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The full potential linear-muffin-tin-orbital method within the spin local density approximation has been used to study
the structural, electronic, magnetic and thermodynamic properties of three multiferroic compounds of XFeO3 type. Large
values of bulk modulus for these compounds have been obtained, which demonstrates their hardness. The calculated total
and partial density of states of these compounds shows a complex of strong hybridized 3d and 4d states at Fermi level. The two
degenerate levels e, and tp, clearly demonstrate the origin of this complex. We have also investigated the effect of pressure,
from O GPa to 55 GPa, on the magnetic moment per atom and the exchange of magnetic energy between the ferromagnetic
and antiferromagnetic states. For more detailed knowledge, we have calculated the thermodynamic properties, and determined
heat capacity, Debye temperature, bulk modulus and enthropy at different temperatures and pressures for the three multiferroic
compounds. This is the first predictive calculation of all these properties.
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1. Introduction

In recent years, the concept of multifunctional
materials has attracted a great deal of attention in
all areas of technological research. The multifer-
roic materials are a very good example for this
trend, which allowed the opening of a concurrency
in the field of electronic technology. This special
class of materials combines several ferroic orders,
like ferromagnetism, ferroelectricity, ferroelastic-
ity, etc. [1, 2]. Interest is directed to materials that
have magneto-electric coupling. Such materials are
promising for several devices with novel function-
alities, like magnetic-field sensors and random ac-
cess memories [3, 4]. The magneto-electric effect
can have several origins [5, 6]. For the BiFeOs,
the decrease in magnetization can be compensated
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by doping and fabricating thin film samples [7, 8].
Ferroelectricity is produced by the Bi-6s stereo-
chemically active lone pair, which can only oc-
cur if the cation ionic site has broken the inversion
symmetry, while the weak magnetism is mainly at-
tributed to Fe3* ions. A large ferroelectric polariza-
tion combined with a strong magneto-electric cou-
pling has been shown experimentally by Tokunaga
et al. [9]. Furthermore, the ferroelectric polariza-
tion in BiFeOs is induced by the peculiar magnetic
structure, obtained under external magnetic field
application. Several efforts of theoretical investi-
gations have been put to better understand the be-
havior of these materials. It is recognized that fer-
roelectricity and ferromagnetism are rarely found
in the same system because the conventional off-
center distortion of the B ion (perovskite type ox-
ide ABO3) in d state, responsible for polar behav-
ior, is usually inconsistent with the partially filled
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d orbital, which is a prerequisite for a mag-
netic ground state. A strategy to design struc-
tures based on symmetry principles has been pro-
posed by Fennie [10]. The obtained results show
that a polar lattice distortion induces weak fer-
romagnetism, and suggests that LiNbOj3, FeTiOs3,
MnTiO3 and NiTiO3 materials, crystallizing un-
der high-pressure, are good candidates for multi-
ferroic materials classes. These results have been
confirmed by the synthesis of a high-pressure form
of FeTiO3; which is ferroelectric at and below
room temperature and weakly ferromagnetic below
120 K [11]. Lately, Inaguma et al. [12] have con-
tinued the same synthesis process for MnTiO3 un-
der high pressure and temperature. They have con-
firmed that this compound is also ferroelectric po-
lar at room temperature and has weak ferromag-
netism at 25 K. Many efforts have been deployed to
know the nature and behavior of these multiferroic
materials for their potential industrial applications.

Also, theoretical studies have been devoted to
SrFeOs and BaFeOs [13]. In this paper, we present
a predictive study of three multiferroic compounds
of XFeO3 type (X = Ag, Zr and Ru). This study
will be generally focused on the influence of iron
on which the other items, constituting these com-
pounds in their cubic perovskite structures, are
based. Here, we will only consider the magnetic or-
der for these compounds, using first principle den-
sity functional theory (DFT) within the local spin
density approximation (LSDA).

The organization of this paper is as follows.
Section 2 gives a brief overview of the methods
used for calculation. Section 3 presents the results
and discussion of the structural properties obtained
by optimizing the energy as a function of volume.
The same section is devoted to the study of elec-
tronic, magnetic and thermodynamic properties of
these multiferroic compounds. Finally, the last sec-
tion concludes the results.

2. Method of calculations

First principle calculations of XFeO3 (X = Ag,
Zr and Ru) multiferroic materials have been per-
formed using the full-potential linear muffin-tin

orbital (FP-LMTO) method [14, 15]. They have
been based on density-functional theory (DFT) [16,
17] within spin local density approximation
(LSDA). A crystal in this method is divided into re-
gions inside muffin-tin spheres, where Schrodinger
equation is solved numerically, and an interstitial
region. In all LMTO methods, the wave functions
in the interstitial region are Hankel functions. Each
basis function consists of a numerical solution in-
side a muffin-tin sphere matched with the value and
slope to a Hankel function tail at the sphere bound-
ary. The so-called multiple-kappa basis is com-
posed of two or three sets of s, p, d, etc. In the in-
terstitial region, they include Fourier transforms of
LMTOs. To take into account exchange and corre-
lation effects, the local spin density approximation
(LSDA), parameterized by Perdew and Wang [18],
has been applied. The charge density and the po-
tential are represented inside the muffin-tin spheres
by spherical harmonics up to lpn,x = 6. The self-
consistent calculations are considered to be con-
verged when the total energy of the system is sta-
ble within 1073 Ryd. The k integration over the
Brillouin zone is managed automatically by the
self-consistent calculations using the tetrahedron
method [19]. The muffin-tin radius (RMT) values,
number of plane waves (NPW) and the total cut-
off energies used in our calculations are listed in
Table 1.

3. Results and discussion

3.1. Structural properties

XFeO3; multiferroic compounds crystallize in
an ideal cubic structure with a space group Pm3m
(#221). The structure used is shown in Fig. 1. The
atomic positions and sites in the elementary cell
are at (la) X (0, 0, 0), (1b) Fe (0.5, 0.5, 0.5)
and (3c) (0, 0.5, 0.5); (0.5, 0, 0.5); (0.5, 0.5, 0).
To obtain different values of the structural param-
eters, we conducted a self consistent calculation
for optimizing the energy as a function of volume
(Fig. 2). In these calculations, we have used the
ideal lattice parameters for the three compounds
as the starting point and fitted the results with
the pressure volume data to a third-order Birch
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Table 1. The number of plane waves (NPW), energy cut-off (Ecy) and the muffin tin radius (RMT) used in our
calculations for the cubic perovskite structure of XFeO3; multiferroic materials.

Material NPW  Egy total(Ryd) RMT (a.u)

Ag Zr Ru Fe o
AgFeO; 9170 139.8136  3.33 1.899 1.554
ZrFeO; 9170 139.4625 3.334 1.902 1.556
RuFeO; 9170 145.8197 3261 1.86 1.521

Table 2. The calculated lattice parameters (aeq), bulk modulus (Beg) and its pressure derivative (B;q), volume
(Veq), equilibrium energy (Eeq) for the cubic perovskite structure of XFeO3 multiferroic materials.

Material  acq(A)  Veq(A®)  Beg(GPa) B, Ecq(Ry)

AgFeO;3 3.66 49.03 22126 4.15 —10180.79058
Z1FeO3 3.65 48.84 226.29 329 —13614.62585
RuFeO3 3.57 45.86 312.87 376  —12044.46502

equation of state [20]. The calculated equilibrium
lattice parameter (aeq), the bulk modulus (Beq)
and its pressure derivative (B;q), the cell volume
(Veq) and the equilibrium energy (Eeq) in magnetic
state for AgFeOs, ZrFeO3; and RuFeO3 have been
obtained and are given in Table 2. The parame-
ters values for the three compounds are in the fol-
lowing order: acq (AgFeO3) > aeq (ZrFeO3) > agq
(RuFeO3). Our computed values of the lattice pa-
rameters for these three compounds deviate by
0.08,0.09 and 0.17 A, respectively, from the 3.74 A
value found for SrFeOj3 in the earlier work [13].

Fig. 1. An ideal cubic perovskite structure of multifer-
roic materials of XFeOs type.

We note that the use of the LSDA slightly un-
derestimates the lattice constant. The same classi-
fication relates to the volumes values obtained for
these three compounds. By contrast, a reverse situ-
ation is observed for the bulk moduli of these com-
pounds with Beq (RuFeO3) > Beq (ZrFeO3) > Beg
(AgFe0O3). The largest value obtained for RuFeO3
indicates that Ru—O has a higher hardness and stift-
ness than both Zr—O and Ag—O ones. The latter
ones have the same range of the bulk modulus value
as SrFeO3 with only a small difference [13].

3.2. Electronic and magnetic properties

We calculated total and partial densities of
states of the three multiferroic compounds that
are shown in Fig. 3. The plotted energy range
is from —8 and —9 eV to 7 eV for AgFeOs,
ZrFeOs and RuFeOs, respectively. The plots show
a complex of strongly hybridized 4d(Ag)-3d(Fe),
4d(Zr)-3d(Fe) and 4d(Ru)-3d(Fe) states at Fermi
level. The nature of bonding for the three com-
pounds is metallic. This behavior is also reflected
in the calculated density of states for SrFeO3 [13].
Below the Fermi level, this complex is induced
by 4d (Ag, Zr) between —1.5 and —2.5 eV for
both AgFeO3, ZrFeOs compounds. The intensity
of peaks for 4d(Ag) is stronger than for 4d(Zr).
A minor contribution of 4d(Ru) is recorded
below and above Fermi level, while it is very
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important at Fermi level. The complex of 3d oc-
curs above Fermi level, between energy range (E¢
and 1.5 eV), just for Fe of AgFeOs;, ZrFeO3
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Fig. 2. Total energy versus volume for XFeO3(X = Ag,
Zr, Ru) multiferroic materials in an idealized cu-

bic structure.
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multiferroic  compounds. It also shows a
minority contributions of 5s and 2p states

for the three compounds below and above
Fermi level, respectively. The plotted to-
tal and partial density of states for SrFeO3
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3. The total and partial density of states of
XFeOs3(X = Ag, Zr, Ru) multiferroic materi-

als obtained from LSDA calculation relative to
Fermi level.
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compound in Fig. 4 shows the similar behav-
ior as for AgFeOs; and ZrFeOs, with another
peak 3d (Fe) of SrFeOs located at —1 eV. The
corresponding peaks, due to d-orbitals of these
compounds, are split by the crystal field into
double-degenerated e, and triple-degenerated tp,
states. The partial densities of states (P-DOS) of
these two degenerate levels are given in Fig. 5.
It can be seen that the contribution of 3d(Fe)
comes mostly from the majority and the minority
of spins of tyg at the negative energies for ZrFeOs;
and RuFeO3, respectively, with the exception of
the AgFeOs; compound, where the peak of ty,
for the minority-spin of the same state is located
just above the Fermi level. The exchange-splitting
of the eg and tp, states for 4d(Ag) are localized
at the negative energies with the highest peaks
for majority and minority spin, while for the
4d(Zr-Ru), it is located above Fermi level, creating
a separate peak for different energies.

6

] A Er
= A\ DOST
B -\ P o2 )
2 - N "l \
_/,/ e N -
o e —
,\-\\/7 — . e Va
-2 N \ / SrFeOs
-4 \/
0.3 4 T T T T T
0.2 e
0.1 — > L
== AL P
00 IS
— R NN =
B -0.1 : y
= | sr's
= -0.2
- T T T T T T
773 2 —
3
a -
0
1~ A
2 -
Fe-4s(x10)
S| s O-25(x10)
¥
0.0 f—ou— e — —
-0.5 :
T T T i T T T
- 4 2 o a 6

Energy (eV)

Fig. 4. The total and partial densities of states of
SrFeO3 [13].

The spin-polarized calculation gives directly
the magnetic moment at T = 0 K. The magnetic
moment is estimated using the known magnetic
moments per formula unit:

By = 30ugen + Fe+ X(Ag, Zr, Ru) (1)

The values of magnetic moments given in Table 3
make clear that total magnetic moment per formula

ue for AgFeOs is higher than for two other mul-
tiferroic compounds. They have low values due to
negative magnetic moments obtained for Zr and Fe
elements.
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als obtained from LSDA calculation relative to
Fermi level.
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Table 3. Magnetic moments, magnetic moments per formula in elementary cell at Ag, Zr, Ru, Fe and O atomic
sites and magnetization in interstitial region for XFeOs multiferroic materials.

Magnetic moment (Up)

Magnetic moment

Magnetic moment

Material per formula unit (pif) per formula unit (pf)
HAg Hzr MRu MFe Ho inelementary cell (ug) in interstitial region (ug)

AgFeOs 0.13 2.05 0.53 2.71 0.11

ZrFeO3 —0.09 0.45 0.02 0.39 0.01

RuFeO;3 0.48 —0.03 0.06 0.51 0.005

The zirconium ato m has a small induced an-
tiparallel magnetic moment due to covalency of
iron. The same behavior is observed for the iron
atom with ruthenium. This confirms the ferro-
magnetic structure of the AgFeO3 compound and
the ferrimagnetic one in the other two multifer-
roic compounds. Generally, induced magnetism is
caused by purely magnetic elements, which in our
case is the iron, but our calculation of magnetic mo-
ment for RuFeOs compound listed in Table 3 gives
a positive moment for pure Ru and the negative one
for Fe. The origin of such situation could be at-
tributed to the localized 4d (Ru) orbital at Fermi
level.

Like in AgFeOs3, Fe atom in the ferromagnetic
compound SrFeOj; is principally responsible for
magnetic order with magnetic moment of 2.465u5p.
The total magnetic moment of the latter is higher
than that of AgFeO3 with a difference of 0.423ug,
despite the result obtained for silver element that
is higher than for strontium. Magnetism in the in-
terstitial regions is characterized by very small val-
ues of magnetic moments for these three multifer-
roic compounds, like SrFeO3 compound. The re-
sults confirm that the AgFeOs is a good candidate
for computer technology devices, like hard disks.

We have also investigated the effect of pres-
sure on the magnetic moments per atom for the
three compounds from 0 to 55 GPa. The calcu-
lated results are shown in Fig. 6. It is easy to
see close similarities between (Ag—O) and (Zr-
0O) of AgFeO3; and ZrFeO3; compounds, with the
small differences between 0 and 5 GPa, where the
moments decrease in the first compound and in-
crease in the second one, and then they stabilize
at higher pressures. Similar behavior is observed

for the oxygen atom in RuFeOs, but for ruthe-
nium, the magnetic moment decreases with pres-
sure. The curves of magnetic moments versus pres-
sure for Fe atoms in the three multiferroic com-
pounds display different behaviors. In the range
from O to 15 GPa an increase and decrease in
magnetic moments for ZrFeO3; and RuFeO3; com-
pounds, respectively, is observed. On the contrary,
between 25 and 35 GP the magnetic moment in
ZrFeOs3 decreases and in RuFeOj3 increases. Above
35 GPa, stability in magnetic moment values in
the both compounds is achieved. Concerning the
Fe atom in AgFeOs3, we have registered a min-
imum of magnetic moment value of 1.16ug be-
tween 0 and 5 GPa which then stabilized for higher
pressures. As far as we know, this is the first report
on the pressure dependence of magnetic moments
for the three multiferroic compounds.

The different behaviors of the magnetic mo-
ment as a function of pressure have led us to a
self consistent calculation to find out if transition
between the ferromagnetic and antiferromagnetic
states is possible. To confirm this, we have calcu-
lated the difference in the magnetic exchange en-
ergy between the ferromagnetic and antiferromag-
netic states (Eppm— Earm) for the three multiferroic
compounds. Generally, several magnetically or-
dered structures are possible for cubic perovskites
of ABOs3 type, depending on the exchange inter-
actions between B-site, oxygen and A sites [21].
The antiferromagnetic supercell configuration, as-
sumed here, shows antiparallel orientation of the
four atoms, (X; J) (Xa 1) as (Fe; |) (Fex 1)
and the parallel one for the six oxygen atoms. The
curves of the three multiferroic compounds shown
in Fig. 7 confirm the stability of the ferromagnetic
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at Ag, Zr, Ru, Fe and O atomic sites for Fjg 7. Total-energy difference between ferromagnetic,
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calculation compared to the antiferromagnetic cal-
culation. This stability results in negative values of the curves, it is clear that there is no transition be-
difference in total energies of the two phases. From tween ferromagnetic and antiferromagnetic states.
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3.3. Thermodynamic properties

Thermodynamic properties are an important
part of solid-state physics and chemistry. More-
over, investigation of these properties is of great
interest to extend our knowledge on their specific
behavior when submitted to the effects of high-
pressure and high-temperature environments.

To investigate the thermodynamic properties of
XFeO3; (X = Ag, Zr and Ru) compound, we can
apply the quasi-harmonic Debye model as imple-
mented in the Gibbs program [23]. The quasi-
harmonic Debye model allows us to obtain all ther-
modynamics quantities from the calculated energy-
volume points, in which the non-equilibrium Gibbs
function G*(V, P, T) is expressed as follows:

G'(V,P,T)=E(V)+PV+A,p0p(V);T] (2)

where E(V) is the total energy per unit cell, PV cor-
responds to the constant hydrostatic pressure con-
dition, Op(V) is the Debye temperature and Ay;p,
is the vibrational Helmholtz free energy. Accord-
ing to the quasi-harmonic Debye model of phonon
density of states, one can write Ay, as [24]:

8T

of2)

where n is the number of atoms per formula unit,
Kp is Boltzmann’s constant, D (6p/T) represents
the Debye integral. For an isotropic solid, Op is ex-
pressed as [23, 24]:

Op = [?B (677:2nVé>;f(6)\/§

where M is the molecular mass per unit cell and Bg
is the adiabatic bulk modulus measuring the com-
pressibility of crystal, which is approximated by
static compressibility as [25]:

Ayip(0p;T) =nKgT [90[7 +31In (1 _ efﬂn/T>

3)

“4)

d’E(V)
dv?
f(0) and Bg are given. In [26, 27], the Poisson coef-
ficient v is taken as 0.25 [28]. Therefore, the non-
equilibrium Gibbs function G*(V, P, T) as a func-
tion of (V, P, T) can be minimized with respect to

Bg ™

B(V)=V

(&)

volume V:

[8G(V;P; T) ©)

F1% LT:O

By solving equation 6, we get the thermal equation
(EOS) V (P, T). Heat capacity at a constant volume
Cy and thermal expansion coefficient « are given

by [29]:
(%)

9
Cy = 3nKp 4D <7’3) - (7)
eT—1
Yy
o= BT 3

where v is the Griineisen parameter, which is de-
fined as:

_dLa(6p(v))

dLnV ©)

Using the quasi-harmonic Debye model, it is pos-
sible to calculate the thermodynamic quantities at
any critical temperature of XFeO3; (X = Ag, Zr
and Ru) compounds from the calculated E-V data
atT=0and P=0.

The specific heat of a material is due to the vi-
brational motion of the ions. However, a small part
of heat is attributed to the motion of free electrons,
which becomes important at high temperature, es-
pecially in transition metals with electrons in in-
complete shells. The specific heat is another impor-
tant thermal property, where the heat capacity of a
substance is a measure of how well the substance
stores heat. Whenever we supply heat to a material,
it will necessarily cause an increase of tempera-
ture. This latter parameter provides an insight into
its vibrational properties that are needed for many
applications.

For XFeO3; (X = Ag, Ru and Zr) materi-
als we have investigated the thermal properties
in a temperature range of 0 to 2000 K, where
the quasi-harmonic model remains fully valid.
We have also monitored the effect of pressure
in 0 to 55 GPa range. In Fig. 8, we present the
temperature-dependent behavior of the heat capac-
ity Cv at a constant-volume. From this plot, we
can distinguish two types of variations: Firstly,
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it is
very

seen that when T < 600 K, Cv increases
quickly with temperature for the three ma-

terials. Secondly, beyond this temperature Cv,
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increases slowly with temperature. Beyond 1
Cv reaches Dulong-Petit limit and remain
stant (Cv ~ 3R for monoatomic solids at

250K,
s con-
higher

temperature). However, it can be emphasized that
T3 behavior matches the Debye model at low
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temperature. This is confirmed by the following
limit values of Cv: 122.92 J/mol-K, 123.41 J/mol-K
and 124.63 J/mol-K for AgFeOs;, RuFeOs3; and
ZrFeOs materials, respectively. It is well know that
Debye temperature is an important fundamental
parameter. It is closely related to many physical
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properties of materials, such as elastic constant,
specific heat and melting temperature. It is a tem-
perature above which a crystal exhibits classical
behavior because the phonon contribution to heat
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capacity becomes more important than the quan-
tum effect. We have plotted in Fig. 9 the evolu-
tion of the latter parameter as a function of tem-
perature for different pressures. From Fig. 9, one
can deduce the value of Debye temperature at zero
pressure and zero temperature which is found to
be 657.6 K, 679.6 K and 775.43 K for AgFeOs,
ZrFeOs and RuFeOs, respectively.

Fig. 10 presents the variation of bulk modulus B
with temperature at several pressures for the three
XFeO3; materials (X = Ag, Ru and Zr). It can be
seen that the nearly constant B value is from 0
to 100 K and it decreases almost linearly with in-
creasing temperature above T = 100 K. It indicates
thermal softening of the material lattice. The com-
pressibility increases with increasing temperature
at a given pressure and decreases with pressure at
a given temperature. At 300 K and zero pressure,
the calculated values of bulk modulus of the ma-
terials studied here are 217.49 GPa, 213.32 GPa
and 300.50 GPa for AgFeO3, ZrFeO3 and RuFeOs,
respectively. At zero pressure, B is lower than at
higher pressures. Essentially, this implies that the
multiferroic compounds are stiffened with an in-
crease in pressure and at higher pressures the mate-
rials become stiffer. Fig. 11 represents the enthropy
for AgFeOs, ZrFeOs and RuFeOj3 calculated as a
function of the temperature at several pressures. It
can be seen from that when the temperature in-
creases, the values of the enthropy (S) for AgFeOs,
ZrFeO3 and RuFeOs increase gradually.

4. Conclusions

Using the FP LMTO method within the local
density functional theory and LSDA approach, we
have calculated the structural, electronic, magnetic
and thermodynamic properties of the multiferroic
compounds of XFeOs (X = Ag, Zr and Ru) type.
The predictive values of the calculated lattice pa-
rameters for these compounds are close. These sys-
tems have large values of bulk modulus, indicating
their good ductility. The calculation of their elec-
tronic structure was a challenge at the Fermi level
between 4d(X) and 3d(Fe) states.

The calculated magnetic moments are negative
in zirconium and iron atoms contained in ZrFeOj3
and RuFeO3; compounds and positive in ruthenium
and iron contained in RuFeO3; and AgFeOs com-
pounds, respectively. This confirms the ferrimag-
netic character of ZrFeO3; and RuFeOsz and the
ferromagnetic one of AgFeOs multiferroic com-
pounds. The calculated value of magnetic moment
per formula unit for AgFeO; is larger than the
values obtained for the two other compounds but
smaller than the value found in the theoretical study
of SrFeOs. The behavior of the magnetic moment
per formula unit under pressure for the atoms of the
three multiferroic compounds shows different vari-
ations for Ag , Zr, Fe and Ru atoms. The calculation
of the magnetic exchange energy (total-energy dif-
ference between ferromagnetic state Egyy, and anti-
ferromagnetic state, Eapnm) of the three multiferroic
compounds does not show any transition between
these two states. We also calculated the thermody-
namic properties, between 0 to 55 GPa, and tem-
perature between 0 to 2000 K. The values obtained
for C, are very close for the three multiferroic com-
pounds. The deduced value of Debye temperature
at zero pressure and zero temperature makes the
difference of 117.83 and 95.83 K between RuFeOj3
and two other compounds, respectively. The cal-
culated value of the bulk modulus of RuFeOj3 is
larger than the values for the other compounds. Fi-
nally, it can be seen that when the temperature in-
creases, the enthropy values for AgFeOs, ZrFeOs
and RuFeOs increase gradually.
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