Journal of Alloys and Compounds 741 (2018) 746—755

journal homepage: http://www.elsevier.com/locate/jalcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

Ab initio calculation of structural, electronic and magnetic properties
and hyperfine parameters at the Fe sites of pristine ZnFe;04

Check for
updates

JJ. Melo Quintero ?, C.E. Rodriguez Torres ¢, L.A. Errico * >~

2 Departamento de Fisica, Facultad de Ciencias Exactas, Universidad Nacional de La Plata (UNLP) and Instituto de Fisica La Plata, IFLP-CONICET CCT-La

Plata, 1900, La Plata, Argentina

b Universidad Nacional del Noroeste de la Provincia de Buenos AiresCtUNNOBA), Monteagudo 2772, 2700, Pergamino, Buenos Aires, Argentina

ARTICLE INFO ABSTRACT

Article history:

Received 18 October 2017
Received in revised form
11 January 2018
Accepted 15 January 2018

Keywords:

ZFO

Magnetic behavior

Electronic structure
Spin configuration

In this work we present an ab initio study of structural, electronic, magnetic and hyperfine properties of
pristine Zn-ferrite (ZnFe,04, ZFO). Density Functional Theory calculations were performed using the Full-
Potential Linearized Augmented Plane Waves (FPLAPW) method in the framework of the Generalized
Gradient (GGA) and the GGA+U approximations. In order to discuss the magnetic ordering and the
electronic structure of the system we considered different spin arrangements. We found that ZFO pre-
sents an energy landscape characterized by a large number of metastable states separated by an energy
barrier of about KgTr, being Kg the Boltzmann constant and Tr the freezing temperature, indicating that
ZFO can be described as an spin-glass system at low temperature (<10.5 K). Our calculations also support
the picture that below 10.5 K small ferromagnetic spin-clusters (short-range interactions) surrounded by
similar spin-clusters with opposite spin orientations (long-range interactions) coexist. Finally, our cal-
culations predict a band gap of normal ZFO of 2.2 eV and successfully describe the hyperfine properties
(isomer shift, magnetic hyperfine field and electric field gradient tensor) at the Fe sites that are seen by
Mossbauer Spectroscopy (MS) at 4.2 and 300 K. This comparison enables us to characterize the local spin
structure around Fe atoms and to explain the origin of the two hyperfine interactions experimentally

observed, giving support to the coexistence of short- and a long-range order below 10.5 K.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Oxides with the spinel structure (XY,04, with X: Zn, Co, Ni, Al
Mg, Ti, and Y: Al, Ga, In, Ti, V, Cr, Fe, Co, Rh, Mg, Mn, Ni, Cu, etc., see
Ref. [1]) comprise an important class of compounds with a variety
of electronic and magnetic properties that make them interesting
for different technological applications [2—5]. A particular sub-
group of this family are the ferrites (XFe;04), an important and
interesting class of magnetic oxides and one of the most extensively
studied magnetic materials. Due to their electronic characteristics
(small band-gap semiconductors or insulators at low temperatures)
they have been used in a number of technologically applications
such as microwave devices, magnetic and magneto-optic recording,
and electronic information mass storage [5—8].
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In particular, the Zn-ferrite, ZnFe,04 (ZFO) has been the subject
of several studies because of its intriguing magnetic properties
compared to other spinel ferrites [9]. The ZFO crystal structure is
characterized by 8 tetrahedral A sites, occupied by Zn>* and 16
octahedral B sites occupied by Fe** ions (normal spinel) [1]. The
magnetic coupling between the Fe atoms on the B sublattice is due
to superexchange via oxygen atoms and is weak. The Fe sites form a
corner-sharing tetrahedral lattice that has the same atomic
arrangement of pyrochlores and C15 Laves phase. These systems
are characterized by geometrical frustration and unusual ground
state phases (spin glass, spin ice, etc. [10]). Considering the simi-
larity of the structures, topological frustration is expected in normal
ZFO [11,12].

Different groups have studied the magnetic properties of ZFO
using various experimental methods until now, but contradicting
experimental results have been reported. Usually it is claimed that
ZFO ferrite is a strongly paramagnetic substance with antiferro-
magnetic coupling only below Ty = 10.5 K (Neel temperature). But
the situation is more complex. Neutron diffraction studies per-
formed on high quality samples [13] have shown that even at
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temperatures of about 100K, a short-range order (SRO) develops.
Below 10.5K long-range antiferromagnetic order (LRO) and SRO
coexist and the system remains magnetically disordered even at
temperatures as low as 1.5 K [13]. In consequence, the well-defined
cusp-like anomaly at around 10.5 K in static susceptibility data does
not correspond to the Neel Temperature in the ordinary meaning.
Usa et al. [11,14] suggested that the LRO is driven by the quenched
atomic disorder, allowing the interpretation of ZFO as an intrinsi-
cally frustrated spin system with nearest-neighbor antiferromag-
netic interactions (Ref. [11] and references therein). On the other
hand, from static magnetic susceptibility experiments, a positive
Curie-Weiss (fcw) temperature of 120 K was estimated [11]. This
result is in clear contradiction with the previously mentioned an-
tiferromagnetic interaction between nearest-neighbors in normal
ZFO, suggesting that the SRO is ferromagnetic like. This conclusion
was supported by a theoretical analysis (based on a classical Hei-
senberg spin model) of neutron scattering experiments performed
in single-crystal samples [10,11]. This work assumes a normal free-
of-defects sample and predicts that ZFO is governed by an anti-
ferromagnetic third-neighbor exchange interaction J3 and a ferro-
magnetic first-neighbor one J; [11]. Based in these results, a
magnetic configuration with ferromagnetically-coupled spins
forming clusters and arranged antiferromagnetically with other
clusters could be possible below the cusp temperature. Based on
this idea Yamada et al. [11] and Tomiyazu et al. [15] proposed a
molecular spin model that is consistent with the neutron scattering
data [10]. A spin-molecule refers to a self-organized spin cluster.
Correlation among the spins that form the spin-molecule is negli-
gible in comparison to the intra-molecular correlation. The spins of
one Fe-tetrahedron of the pyroclore-type ZFO structure are coupled
ferromagnetically but antiferromagnetically with the spins of
others Fe-tetrahedron [11,15].

Later, M. A. Hakim et al. [16] reported that field cooled and zero
field cooled DC magnetizations display a divergence at low tem-
perature. This result indicates that there is a frozen state with
freezing temperature Trp=21K, suggesting that ZFO presents a
spin-glass phase at low temperatures and it is not a canted anti-
ferromagnet. A spin-glass is a magnetically disordered system with
high magnetic frustration in which each spin freezes in a random
orientation below Tr [17]. A spin-glass contains many metastable
states separated by an energy barrier of about KgTr [18].

In order to elucidate the magnetic ground state and the elec-
tronic structure of pristine normal ZFO, we have performed an ab
initio study of the structural, electronic and magnetic properties of
this oxide. The calculations used the Full-Potential Linearized
Augmented Plane Waves method (FPLAPW). The Generalized
Gradient (GGA) and the GGA+U approximations were used to
describe the exchange and correlation potential. We discuss the
validity of both approaches and the dependence of the results with
the value of U. To find the lowest energy spin configuration, we
considered the ferromagnetic and different antiferromagnetic spin
configurations. For all cases, we computed the total energies, the
band structures and hyperfine parameters (isomer shift, quadru-
pole splitting, quadrupole shift and hyperfine magnetic field) at the
Fe sites. From the lowest total energy obtained the equilibrium
structure and the ground state of pristine ZFO is found. The hy-
perfine parameters at the Fe sites for the different magnetic con-
figurations studied were compared with the experimental ones,
obtained in Mossbauer Spectroscopy (MS) experiments performed
on high quality samples of normal ZFO. As we will show, the two
different interactions experimentally detected at 5K can be asso-
ciated to Fe nucleus in two different magnetic environments, one
ferromagnetic and the other antiferromagnetic, in agreement with
the spin-glass phase and the formation of small ferromagnetic spin-
clusters surrounded by clusters with opposite spin orientation.

2. The system under study

The spinel ferrites (XFe;O4) are isostructural with the mineral
MgAl,04 (spinel) [1] and belong to the space group Fd3m (Oh?7).
Ferrites crystallize in a face-centered cubic lattice with a close-
packed arrangement of oxygen ions, with X and Fe ions at two
different crystallographic sites (sites A and B). These A and B sites
have O4 (tetrahedral) and Og (octahedral) oxygen coordination,
respectively [1]. The unit cell contains eight formula units. Two
types of ferrites can be distinguished: the normal and inverted
ferrites. In the normal ferrites, the X ions occupy the A sites and the
Fe atoms the B sites. In the inverted ferrites, eight Fe atoms are
located at the A sites and the X and Fe metal ions occupy the B sites
in equal proportions. Inverted ferrites can be described by the
formula Fe[FeX]O4.

The spinel structure is characterized by two parameters, the
lattice constant a and the oxygen positional parameter u. For an
ideal spinel u has the value of 0.25 for the -3m origin [1]. Generally,
u is often found to be higher than the above value for all the spinels.
The spinel ferrite investigated here, ZnFe;04 (ZFO), adopts the
normal spinel structure. However, depending on the procedure
under which ZFO is growth, partial inversion can occur. For ZFO,
different values of the lattice parameter a have been reported,
ranging from 843 to 846A [13,19-22]. A lattice parameter
a=8.52Aat ambient temperature was determined using x-ray
powder diffraction by K. Kamazawa et al. [10]. The authors claim
that this value (slightly larger than those previously reported) is
more accurate since it was obtained from a high-quality sample. In
normal ZFO the Zn atoms are located at tetrahedral A-sites
(Wyckoff position 8a (1/8, 1/8, 1/8)), whereas the Fe atoms (which
carry a magnetic moment due to the partially filled 3d shell) occupy
the octahedral B-sites only (16d, (1/2, 1/2, 1/2)). The Fe-O and Zn-O
bond lengths are 2.04 and 2.00 A, respectively. The O atoms are at
32e (u,u,u) positions of the fcc structure (u = 0.258, Ref. [22]).

3. Computational aspects
3.1. Computational methods

Ab initio electronic structure calculations were employed to
determine the self-consistent potential and the charge density in-
side the cell of ZFO. From the charge density structural, electronic,
magnetic and hyperfine properties of ZFO were obtained. The cal-
culations were performed with the WIEN2K [23] implementation of
the FPLAPW method [24—26] in a scalar relativistic version. Ex-
change and correlation effects were treated within density-
functional theory using the Wu and Cohen parameterization of the
generalized gradient approximation (GGA) [27]. Since the exchange
and correlation effects included in GGA are insufficient to describe
3-d transition oxides, GGA plus the Hubbard U term (GGA+U) in the
self-interaction correction (SIC) scheme was employed [28]. GGA+U
is not a fully ab initio method, because we have to select a priori the
on-site Coulomb energy U [29]. In this study we took U =5 eV for the
3d-Fe orbitals. This value was selected after the study of a set of Fe
oxides (FeTiOs, TiFe;04, FeO, Fe;03, Fe304) as a function of U in the
range from plain GGA calculations (U=0)toU="7.0eV.ForU=5 eV,
we correctly reproduce the structural properties, band gaps, mag-
netic moments and experimentally reported hyperfine parameters
at the Fe sites for the set of Fe-oxides studied (see next section).
Based on this, we “transferred” the value of U to ZFO. For some
selected systems, we also studied the effect of adding a U value for
the 3d levels of Zn. As we will show, none of the results presented
here are affected by this additional correction.

In the FPLAPW method, the unit cell is divided into non-
overlapping spheres with radius R; and the interstitial region. The
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atomic spheres' radii used for Zn and Fe were 1.06 A and for the
oxygen atoms the radii were 0.8 A. The parameter RK,x controls
the size of the basis set and was set to 7. Here R is the smallest
muffin-tin radius and Ky,q« the largest wave number of the basis set.
We introduced local orbitals to better describe O-2s, Fe-3p and Zn-
3p orbitals [23]. Once self-consistency of the potential was ach-
ieved, quantum-mechanically derived forces were obtained, the
ions were displaced according to a Newton damped scheme, and
the new positions for the atoms were obtained (for details see
Ref. [30]). The procedure was repeated until the forces on the ions
were below a tolerance value of 0.1 eV/A. This energy-minimization
procedure was performed for all the spin arrangements considered
in the present study. Integration in reciprocal space was performed
using the tetrahedron method, taking an adequate number of k
points (50 points) in the first Brillouin zone.

To check the precision of our calculations, we performed several
additional calculations, following the procedure described by some
of us in Ref. [31]. In order to have an idea of the error introduced by
the choice of the exchange-correlation functional, we performed
calculations using the local density approximation (LDA, Ref. [32])
plus U approximation for the exchange and correlation potential
(considering U =15 eV). Both approximations predicted structural,
electronic and hyperfine properties that differ in less than 2%. Once
a choice is made for the exchange-correlation functional, the Kohn-
Sham equations are fully determined and the code solves it
numerically, introducing numerical errors. The parameters that are
most relevant for keeping the numerical errors small are the basis
set size and the density of the mesh used for Brillouin zone sam-
pling. By examining the effect of different basis sets (we varied
RKmax from 6 to 8) and K-point samplings we conclude that for
RKmax =7 and 50 K-points numerical errors are negligible and our
results are converged in 1% or less. Another source of uncertainty
on the electric field gradient (EFG) is the choice of the lattice
parameter. To study the influence of the lattice parameter in our
predictions we calculated the different structural, electronic,
magnetic and hyperfine properties for several a values in an in-
terval of +0.8% around 8.46 A. This interval covers all the experi-
mental a values reported in the literature for ZFO. We found that
the variations in the mentioned range of lattice parameters produce
changes in the order of 1% (or less) in band-gaps, magnetic mo-
ments and energy differences. In the case of the hyperfine pa-
rameters, isomer shifts and hyperfine fields are unaltered by a
change of a in the mentioned range. Quadrupole splitings and
quadrupolar shifts changes in about +5% going from 8.46 A to
8.52 A or 8.41 A. Based in all these studies we can infer that our
results are very well converged, giving confidence to our conclu-
sions. In particular, energies differences are converged in about
1 meV per unit formula.

3.2. Hyperfine parameters calculation

Nuclear techniques, such as Mossbauer Spectroscopy (MS),
have been extensively applied in order to determine the sub-
nanoscopic scale environments of impurities or constituent
atoms of the system studied (see Ref. [33] and references there in).
What is most rewarding in these methods is their “ability” to
measure charge symmetry related properties, such as the EFG
tensor, as well as magnetic properties, such as magnetic hyperfine
fields (Byr), making it possible to obtain a fingerprint of the elec-
tronic and magnetic configuration near and at the probe nucleus
[34,35].

At temperatures above 10.5K ZFO presents a paramagnetic
behavior, Two magnitudes can be determined by MS: the isomer
shift (IS), which provides information on the local chemical bond,
and the quadrupole splitting (QS), which is a “fingerprint” of the

local symmetry around the probe nucleus. Both quantities depend
on the solid state environment. The IS is given by Refs. [34,37]:

IS =a(pa— pr), (1)

where pa and ps stand for the electron charge densities at the nu-
clear positions (the contact densities) in two different solid state
environments, here denoted the absorber (A) and the reference (R)
materials (BCC-Fe), respectively. « is a calibration constant. Its value
varied in the range 0.25—0.32 a.u>mms~! [38,39] for the 14keV
excited state of >’Fe. In the present study (GGA+U calculations,
U=5eV) we obtained « from a linear regression analysis of calcu-
lated electron charge densities (obtained using the same approach
for the exchange and correlation potential and the same numerical
and computational parameters) as a function of observed isomer
shifts for a series of Fe-compounds. The obtained results are shown
in Fig. 1. The agreement between experiment and our theoretical
predictions may be judged from Fig. 1. In order to perform the linear
fit we have used the formalism described by Borcherds, Ngwengwe,
and Sheth [40,41]. From this linear fit we obtained a=-0.27;
au3mms~! (regression coefficient R = 0.998).

The QS is originated by the interaction of the nuclear quadrupole
moment with the crystalline electrostatic potential. For the case of
the I=3/2, 14.4KeV excited state of >’Fe, the QS is given by
Refs. [34,37]:

1/2
e 2
QSZTQVZZ(lJF%) ; (2)
being
Vxx — V;
n= XXV YY (3)
7z

the asymmetry parameter. In the above equations e is the
elementary charge and Q is the nuclear quadrupole moment of the
14 keV excited state of the °’Fe Méssbauer probe nucleus [42]. Vxx,
Vyyand Vzz are the principal components of the diagonal EFG tensor
in a coordinate system with the convention |Vxx| <|Vyy| <|Vz|. The
EFG tensor is a rank two traceless symmetric tensor whose prin-
cipal components Vii are defined by the second derivative (with
respect to the spatial coordinates) of the Coulomb potential V(r)

0.8

0.6 1 Fe O, site B
0.4 1

0.2 1 Fe O, site A

Experimental /S (mm/s)

alpha Fe
0.0 P 1

gamma Fe
-0.2 T T T T T
-4 -3 -2 -1 0 1

p - ABCC-Fe) (a.u.”)

Fig. 1. Experimental isomer shift IS (relative to BCC-Fe) as a function of the difference
in electron density (pa—p(BCC-Fe)) for the different Fe-compounds studied. Solid line
corresponds to the linear fit to the data points. All calculations correspond to U=>5eV.
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created by the charge density surrounding a given nucleus. The
principal components Vj; can be determined straightforwardly once
the total charge distribution has been accurately calculated.

For T< 10.5 K, a combined electric and magnetic interaction will
be observed and, in addition to the IS, the experimentally deter-
mined magnitudes are the magnetic hyperfine field (Byr) and the
quadrupole shift (¢). For the case of n =0 (as in the present study), e
at the Fe sites is given by Ref. [37]:

e = §QVZZ (3 cos?(f) — 1), (4)

being # the angle between the magnetic hyperfine field Byrand the
main component V,, of the electric field gradient tensor. By is a
fingerprint of the magnetic configuration and the spin polarization
near and at the probe nucleus. Byr can be expressed as a vectorial
sum of three components: the dipole term, the orbital term and the
Fermi contact term (Bc¢). For iron compounds, the orbital and
dipolar terms are much smaller than the Fermi contact one (the
contact term, originates from the nonzero electron spin density at
the >’Fe nuclei, accounts for more than 90% of Byr). So, in good
approximation we can write Byr =Bc.

It is known that the use of DFT with local or semi-local ap-
proximations for the exchange and correlation potential proved to
be very valuable for the understanding of different properties of
solids. But this scheme presents some several shortcomings when
applied to magnetic systems. One of them is the (several) under-
estimation of B¢ at the site of 3d metal [43,44]. The reason of this
failure is related to insufficient account of core level spin-
polarization. This problem is of course observed for Fe. In the
past several attempts were done to correctly calculate B¢ at the Fe
nuclei [43—46]. Compared to B¢, the magnetic moments of Fe atoms
are in much better agreement with the experiments. This circum-
stance was used by Novak and Chlan [47] to obtain in a semi-
empirical way a correction to Bc. In this model, the spin magnetic
moments of the Fe-3d (u3q) and the valence Fe-4s (u4s) electrons are
obtained and B¢ is expressed as their linear combination.

Bc = Auzd+ Buas. (5)

The coefficients A and B of the linear combination were calcu-
lated by comparison with the hyperfine field experimentally
determined in a number of iron compounds. From this study, Novak
and Chlan obtained A= —-16.92 T/up and B = 1229 T/ug [47]. In the
present work we will use eq. (5) in conjunction with the previously
indicated values of A and B to obtain Byr. We have to mention that
we prove the validity of this approach performing GGA+U calcu-
lations (U =5 eV) of Byr at Fe sites in different Fe oxides.

To show the effect of including U for the Fe-3d states, we present
in Table 1 the hyperfine properties at the Fe sites calculated using
plain GGA and GGA+U for Fe;03, Fe304, and TiFe;04. As can be seen,
the GGA+U calculations predict hyperfine parameters in better
agreement with the experiments [48] than those obtained in the
framework of GGA. Also, GGA+U predicts band gaps that are in the
order of 2.0-2.2eV and magnetic moments in the order of
+4.00—4.20 up, in good agreement with the experiments. GGA
predicts band gaps in the order of 0.2 eV or metallic character in
some Fe-oxides and magnetic moments in the order of +3.5—3.7 up.

4. Results and discussion
4.1. Magnetic structure and lattice parameter

As mentioned before, pristine ZFO was generally considered an
antiferromagnetic insulator below 10.5 K, but further experimental

Table 1

Ab initio predictions for the hyperfine parameters at the Fe sites in some Fe oxides
obtained using GGA and GGA+U (U =5 eV). Experimental results can be found in
Ref. 48. In the cases of Fe;04 and TiFe,04 the two lines refers to the interaction
associates to Fe in sites A (first lines) and B (second lines).

System Bpr (T) IS (mm/s) e (mm/s) AQ (mmy/s)
Fe,03 GGA 46.8 0.57 043
GGA+U 53.5 0.44 0.30
Exp. (4.2K) 54.2 0.49 0.23
Fe304 GGA 46.2 0.36 0.0
46.8 0.73 0.06
GGA+U 53.1 0.29 0.0
50.8 0.64 0.1
Exp. (300 K) 49 0.26 0.0
46 0.67 0.02
TiFe;04 GGA 45 0.77 0.2
41 0.91 09
GGA+U 25 0.96 3.1
41 1.05 2.6
Exp. (4.2K) 20+4 1.2 35
35+5 1.2 25

results revealed that the behavior of ZFO below 10.5 K is complex,
and its ground state is still an open question [11—15]. In order to
study this question we have considered the ferromagnetic case and
different antiferromagnetic spin arrangements in the ZFO unit cell.
In all cases a cubic supercell cell with 56 atoms was constructed
from the 14-atoms primitive cell. The first spin arrangement (AF1)
is shown in Fig. 2a and 2b. As can be seen, the AF1 structure is
formed by spin chains with two orientations crossing each other
along the lattice. The second structure (AF2, Fig. 2c and d) consists
of a pair of spins aligned ferromagnetically but antiferromagneti-
cally to another pair from the nearest layer. The other 3 arrange-
ments (AF3, AF4, AF5, Fig. 2e—j) consist of random distributions of 8
Fe atoms with majority spin and 8 Fe atoms with minority spin in
the 16 B-sites of the structure (we anticipate here that ferrimag-
netic solutions have larger energies that those with a null net
magnetic moment). For the study of systems that require the
description of the structure of crystals with magnetic ordering, in
which the positions of the atoms and also the orientation of the
magnetic moments of each atom need to be specified, the impor-
tance of the symmetry becomes clear. In our case, it is important to
note that the symmetry of the magnetic structures AF2, AF3, AF4,
and AF5 is smaller than the crystal space group, showing the
complexity of the ZFO system. In Table 2 we present the spin
orientation of each Fe atoms in all the spin configurations reported
in this work.

From the total energy obtained for each magnetic configuration
as a function of the lattice constant a (see Fig. 3) we found that the
lowest energy states correspond to antiferromagnetic cases and, of
all of the antiferromagnetic configurations studied here, the lowest
energy corresponds to the AF2 spin arrangement (see Fig. 2). This
result supports the picture presented in Refs. [11,15] for the mag-
netic structure of ZFO, of ferromagnetic spin-clusters surrounded
by similar clusters with opposite sign. The study of magnetic con-
figurations characterized by clusters of more than 2 Fe atoms with
the same spin in the x, y, and z directions (with the condition of a
resulting antiferromagnetic system) would be of great interest but,
unfortunately, for the study of these spin-clusters, supercells with a
very large number of atoms are necessary. The combination of large
number of atoms in the supercell and the precision required, make
this study unaffordable. Preliminary results obtained considering a
112-atoms supercell confirm that clusters of more than two Fe
atoms have slightly lower energies (or, at least, the same energy
within convergence errors) than AF2.

For the AF2 arrangement our GGA+U (U= 5eV) calculations
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Fig. 2. The different antiferromagnetic spin arrangements studied here. Figure a) and
b) show the AF1 arrangement in two different perspectives. Figures c) and d), e) and f),
g)and h), i) and j) shows the AF2, AF3, AF4 and AF5 arrangements in two perspectives,

Table 2
Spin configuration for all the arrangements studied here. + (—) indicates majoritary
(minoritary) spin channels.

=
=
—
=
T
N
>
1
w

Fe-atom at: Ferro

0.5; 0.5; 0.5

0.5; 0.25; 0.25
0.0; 0.0; 0.5

0.0; 0.75; 0.25
0.0; 0.5; 0.0

0.0; 0.25; 0.75
0.5; 0.0; 0.0

0.5; 0.75; 0.75
0.75; 0.75; 0.5
0.25; 0.5; 0.25
0.25; 0.25; 0.5
0.75; 0.0; 0.25
0.25; 0.75; 0.0
0.75; 0.5; 0.75
0.75; 0.25; 0.0
0.25; 0.0; 0.75

AF4 AF5
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Energy + 74254 Ryd

-0.30

-0.35 4 :
8.3 8.4 8.5 8.6 8.7

Laticce parameter a

Fig. 3. Calculated energy as a function of the lattice parameter a (in A) of ZFO for
different spin configurations. The minimum energy lattice parameter corresponds to
8.46 A, independently of the considered spin arrangement. The lowest energy is ob-
tained for the AF2 configuration. For simplicity, AF4 and AF5 were not included in the
figure (the energy differences between configurations AF3, AF4, and AF5 are included
in the size of the points).

predict a=8.458 A, u=0.2600 and magnetic moments at the Fe
sites u(Fe) of +4.19 up (no spin polarization was found at the Zn
sites, while the magnetic moment at the oxygen atoms is smaller
than +0.05 up). These theoretical results are nearly independent of
the antiferromagnetic spin arrangement considered (see Table 3)
and are in very good agreement with the experimental ones (a
lattice parameter value between 8.43 and 8.46 A [19—21], u =0.258
[22], u(Fe)=4.2 up [13]). Plain GGA calculations predict a = 8.38 A,
u=0.261 and p(Fe)=+3.6 up. When U=5¢eV is applied to Zn-3d
states, none of the discussed properties are changed: a = 8.457 A,
u = 0.2604 and magnetic moments at the Fe sites u(Fe) of +4.20 ug
(again, no spin polarization was found at the Zn sites). In conclu-
sion, the U correction for the Fe-3d states is fundamental for a
correct prediction of the band gap, the equilibrium volume and the

respectively. Golden and blue spheres represent the two orientations of the Fe atoms
in each configuration. The small red spheres oxygen atoms and the grey spheres the Zn
ones. Arrows also indicates the spin orientations up or down). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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Table 3

Energy (in units of eV per unit formula, u.f.) and magnetic moment at the Fe sites
w(Fe) for the different magnetic arrangement studied for the case of pristine normal
ZFO. Energies are referred to the ferromagnetic case. A more negative value for 4E
indicates a more stable arrangement. A third decimal was included in the case of a in
order to see how the predictions differs for each magnetic arrangement.

Magnetic arrangement AE (meV/u.f.) a(A) wu(Fe) (ug)
FM 0.00 8.453 +4.22
AF1 -29 8.457 +4.20
AF4 -41 8.456 +4.20
AF3 —42 8.456 +4.20
AF5 —44 8.457 +4.19
AF2 —46 8.458 +4.19

magnetic moment at the Fe sites. On the other hand, the application
of a second corrective U value to the Zn-3d states not produces any
noticeable change in the structural properties of ZFO and the
magnetic moment at the Fe sites (changes are smaller than our
convergence error).

In Table 3 we present the results obtained for the energies of
each spin-arrangement, referred to the ferromagnetic case in units
of eV/unit formula (w.f.). For a simple comparison, the energies are
referred to the ferromagnetic case. As can be seen, the energy dif-
ference between the five antiferromagnetic configurations is very
small and comparable to the barrier potential given by KgTr, being
Tr the spin freezing temperature (21K, see Ref. [16]). This point
reinforces the experimental observations that showed that normal
ZFO is a three-dimensional spin frustrated system and there is no
long-range magnetic ordering in ZFO at temperatures as low as
1.5K [13] and presents an spin-glass behavior [10,12,15].

To conclude, we studied the effect of flipping only one spin in
the AF2 magnetic structure. We calculated the total energy of this
system in order to check the energy difference between this
configuration and AF2. We obtained that the magnetic moment of
the “flipped” Fe changes from —4.2 to +4.2 up and, in consequence,
the resulting cell has a total magnetic moment of 8.4 up. The energy
difference between AF2 and this system (AE=FAP-ETP) is —10
meV/u.f. This result ensures that pristine ZFO has an antiferro-
magnetic configuration. Larger negative differences were obtained
when more than one Fe atoms were flipped. Similar results were
obtained for the other magnetic arrangements.

4.2. Electronic structure. Density of states (DOS)

The density of states (DOS) of pristine ZFO obtained in the GGA
calculations are shown in Fig. 4 for the different configurations
studied here Because the configurations AF2, AF3, AF4, and AF5
present very similar DOS we show here only the result obtained for
AF2. The DOS and the overall band structure obtained are consis-
tent with previous theoretical results obtained using GGA [49,50].
As can be seen in Fig. 4, the GGA calculations predict that ferro-
magnetic ZFO has a metallic character. The configuration AF1 is still
metallic, but a band gap is opened for the lowest energy configu-
rations (AF2, AF3, AF4, and AF5). For the case of AF2 (the lowest
energy configuration), this band gap is in the order of 0.4 eV. These
results show that the symmetry break due to spin alignment plays a
role in the band structure of ZFO as was also reported by Soliman
et al. [50]. In that work the authors studied the band structure of
ZFO decreasing the octahedral point group symmetry of Fe atoms.
For decreasing symmetries a semiconducting trend is observed for
antiferromagnetic structures. On the other hand, Singh et al. [49]
found that ferromagnetic and antiferromagnetic structures were
metallic, but they only studied the highly symmetric AF1 arrange-
ment in the framework of the GGA approximation.

A significant opening of the gap (compared to the GGA value of

DOS States/eV)
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Energy (eV)

Fig. 4. Total density of states (DOS) of ZFO obtained in the GGA calculations for the
ferromagnetic (a), AF1 (b) and AF2 (c) spin arrangements. Energies are referred to the
Fermi level (Er), denoted as a vertical line.

0.4 eV) is found using GGA+U. Varying U (applied to Fe-3d states)
from O to 6 eV, the band gap increases linearly with U. For the case
of the lowest energy structure (AF2), a band gap of 2.2 eV is ob-
tained for U=5eV (see Fig. 5). This result is opposite to that re-
ported by Soliman et al. [50], who stated that for U in the range
1—6 eV there is not a significant energy band gap and a half metallic
character is found for U values as large as 6.0 eV. Smaller band gaps
were obtained in our calculations for the ferromagnetic and the AF1
configurations.

Experimental results report that ZFO is an insulator with a band
gap in the order of 2.0 eV [51], but band-gaps as low as 0.2 eV have
been inferred from its temperature dependence in the para-
magnetic state [1,52,53]. The band gap obtained in the plain GGA
calculation is twice as large than the experimental value of 0.2 eV.
Taking into account that DFT typically underestimates the band gap
in oxide systems, we claim that the reported value of 2.0 eV for the
band gap is the most reliable value. In order to avoid the use of
empirical factors and to unravel the controversies, we also per-
formed calculations using the Tran-Blaha modified Becke-Johnson
(TB-mBJ) [54,55] approximation for the exchange and correlation
potential to explore the band gap correction. This exchange and
correlation potential yields band gaps with an accuracy comparable
to approaches which are orders of magnitude more expensive in
time and computational resources. The TB-mB]J leads to a band gap
of 2.3 eV (see Fig. 6). This result confirms our result obtained using a
U value of 5.0 eV and is in agreement with the experimental works
that reported band gaps in the order of 2.0 eV.

In Fig. 5, we also present the partial DOS (PDOS) of each of the
constituent atoms obtained in the GGA+U (U = 5 eV) calculations.
As can be seen, the occupied Fe-3d levels form a band below the
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Fig. 5. Total (a) and partial DOS of the dominant angular character of the constituent
atoms of ZFO obtained in the GGA+U (U =5 eV) calculations and considering the AF2
spin arrangement (lowest energy case). (b) Fe-3d contribution. One majority (red line)
and one minority (black line) Fe-atoms are shown; (c) O-2p contribution; (d) Zn-3d
contribution; e) Zn-3d contribution when a U= 5 eV correction is included to describe
these states of Zn. Energies are referred to the Fermi level (Ef), denoted as a vertical
line. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

valence band (in the range —7.6 - -6.2 eV). The valence band of ZFO
(—5.8-0eV) is dominated by the O-2p states; however, there are
contributions of Zn-3d and Fe-3d states. These hybridization con-
tributions evidence the covalent nature of ZFO. Above the Fermi
level, the conduction band has predominantly Fe-3d character with
small hybridization of O-2p states. Similar results were obtained for
the case of the TB-mB] calculations (see Fig. 6).
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Fig. 6. The total DOS (a) as obtained with the TB-mB] functional and partial DOS of the
dominant angular character of the constituent atoms of ZFO for the AF2 spin
arrangement. (b) Fe-3d contribution; (c) O-2p contributions. Energies are referred to
the Fermi level (Ef), denoted as a vertical line. In Figure b), one Fe atom with spin-up
and one Fe atom with spin are shown.

As can be seen in Fig. 5, the fully occupied Zn-3d states form a
narrow band located in the energy-range —4.0 - -6.0eV (at the
bottom of the valence band). In consequence, it is expected that the
application of a U value to these states will not produce any
important change in the band-structure of the system. In effect,
when a U=>5 eV correction is applied to the Zn-3d states, the band
moves 1 eV to lower energies (compare Fig. 5c and e) and presents a
slightly larger localization. As a consequence, the hybridization
with the O-2p band is reduced. But, as expected, the application of
the U correction to the Zn-3d states does not produce any change in
the band gap (Fig. 5).

4.3. Hyperfine parameters

Several previous experimental works have used Mossbauer
Spectroscopy (MS) to characterize ZFO (see, for example,
Refs. [5,6,13,20,56—60]). Most of them have only detected para-
magnetic interactions at room temperature (RT) and two six-line
patterns below 10.5K. In these works, the interpretation of the
MS results was based on simple conjectures.

From the theoretical point of view, Mitchell et al. [61] and
Schiessl et al. [13] reported calculations of the hyperfine properties
at the Fe sites in ZFO. In both cases, the ab initio Hartree-Fock
method was employed. The hyperfine properties were calculated
using clusters formed by the Fe atoms at the B site and its six
nearest-neighbors oxygen. The rest of the system was included in
the calculations by considering all the sites beyond the cluster as
point charges. This scheme implies an over simplification of the real
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Table 4
Results of >’Fe Mosbauer experiments on ZnFe,04 samples at Ty; = 4.2 and 300 K and
ab initio predictions for the different magnetic structures considered in this work.

Tm Byr (T) IS (mm/s) e (mm/s) AQ (mm/s)
Experimental 42K[13]. 50.57(2) 0.331(2) 0.0203) -
results 49.66(18) 0.341(5) 0.059(7)
300K [20]. — 0.350(6) — 0.333(1)
Theory, GGA FM 43.0 0.62 0.04 0.24
AF2 48.3 0.53 0.03 0.18
Theory, GGA+U, FM 48.5 0.39 0.07 0.28
U=5eV AF1 51.2 0.39 0.05 0.20
AF4 50.6 0.38 0.05 0.22
AF3 51.3 0.38 0.05 0.23
AF5 50.5 0.38 0.05 0.23
AF2 51.1 0.38 0.06 0.24

system and cannot take into account the complexity of the prob-
lem. More recently, we have presented calculations of ¢ and AQ at
the Fe sites of pristine and normal ZFO in order to discuss the MS
results obtained at 300K [62]. Only one spin configuration was
considered. In the present paper we extend those calculations to
different spin arrangements in order to explain some features
observed in the experiments performed at 4.2 K. For the sake of
simplicity, we will compare the ab initio predictions obtained here
with the results at 4.2 K reported by W. Schiessl et al. [13] and with
those reported by Evans at 300K [20]. In addition to >’Fe-MS, W.
Schiessl et al. also employed neutron diffraction (ND), muon-spin
rotation/relaxation in order to investigate the magnetic proper-
ties of ZFO [13]. For that study, samples with Fe located only at site B
sites (inversion degree below the limit of detection, see Ref. [13])
were employed. The ND experiments revealed temperatures as
large as 85K broad diffuse peaks of magnetic origin that were
associated to a short-range magnetic order (SRO). Below 10.5K
antiferromagnetic SRO and antiferromagnetic long-range order
(LRO) coexist. The regions exhibiting SRO are very small, in the
order of 30 A. The experiments revealed that SRO it is not caused by
partial inversion but rather is an intrinsic property of ZFO and the
origin of this SRO is still unclear [13].

For pristine and normal ZFO, all the Fe atoms “felt” the same
surroundings. In consequence, one might expect that below 10.5 K
the >’Fe Mossbauer spectrum can be fitted with one magnetic
sextet. But, in the experiments the better fits to the experimental
spectra were obtained when a superposition of two magnetic
sextets were considered. One of the sextets (HFI;) is characterized
by a Byrof 50.57 T. The second interaction (HFI;) is characterized by
a slightly smaller Byr of 49.66 T (see Table 4). Based in the neutron
diffraction and muon-spin rotation/relaxation results the two hy-
perfine interactions observed below 10.5 K were attribute to the
coexistence of the long and short-range magnetic order (HFI; and
HFI,, respectively) [13].

Going to our ab initio predictions, we can see Table 4 that all the
antiferromagnetic configurations present similar hyperfine pa-
rameters (Byr in the order of 51T, IS of 0.38 mm/s and ¢ of
0.02—0.03 mm/s). For the case of the ferromagnetic configuration, a
smaller Byr is obtained (48.5T) and a larger ¢ value. These differ-
ences obtained for the BHF and e values for the FM spin arrange-
ment compared to the AF cases is larger than our precision error.
Based on this we can attribute the experimentally observed HFI;
(LRO) to the antiferromagnetic configurations and the HFI, (SRO) to
the ferromagnetic configuration of ZFO. This interpretation of the
experimentally observed hyperfine interactions also supports the
hypothesis of small clusters of ferromagnetically aligned spins
immersed in the long range antiferromagnetic structure, in agree-
ment with the work of Kamazawa et al. [10], who proposed that
nearest-neighbor interactions in ZFO are ferromagnetic, while the
third-neighbor interactions are antiferromagnetic.

At room temperature (300K), the Mossbauer spectra can be
fitted with one doublet originating from a quadrupole interaction
characterized by AQ=0.32mm/s and IS=0.35mm/s. Experi-
mental results at 300 K can only be “crudely” compared with the ab
initio predictions (that correspond to 0 K). All possible thermal ef-
fects are not included in the calculations. Even worse, at 300K the
compound behaves as a paramagnet and it is not possible to
perform an ab initio simulation on a paramagnetic system. We have
used the AF2 configuration, which is indeed a weakness of the
approach, but taking this comment into account, we can conclude
that our calculations correctly reproduce the Mossbauer results at
300K (see Table 4).

5. Conclusions

In the present work we have studied by means of ab initio GGA
and GGA+U calculations the structural, electronic and magnetic
properties of ZFO and the hyperfine parameters at the Fe site for
different spin arrangements. We show that the plain GGA calcula-
tions fail in the prediction of the different properties of ZFO (lattice
parameter, band gap, magnetic moments and hyperfine parameters
at the Fe sites) and that the GGA+U approach is essential for a good
description of the electronic structure of ZFO. To avoid an arbitrary
selection of the U parameter, calculations in different Fe-oxides
were performed as a function of U. From this auxiliary study, we
determined that a value of U=5eV correctly predicts different
properties and hyperfine parameters at the Fe sites of this set of
oxides. When the U= 5 eV value is transferred to ZFO, we found a
very good agreement theory-experiment for the lattice parameter
and the magnetic moment at the Fe sites. Also, a band gap in the
order of 2.2 eV is found for ZFO, in agreement with the experiments
and with the value reported in other Fe-O systems. Calculations
Including a U correction for the 3d levels of Zn did not affect our
results. State-of-the-art TB-mB] calculations confirm the band
structure and the gap obtained in the GGA+U calculations for
U=5V.

The lattice parameter of ZFO is predicted to be 8.46A, in
agreement with the experimental results, in the range between
8.43 and 8.46 A. Of all spin-arrangements considered the lowest
total energy corresponded to the antiferromagnetic configuration
AF2. This configuration consists of a pair of parallel spins aligned
antiferromagnetically to another pair at the nearest layer. The en-
ergy differences between configurations AF2 and AF3, AF4 and AF5
that also consist of parallel spin clusters are very small. Calculations
performed in larger supercells of 112 atoms show that clusters
formed by more than two Fe atoms with parallel spins but anti-
ferromagnetically aligned with neighbor clusters have (at least) the
same energy that the AF2 configuration. All these facts show that
the energy landscape of ZFO is complex and characterized by a
number of very closed local energy minima, All these results points
to a spin-glass behavior of the ZFO ferrite.

The hyperfine interactions reported by MS experiments at room
temperature and a 4.2 K are also successfully reproduced by our
calculations. All the antiferromagnetic configurations present very
similar hyperfine parameters (IS, Byr, ¢) at the Fe sites. On the other
hand the ferromagnetic structure presents hyperfine parameters
slightly different (smaller By, larger e values). From the comparison
with our calculations, the two interactions observed at T < 10.5 K
can be now associated to two different magnetic environments for
Fe, in agreement with the model previously discussed: small
clusters of spins ferromagnetically coupled arranged antiferro-
magnetically with other spin clusters.

These results provide a solid base for further studies of the role
of defects (inversion, oxygen vacancies) on the electronic and
magnetic properties of ZFO.
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