calculations of the oxygen vacancies have been conducted.
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