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ARTICLE INFO ABSTRACT

We present a Density Functional Theory (DFT) based study of the structural and magnetic properties of the (001)
surface of the semiconducting oxide ZnFe,O, (spinel structure). The calculations were performed using the DFT
based ab initio plane wave and pseudopotential method as implemented in the Quantum Espresso code. The all
electron Full-potential linearized-augmented-plane-wave method (FP-LAPW) was also employed to check the
reproducibility of the plane wave method. In both calculations the DFT + U methodology was employed and
different (001) surface terminations of ZnFe,O, were studied. We find that the surface terminated in Zn is the
stable one. For all the (001) surface terminations our calculations predict that the Zn-Fe cationic inversion (anti-
sites), which are defects in bulk ZnFe,O4, becomes stable and an integral part of the surface. Also, a ferri-
magnetic behavior is predicted for the case of anti-sites in the superficial layer. Our results for different prop-
erties of the surface of ZnFe,O, are compared with those obtained in bulk samples and those reported in the
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literature.

1. Introduction

Due to their electronic, optical and magnetic properties, ferrites
(XFe,04 X: Zn, Co, Ni, Al, Mg, Ti, among others [1]) are very interesting
materials both from a fundamental and application point of view. In the
last decades, progress in synthesis process renews the interest in this
kind of insulating oxides and improves their physical properties, ex-
panding their applications to new areas [2-4]. Particularly, zinc ferrite
(ZnFe,0,) is of interest not only in basic research due to its intriguing
magnetic behavior [5-11] but also has great potential in technological
applications [12-15].

ZnFe,0, crystallize in the spinel-type structure in which the cations
occupy tetrahedral and octahedral sites (A and B sites, respectively) [1].
In terms of the sites, the cation distribution can be described by the
formula (Zn; - Fey)[ZnyFes_,]04 where round and square brackets
denote A and B sites and a is the inversion parameter. For a = 0 the Zn
atoms occupy the A sites and the Fe atoms the B ones (normal ZnFe,0,).

For 0 < a < 1 some percentage of the Zn atoms are located at the B
sites instead of the A sites and corresponding concentration of Fe then
occupies A sites (partially inverted structure). In the case of @ = 1, all
the A sites are occupied by Fe atoms. ZnFe,O,4 belongs to the class of
normal ferrites, but, depending on the sample preparation method and
on the thermal treatment, some degree of inversion could appear. In no-
defective bulk ZnFe,O, the absence of Fe atoms at A sites (populated by
non-magnetic Zn atoms) results in weak antiferromagnetic exchange
interactions between the Fe atoms via intermediate oxygen anions (Fe®-
O-Fe® interactions, being Fe® iron cations located at the B sites), making
ZFO a strongly paramagnetic oxide with antiferromagnetic coupling
only below about 10K [16] and a quite complex ground state ([17,18]
and Refs. therein). However, when particle size is reduced to the nano-
scale some degree of inversion that may scale with the surface area of
the samples is observed [19-21]. The presence of inversion gives rise to
FeP-O-Fe® and Fe®-O-Fe® couplings, enhancing the magnetic interac-
tions and the ferrimagnetic behavior at high temperatures [20].
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In this work, our aim is to understand, by means of ab initio cal-
culations, the structure at the atomic scale (which has remained un-
solved) and the stable termination of the (001) surface of ZnFe,Oy,.
Additionally, it is relevant to know how the surface termination affects
the structural and electronic properties of the near surface layers, the
cation inversion degree and the magnetic response of the system.

2. Calculations details

The spinel structure, Fd3m (Oh7), of ZnFe,;O, is characterized by
two parameters, the lattice constant a (8.43-8.46 f\, see Refs.
[8,22-25]) and the oxygen position parameter u (0.258, Ref. [25]). The
unit cell contains eight formula units (56 atoms). More details of the
structure can be found in Reference [17]. Our aim here is to study the
(001) surface of ZnFe,O,4 and how the surface affects the formation of
defects (cationic inversion and oxygen vacancies in the present case).
Two types of (001) surface terminations can be obtained from a bulk
truncation of ZnFe,O,: the fully Zn-terminated surface (Zn,) or an Oy4-
Fe4-O4 termination that “exposes” O and Fe atoms. In order to study the
effect of a reducing atmosphere, a O4-Fe,4 termination was study. This
termination was obtained by removing the four external oxygen atoms
from the O4-Fe4-O4 termination. These surface terminations are shown
in Fig. 1. In order to study these (001) surface terminations ab initio
calculations have been performed on the basis of Density Functional
Theory (DFT) using two different methods of calculation, the Full-Po-
tential Linearized Plane Waves method (FP-LAPW) [26-28] as im-
plemented in Wien2k code [29] and the plane wave and pseudopo-
tential method as implemented in Quantum-Espresso code (QE, Refs.
[30] and [31]). The first method is recognized as one of the more ac-
curate for the determination of the electronic structure of solids but is
computationally expensive and time consuming when large systems or
systems that present low symmetries or reduced dimensions (as in the
case of surfaces). The plane wave and pseudo-potential methods is more
flexible to study structural and electronic properties of complex sys-
tems. To be on the safe side, however, we need to verify first whether
this fast and more approximative method correctly reproduces some
key properties predicted by the more accurate FP-LAPW method.

In the case of the ab initio plane wave and pseudopotential
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calculations the exchange and correlation effects were treated within
density-functional theory using Perdew-Burke-Ernzerhof (PBE) [32]
parameterization of the generalized gradient approximation plus the
Hubbard U term (GGA+U) in the self-interaction correction (SIC)
scheme [33] with U = 5eV [17] for the Fe-3d orbitals. The ionic cores
were described using ultrasoft pseudo-potentials from the Standard
Solid State Pseudopotentials library (SSSP, Ref. [34]), where the con-
verged kinetic energy cutoff for the wavefunction and charge density
were set to 70 Ry and 500 Ry, respectively. For the electronic in-
tegration, the irreducible Brillouin zone was described according to the
Monkhorst-Pack scheme [35] using a 2 X 2 X 1 k-point grid.

To validate whether it is legitimate to use QE results, we examine
whether they correctly reproduce FP-LAPW calculations. Exchange and
correlation effects were also treated within density-functional theory
using the GGA + U in the SIC formalism [33] with U = 5eV for the Fe-
3d orbitals [17,36]. A2 X 2 X 1 k-point mesh was employed to sample
the first Brillouin zone. The basis set size and muffin-tin radii were
taken as in the case of the bulk system (Refs. [17] and [36]).

In both QE and FP-LAPW calculations atomic positions were opti-
mized until obtain forces acting on all ion were smaller than 0.05 eV/A.
This tolerance value was taken because atomic displacements produced
by forces smaller than 0.05eV/A results in changes in energies differ-
ences, magnetic moments or bond-lengths that are below our con-
vergence error.

To check the precision of our calculations, we performed several
additional calculations, following the procedure described by some of
us in reference 17. By examining the effect of different basis sets and k-
point grids (we considered 1 x1x 1, 2x2x1, 3x3x1 and
4 X 4 x 2 k-point grids) we conclude that for the parameters employed
in the present ab initio study our results are very well converged, being
these parameters an optimal compromise precision-computational
times.

In contrast to a regular functional as PBE, the GGA + U method is
not implemented in exactly the same way in the two employed codes. In
the case of Wien2k the U correction is applied within the muffin tin
spheres. A pseudopotential method as QE does not have this concept of
muffin tin spheres. In consequence, differences between both methods
are expected. We not pretend here to perform a deep comparison as

Zn2 termination

[100]

[001]

[010]

Fig. 1. Slab models for the different (001) surface terminations of ZnFe,O4. Top: Initial (un-reconstructed) structures of ZnFe,O4 (001) surface terminations. Bottom:

Reconstructed structures.
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Fig. 2. 17 A thickness slab model of ZnFe,0,4 (001) surface terminations. a) O4-Fe, termination. b) O,4-Fe4-O, termination. ¢) Zn, termination. Only the reconstructed

terminations are shown.

those presented in Ref. [37] for PBE calculations. We just want to have
an estimation of the differences between both GGA + U methods.

We modeled the (001) surface terminations by using the slab-su-
percell approach. For the simulation of each termination we considered
three different periodic slabs. Initially we study a slab composed by
nine layers of Zn, and O4-Fes-O4 stacked alternately, separated by a
vacuum space, see Fig. 1. Then, the unit cells used to simulate the fully
terminated Zn,, O4-Fe, and O4-Fey-O4 (001) terminations contains 58,
60 and 68 atoms, respectively. The thickness of these slabs is 8.5 A. Our
calculations showed that 11 A of vacuum is sufficient to decouple the
slabs. FP-LAPW and QE calculations were performed for this 8.5A
thickness slab. To ensure that artificial interaction between the upper
and lower layers of the slab is negligible, QE calculations considering a
17.0 A thickness slab were also performed. This slab is composed by 17
layers of Zn, and O4-Fe,s-O,4 stacked alternately (Fig. 2). The slabs
contain now 114, 116 and 124 atoms in the cases of the Zn,, O4-Fe and
04-Fes-04 (001) surface terminations. These larger slabs were studied
performing QE calculations only.

In Ref. [17] we reported that the lowest-energy configuration of
normal ZnFe,0, is antiferromagnetic with a = 8.46 A and u = 0.260.
This spin configuration is also the lowest energy one for the case of the
different terminations studied here and then will be used as the starting
ones for our study of the three (001) surface terminations previously
described.

3. Results and discussion

We will start the discussion of the results obtained for the (001)
surface terminations of ZnFe,O, by the QE and FP-LAPW results ob-
tained for the cases of the 8.5 A thickness slab. QE and FP-LAPW predict
the same results for the surface structure: in the cases of the Zn, and O,4-
Fe,-0,4 a strong surface reconstruction occurs. For the Zn, surface ter-
mination the superficial Zn atoms relax inward the sub-surface layer,
being the magnitude of the Zn atoms displacement of about 1A (see
Fig. 1d). In the case of the O4-Fe4-O,4 termination, the Zn atoms located
in the sub-surface layer (1 A below the 04-Fe4-04 superficial layer) relax
outwards to the surface. The magnitude of the Zn atoms displacement
along the z-direction is c.a. ~0.5 A (see Fig. 1e). As a conclusion, we can
point out that our ab initio calculations predict that, after the surface
reconstruction, both terminations yield a similar structure with a Oy4-
Fes-Zn,-04 superficial layer. In the case of the reduced O4-Fe, surface
termination, the surface reconstruction is less pronounced (see Fig. 1f).

QE calculations predict very similar results for the structural properties
of the (001) surface terminations of ZnFe,O, when a slab of 17A
thickness is considered.

It is important to mention that the structural reconstruction of the
different (001) surface terminations of ZnFe,O, implies a nearly ver-
tical movement (z direction in Figs. 1 and 2) of the superficial and sub-
superficial layers. More complex reconstructions (in which the two-di-
mensional symmetry of the surface in the x-y plane is altered) can be
realized in a real sample. These reconstructions cannot be described
with the slab used in the present work to simulate the surface termi-
nations. In order to study these complex reconstructions the dimensions
of the slab must be duplicated (at least) in the x and y directions. These
slabs contain > 224 atoms plus the vacuum and requires extremely
large computational times and resources.

In order to determine the stability of each surface termination we
study the surface energy formation that was calculated as [38,39]:

- Eslab - [NZnﬂ (Zn) + NFe,u(Fe) + NO/"(O)]
24 (€3]

to take into account the different stoichiometries of each termination.
In the above equation Eg,, is the total energy of the slab structure
considered N,, Ng,, and Ny are the number of Zn, Fe and O atoms in the
slab (the number of Zn. Fe, and O atoms for each slab configuration is
shown in Table 1). u(Zn), u(Fe) and u(O) are the chemical potentials of
Zn, Fe, and O that must satisfy:

E(ZFO) = u(Zn) + 2u(Fe) + 4u(0) 2)
and
E(ZnO) = u(Zn) + u(0) (3

being E(ZFO) and E(ZnO) the total energies of one unit-formula of bulk

Table 1
Number of Zn, Fe, and O atoms (Nz,, Ng., and Np) in the slabs used for the
simulation of the different (001) surface terminations of ZnFe,O,.

Nzn Nre No

8.5 A thickness slab Zn, termination 10 16 32
04-Fe, termination 8 20 32

04-Fes-04 termination 8 20 40

17 A thickness slab Zn, termination 18 32 64
04-Fe, termination 16 36 64

04-Fe;-04 termination 16 36 72
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ZnFe,04 and ZnO, respectively.

The chemical potentials vary depending on the experimental en-
vironments in which the surface is growth, but there are upper and
lower limits that define a range for the chemical potentials. The upper
limit of u(O) is the chemical potential of an oxygen molecule, (O,). For
1(0) larger than u(0,)/2 vaporization of oxygen as molecules from the
ZnFe,0, surfaces will occur. In the following we call this upper limit
“O-rich environment”. In this situation, y(OriCh) = u(0,)/2. The lower
limit of u(O) correspond to the upper limits of u(Zn) and p(Fe) which is
the Zn and Fe chemical potentials in metallic Zn and Fe. For larger
values of p(Zn) and u(Fe) segregation of metallic Zn and Fe will occur.
This is the “oxygen-poor environment”.

In order to obtain the required chemical potentials FP-LAPW and QE
calculations (with the same precision than those corresponding to the
slab structures and bulk ZnFe,0,4) for a O, molecule and metallic Zn,
metallic Fe and ZnO were performed. It was found that p(OP°°")-
u(Oﬂ“h) = —5.4¢V for the present calculations. By using Egs. (1)-(3)
and the surface energy for the O-rich environment (E° ") we can write
the surface energy as a linear function of the oxygen chemical potential:

EO rich [%NFe + Nzp — NO]
= Au

2A 24 @

14

with Ag = ((0)-u(0™M). From detailed convergence studies we de-
termine that our precision error in v is in the order of 10 meV/A%

In a first stage we will analyse the stability of the normal (001)
terminations. Fig. 3 shows the calculated surface energies v as a func-
tion of the oxygen chemical potential for the case of the FP-LAPW
calculations. The QE predictions for y follow the same trend and predict
that the Zn, surface termination has the lowest surface energy forma-
tion for the possible range of the oxygen chemical potential. In Table 2,
the values of y for the extreme oxygen potential range (O-rich and O-
poor) are shown. We must pointed out here that the WIEN2k calcula-
tions predict negative values for v in the case of the Zn, surface ter-
mination. This negative value, that do not appear for the case of the QE
calculations, would indicate a qualitatively different prediction and this
is not what one expects for two equivalent DFT methods. As can be seen
in Table 2 the differences in the surface energy values between WIEN2k
and QE roughly correspond to a rigid shift. The (unphysical) negative
sign predicted by the Wien2k calculations is related to the model used
for the calculation of the atomic energies used in Egs. (1)-(3) systems
for the calculation of y (most probably the O,-molecule), resulting in
the rigid shift of the surface energies between both methods. For this
reason, physical information is contained in the difference in the sur-
face formation energies between terminations and not in its sign.

600- T T T T T A
< O™ o >
4004 __ 1
2
S 2004 |
o
E
EN
04 4
-200+ 1
T T T T T
5 -4 3 2 - 0

A (eV)

Fig. 3. Calculated surface energies (y) for the three (001) terminations of
ZnFe,0, studied here. Dashed red, dotted blue, and solid black lines represent
the surface energies of the terminations O4-Fes-O4, O4-Fe, and Zn, termina-
tions, respectively. The left and right x-axis ends correspond to the O-poor and
O-rich environments. The calculations correspond to the FP-LAPW calculations,
8.5 A thickness slab.
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When the 17 A thickness slabs are considered as a model for the
simulation of the (001) terminations of ZnFe,O, the QE calculations
predict a similar trend, i.e., Zn, is the stable termination. Calculations
performed using as a model for the surface a 25.5 A thickness slab and
16 A of vacuum confirm all the discussed results for the surface stability
and confirms that even for the 8.5 A slab thickness the spurious inter-
action between the upper and lower layers of the slab is negligible. As
can be seen in Fig. 3, the O4-Fe, termination is more stable than the O,4-
Fe4-04 in the O-poor environment. The inverse situation is observed, as
expected, for the O-rich condition.

In Reference 40 it was shown that the surface energies obtained in
PBE calculations overestimates the experimental values by about 12%
and even after correcting for this bias there is a remaining + 15 meV/
A2 uncertainty on the resulting surface energy. From our convergence
tests an estimate uncertainty of 10 meV/A? in y was derived. Even when
the mentioned 12% overestimation correction, the convergence error
and the remaining uncertainty are considered, the phase stability pre-
sented in Fig. 3 is not changed.

In Fig. 4 we present the QE results for the magnetic moments at the
Fe sites for the case of the 17 A thickness slab as a function of the
distance of the Fe atom to the surface for the three terminations studied.
As a general result we can see that Fe atoms in the surface present
magnetic moments smaller than those located in the bulk. For the case
of the O4-Fey and the O4-Fey-O4 terminations, the magnitude of the
magnetic moment of the Fe atoms located in the superficial layer are
3.95 and 3.60 pp, respectively. This reduction of the magnetic moments
of the Fe atoms located in the superficial layers of both terminations is
associated to the change in the O-coordination of these Fe atoms and
the subsequent changes in the charge in the atomic spheres of these Fe
atoms (the reduction of the oxygen coordination of the Fe atoms at the
surface induces an increment in the charge in this Fe atoms from 23.7¢
up to 23.9¢). A similar effect was found in reduced bulk ZnFe,Oy,. In this
case, the formation of an oxygen vacancy reduce the magnitude of the
magnetic moments of the three Fe atoms nearest neighbors to the va-
cancy sites to from 4.2 pg [17] to 4.0 pp (two Fe atoms) and — 3.6 yp for
the remaining one [36]. The Fe atoms located in layers 2.3 A (at least)
below the surface present magnetic moments in the order of 4.1-4.2 p.
For both O4-Fey and O4-Fes-O4 terminations no spin-polarization was
found at the Zn-sites while spin-polarization in the order of 0.15 pg was
found for some oxygen atoms (a similar result was obtained in reduced
ZnFe,0y,, see Ref. [36]).

In the case of the Zn, surface termination, a different behavior was
found. Similar to the previous cases, the Fe atoms located 1.3 A below
the surface present a spin-polarization of 4.0 pp, an expected reduction
due to the smaller oxygen coordination of these Fe atoms compared to
the case of bulk ZnFe,0,4. But, the Fe atoms located 3.4 A below the
surface present even smaller magnetic moments, 3.6 pg. This result can
be explained in terms of the superficial reconstruction and the charge
rearrangement that induces: when the unreconstructed Zn, surface is
inspected magnetic moments of + 4.2 yp are predicted for Fe-atoms
located at 3.4 A from the surface. After the structural reconstruction
(that implies a large displacement of the superficial Zn, atoms to the
04-Fe4-04 sub-surface layer) the magnetic moment of the Fe atoms of
the sub-surface layers drops to + 3.6 pp. For this Zn, termination, no
magnetic moments were found at the Zn sites and some oxygen atoms
present magnetic moments in the order of 0.10 pp. It is important to
mention here that QE and FP-LAPW calculations performed in the 8.5 A
thickness slab predicts the same behavior for the magnetic moments
(differences in the order of 0.2 pz between both methods).

After the study of the slabs with a normal distribution of Zn and Fe
cations in the A and B sites of ZnFe,0,4, we have considered the Zn-Fe
anti-site defect formed by cation inversion between Zn and Fe atoms at
superficial and deep layers. Our DFT-based calculations show that, in-
dependently of the surface termination considered, the normal struc-
ture and those with a superficial anti-site have the same energy (dif-
ferences smaller than the convergence error), see Table 2. This result is
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Table 2
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Predicted surface energy formations y (in meV/A?) for the different terminations and slabs studied here by means of FP-LAPW and QE calculations.

Y (meV/A%)
04-Fe,-O4 termination

v (meV/A?)
0,4-Fe, termination

y (meV/A?%)
Zn, termination

O-rich condition
FP-LAPW, 8.5A thickness slab

QE, 8.5 A thickness slab

QE, 17 A thickness slab

O-poor condition
FP-LAPW, 8.5 A thickness slab

QE, 8.5 A thickness slab

QE, 17 A thickness slab

Normal

Superficial anti-site
Deep anti-site
Normal

Superficial anti-site
Deep anti-site
Normal

Superficial anti-site
Deep anti-site

Normal

Superficial anti-site
Deep anti-site
Normal

Superficial anti-site
Deep anti-site
Normal

Superficial anti-site
Deep anti-site

310
310
310
218
218
216
222
223
222

380
380
380
293

292
298
297
298

490 —120
490 —120
500 —100
386 155
386 158
395 202
390 158
390 161
400 204
260 —-190
260 —190
270 -170
159 80
159 83
167 127
163 83
163 86
172 128

424 fe) o o o 4

3.94 B

|lupel (1)

3.6 o o 1

3.34 Zn2 termination E

42+ o o o 1
o © o

lupel (up)

3.34 O4-Fe4-04 termination B

4.2+ o [o] o [e) (o] b

3.94 B

lupel (up)

3.6 E

33

04-Fe4 termination k

0 2 4 6 8 10 12 14 16
Z(»)

Fig. 4. Magnetic moment y at the Fe sites as a function of the distance (in A) to
the surface (Z) for the three (001) surface terminations studied here. In all cases
the results correspond to the normal structures. Z = 0 correspond to the lower
layer of the slabs showed in Fig. 1. Magnetic moments at the Fe sites in bulk
ZnFe,04 are 4.2 yp.

contrary to those found in bulk ZnFe,O,, for which the inversion pro-
cess is strongly endothermic: the normal structure has the lowest-en-
ergy, being the energy difference between the normal and partially
inverted structure —85 meV per unit formula (f.u.) (Ref. [36]).

The superficial cation inversion is promoted by the rearrangement
of the electronic structure in the surface layer in order to compensate
the changes originated by the surface. As we discussed in a previous
work, a similar effect is observed in volumetric and reduced ZnFe,04:
when an oxygen vacancy and one anti-site in the bulk structure is
considered the energy necessary to produce a Zn-Fe anti-site is in the
order of —30 meV/f.u., 60% smaller than those required in the case of
stoichiometric ZnFe,O4 [36]. These results show that the formation of
oxygen vacancies or reduced coordination at the surfaces favours the
cationic inversion in ZnFe5;0y,.

Based in our results we can conclude that Zn-Fe inversion is not a
trapped defect (as in the bulk case) but also an integral component of
the surface of ZnFe,0,4. This conclusion is in agreement with experi-
mental results that shown that the degree of cation inversion may scale
with the surface area in MgAl,0,4, ZnFe,04, and NiFe,0, ferrites spinel
powders [21] or thin films [41]. In other works, it was shown that
ZnFe,0, nanoparticles of 6 nm diameter present a high degree of in-
version that is associated to surface effects, i.e., involves cations allo-
cated at the surface layer [42,43]. A similar result was obtained by
Rasmussen et al. [38] in MgAlOQy, spinel, suggesting that surface-induced
inversion could a general phenomenon in spinel-type oxides.

Concerning magnetic moments at the Fe sites, the same results
previously discussed for normal ZnFe,O, were found. The only differ-
ence is that the magnetic moments of the Fe atoms now allocated at the
A-sites are 0.1-0.2 pg smaller than those of the Fe atoms that remain at
the B-sites. This diminution is observed for Fe atoms allocated at the A
sites in the surface layer or even in deep layers. For the case of the 17 A
slab, the Fe atoms located at A sites in deep layers (8.5A from the
surfaces) present magnetic moments close to 4.2 g, the same value
predicted for Fe at the B-sites.

There is a last point to discuss: the ferrimagnetic response experi-
mentally observed in nano-size zinc ferrite [20,43]. In this case we take
the Zn, terminated reconstructed slab with one superficial anti-site and
we study different ferromagnetic spin configurations in addition to the
antiferromagnetic ones. We found that the lowest-energy magnetic
configuration corresponds to a ferrimagnetic system with a net mag-
netic moment of 1.2 up/Fe atom. For the case of the normal slab the
lowest-energy solution is the antiferromagnetic one. This result shows
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that the surface (reduced Fe-coordination) favours the cationic inver-
sion and in turns the cationic inversion favours ferrimagnetic config-
urations. A systematic study of the magnetic behavior of the surface
terminations of ZnFe,O,4 is now in progress.

4. Conclusions

In this work we have study, by using two different DFT-based
methods (all electron FP-LAPW and plane wave and pseudopotentials
method as implemented in the Quantum Espresso code) the stability of
the Zn,, O4-Fe, and O4-Fes-O4 terminations of the (001) surface of
ZnFe,0,, considering slabs of 8.5 A and 17 A thickness. We found that,
after the surface reconstruction, the Zn2 termination is the stable one.
We also found that cationic inversion, a defect in volumetric ZnFe,Oy,,
become energetically favourable in the surface. This result explains the
high degree of inversion observed in nano-sized and thin films of
ZnFe;0,4. The presence of some inversion degree in the samples gives
rise to Fe®~O-Fe® couplings that strengthen the magnetic interactions
and the ferrimagnetic behavior at high temperatures. Calculations of
the magnetic coupling constants in normal and inverted bulk and thin
films of ZnFe,0,4 are now in progress in order to correlate the degree of
inversion with the magnetic behavior of this semiconducting oxide.
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