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ABSTRACT

Compounds with the spinel structure present a technologically important class of materials. Spinels show a great
variety of magnetic and magnetoelectric phenomena owing to the facile entrance of transition metals in the
cationic sublattices. One of such examples is lithium ferrite LiFesOg with high ferrimagnetic phase transition
temperature and cationic order-disorder transformations. The latter are important as they influence the crystal
symmetry, which is crucial for physical properties. In this work we synthesize a series of (1-x)LiFesOg—(x)LiZ-
ny 5Tiz 505 (0<x<1) solid solutions and characterize them with various experimental and theoretical methods.
The solid solutions experience a series of concentrational phase transformations between atomically ordered (P43
(1)32) and disordered (Fd3m) phases. The variation with concetration x of Fe3+ occupancies in cationic sub-
lattices is studied using Mossbauer spectroscopy. The Mossbauer and magnetic measurements reveal sharp
suppression of magnetic properties at x>0.5 when the number of Fe3* ions in the A-sublattice vanishes. The
magnetic behaviour in the studied series of solid solutions is confirmed by Monte Carlo calculations with
magnetic exchange interactions determined using the density functional theory.

1. Introduction

Rapid development of microelectronics, information and wireless
technologies require new multifunctional materials with both high
reliability and a wide range of magnetic and electrical properties.
Among such materials, chemical compounds with the spinel structure
are of high scientific interest. They are used as high-speed ferrite mod-
ulators and phase shifters, some compounds are used in memory de-
vices, in computer technology, as electrode materials in Li-ion batteries,
etc [1-6].

The oxide spinel with the general chemical formula AB>O4 has a face-
centered cubic crystal structure described by the space group Fd3m (07).
The tetrahedrally coordinated A-cations form the diamond lattice,
whereas the octahedrally coordinated B-cations form the pyrochlore
lattice. The variety of spinel compounds exhibiting different properties
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is due to the easy substitution of metal ions into cationic sublattices. In
the case of the presence of transition metals, the competition between
magnetic spin exchange interactions inside or between the diamond and
pyrochlore cationic sublattices often results in complex magnetic phe-
nomena. Furthermore, these two sublattice types themselves are prone
to frustration of magnetic interactions, which adds to the complexity of
magnetism in spinels.

The diversity of magnetic properties and types of emerging magnetic
order in spinels makes this crystal class useful for the search for com-
pounds that are multiferroic or exhibit a linear magnetoelectric (ME)
effect. Despite this variety of magnetic spinels, a relatively small number
of multiferroics or magnetoelectrics have been discovered to date [7]. A
necessary condition for the emergence of a non-trivial magnetoelectric
coupling is the suppression of the inversion center of the crystal struc-
ture. In spinels, the presence of different kinds of atoms in cationic
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sublattices leads to the possibility of atomic ordering, which can sup-
press the center of inversion. One of the possibilities is the 1:1 at.
ordering in the A-sublattice. The examples of spinels exhibiting such
atomic ordering in the A-sublattice are Lij j2Ga; /2Cr204, Lij /2In; /2Cra04
[8], Cuy/alng 2CraS4 [9], and Fey;oCuy/2CraSy [10,11]. It results in
reduction of the crystal symmetry to noncentrosymmetric F43 m, which
may allow for linear ME effect or facile appearance of multiferroic
properties [12].

One of the representatives of interesting magnetic spinels exhibiting
atomic order-disorder phenomena is lithium ferrite LiFesOg. It attracts
attention of researchers as the basis component for perspective materials
due to its high saturation magnetization value, mixed type of conduc-
tivity, high magnetic Curie temperature ( ~ 900 K), as well as due to its
promising potential for use in Li-ion batteries [4,13]. A feature of the
structure of LiFesOg is the presence of two crystallographic phases: an
ordered a-LiFesOg (sp. gr. P45(1)32) and a disordered p-LiFesOg (sp. gr.
Fd3m). The reversible phase transition between these phases is observed
at 1008 — 1028 K [14,15]. In the first case, the 1:3-type atomic ordering
of Li* and Fe3* in the B-sublattice is observed. The a-LiFesOg phase has a
cubic unit cell parameter a = 8.3339 A, while the p-LiFesOg phase cell
parameter is slightly larger a = 8.3409 A [16].

Despite the fact that the ordered crystal structure lacks the inversion
symmetry, it admits only a higher order ME effect [7,17,18], which is
the consequence of the space group symmetry. In [19] it is claimed that
unlike many other oxide spinels, which have been shown to exhibit the
ME effect at relatively low temperatures (usually below 30 K), LiFe5Og
demonstrates a decent ME effect at much higher temperatures with a
maximum ME coefficient reaching 2 mV - Oe™! - ecm ™! at temperatures
up to 120K. It is considered that Fe>" ijons residing at
non-centrosymmetric sites together with the atomic ordering lead to a
coupling between local electric dipole moments and spins through the
spin-orbit interaction, leading to the observed magnetoelectricity in
LiFe508.

Cationic substitution in LiFesOg allows tuning its properties. For
example, when Zn?" is introduced into LiFesOg the saturation magne-
tization increases, which opens up prospects for broad application in
microwave technology [20-23]. In turn, the substitution of Ti for Fe
leads to a monotonous decrease in saturation magnetization [24]. Spi-
nels simultaneously containing Li*, Fe*, Zn?", and Ti*" ions were re-
ported [25-28], however they contain varying amounts of Li atoms. In
Li-containing LiMCr4sOg (M = Ga, Fe, In) spinels the Li atoms occupy
half of the A-sublattice sites, which results in 1:1 at. ordering of Li" and
M3* in the A-sublattice [29-31]. Such atomic ordering leads to the
noncentrosymmetric F43 m crystal structure that allows linear ME effect
[12], which however was not confirmed in these spinels possibly due to
the special types of appearing magnetic order [7]. Therefore, it might be
reasonable to simultaneously substitute Zn%* and Ti** ions in LiFesOg
for Fe>* ions, without changing the amount of Li* with the aim of
obtaining similar atomic ordering in the A-sublattice of these solid
solutions.

Therefore, in this work a series of solid solutions (1-x)LiFesOg—(x)
LiZny 5Tiz 505 (0<x<1) were synthesized by a high-temperature solid-
phase method. The crystal structure of the obtained compounds was
studied by full-profile analysis using the Rietveld algorithm. Magnetic
ordering temperatures and the local crystalline environment of iron
were studied by Mossbauer spectroscopy. Magnetic hysteresis loops
were studied at room temperature, and the temperature dependence of
magnetization was measured. We determined the magnetic exchange
constants for LiFesOg with the help of density functional theory calcu-
lations and used them in Monte Carlo studies of magnetic properties for
the whole concentrational range of the solid solutions.

2. Experimental methods

The solid solutions (1-x)LiFesOg—(x)LiZny 5Tiz 5s0g (0<x<1) (LFZT)
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with concentration x varied in steps of 0.1 were synthesized by a high-
temperature solid-phase method. We used Li;CO3 (99.9 %), a-FeyO3
(99.7 %), ZnO (99.5 %) and TiOy (99.9 %) as initial reagents and the
reaction scheme can be written as

5 —5x

1. 5x, .
§L12CO3 + ?TIOZ +

5 . .
Fe,0s + g ZnO—LiZny s Fe(s sy Tiz 5¢Os.
(€}

The powders of the initial reagents were thoroughly crushed and mixed
in an agate mortar with the addition of ethyl alcohol (95 %) for 30 min.
The obtained mixture was calcined in a corundum crucible in air at a
temperature of 900 °C for 6 h, the heating rate was 3 °C/min. After that,
the samples were cooled to room temperature at the rate of cooling of
the furnace. The obtained powders were homogenized again with the
addition of polyvinyl alcohol (5 %) in an agate mortar for 30 min, after
which they were pressed into discs with a diameter of 10 mm at a
pressure of 50 bar and calcined at a temperature of 1000 °C for 4 h; the
heating speed was 3 °C/min. At 1000 °C, the formation of a pure phase
for compositions x = 0, 0.1, 0.2, 0.3, and 1 was confirmed by the XRD
method. For the remaining samples, the obtained discs were crushed,
pressed, and calcined again with the repetition of all conditions, only the
final temperature for compositions x = 0.4 and 0.9 was 1050 °C, and for
x = 0.5, 0.6, 0.7, and 0.8 it was 1100 °C.

The powder X-ray data were collected using the DRON-3M diffrac-
tometer with an installed Fe-filter of Co Ka radiation at a rate of 2° (26)/
min. The Match program with the PDF-2 database (ICCD) was used for
phase analysis.

To refine the crystal structure by the Rietveld method, the X-ray
diffraction data in the angle range 15°<26<120" with the step of 0.03°
and an exposure at each point of 3 s was used. The data obtained was
analyzed in the FULLPROF [32] program using the WinPLOTR graphical
interface [33]. The crystal structures of a-LiFesOg (sp. gr. P43(1)32) [34]
and p-LiFesOg (sp. gr. Fd-3m) [35] were taken as the initial models to
clarify the crystal structure of the obtained compounds.

The Mossbauer spectra were measured using the MS1104Em spec-
trometer. °’Co in the Rh matrix was used as a source of gamma quanta.
For cooling, the samples were placed in the chamber of the CCS-850
cryostat. The model interpretation of the spectra was performed using
the SpectrRelax [36] software. Isomer shifts were calculated relative to
the spectrum of metallic a-Fe measured at room temperature.

The microstructure of the obtained samples was studied on pre-
ground ceramic samples at the Center for Shared Use of the Southern
Scientific Center of the Russian Academy of Sciences (https://ckprf.ru/
catalog/ckp/501994/) using the scanning electron microscope (SEM)
Carl Zeiss EVO 40. The SEM analysis was carried out under high accel-
erating voltage and low probe current with acquisition conditions of
EHT = 20 kV, Ipobe = 20 pA, and 8 — 9 mm working distance.

Room temperature magnetic measurements were carried out on a
VSM Lakeshore 7404 magnetometer. The magnetization M(H) curves
were measured in the field range — 17-17 kOe. For each measurement
there are at least 160 points with 10 s measurement time per point.
Temperature-dependent magnetic measurements were carried out with
VSM LakeShore 7407 Series. The heating and cooling rates during the
magnetization measurement were 2 K/min. The sample was fixed to the
holder using Zircar Cement during measurements in the oven.

To determine the magnetic exchange constants in the studied solid
solutions we performed spin-polarized density functional theory (DFT)
calculations using the Vienna Ab-initio Simulation Package (VASP) [37]
and the projected augmented wave method [38]. We used the general-
ized gradient approximation (GGA) of exchange correlation based on the
Perdew-Burke-Ernzerhof functional [39], which was corrected by means
of the GGA+U formalism for the Fe atoms with Uegg = U — J = 3 eV
within the Dudarev approach [40]. The energy cutoff was 500 eV and
the Brillouin zone integration was done using the set of 6 x 6 x 6 points
for the cubic spinel unit cell. The magnetic exchange constants were
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Table 1
Magnetic exchange constants for LiFesOg.
w8
d, A 2.99 3.39 3.45 3.51 3.59 3.66
J, meV 8.9 61.7 52.5 37.6 4.4 4.4

determined for the nearest neighbour A — A, A — B, and B — B inter- and
intrasublattice interactions for the LiFesOg compound using the
following procedure. To determine the exchange constant between two
spins at a certain distance, we calculated the energies of four spin con-
figurations: two up (11), two down (||), and one up one down (1} and
11), keeping the directions of all other spins according to the ferrimag-
netic arrangement, i.e., spins up for Fe in octahedral environment and
spins down for Fe at tetrahedral sites. The combinations of respective
energies Eyy + E;| — E;; — E|; can be expressed through the exchange
constants in the Heisenberg Hamiltonian

7 =Y J;Si'S;, 2
i

where S are classical vectors of unit length. This either directly gives the
sought-for exchange constant without any contribution from other ex-
change paths, or allows for its easy calculation from a system of linear
equations. The resulting exchange constants are given in Table 1. The
distances are given with respect to the ordered spinel structure with the
cubic unit cell value a = 8.3339 A shown in Fig. 1(a). Figs. 1(b,c,d)
visualize the magnetic exchange paths used in the present work. In the
case when the disordered crystal structure is modeled using the Monte
Carlo method described below and the Fe3" ions enter into the former
Li" sublattice, the exchange constants between their spins and other
Fe3" spins are taken as the average of similar J values. Fig. 1 has been
created using the VESTA software [41].

The obtained magnetic exchange constants are further employed in
classical Monte Carlo (MC) calculations of the Heisenberg Hamiltonian
Eq. (2) using the Metropolis scheme. The size of the simulation box was
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22 x 22 x 22 cubic unit cells with periodic boundary conditions, which
ensured independence of the results on the simulation box size. To
model solid solutions we progressively removed spins from the lattice in
correspondence with the concentration x of LiZny 5Tiy 50g and assuming
either the experimentally determined or uniform distribution of Fe>*
ions in both cationic sublattices A and B. The system was monotonously
cooled from the paramagnetic state down to 1 K in steps of 1 K. After
each change of temperature the system was allowed to relax for 10° MC
steps per spin (MCS) and the statistical information was subsequently
gathered over the next 103 MCS.

3. Results and discussion
3.1. Mossbauer spectroscopy

Since the results of Mossbauer spectroscopy are used for interpreta-
tion of the X-ray diffraction, we first describe the corresponding data.
Fig. 2 shows the Mossbauer spectra of the LFZT solid solution measured
at room temperature. The spectra of samples with 0.5<x<0.9 represent
quadrupole splitting lines. These spectra are described by a single
paramagnetic doublet with the values of isomer shift § = 0.35 + 0.02
mm/s and quadrupole splitting A = 0.48 + 0.02 mm/s. The value of the
isomer shift of these doublets is typical for Fe>* ions in oxygen octahedra
[42].

The Mossbauer spectra of the samples with 0.1<x<0.4 represent
broadened Zeeman splitting lines. The distribution functions of hyper-
fine magnetic field P(H) were used for the model interpretation of these
spectra [36]. Isomer shifts § of P(H) are in the range of values from 0.2 to
0.37 mm/s, which are characteristic of Fe3* jons in both octahedral and
tetrahedral oxygen environments [42]. The values of the quadrupole
shift ¢ of the P(H) function range — 0.01-0 mm/s. The P(H) functions for
the spectra of samples 0.2<x<0.4 have a set of local maxima in the
range of values of hyperfine magnetic fields H = 0 — 500 kOe. With an
increase in x, the intensity of local maxima at H < 400 kOe increases,
while the intensity of the local maximum in the vicinity of H ~ 480 kOe
decreases. The P(H) distribution for the x = 0.1 sample is in the range H

AB

Fig. 1. (a) Ordered cubic unit cell of LiFesOg. (b), (¢), and (d) give the same unit cell showing the magnetic exchange interactions determined in the present work.
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Fig. 2. Mossbauer spectra of the (1-x)LiFesOg—(x)LiZny sTiz 50g solid solutions taken at 298 K.
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Fig. 3. Mossbauer spectra of the (1-x)LiFesOg—(x)LiZn, sTis 5Og solid solutions taken at 15 K.
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Table 2

Parameters of Mdssbauer spectra for (1-x)LiFesOg—(x)LiZn, sTis sOg taken at
15 K. Here § is the isomer shift, ¢ is the quadrupole shift, A is the quadrupole
splitting for paramagnetic component, H is the hyperfine magnetic field on *"Fe
nucleus, I' is the linewidth, and A is the component area.

x Component 64 0.02 A/e £0.02 H+1 I' +£0.02 A+1%
0 s1 0.35 —-0.01 514 0.41 39
S2 0.46 0.01 532 0.41 61
0.1 S1 0.35 —-0.01 510 0.48 38
S2 0.46 0.02 526 0.48 62
0.2 S1 0.35 —0.01 512 0.54 32
S2 0.46 0.04 518 0.54 68
0.3 S1 0.35 —-0.01 507 0.50 30
S2 0.46 0.03 506 0.50 70
0.4 S1 0.35 —-0.01 498 0.56 27
S2 0.46 0.03 507 0.56 73
0.5 P(H) 0.45 - 491* 0.44 100
0.6 D 0.46 0.46 0.37 5
P(H) 0.44 - 446* 0.60 95
0.7 D 0.47 0.49 0.40 100
0.8 D 0.48 0.50 0.32 100
0.9 D 0.48 0.48 0.34 100

= 350 — 500 kOe and has a high-intensity local maximum at H =~
480 kOe and a set of low-intensity local maxima at lower hyperfine
fields.

The Mossbauer spectrum of LiFesOg (x = 0) measured at room
temperature consists of two Zeeman sextets. These sextets have values of
isomer shifts §;1 = 0.27 & 0.02 mm/s and 65 = 0.35 mm/s characteristic
of Fe3" jons in the tetrahedral and octahedral environments, respec-
tively [42]. The values of the hyperfine magnetic fields of the sextets are
H; = 497 + 1 kOe and H, = 509 + 1 kOe. The area of the sextet cor-
responding to Fe>" ions in the oxygen tetrahedra is A = 40 + 1 %, and
for the sextet related to Fe>" ions in the octahedral environment it is A =
60 + 1 %, which corresponds to the 2: 3 ratio of the numbers of tetra-
hedral and octahedral Fe" sites.

The Mossbauer spectroscopy method is a sensitive tool for probing
the local environment of Mossbauer-active cations. According to our
results, the isomer shifts of the Méssbauer spectra correspond to Fe>*
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ions in either tetrahedral or octahedral coordination. Thus, we conclude
that our samples do not contain significant quantities of oxygen
vacancies.

Mossbauer spectra were also measured at 15K, i.e., at low temper-
ature, which also helps reducing the effect of relaxation processes on the
magnetic structure (Fig. 3). The spectra for the samples with x = 0.7, 0.8,
and 0.9 consist of paramagnetic lines described by paramagnetic dou-
blets with the parameters given in Table 2. The isomer shifts of doublets
are typical for Fe3" ions in oxygen octahedra. The quadrupole splittings
are similar to the values of A obtained for the room temperature spectra.
It should be noted that the doublet lines of the spectrum of the sample
with x = 0.7 are broader than the line of the doublets for the spectra of
samples with x = 0.8 and 0.9. This widening probably occurs due to the
closeness of the temperature, at which the spectrum was measured
(15 K), to the magnetic phase transition temperature. The spectra of
samples with x = 0.5 and 0.6 consist of poorly resolved, broadened
Zeeman splitting lines. Paramagnetic lines are observed in the spectrum
of the sample with x = 0.6. These spectra were interpreted using the P
(H) distribution, which are observed to have sets of local maxima. The
highest intensity maxima are found at H = 446 + 1 kOe and 491 +
1 kOe for the samples with x = 0.5 and 0.6, respectively. The doublet in
the spectrum of the sample with x = 0.6 has parameters (Table 2)
approximately equal to those of the doublets in the spectra of samples
with x = 0.7, 0.8, and 0.9. The structure of the spectra of samples with x
= 0.5 and 0.6 is determined by the relaxation of the magnetic moments
of Fe3* ions. The spectra of samples with x<0.4 consist of two sextets
with the parameters given in Table 2. The isomer shifts of the S; and Sy
sextets correspond to Fe>* ions in tetrahedral and octahedral oxygen
environments, respectively. The areas of the sextets are approximately
proportional to the concentrations of Fe3* ions in the corresponding
states. The area values of the S; sextets decrease with an increase in x
from 40 % for x = 0 to 27 £ 1 % for x = 0.4.

Figure 4 shows the Mossbauer spectra of the samples with 0<x<0.4
measured at a temperature of 720 K. The spectra of the samples with x =
0.3 and 0.4 are paramagnetic doublets with parameters § = 0.07 & 0.02
mm/s and A = 0.45 + 0.02 mm/s. The spectrum of the sample with x =
0.2 was interpreted using a doublet and the P(H) function. The
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Fig. 4. Mossbauer spectra of the (1-x)LiFesOg—(x)LiZn, 5Ti 5Og solid solutions taken at 720 K.
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Fig. 5. Temperature dependences of hyperfine magnetic field values for sextets
S; and S, of Mossbauer spectra for the LiFesOg sample.

parameters of the doublet are approximately equal to those observed in
the spectra of samples with x = 0.3 and 0.4. The function P(H) describes
poorly resolved Zeeman splitting lines. The spectrum of the sample with
x = 0.1 also consists of poorly resolved Zeeman lines, which are
described by the function P(H). Poor splitting indicates relaxation of the
magnetic moments of iron ions. The spectrum of the sample with x = 0 is
a superposition of two sextets with parameters §; = 0.04 + 0.02 mm/s,
82 = 0.11 + 0.02 mm/s, H; = 365 + 1 kOe and Hy = 346 + 1 kOe. It
should be noted that at 15 K in the spectra of samples with 0<x<0.4,
two sextets with different values of § are observed. At the same time, in
the spectra measured at 720 K it is impossible to distinguish the com-
ponents of the spectra with § values related to Fe3* jons with different
coordination numbers. This is due to the strong magnetic relaxation,
which leads to the indistinguishability of the local environment of Fe>*
ions. Such behavior is also observed, for example, in Fe304 and y-Fe;03
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nanoparticles, in which it is not possible to distinguish the components
corresponding to Fe>" ions in the A- and B-sublattices above the
blocking temperature in the Mossbauer spectra [43,44].

In addition, the sextet S; of the spectrum of the sample with x =
0 measured at 720 K, corresponding to Fe>* ions in the tetrahedral
environment, has a higher H value than the sextet related to Fe>* ions in
the octahedral environment. However, at 15 K, the H field is larger in
the Sy sextet (Table 2). In this regard, measurements of the Mossbauer
spectra of the LiFesOg sample were made over a wide temperature
range. As a result, the temperature dependencies of the fields H; and H,
of the sextets S; and S, respectively, are obtained in Fig. 5. From the
presented data, it can be seen that above 470 K, H; becomes greater than
H».

To determine the temperatures of magnetic phase transitions T, in
(1-x)LiFesO0g—(x)LiZny 5sTis 50g the temperature scanning technique was
used. This technique is based on the effect of a decrease in the intensity
of paramagnetic lines I, in Mossbauer spectra below the magnetic phase
transition temperature, which is due to the transformation of the para-
magnetic lines of the spectrum into Zeeman sextets. This approach has
been successfully used to determine magnetic ordering temperatures in
compounds with the perovskite structure [45-47].

Figure 6(a) shows the dependencies of I,;(T) measured for the LFZT
samples. For the x = 0.2, 0.3, and 0.4 samples I,,,(T) decreases over a
wide temperature range. That is, a diffuse magnetic phase transition
occurs in these samples over a temperature range of ~ 200 K. With
increasing x, the degree of diffuseness decreases and amounts to~ 110 K
for the sample with x = 0.5 and ~ 50 K for the sample with x = 0.6.
Taking the center of the I,,(T) decline on cooling as the magnetic phase
transition temperature T, the concentration dependence T(x) was ob-
tained, which is shown in Fig. 6(b). Therefore, we find that the magnetic
phase transition temperature T, sharply drops above x = 0.5, which
coincides with withdrawal of Fe>* ions from the A-sublattice as given in

()14
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Fig. 6. (a) Temperature dependences of the intensity of paramagnetic lines of the Mossbauer spectra for the samples (1 — x)LiFesOg — (x)LiZny 5Tiz 50g. (b)
Dependence of magnetic phase transition temperature T,(x) on concentration x in (1 — x)LiFesOg — (x)LiZny 5Tis 50g.
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Fig. 7. (a) X-ray diffraction profiles of the (1-x)LiFesOg—(x)LiZn 5Ti, 50g solid
solutions. (b) Dependence of the cubic lattice parameter a on concentration x.

Table 2.

3.2. X-ray diffraction

Figure 7(a) shows X-ray diffraction profiles of the (1-x)LiFesOg—(x)
LiZny 5Tip 508 (0<x<1) solid solutions. The X-ray data reveal that a
complete series of solid solutions over the entire concentration range are
formed. Diffraction peaks belonging to a typical cubic spinel-type
structure are present at any value of x. For several concentrations,
structural reflexes have been identified, such as (110), (210), (211),
(310), (320), (321), (421), (520), (521), (610), and (611) indicated by
the red font in Fig. 7(a), which reflect ordering of cations in the octa-
hedral B-sublattice according to the 1:3 type. This atomic ordering can
be complete or partial and is observed for x = 0, 0.6, 0.7, 0.8, and 0.9.
Moreover, at x = 0, all superstructural peaks, including low-intensity
ones, are identified, which indicates the complete ordering of Li* and
FeT cations in the B-sublattice in the ratio 1:3. For x = 0.6, 0.7, 0.8, and
0.9, only the most intense superstructural peaks are observed, such as
(210) and (211), which indicates partial ordering only. In these cases,
the a-LiFesOg phase is formed (sp. gr. P43(1y32) [48]. For x = 0.1, 0.2,
0.3, 0.4, 0.5, and 1 no superstructural peaks are observed. Thus, these
samples crystallize according to the f-LiFesOg type (sp. gr. Fd3m) [17].

Based on the data presented in Fig. 7(a), it can be seen that in the case
of 0.1<x<0.5, already a small ion substitution of Fe>* by the Zn?* and
Ti*" ions leads to complete destruction of the ordered phase, which is
confirmed by the disappearance of all superstructural peaks. The
structure of the obtained solid solutions corresponds to the disordered
phase of §-LiFesOg [17]. Then, in the cases 0.6<x<0.9, when more than
half of the Fe>" ions are replaced, local ordering of cations occurs again
in the octahedral B-sites. However, the degree of atomic ordering is
small, since only the most intense superstructural peaks (210) and (211)

0.0 0.2 0.4 0.6 0.8 1.0
X

Fig. 8. Percentage of iron in tetrahedral (7,,) and octahedral (oc) environ-
ments as functions of x.

are observed in the X-ray profiles. Finally, at x = 1, when all Fe>" jons
are completely replaced, the ordered arrangement of cations in the
B-sublattice again disappears and a completely disordered p-LiFes.
Og-type phase is formed.

It is well-known that different cations in spinels have different
preferences for occupation of tetrahedral and octahedral sites. In the
case of LFZT the preference of cations for occupation of the B-sites in
order of increasing preference is Zr12+, Fe3+, Lif, Ti*t [27]. In accor-
dance with this series, a logical assumption can be made that in the
A-sublattice Fe>" is replaced by Zn?*, and in the B-sublattice Fe3" is
replaced by Ti**. However, the obtained experimental data suggest that
the substitution scheme does not fully correspond to the above. Based on
the Mossbauer spectroscopy data and the X-ray diffraction analysis the
proposed substitution schemes are presented in Table 3.

In the sample with x = 0.1, as expected, in the tetrahedral A-sub-
lattice Fe>* ions are replaced by Zn?*, and in the octahedral B-sub-
lattice, Fe>* ions are replaced by Ti*'. In the case 0.2<x<0.5, in
addition to the expected substitutions, partial exchange of Fe>* ions in
the A-sites with the Li" ions in the B-site takes place. This results in a
disordered p-LiFesOg phase. In the concentration range 0.6<x<0.7,
similar ion substitutions and redistributions are observed, however,
partial atomic ordering in octahedral positions takes place in these
compounds, i.e., the a-LiFesOg phase is formed. Hence, this phenome-
non of redistribution of Fe®>* and Li™ ions in sublattices does not depend
on the presence of atomic order in the structure. In the case of x = 0.8,
Zn?* jons completely replace Fe** jons in the A-sublattice, and in the B-
sublattice, the regular substitution by Ti** continues. At x = 0.9, we can
observe the simultaneous substitution of Fe>* ions by Zn?" in the A- and
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Fig. 9. Rietveld refinement of LFZT solid solutions with (a) x = 0, (b) x = 0.3, (¢c) x = 0.8, and (d) x = 1.

B-sublattices, since the amount of introduced Zn* exceeds the number
of tetrahedral positions. In both cases, the phenomenon of the transition
of part of the Li* ions from the octahedral sublattice to the tetrahedral
one is not observed. When Fe>" ions are completely replaced, partial
ordering in the B-sublattice is destroyed, tetrahedral positions are
occupied only by zinc ions, and octahedral positions are occupied by

lithium, titanium, and zinc ions.

Assumptions about the substitution schemes were made based on the
study of the local crystalline environment of iron ions by the Mossbauer
spectroscopy Table 3. The dependencies of the percentage of iron in
tetrahedral (,.,) and octahedral (1oct) environments on concentration
are shown in Fig. 8.

Fig. 10. SEM microphotographs of samples (a) x = 0.1, (b) x = 0.3, (¢) x = 0.5, and (d) x = 0.9.
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Fig. 11. (a) Magnetization as function of applied magnetic field. (b) Central part of the M(H) hysteresis loops of (a). (c) Remnant magnetization for different x. (d)

Magnetization at H = 17 kOe for different x.

The cell parameters of (1-x)LiFesOg—(x)LiZny sTiy s0g were refined
by full-profile analysis using the Rietveld algorithm. Based on the values
of the ion radii obtained by Shannon [49] for the six-coordinated Zn?*
0.74 A), Fe*" (0.645 A), Lit (0.76 A), Ti'" (0.605 A) and
four-coordinated Zn?* (0.60 A), Fe3* (0.49 A), Li™ (0.59 A), it can be
concluded that the simultaneous substitution of zinc and titanium for
iron should lead to an increase of the cell parameter. The experimental
dependence of the refined cell parameters for the studied compounds
increases with x as shown in Fig. 7(b). Two qualitatively different re-
gions can be distinguished, i.e., the first region with 0<x<0.3 and the
second one with 0.3<x<1, which can be fitted with linear functions with
different slopes. This can be explained by a change in the substitution
mechanism of ions, as well as by the phenomenon of the transition of
some Li" ions from an octahedral sublattice to a tetrahedral one.

The structures of the obtained solid solutions were refined using the
Rietveld method. Fig. 9 shows the results for four selected samples. As
the initial model for the ordered samples (x = 0 and 0.6<x<0.9), the
structural model of a-LiFesOg (sp. gr. P43(1)32) was used [34], whereas
for the disordered samples (0.1<x<0.5 and x = 1) the p-LiFesOg struc-
ture (sp. gr. Fd3m) was used [35]. The data presented in Fig. 8 and
Table 2 were used to fix the position of iron ions in the structure. The
refined models confirm the substitution mechanism proposed in Table 3,
and are also consistent with the results of the Mossbauer spectroscopy
studies. The molecular formula of the two solid solutions shown in Fig. 9
can be written as [(Lig 2Zng 7sFe.o5)(Lig.gFes 45Tig.75)0g] for x = 0.3 and
[(Zny)(LiFeTiz)O0g] for x = 0.8.
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3.3. Scanning electron microscopy

Microstructural analysis of a series of solid solutions (1-x)LiFes.
Og—(x)LiZny 5Tiz 50s showed that the average particle size increases
with increasing x value. Based on the data presented in the Fig. 10(a), in
the case of 0<x<0.2, most of the powder consists of small-sized crys-
tallites (about 0.5 — 3um), which stick together to form irregularly
shaped conglomerates with dimensions around 5 — 10um. Fig. 10(b)
shows the microphotography of the sample x = 0.3, there is a large
irregularly-shaped crystallite measuring approximately 80 x 60 x
15um, which is plastered over by other smaller ones with dimensions on
the order of 1 — 3um. Based on the data presented in Fig. 10(c), we
observe the formation of larger crystallites with a regular shape and
sharp corners in samples 0.4<x<0.8. Fig. 10(d) shows the SEM data of
the sample with x = 0.9, we find small crystallites of size 1 — 3ym
predominating over larger ones. It is also possible to detect the presence
of middle-sized crystals around 5 — 7um, while large crystals of 8 —
10um are much fewer.

3.4. Magnetic measurements and MC calculations

Figure 11(a) shows magnetic hysteresis loops M(H) for the LFZT solid
solutions measured at room temperature and Fig. 11(b) gives enlarged
central part of the M(H) curves. The samples with 0<x<0.4 reveal a
ferrimagnetic behaviour with small remnant magnetization as shown in
Fig. 11(c). For x>0.5 the remnant magnetization vanishes and the solid
solutions become paramagnetic at room temperature.

Figure 11(d) gives magnetization at H = 17 kOe. It can be seen that
for small x the magnetization initially grows with substitution
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Fig. 12. (a) Dependence of magnetization on temperature for selected LFZT solid solutions. (b) and (c) calculated M(T) dependencies with the experimental and
uniform distributions of Fe>" ions, respectively. (d) Experimentally determined and calculated T.(x) dependencies.

experiencing a maximum at x ~ 0.2 and drops rapidly with further in-
crease of x. From our point of view such magnetic behaviour is due to the
following. At x = 0.1 each Zn and Ti atom substitutes Fe in the A- and B-
sublattices, respectively. This results in a relatively higher ratio of sub-
stitution of non-magnetic ions for Fe in the tetrahedral sublattice
compared to that in the octahedral one because the number of tetra-
hedral sites is smaller than that in the octahedral sublattice. Therefore, it
leads to different changes in the magnetizations of both sublattices
resulting in relative increase of B-sublattice magnetization compared to
that of the A-sublattice with antiparallel magnetization. At x = 0.2 in
addition to the Zn and Ti substitution for Fe in both sublattices, there
occurs further exchange of Fe from the tetrahedral positions with the Li
atoms from octahedral ones as discussed in Sec. 3.2, which results in the
further growth of the difference between magnetizations of the B- and A-
sublattices and an increase in total magnetization. However, in the
sample with x = 0.3 overall dilution of magnetic ions finally results in
decrease in total magnetization despite the relatively higher number of
Fe ions in the octahedral sites.

Figure 12(a) shows the temperature dependence of magnetization in
the samples with 0.1<x<0.5. With decreasing temperature, the
magnetization M(T) rapidly grows below T, and the T, values gradually
decrease with growing x for 0.1<x<0.4. In contrast, the T, value for x =
0.5 drastically drops compared to that of the x = 0.4 sample and the M
(T) starts growing only below room temperature.

Figure 12(b) shows M(T) curves as calculated using the MC method.
In this calculation we assumed the distribution of Fe*>" ions between the
A- and B-sublattices according to the results of Mossbauer measurements
shown in Fig. 8. One can note good qualitative correspondence of the
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calculated M(T) dependencies with the experimental results including
the crossover of the curves for x = 0.1 and x = 0.2, as wells as the drastic
drop of T, for the x = 0.5 sample. For comparison, in Fig. 12(c) we
present the results of MC calculations for the case of uniform substitu-
tion of Fe>* ions in both the A- and B-sublattices with increasing x. Such
substitution results in gradual suppression of the magnetic properties of
LFZT solid solutions with increasing x.

Figure 12(d) combines the experimentally determined T.(x) de-
pendencies with those calculated using the MC method. One can note
good correspondence between the experimental data and the MC cal-
culations based on the experimental Fe®* distribution. Both T.(x) curves
experience big drop at x =~ 0.5, which is to be contrasted with the steady
decrease of T.(x) with growing x for the case of uniform Fe>"
distribution.

4. Discussion

The system (1-x)LiFesOg—(x)LiZny 5Tiz 50g forms a complete series of
solid solutions. The Mossbauer measurements reveal that the substitu-
tion of Zn?>* and Ti*" ions for Fe** occurs rather uniform in both cationic
sublattices A and B up to x ~ 0.4 as shown in Fig. 8. Above x = 0.5 the
number of Fe®* ions at the tetrahedral sites vanishes and all iron resides
in the B-sublattice.

Both the Mossbauer spectroscopy and magnetic measurements
reveal that the magnetic phase transition temperature T, gradually de-
creases with increasing x up to x ~ 0.4 and experiences a sharp drop at x
= 0.5 with near-zero values for x>0.6 as depicted in Fig. 6(b). Thus, this
suppression of magnetic properties coincides with the drop in
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occupation of the A-sublattice by Fe>" jons.

The studied solid solutions reveal a rather uncommon progression of
ordered and disordered phases with increasing concentration x. The
concentrational phase diagram (Fig. 8) shows two disordered spinel
phases with the Fd3m symmetry and two regions with 1:3 at. ordering in
the B-sublattice with the P43(;)32 space group. A similar concentration-
induced cationic ordering has been observed in
Li4/3,2x/3ZnXTi5/3,x/3O4 at x = 0.25 and (1 — x)LiFesOg — xLi»ZnTi3Og
at x = 0.1 and 0.75 [27,50]. From our point of view this succession of
ordered and disordered phases has little impact on the magnetic prop-
erties as can be inferred from the comparison of the difference of mag-
netic behaviour of the x = 0 and x = 0.1 cases, which is mostly due to
10 % difference in the number of magnetic Fe>* ions between the
samples.

The observed magnetic behaviour is confirmed by MC calculations.
From DFT calculations it follows that the strongest magnetic exchange
constants are within the nearest neighbour A — B pairs (J4p) as given in
Table 1. All exchange constants are antiferromagnetic in nature and the
strong Jsp interactions result in ferrimagnetic behaviour since the
numbers of Fe®' cations in the sublattices A and B are different [51].
With increasing x the number of Fe>* cations in the A-sublattice sharply
drops at x = 0.5, which results in elimination of the strongest magnetic
exchange interactions and a consequent sharp drop in T, and suppres-
sion of magnetic properties. Upon approaching this critical x value the
dilution of the A-sublattice results in large broadening of magnetic phase
transitions in samples with 0.2<x<0.4.

5. Conclusions

We have synthesized (1-x)LiFesOg—(x)LiZny 5Tiz 50g spinel solid so-
lutions in the whole concentration range x. The solid solutions experi-
ence complex concentrational phase diagram with alternating ordered
and disordered phases. Nonlinear dependence of Fe>* ion occupation on
concentration x results in strong suppression of magnetic properties for
x>0.5 when all iron resides in the B-sublattice. The magnetic exchange
constants for LiFesOg are determined for the first time by the density
functional theory. Monte Carlo calculations confirm the observed
magnetic behaviour, which is dominated by strong antiferromagnetic
interlattice A — B exchange between nearest neighbours.
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