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Abstract

We have mvestigated the structural, magnetic, and optoelectronic properties of the ortho-perovskite GdRuQOs using the
accurate full-potential linearized augmented plane wave (FP-LAPW) method based on the density functional theory (DFT).

The generalized gradient approach (GGA) was used to treat the exchange and correlation potential while the GGA+U was
found to correct the deficiencies of the GGA. The Hubbard U was taken to be 0 eV (an experimental and theoretical
value).Besides, the modified Becke-Johnson (mBJ) exchange potential was also adopted along m combination with the
GGA+U approach (mBJ+U) to enhance the description of the electronic structure. The A-type antiferromagnetic phase of
the compound GdRuQ:s is more stable than the other magnetic phases. The calculated magnetic moments i GdRuQ); were
found to emerge especially from the Gd-4f states electrons. The different values semiconductor gap obtained respectively
with GGA+U and mBJ+U were 1.4269 eV and 2.9039 eV. These values were mcreased at 3.5355 eV with the investigation

of spin-orbit coupling effects (SOC) on the electronic structure. The mBJ+U+SOC approximation was also used to
calculate the optical properties by determining the complex dielectric function from which are derived the other parameters.
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1. Introduction

Recently, the perovskite materials with ABO; formula
have been extensively studied because of their many
technological applications. They are investigated in several
technological domains. They are considered as sensors
and catalysts [1], supraconductors [2,3],multiferroic [4],
colossal magnetoresistance [5,6],ferromagnetic and half-
metallic [7-10], ceramic fuel cells [11], transition metal-
piezoelectricity/ferroelectricity [12-16],
[18] and  other
properties[19,20]. The ideal cubic structure ABO; formula

msulator,
dielectrics [17],semiconductors
1s adopted by most perovskite oxides, where the “A”
cation 1s divalent and the “B” cation is tetravalent[21]. The
general view of the perovskite lattice 1s that it consists of
small “B” cations within oxygen octahedra, and larger “A”
cations which are 12-fold coordinated by oxygen. The
structure-types of these materials has a large diversity of
derivative:  cubic, orthorhombic, hexagonal and
rhombohedra. This 1s an important factor which increases
their physical properties[22]. There are many physical
properties studies of perovskites,both theoretically and
experimentally [6,23]. Transition metal-based perovskites
like CaRuQs, SrFeO; SmAIlO;

elaborated and compared to other perovskites due to their

have been widely

half metallic properties[24-26]which are the basic
properties of a material forexploitation the technique spin-

electronic(spintronic)  [27]  devices. Recently, intense
research on experimental and theoretical fronts focuseson
perovskite oxides combining in the same time rare earth
and transition metal elements which have been greatly
mvestigated due to their wide variety in physical
phenomena [28]. We can cite many examples as the
ortho-ferrites  (GdFeO:) [29], rare earth aluminate
(SmAIOy)[30] and the orthoRuthenate
(LnRuO: where Ln = rare earth element)[31]besides, they

perovskites

have done the essential part of our work. Ruthenium-
oxide perovskites have a wide range of unusual physical
properties [32]: band ferromagnetism in SrRuO;[33] and
localized magnetism in Ca.RuO,[34] are two illustrative
examples. It 1s known that Ruthenium often adopts
oxidation states between +4 and+7 in oxides. The very
common 1s Ruthenium(V) which is found in ARuO:
perovskites(A = Ca, Sr,and Ba) [33, 35, 36], contrary to
oxides of ruthenium in the +2 and +3 states, they stay
almost unknown, but recently ruthenium(II) oxide
SrFew:Rues:O.  was  synthesized by the topochemical
reduction of SrFe.:Rui:Os[37].Additionally, a wide series
of new LnRuQ:; (Ln = Nd, Sm, Eu, Gd, Tb, Dy, Ho and Y)
perovskites has been synthesized too at high pressure and
shows that Ru”canalso be isolated in perovskites[38]. An
orthorhombic Pnma perovskite superstructure 1s adopted
by the LnRuO: materials with tetragonal compression of
the RuOs octahedra [38].
observed narrow band gap semiconductivity and small

This distortion, and the


mailto:abbes.labdelli@univ-mosta.dz

Optoelectronic and magnetic properties of the...

INTM (2018 A. Labdelli et al.

Curie-Weiss
consistent with Mott 1insulator behavior, driven by a
of strong and
disorder[38].In this paper, we perform a detailed study on
the

theGARuO: This compound was synthetized by Alexandra

effective-moment paramagnetism, — are

combination spinorbit  coupling

electronic, magneticand optical properties
Sinclair and a/ at high pressure [38]and room temperature.
In our knowledge, there are not ab mitio studies before.
So, our calculations are predictive. In this work, we have
used the full potential linearized augmented plane wave
(FP-LAPW)method within the density functional theory
(DFD)[39].We have employed various exchange and
correlations  approximations:  generalized  gradient
approximation (GGA) [40], GGA+U[41] with calculated
Coulomb energy(1)[42,43],GGA+U approach combined
with the modified Becke-Johnson (mB]J) potential[44]
(mBJ+0) and the mBJ+U combined with the spin-orbit
coupling SOC effect) GdRuO:s

contains the strongly correlated Gd—4fand Ru-4d states.

(relativistic because

2. Methodology

The calculations have been performed within DFT
mmplemented in the WIENZ2k (0 °K,0 Gpa) code [39]. The
atoms have been represented by hybrid full-potential
(linear) augmented plane-wave plus local orbitals (L/APW
+ Jo) method [45]. In this method wave functions, charge
density and potential are expanded in spherical harmonics
within no overlapping muffin-tin spheres, and plane waves
are used in the remaining interstitial region of the unit cell.

First, we have adopted the generalized gradient
approximation (GGA-PBE) [40] to optimize crystal
structures and investigate electronic  structures and

magnetism. Because GGA usually underestimates energy
band gaps [46], we have used (GGA+U) [41] and then
(mBJ+7): combination of (GGA+I) approach with the
modified Becke-Johnson (mB]J) approximation for the
exchange potential [47]). For the calculations of electronic
mBJ+ Uhas
produce semiconductor gaps for sp semiconductors,

structures, been shown to improve and

transition metal oxide, insulators and wide-band-gap
semiconductors [44, 47-50]. We have taken the electronic
(mBJ+0)
approach. Because the theoretical semiconductor gaps are

correlation nto account i this powerful
mmproved, much better we can also obtain computational
results for the optical properties. We have taken the spin-
orbit coupling (SOC) nto consideration. Dirac equation
for core states allows the calculation of the full relativistic
effects while the scalar relativistic approximation is
deployed for valence states [51,52]. The cut-off energy is
set to (-6 Ry) to separate core states from valance states.
The k-mesh size in the first Brillouin zone is a set of 68 k-
points equivalent to a 4 x 3 x 4 for 20 atoms orthorhombic
structures of GARuOs:. We have constructed harmonic
expansion up to 4w = 10, set R.K.. = 7, and have used

magnitude of the largest vector G.. = 12 in charge density

of
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Fourier expansions. The Muffin-tin (MT) radii of Gd, Ru,
and O atomic spheres are set to 2.4, 1.8 and 1.6 Bohr,
respectively. The coulomb potential U., for the Gd4£ and
Ru Sdorbitals 1s fixed about 6 eV for both of them. We
have studied four configurations of our compound
GdRuO: with the 20-atom crystallographic cell deduced
from the atomic positions: anti-ferromagnetic-type A-(AF-
A), C-type (AF-C), G-type (AF-G) and the ferromagnetic
state (FM).

3. Results and discussion
3.1. Structural properties

The orthorhombic GdRuO: system investigated here has
space group Pnma [53]. The experimental lattice constants
are a = 5.8639 A, b = 7.6005 A and ¢ = 5.2388 A [54].Fig.
1. shows the crystal structure of GARuOs. At first, we have
optimized the lattice parameters using the Murnaghan [55]
equation of states to the obtained equilibrium lattice
constant: the lattice constant a (A), b(A), ¢ (A) the bulk
modulus B (Gpa) and its pressure derivative B’. We have
also optimized (b/a), (¢/a) and 1onic positions with GGA.
The optimized lattice parameters are summed up in Table
1. The experimental results [38]are also presented for
comparison. The optimized volume V got by GGA is
about 2% bigger than the experimental one [54]. It can be
certainly seen that the lattice constants and volume
calculate with GGA are agree with the experimental data
[54]. The GGA-optimized also atomic positions, they are
summarized 1 Table 2. After internal structure
optimization, the Gd atom occupies the (0.08089192,
0.25, 0.96864528) site, the Ru atom the (0, 0, 0.5) site, the
O, atom the (0.30679656, 0.05552349, 0.67791686) site,
and the O: atom the (0.45442967, 0.25, 0.12203532) site
in Wyckoft coordinates. These are consistent with the
experimental orthorhombic structure [38]. Furthermore,
we have calculated the GGA total energies of four different
magnetic ordering configurations: the three
antiferromagnetic (AFM) and ferromagnetic ones (Fig.
2(a-d)). They are denoted by, A-AFM, C-AFM, G-AFM
and FM respectively. The A-AFM structure has been
taken as reference for its lowest total energy as shown in
Fig. 3.a.This effect is confirmed when we optimized energy
versus volume using the GGA + U approach (Fig. 3. b).
These resultsare not in a good agreement with that
obtained by Alexandra Sinclair et al [38]which states that
GdRuO:s is paramagnetic between the temperatures 300°K
and 2°K. This 1s logical as long as our calculations are
executed by the code WIEN2k (0°K, 0 Gpa). It is clear
that the temperature 2°K represents the Neels
temperature, which, below 1t GdRuO:; becomes
antiferromagnetic as what we have obtained.
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3.2, Calculation of Coulomb energy (U) Uepr =
{S [n+1 n] s [n+1 n]} {8 n+1 (n) 1]
411, 51T <f |, 'Sl T AafrT 1, \5) -
We have employed the Madsen and Novak method to nal 2 N2 22 2\ .
treat the set of the atomic-orbitals with dependent potential &> (E) -1 @
and associated on-site Coulomb energy (0) and exchange
mteraction (/) [43]. U.= U] substituted for U/ where (J)is
imdependent of multipolar terms. A rotational mnvariant
form of the full potential calculation has been achieved.
—U— ~ ~ ) . s hav . ~ ] .
E (n) = / ]Za Tr (/. 4%) (1) The felectrons have been added to the core region and

been followed by supercell construction in the light of
Madsen and Novak idea [43]. The impurity has been
added to the structure as index and a redetermination of
the space group was performed. The self-consistent cycle
has been thus completed within the spin-polarized
y . . calculation. Therefore, the U.rvalue was calculated to be 6
Coulomb potential (Us) using: eV [42]. A similar value was also used for Gd in GdFeO.
by M. Azzouz et al. [29].

where nis the orbital occupation matrix.

In this work, the Gd atom in the GARuQO: compound has
seven 4 electrons and we have calculated the effective

Table 1. The lattice parameters optimized with GGA for GARuOs in comparison with experimental values

Conlfig. b/a c/a a(A) b (A) c(A) B(Gpa) B’ Vol X)
GGA AFM-A 1.2702 0.8755 5.9834 7.6001 5.2385 203.1389 4.5409 238.2178
GGA AFM-C 1.2702 0.8901 5.9534 7.5620 5.2991 206.1086 3.9686 238.5634
GGA AFM-G 1.2702 0.8577 6.0276 7.6563 5.1699 200.3461 4.5324 238.5863
GGA M 1.2443 0.8755 6.0319 7.5055 5.2809 198.2539 4.9483 239.0791
Exp. 154] High. Temp. - - 5.8639 7.6005 5.2388 - - 233.5

Table 2. The atomic positions (x, y, z) optimized with GGA and experimental values for GARuO:

Atom Site X x exp. [38] y y exp. [38] z z exp. [38]
Gd 4c 0.08089192 0.08 0.25 0.25 0.96864528 0.98
Ru 4b 0.00000000 0.00 0.00 0.00 0.50000000 0.50
O 8d 0.30679656 0.30 0.056552349 0.04 0.67791686 0.68
0. 4c 0.45442967 0.45 0.25 0.25 0.12203532 0.09

Table 3. The calculated magnetic moments (in Bohr magneton, ps) for several sites of the perovskites GARuO:
using the GGA, GGA +U, mBJ+ Uand the mBJ+ [ASOC approximations.

Magnetic GGA () GGA+U (ps) mBJ+U (ps) mBJ+TASOC (ps)
moinents

nGd 6.87068 6.97662 6.85036 6.92146

1 Ru 0.47949 0.67070 0.70521 0.76071

no 0.00037 0.00248 0.00312 0.00103

1t interstitial 0.02172 0.00007 0.00032 0.00025

p Cell 0.11395 0.00000 0.00000 0.00000

Figure 1. Crystal structure type Pnma of GdRuO:
128
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Figure 2. The Crystal structure and magnetic configurations of GARuO:s: (a) A-AFM (b) C-AFM, (¢) G-AFM and (d) FM.
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3.8. Magnetic properties

Table 3 shows the spin effect on the magnetic
moment of GARuO; compound. This table summarizes
the calculated spin magnetic moments for Gd (u-Gd), Ru
(u-Ru), O@-O) atoms, interstitial region (u-interst) and
cell (u-Cell.) respectively versus the exchange correlation
potential. We have mvestigated a detailed examination of
the magnetic properties of GARuO:. We have used four
approximations: GGA, GGA+U, MBJ+ Uand
MBJ+U+SOC. The total magnetic moment which
includes the contribution from the interstitial region is
equal to zero with all approximations except the GGA
(0.11395 ), 1t is legitimate since we are In magnetic
configuration AFM-A. The inclusion of SOCs effect
shows a decrease in the Gd moment (6.92146 W) in
relation to the GGA+ U approximation (6.97662 ps), this
value 1s not far from the experimental and theoretical
ones [56-61]. In Table 3, we can note that with GGA+U
result, the magnetic moment increases in comparison
with the GGA as we know that the U value used for the
Gd atom 1s 6 e€V. The change in the Gd magnetic
moment can be seen via its value that has increased from
6.85036 ps got with mBJ+ U to 6.97662 s obtained with
GGA+ Uln addition, the interstitial moment with GGA 1s
the bigger, its value decreases lightly with the other
approximations. We can also see that the magnetic
moment of Ru linearly progress, with GGA that the value
1s  0.47949us, untl  0.76071 ps  obtained with
mBJ+T+SOC.

3.4. Electronic structures
S.4.1. Band structure and density of states

To better visualize the spin effect on the electronic
structure  for GdRuQOs;, we calculate with both
GGA+Uand mBJ+U potentials the spin-dependent
energy band structures and the densities of states(DOSs)
of orthorhombic GARuQO: between -7 eV and 6 €V. The
GGA method is not enough to reproduce the insulating
behaviour on the GdRuQO:; compound (Fig. 4.a). The
three band structures diagram of GdRuQO: along some
high-symmetry lines of the orthorhombic Brillouin Zone
are shown in Fig. 4.b,Fig. 4.candFig. 4.d where the
energy zero of the band structure diagram has been taken
at the Fermi level. The conduction band bottom and the
valence band top indicate a direct gap at the Y point of
the Brillouin zone for orthorhombic GdRuO:. It can be
seen that the GGA+U semiconductor gap is 1.4369 eV
[Fig. 4.b] when the mBJ-calculated semiconductor gap is
2.9039 eV[Fig. 4.c].On the other hand [Fig. 4.d] shows
the orthorhombic GdRuOs spin-resolved energy bands
with mBJ+I#SOC, the gap obtained is estimated at
3.5355 €V. Here, it is clearly shown, the role performed
by mBJ potential and the spin-orbit coupling effect
(SOQ) 1n increasing the gap. So, we have just confirmed
that GARuO:s is a wide-band gap semiconductor material

[38].Fig.5shows the spin-resolved densities of states
(DOSs)  of orthorhombic GdRuQOs calculated with
mBJ+ U approach. We can see that the wide valence
bands between -6.8 €V and -0.44 €V originate from O-Zp
and Ru-Jp states with a mixture of some Gd- 3d4/, and
the conduction bands are especially from Ru-&d and Gd-
41 states. Our analysis shows that the Gd and Ru
contributions are essentially due to the £Gd and @¢Ru
states respectively, while the 2p-O states contribution is
not very important. The 4£Gd states are localized at (-6.8
to -2.76 V) in BV and (3.33 to 6 €V) in BC while the 3
Ru states are at (-6.8 to -0.44 eV) in BV and (2.4 to 6 eV)
m BC. The 2pO states are found at
(-6.8 to -0.44 €V) in BV and (2.4 to 6 ¢V) in BC, however
Fig. 7.b shows the density of states of orthorhombic
GdRuO: obtained with mBJ+ U+SOC approximation.

3.4.2. Charge distributions and spin-densities

We have calculated the valence charge density
distribution of GARuO:scompound (Fig.6.a) using mBJ+ U/
approximation, in order to visualize the nature of
chemical bonding linking atoms and to explain the
charge transfer between them. The Gd atom is less
electronegative than the Ru one: the electronegativity
value 1is respectively 1.2 and 2.2.For this reason, there 1s a
transfer of charge toward the metal atom Ru. We noted
that there 1s an expansion of electronic charge
distribution in the oxygen atom sites and a reduction in
the Gd atom sites. This rearrangement of charge reflects
the electronegativity nature of oxygen and the iconicity of
the bond.(Fig.6.a)Shows that Gd-O bonding comes from
1onic nature because there are no electrons in common
between these atoms. The Ru-O bonding has a covalent
character since it had overlapping electron distributions
between them. Along the Ru-O bond direction the build-
up of bonding charge is very strong because of the
domination of the covalent character of the bonding.
(Fig.6.b) show the spin-density distribution in (110)
plane. Here Ru-cation is considered as the principal
contributor because the majority of the magnetic
moments 1s related on its 3d states. The magnetic
moment field of Gd is related to the 4/ states of the
GdRuO: material.

8.9. Optical properties

The energy band structure of a material can be
determinate by a great tool: the optical spectroscopy analysis
[62, 63]. Fig. 5 shows, for orthorhombic GdRuO;, the
mBJ+I+SOC calculated curves along the three principal
axes of the real e, and imaginary e, parts of the complex
dielectric  function, the absorption coefficient ¢, the
reflectivity R, the refractive index n, the extinction coefficient
k, the optical conductivity cand the energy loss function
LThe complex dielectric function €(w) is considered as the
most important measurable optical quantity because all the
other optical constants are derived from it. It is given by the
relation
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e(w) = & (w) + igy(w) where & (w) is the real and &, (w) and taking into account spin-orbit couplings SOCs

the 1maginary parts.

As the GdRuO. compound is effect), very interesting approximation that supply a

orthorhombic, the linear optical behaviour can be described correct band gap for magnetic semiconductors. The

by only the imaginary part €:(w)[64]:

£2(@) = TS, o {f,, kML, (012 SLE. () —

E, (k) — ho} 3)

Mecv(k) 1s the momentum dipole element where integral
1s performed over the first Brillouin zone. They are also
the matrix elements for the direct transitions between the
valence band (uvk(r)) and conduction band (uck(r))
states. The electric field 1s defined by the potential vector
.

(E«—Es) is the corresponding transition energy. The
Kramers-Kronig dispersion relation [65]allows to the
real part &(w) of the frequency-dependent dielectric
function to be deduced from the imaginary part &(w):

L 2peeaW)
g(@)=1+-P [ —r—dw “4)
(P 1s the principal value of the integral)

We haven’t taken into account scissor shift
because of the nonavailability of experimental and
theoretical results. The electronic dielectric function
spectra calculations (Fig. 5) are performed for energy
radiation in the range of 0-30 eV above the Fermi level.
It i1s clear that the compound GdRuO: presents an
anisotropic character in the optical properties for the
three crystallographic directions [100], [010] and [001].
The real part of the dielectric function & (w) [Fig. 5(a)]
explains widely the electronic polarizability of a material.
In the study range, there 1s a negative region between 10
and 16 eV which means that a part of the
electromagnetic wave propagates on the surface of the
material (evanescent wave), this explains the increase in
reflectivity in this energy range. The other part of this
electromagnetic wave propagates inside the material but
with a strong attenuation (damped wave) this explains the
strong absorption in this range of energy. The static
dielectric constant € (0) along the three crystallographic
directions, got from the real part, are given values: 3.72
for [100], 8.69 for [010], and 3.54 for [001], respectively.
The average value of €(0) is 3.65. These results clearly
confirm anisotropy 1in the optical properties of
orthorhombic GdRuO.. The ratio € (0)/##(0) is equal
to 1.042 for the estimation of the degree of anisotropy.
From the zero-frequency limit, they start increasing and
reach the maximum value of 6.09 at 5.05 eV for
direction [100], 6.06 at 4.61 eV for direction [010], and
5.69 at 5.26 eV for direction [001], respectively. The
imaginary part € () [Fig. 5(b)] is able to inform us about
the absorption behaviour of GdRuQOs.. The threshold
energy of the dielectric function is at 3.5355 eV, it’s
exactly the value of the band structure gap calculated with
mBJ+4SOC: (GGA+U approach combined with mB]J

mmaginary part also shows that GARuOs 1s anisotropic.
The values 7.5, 9.3 and 9.5 eV for directions [100], [010]
and [001], respectively, represent the maximum
absorption peak. It can be also clearly seen that our
compound is totally transparent in the visible range 0-3.5
eV and 15-30 eV. In the energy range of 3.5 - 15 eV, we
can note the presence of strong absorption peaks.
(Fig.5(c)] shows that GARuO: does not absorb light below
the band gap value (3.53 eV), thus above this value, it
strongly increases, therefore our compound can be
considered a highly absorbent material. The reflectivity
coefficient R (w) 1s presented in Fig. 5(d), the zero-
frequency reflectivity values are for [100], [010] and [001]
directions respectively 109, 109% and 9%. The strong
minimum reflectivity values are found at 21.25 eV
corresponding to 09% for the 3 directions while the strong
maximum, are shown at 15.63 eV corresponding to 819%
for [100] direction, 15.06 ¢V  to 76% for [010] direction
and 15.57 eV to 77% for [001] direction. Fig. 5(e) shows
the refractive index values n (®) which attains a
maximum value of 2.5 at 5.14 ¢V along xx axes of the
photon energy. The static refractive index n (0) reaches
values 1.93, 1.93 and 1.88, respectively for [100], [010]
and [001] directions. The n (0) average value got 1s 1.91.
From the real part of dielectric function, we can obtain
the value of the static refractive index using the relation n
0) = [e. (0)] " = (8.65)" = 1.91 which is the same value
obtained from Fig. 5(e). The extinction coefficient k (w)
[Fig. 5(f)] automatically describes the electromagnetic
waves attenuation within the matenal. It reflects the
maximum absorption at 11.31 eV for [100], 11.22 eV for
[010], and 9.84 eV for 001, respectively. The optical
conductivity [ «f) is shown in [Fig. 5(g)]. It starts from
3.53 ¢V and has similar characteristic with the absorption
coeflicient o () in Fig. 5(c). [Fig. 5(h)] shows the energy
loss function L (). It is associate to the energy loss of
fast electrons running through the compound from
valence band to conduction band and generally wide at
the plasmon energy [66]. The outstanding peak in the L
() 1s jointed to the plasmon oscillation resonance. It
indicates the excitations of the electronic charge density
in the material and 1s at 16.12 €V for [100] polarization.

3. Conclusion

This 1s an outlook study of the structural, electronic,
magnetic and optical properties of orthorhombic GdRuOS3,
using the FP-LAPW method. The GGA approach has given
the fact that the A-type antiferromagnetic phase of
orthorhombic GARuO3 is more stable in relation to the
other magnetic phases. The GGA+U approximation has
been used in order to investigate the orthorhombic GdARuO3
behaviour. The Coulomb energy has been calculated
theoretically and found to be 6eV while the magnetic
moment is found to be 0 pB. The mBJ based study has been
conjoined with the GGA+U calculation for giving mBJ+U.
This one has substantially enhanced the accuracy and
surmount the GGA underestimation of the band gap value.
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The valence charge density distribution of GAdRuO3 have
been calculated using mBJ+U approximation, in order to
visualize the nature of chemical bonding linking atoms and
explain the charge transfer between them. The spin-orbit
coupling (SOC) has been taken into account and has further
been used along with the mBJ] +U to explore the easy
magnetic axis effects on the electronic structure which display
a semiconducting band structure where valence band
maximum and conduction band minimum happen at point
Y. It has supplied a good increase in the energy gap values.
The spin-orbit coupling (SOC) has been also used for the
mvestigation on optical proprieties which are presented
within results for the real and imaginary parts of the dielectric
function and more optical constants. The orthorhombic
GdRuO:s 15 considered to be a wide-band gap semiconductor
mn accordance with our results and can be used In power
electronics and in optoelectronic field.
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